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ABSTRACT

During the second and third trimesters of human gestation, the brain undergoes rapid neurodevelopment thanks to critical processes
such as neuronal migration, radial glial scaffolding, and synaptic sprouting. Unfortunately, gathering high-quality MRI data on the
healthy fetal brain is complex, making it challenging to understand this development. To address this issue, we conducted a study
using motion-corrected diffusion tensor imaging (DTI) to analyze changes in the cortical gray matter (CP) and sub-cortical white
matter (scWM) microstructure in 44 healthy fetuses between 23 and 36 weeks of gestational age. We automatically segmented these
two tissues and parcellated them into eight regions based on anatomy, including the frontal, parietal, occipital, and temporal lobes,
cingulate, sensory and motor cortices, and the insula. We were able to observe distinct patterns of diffusion MRI signals across these
regions. Specifically, we found that in the CP, fractional anisotropy (FA) consistently decreased with age, while mean diffusivity
(MD) followed a downward-open parabolic trend. Conversely, in the sScWM, FA exhibited an upward-open parabolic trajectory,
while MD followed a downward-open parabolic trend. Our study underscores the potential for diffusion as a biomarker for normal

and abnormal neurodevelopment before birth, especially since most neurodiagnostic tools are not yet available at this stage.

1 | Introduction

During fetal development, a highly regulated series of cellu-
lar and molecular processes are responsible for the formation
of the human cerebral cortex. Neuronal progenitors from the
ventricular and subventricular zones migrate toward the cor-
tical plate (CP), creating the mature, multi-layered structure of
the cortex (Rakic 1995). Inhibitory interneurons, on the other
hand, emerge from the ganglionic eminence and migrate tan-
gentially toward their cortical targets (Pleasure et al. 2000).
The subplate (SP) is also instrumental in facilitating neuronal

migration, early synapse formation, and axonal guidance
(Ohtaka-Maruyama 2020). Our current understanding of these
mechanisms is based mainly on animal studies and molecular
biology assays involving tissue samples. The challenges asso-
ciated with studying these processes in utero, with sufficient
spatial resolution and biological specificity, have limited our
ability to translate this knowledge to clinical practice.

Fetal MRI has emerged as a valuable technique in fetal neurol-
ogy and fetal neuroscience. The versatility of MRI as an imag-
ing modality, coupled with its high spatiotemporal resolution
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Summary

« By employing advanced diffusion tensor imaging
motion correction techniques and automatic segmen-
tation in the diffusion space, this study reveals the
dynamic changes in water diffusivity and anisotropy
within the fetal telencephalic wall.

These changes are closely linked to critical develop-
mental processes such as neuronal migration and syn-
aptic formation.

The findings offer crucial insights into the prenatal
onset of brain region specialization and provide a
foundation for identifying normal and abnormal brain
development markers.

This work offers a new perspective on early brain
maturation and its implications for assessing normal
maturation.

and advantageous safety profile (Chartier et al. 2019; Jaimes
et al. 2019), offers the prospect of vastly expanding our ability
to study human brain development in utero safely. Advances
in computational neuroimaging have further closed this gap
by mitigating the artifacts related to fetal motion, BO, and Bl
inhomogeneities and enabling quantitative analyses (Afacan
et al. 2019). This emerging technology has opened new possi-
bilities for studying volumetric growth, functional connectiv-
ity (Taymourtash et al. 2022), structural connectivity (Marami
et al. 2017), and microstructure (Calixto et al. 2023a), which
were previously unattainable.

The advances in image processing have been particularly ben-
eficial for diffusion MRI of the fetal brain (Marami et al. 2016).
Postnatally, diffusion MRI has a strong track record as a robust
tool for investigating microstructure, and therefore, it holds
great potential for investigating the complex developmental pro-
cess of the fetal brain (Kunz et al. 2014). The existing body of
research is largely limited to ex vivo studies or premature in-
fants (Maas et al. 2004; McKinstry 2002). Trivedi and colleagues
conducted microstructural analyses on 50 preserved fetal brains
and identified region-specific changes (Trivedi et al. 2009). Ball
et al. and Ouyang et al. also conducted microstructural analyses
on the cortex of pre-term infants, and in addition to identifying
region-specific changes, they observed significant effects re-
sulting from prematurity (Ball et al. 2015; Ouyang et al. 2019).
More recently, Calixto et al. utilized motion-robust fetal brain
DTI to create nomograms of microstructural change across var-
ious regions of the fetal brain (Calixto et al. 2023a). While this
work presented stereotypical patterns of gestational-age-related
changes across the entire CP, it did not specifically evaluate re-
gional trends.

The objective of this research is to examine the diversity in cor-
tical microstructure among eight distinct regions in the corti-
cal plate (CP) and subcortical white matter (scWM) of healthy
fetuses aged between 23 and 36 weeks of GA. We hypothesize
that, despite the neocortex's uniform layered architecture and
shared cell population, differences in cortical regions during
fetal development will be discernible using cutting-edge compu-
tational neuroimaging techniques, including motion-corrected
fetal brain DTI.

2 | Materials and Methods
2.1 | Subjects

This study used data from in utero fetal MRI scans conducted
as part of a prospective research study at Boston Children's
Hospital (BCH) in Boston, MA, from March 2013 to May 2019.
The study followed HIPA A guidelines and was approved by the
BCH Institutional Review Board (IRB). All participants pro-
vided written informed consent before each fetal MRI examina-
tion. The study was promoted through brochures at outpatient
obstetrics and gynecology clinics, at our institution, and banners
on the hospital's intranet.

The inclusion criteria were mothers between 18 and 45years
old with normal pregnancies and gestational age (GA) between
23 and 36weeks, which was determined based on the routine
first-trimester ultrasound. The exclusion criteria were any con-
traindications to MRI, high-risk pregnancy (including patients
with hypertension, diabetes, overweight/obesity, multiple preg-
nancies, chronic kidney disease, or requiring any medication for
medical management), fetal anomalies (e.g., congenital heart
disease, diaphragmatic hernia, or brain anomalies) as identified
by a second-trimester ultrasound, and substance abuse (assessed
during the pre-scan interview with yes/no questions about to-
bacco, alcohol [during pregnancy], marijuana, cocaine, and
amphetamines).

2.2 | MRI Data Acquisition Protocol

The MRI scans were conducted in 3.0T scanners (Skyra and
Prisma, Siemens Medical Solutions in Erlangen, Germany).
The scanners were equipped with a 16-channel body array and
spine coils. The dimensions of the maternal and fetal subjects
determined the field of view (FOV) and the number of slices cap-
tured. No sedation was used for any of the women imaged.

Multiple T2-weighted Half-Fourier Single Shot Turbo Spin
Echo (HASTE) sequences were prescribed in each orthogo-
nal plane (axial, coronal, and sagittal) of the fetal brain for
structural fetal brain MRI. Acquisition parameters were:
TR of 1400-2000ms, TE of 100-120ms, in-plane resolution
of 0.9-1.1mm, and slice thickness of 2mm with no inter-
slice space.

For diffusion-weighted images (DWI), 2-8 scans were taken,
each along one of the orthogonal planes relative to the fetal
head. For each scan, one or two b=0s/mm? images and 12
diffusion-sensitized images at b=500s/mm? were obtained.
The acquisition parameters were: TR of 3000-4000ms, TE
of 60ms, in-plane resolution of 2mm, and slice thickness of
2-4mm.

2.3 | Image Processing

Image processing involved three main components: (1) re-
constructing an isotropic-resolution T2w volume for each
fetal brain through motion-robust super-resolution volume
reconstruction from slice acquisitions (Gholipour, Estroff, and
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Warfield 2010; Kainz et al. 2015); (2) fitting a diffusion ten-
sor imaging (DTI) model for each fetal brain using a motion-
tracking based slice-to-volume registration and robust DTI
reconstruction algorithm (Marami et al. 2017); and (3) reg-
istering the reconstructed T2w and DTI images to standard
spatiotemporal fetal brain MRI atlases followed by atlas-based
segmentation (Gholipour et al. 2017; Khan et al. 2019). We pro-
vide a brief overview of each component below; however, for
full details of each algorithm, we refer to the corresponding
papers cited above. Specifically, for fetal brain DTI recon-
struction, we refer to (Marami et al. 2017).

To reconstruct a T2w isotropic structural image, a slice-to-
volume registration approach is used in an iterative model-based
super-resolution framework. This framework realigns T2w
slices, rejects motion-corrupted slices, reconstructs a volume
by solving an inverse problem that minimizes a data consis-
tency term for all of the realigned slices, and repeats this pro-
cess using the reconstructed volume as reference for the next
iteration of slice realignment. Through a few iterations, both
slice realignment and super-resolution reconstruction are im-
proved, and a T2w isotropic structural image is reconstructed.
The details of this algorithm can be found in a series of publica-
tions (Gholipour, Estroff, and Warfield 2010; Kainz et al. 2015;
Kuklisova-Murgasova et al. 2012). Following the procedure
outlined by Gholipour et al., the reconstructed image is then
brain-extracted, bias-corrected, registered to a standard atlas
space, and segmented to brain tissue and regions (Gholipour
et al. 2017).

We then screened available studies to ensure that at least
two DWI scans were of sufficient quality for successful DTI
reconstruction and registration to structural T2-weighted
scans. Fetal DTI reconstruction was performed using the
method developed and described by Marami et al. 2017.
This method has two core components: (1) motion-tracking-
based slice-to-volume registration for fetal DWI and (2) ro-
bust DTI reconstruction from motion-corrected slices. The
first component involved dynamic motion correction using
a new temporal slice-to-volume registration reinforced with
Kalman smoothing with a temporal window of five slices.
While DWT slice-to-volume registration is challenged by the
relatively low signal-to-noise ratio and the varying contrast
due to different diffusion sensitization across volumes, the
state space estimation with Kalman smoothing proposed in
(Marami et al. 2017) regulated the slice-to-volume registra-
tion. Based on transformations obtained per slice from the
first component, a variable-length data structure was created
for each voxel of the fetal brain on a target isotropic-resolution
3D image grid for DTI reconstruction. This data structure
involved any number of DWI measurements in the vicinity
of a target voxel on the grid, along with the b value, gradi-
ent direction (corrected with the slice transformations), and
a kernel weight corresponding to that measurement that was
based on the distance of the mapped slice voxel to the target
voxel. A DTI model was then fit at every target voxel using
constrained weighted linear least squares (CWLLS) that took
into account the kernel weight of every measurement. For the
details of this algorithm and calculations, we refer to Marami
et al. (Marami et al. 2017). All DTI-derived scalars, including
fractional anisotropy (FA) and mean diffusivity (MD), were

calculated from the reconstructed DTI. It is noteworthy that
this algorithm directly reconstructs DTIs aligned with the re-
constructed T2w images of the fetus. To achieve this, the al-
gorithm constructs composite b=0 and b #0 at the beginning
that are registered to each other and to the reconstructed T2w
image of the fetus. The composite diffusion-sensitized image
(b#0) is then used as the reference for motion tracking based
slice to volume registration, and the composite b =0 image is
used as the reference signal in DTI model fitting.

The reconstructed images were then examined for the presence
of gross reconstruction errors, insufficient visibility of brain
structures, or erroneous direction of the principal eigenvectors
and were rated on a scale of 1-4, where 1 is a good reconstruc-
tion, and 4 is where data is not usable. Only images rated 1 or 2
were used. A detailed description of the criteria used for image
rating can be found in Table S1, and example images for each
grading can be found in Figure S1.

2.4 | Image Segmentation

We used a multiple-template-based framework to automatically
segment the fetal cortical plate (CP) and subcortical white mat-
ter (scWM). The framework utilized templates from an anno-
tated fetal brain DTI atlas (Calixto et al. 2023b) and 14 manually
annotated individual fetuses. The atlas spawned the period be-
tween 23 and 36weeks after conception, while the individual
subjects were evenly distributed across this same range of gesta-
tional ages—one subject per week of postconceptional age. The
segmentations contained labels for CP and scWM, parcellated
to the frontal, parietal, temporal, and occipital lobes, as well as
the insula, cingulum, and motor and sensory cortices. Of note,
we opted not to include a parcellation for the insular scsWM. The
reason for this is that delineating the boundaries of this area,
which corresponds to the extreme capsule, is challenging due
to the partial volume averaging between the gray matter of the
putamen, claustrum, and insula.

Two research fellows (omitted for peer review, MD and omitted
for peer review, MD) performed the segmentations of the individ-
ual subjects, following the same procedure used in the atlas seg-
mentations as described by Calixto et al. (Calixto et al. 2023b).
These segmentations were then reviewed and revised as needed
by a board-certified neuroradiologist with fellowship training
in pediatric neuroradiology (omitted for peer review, MD, who
has 6years of experience in fetal imaging). The segmentation
process was carried out using high-resolution (1080p) Wacom
Cintiq tablets and ITK-SNAP (version 4.0.1).

2.4.1 | Label Propagation

To carry out label propagation, we used the tensor-based deform-
able registration algorithm in DTI-TK to register the DTT atlases
and manually segmented diffusion images closest to a subject's
gestational age (t-1, t, and ¢+ 1; where “t” is in weeks), to the DTI
map of the subject. This ensured that every subject had between
4 and 6 prior segmentations. Then multiple-template-based seg-
mentation was carried out using probabilistic STAPLE. We ex-
cluded automatic segmentations with significant errors, and we
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ensured the accuracy of the remaining segmentations by having
an expert carry out a manual refinement.

2.5 | Statistical Analysis

We calculated median FA and MD values for each sub-
ject in each ROI. To assess changes in FA and MD through-
out gestation, we used mixed-effects models with subject ID
as a random effect to account for repeated measurements
due to ROIs being present in both hemispheres. We evalu-
ated two different models for each combination of ROI and
diffusion metric based on previously described trajectories
of DTI-derived metrics (Machado-Rivas et al. 2021): a qua-
dratic model:medianValue™¥“*¢(GA) = a + b x GA + ¢ X GA2,
where GA is the gestational age in weeks, a is the inter-
cept, b is the week coefficient, and c is the coefficient of
the quadratic week term; and an exponential decay model:
medianValue"™*d(GA) = Asym + (RO — Asym)e—¢"*CA where
Asym is the horizontal asymptote on the right side, RO is the re-
sponse when week = 0, and Irc is the natural logarithm of the
rate constant. After fitting the two models, Akaike Information
Criteria (AIC) was used for model selection.

We depicted changes over gestation with different estimates
depending on the model type. For structures that followed an
exponential decay model, we used the decay constant to por-
tray the speed with which changes occur. For structures that
followed a parabolic trend, we defined a turning point—which
corresponds to the vertex of the parabola—to assess the time in
gestation when a change in trend occurred.

We used a wild bootstrapping scheme to calculate accurate con-
fidence intervals for the decay constants and vertices of the pa-
rabolas (Dikta and Scheer 2021). Our process involved fitting a
quadratic or exponential model, and then computing a new Y*
based on: y; =3, + &y, (where y is the predicted value, £ is the
estimated residual and v; is a random variable which comes from
a Rademacher distribution) for each bootstrap sample. We uti-
lized the new Y™ to fit a new model and estimate the vertex of the
parabola or decay constant. This process was repeated 10,000
times, and the resulting distribution of estimates was used to
calculate 95% confidence intervals.

In order to analyze the rate of change for each curve at any given
point and be able to compare them between other cortical or sub-
cortical parcellations and the two diffusion metrics, we applied
the previous models to z-normalized data and subsequently de-
termined their derivatives.

2.5.1 | Hemispheric Asymmetries

We analyzed hemispheric asymmetry by using the laterality
index, represented as LI, for each ROI (X). LI of X was calculated
as: LI(X) = 100 x ;’; ;ﬁf, where X, and X; are the diffusivity val-
ues (either FA or MD) of the right and left ROIs, respectively.
A positive LI(X) value indicates rightward asymmetry, and a
negative value suggests leftward asymmetry. A one-sample,
two-tailed t-test was used to examine whether there was asym-
metry (LI # 0) in terms of X across GA. Additionally, with no

significant asymmetry, we analyzed the relationship between
LI versus GA using linear regression to see if the lack of signifi-
cance was due to changes in asymmetry with increasing age. An
ROI with a positive significant slope is said to have a changing
asymmetry from left to right, while a negative slope would mean
changing asymmetry from right to left.

All calculations were completed in R (version 4.2.3) (R Core
Team 2023), using a significance level of 0.05. We calcu-
lated mixed-effects models using the ImerTest (version 4.1-3)
(Kuznetsova, Brockhoff, and Christensen 2017) and nlme (ver-
sion 3.1-162) (Pinheiro et al. 2023) packages. To control the
family-wise error rate when conducting multiple statistical tests,
we performed Holm-Bonferroni correction for multiple com-
parisons at an a of 0.05. Plots were designed using the ggplot2
package (version 3.4.1) (Wickham 2016).

To better assess changes in water diffusion in each ROI
throughout gestation, we depicted diffusion tensors using
glyphs. We calculated median eigenvalues (4, 4, and 4,) for
each ROI at every gestational age, and then generated a visual-
ization for each “average” tensor using superquadric surfaces
as defined by Kindlmann (Ennis et al. 2005; Kindlmann 2004).
Superquadric surfaces were chosen over the typical ellipsoids,
which can exhibit visual similarities from certain perspectives
due to their shared profiles and shading characteristics. On
the other hand, superquadric glyphs provide a more precise
visualization and offer the flexibility to illustrate transitions
between different tensor shapes, such as linear to planar
anisotropy.

3 | Results
3.1 | Study Sample Characteristics

We conducted scans on 86 pregnant women, with some being
scanned at two different times during pregnancy, resulting in
101 fetal diffusion MRI scans. Of these, 37 were excluded due
to poor post-reconstruction data. Additionally, 20 were excluded
due to gross segmentation errors. After this, our study sample
consisted of 44 fetal diffusion MRI scans from 44 distinct fe-
tuses. Table 1 displays information about the pregnant volun-
teers and the analyzed fetal cohort, and Table S2 shows this
information stratified by GA.

3.2 | Diffusion Analysis

We observed significant age-related changes in all ROIs
(p<0.05), as illustrated in Figures 1 and 2. There were no signif-
icant differences between the left and right hemispheres for any
ROIs in the two diffusion metrics (p > 0.5).

3.2.1 | Cortical Plate

FA in the CP followed an exponential decay trend, with the
sensorimotor regions exhibiting the fastest changes (Table 2,
Figure 1), followed by the cingulum and frontal and occipital
lobes, and finally, the parietal and temporal association regions.
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TABLE1 | Studysample characteristics.

Number of

Group and characteristic individuals (%)
Pregnant volunteers 44

Age? 32.1[30.1-34.4]
Number of volunteers with data for 35

self-described race

Asian 3(6.8%)

Black or African American 2 (4.5%)

White 30 (68%)
Number of volunteers with data for 35
self-described ethnicity

Hispanic 2 (4.5%)

Non-Hispanic 33 (75%)
Number of fetuses 44

Gestational age?® 29.1 [26.6-32.3]

Number of MRI examinations 29 (65.9%)
corresponding to fetuses < 31 weeks of
gestational age
Sex
Female 15 (34%)
Male 29 (66%)

aData are median (interquartile range).

By the end of our study period, the frontal lobe had the highest
FA, while the occipital lobe had the lowest.

In contrast, MD trends in the CP followed a downward-opened
parabolic pattern. Most CP parcellations reached their peak MD
between 23.3 and 29.3 weeks of gestation, with the sensorimotor
areas peaking earlier, followed by the occipital, and parietal and
temporal association areas. The frontal region and the cingulate
cortex were the last to reach their peak. At the end of our study
period, the sensorimotor area had the lowest MD, while the oc-
cipital lobe had the highest.

3.2.2 | Subcortical White Matter

In the scWM, FA followed an upward-open parabolic pattern,
with all parcellations reaching their minimum point of FA be-
tween 31.1 and 32.8weeks of gestation (Table 3). The senso-
rimotor areas displayed the fastest changes in FA, whereas the
temporal and parietal association areas exhibited the slowest
changes (Figure 2). Among all areas, the sensorimotor region
was the first to reach its minimum point, and the parietal, oc-
cipital, and frontal regions were the last. By the end of our study
period, the sensorimotor areas had the highest FA, while the oc-
cipital lobe had the lowest.

Conversely, trends of MD followed a downward-opened par-
abolic pattern, with all scWM parcellations reaching their

maximum point of MD between 25.1 and 29.3weeks of gesta-
tion. The occipital lobe showed the fastest changes in MD, while
the sensory area exhibited the slowest changes (Figure 3). In
a similar vein, the sensorimotor area was the first to reach its
maximum peak in MD, while the occipital was the latest. By the
end of our study period, the occipital lobe had the highest FA,
while the sensorimotor areas had the lowest.

3.2.3 | Insula

The insula exhibited the most rapid changes in FA among all the
CP parcellations. However, the initial FA values were slightly
lower than those of the other cortical parcellations, with an av-
erage difference of 0.07 units. Moreover, the insula’s MD peaked
before the scope of our study, at approximately 18.1 weeks of ges-
tation, and showed a consistent decrease throughout the study
period. While the insula’s initial MD values were, on average,
0.1 mm?/s higher than its counterparts, it ultimately ended at an
average similar to the others.

4 | Discussion

Our research utilized motion-corrected DTI to investigate the
spatiotemporal evolution of cortical diffusivity and anisotropy
in live human fetuses as surrogates for microstructural matu-
ration. We observed rapid evolution in diffusion MRI signals in
the CP and scWM, with distinct speeds and trajectories across
anatomy-derived parcels. In the CP, FA consistently decreased
with age, while MD followed a downward-open parabolic trend.
Conversely, in the scWM, FA exhibited an upward-open para-
bolic trajectory, while MD followed a downward-open parabolic
trend. Our study demonstrates that diffusion MRI can effec-
tively examine changes in the developing fetal cortex and con-
firms a prenatal onset to regional differences in cytoarchitecture
that herald functional specialization.

The cellular heterogeneity of the cerebral cortex is well-
documented in histological studies, and its ontogeny has been
substantiated by extensive work using animal models, as well
as ex vivo molecular biology analyses of human specimens
(Brodmann 1909; Ding et al. 2017, Rakic 1975; Rakic 1990).
Although our analysis does not incorporate tissue assays, the
correspondence between changes in diffusion metrics and cel-
lular processes can be inferred based on the timing and loca-
tion of these changes. A notable observation in our study, which
aligns with published data on infants born pre-term, is the high
anisotropy and low diffusivity in the CP during the early second
trimester (McKinstry 2002; Zhu et al. 2021). The high cellular-
ity of the CP, along with the presence of persistent radial glial
fibers from the neuronal migratory streams, impedes free water
diffusion (Xu et al. 2014). As the brain matures, several factors
collectively transform the CP's microenvironment, resulting in
higher and more isotropic water diffusion; these factors include
the regression of glial scaffolding, the cessation of neuronal
migration, apoptosis of some post-migratory neurons, and the
initiation of early synaptic sprouting. In the third trimester, the
emergence of prominent basal dendrites from pyramidal cells
and the integration of thalamocortical afferents further limit
water displacement in all directions, leading to a reduction in
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FIGURE1 |

Changes in fractional anisotropy (FA) and mean diffusivity (MD) in the corital plate between 23 and 36 weeks of gestation. A repre-

sentation of each region is projected onto a surface rendering of a 35-week-old fetal brain. The panel below each MD plot corresponds to the distribu-

tion of bootstrapped samples for the vertex of the parabola. The solid vertical line corresponds to the calculated vertex, and the dotted vertical lines

correspond to the 95% confidence intervals.

MD late in gestation and a subsequent decrease in FA (Huang
et al. 2013). These changes are evident in our study based on the
geometric changes of the diffusion tensors, as seen in Figure 4.

Our study's findings indicate that the order in which the various
CP parcellations reach their peak MD aligns with anticipated
synaptogenic courses (Maas et al. 2004). The sensory and motor
cortex were the first to initiate this process (23.3 and 26.6weeks,
respectively), followed by the visual cortex, parietal and temporal
association cortex, and finally, the prefrontal cortex (28.2 weeks).
These findings are reinforced by the fact that the sensorimotor

area exhibited the lowest MD at the end of gestation. On the
other hand, the unique migration pathway of insular neurons
and the heterogeneous laminar organization within the insula
(lack of granular layer IV in some portions) may explain the dif-
fering trend observed in this region (Mallela et al. 2023).

Our findings are generally consistent with prior studies but dif-
fer in some aspects due to distinct study populations and meth-
odologies. Ball et al. examined preterm infants between 27 and
46weeks of GA and observed a biphasic FA pattern, with an ini-
tial decline followed by a plateau (Ball et al. 2013). Our study
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FIGURE2 |

Changes in fractional anisotropy (FA) and mean diffusivity (MD) in the subcortical white matter between 23 and 36 weeks of gesta-

tion. A representation of each region is projected onto a surface rendering of a 35-week-old fetal brain. The panel below each MD plot corresponds

to the distribution of bootstrapped samples for the vertex of the parabola. The solid vertical line corresponds to the calculated vertex, and the dotted

vertical lines correspond to the 95% confidence intervals.

also showed a continuous FA decline for the overlapping period
(27-35weeks), with no evidence of a flattening tail even at week
35, where FA decreased by over 20%. While Ball et al. focused on
the frontal, parietal, occipital, and temporal regions, our analy-
sis extended to additional areas, such as the insula and sensory
and motor cortices, where we observed a flattened FA trajec-
tory. The inclusion of these regions, likely contributes to some
observed differences. Similarly, Ouyang et al. reported a bipha-
sic piecewise linear FA fit, with significant declines between
31.7 and 36.4 postmenstrual weeks and stable values from 36.4
to 41.7weeks—a period outside the scope of our study (Ouyang

et al. 2019). The exponential decay model we used, which de-
scribes a process where the rate of change is initially rapid and
then slows asymptotically, effectively captures this same pat-
tern. This approach provides a simplified yet robust alternative
to the biphasic models employed in earlier studies.

The changes we observed in the scWM also appear closely
linked to the fetus's brain histologic changes. During the early
stages of the second trimester, significant shifts in axonal orga-
nization occur, from a tortuous axonal state to a more orderly
arrangement characterized by coherent axonal bundles (Dubois
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TABLE 2 | Changes of diffusion metrics in the cortical plate throughout gestation.

Cerebral zone Description metric Model AIC Lateralization
Fractional anisotropy Exponential decay constant (CI) p
Cingulum 0.13(0.12-0.15) —497.2516 0.62
Frontal 0.14 (0.12-0.16) —498.4209 0.97
Insula 0.35(0.25-0.49) —504.9783 0.19
Motor 0.16 (0.13-0.19) —418.8283 0.052
Occipital 0.11 (0.01-0.11) —485.2092 0.84
Parietal 0.05 (0.01-0.11) —447.4998 0.83
Sensory 0.19 (0.17-0.22) —426.7935 0.82
Temporal 0.03 (0-0.12) —485.9614 0.29
Mean diffusivity Turning point in weeks (CI) p
Cingulum 29.31 (28.44-30.08) —190.2865 0.18
Frontal 28.24 (27.07-28.85) —148.5962 0.78
Insula 18.14 (—84-124.13) —144.441 0.05%
Motor 26.6 (24.7-27.6) —110.6665 0.51
Occipital 26.64 (24.85-27.59) —183.8415 0.37
Parietal 26.95 (24.95-27.88) —155.6976 0.77
Sensory 23.38 (18.75-25.36) —-130.9286 0.61
Temporal 26.72 (22.38-28.12) —131.7873 0.12

Note: Fractional anisotropy is described with an exponential decay model, while mean diffusivity is described with a quadratic model. Confidence intervals were
determined using wild bootstrapping. Asymmetry was determined by calculating the laterality index and conducting a two-tailed t-test.
2Not significant after Holm-Bonferroni correction.

TABLE 3 | Changes of diffusion metrics in the subcortical white matter throughout gestation.

Cerebral zone Turning point (CI) Model AIC Lateralization (p)
Fractional anisotropy Cingulum 31.63 (31.28-32.09) —439.8487 0.94
Frontal 32.65(32.04-33.57) —478.3092 0.52
Motor 31.18 (30.88-31.56) —418.8479 0.18
Occipital 32.71 (32.22-33.35) —500.5975 0.86
Parietal 32.82(32.39-33.41) —-497.076 0.36
Sensory 31.19 (30.8-31.65) —413.246 0.94
Temporal 31.76 (31.15-32.71) —493.5102 0.65
Mean diffusivity Cingulum 29.1(28.34-29.67) —169.5969 0.22
Frontal 28.78 (28.32-29.16) —165.4805 0.44
Motor 26.62 (25.15-27.55) —114.7757 0.20
Occipital 29.15(28.83-29.42) —186.6856 0.64
Parietal 27.28 (26.06-28) -162.7349 0.36
Sensory 25.14 (23.44-26.27) —151.5561 0.45
Temporal 28.91 (28.13-29.51) —145.8896 0.08

Note: Fractional anisotropy and mean diffusivity are described with a quadratic model. Confidence intervals were determined using wild bootstrapping. Asymmetry
was determined by calculating the laterality index and conducting a two-tailed t-test. Linear regression was utilized to assess changes in the laterality index
throughout gestation.
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FIGURE 4 | Average diffusion tensor across gestation in each region of interest depicted using superquadric surfaces. Glyph size and color cor-

relate directly to mean diffusivity (MD), while glyph shape conveys the anisotropy.

et al. 2008). This causes a reduction in water motion constraints,
which in turn increases MD values. However, this restraint is
less pronounced in the parallel direction compared to the per-
pendicular direction to the axons, leading to a simultaneous in-
crease in both FA and MD values (Figure 4) (Zanin et al. 2011).
It is important to note that our study sample did not show the
initial increase in FA values due to the fact that it occurs in the

early second trimester, whereas our study begins in the late sec-
ond trimester, where initial high FA values are already present.
During the later stages of gestation, immature oligodendro-
cytes gradually increase, and their cytoplasmic processes ex-
tend randomly (Zanin et al. 2011). This causes a reduction in
water motion in all directions, leading to a decrease in FA and
MD. Eventually, these cytoplasmic arborizations regress (Back
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et al. 2002), and the myelin sheath progressively encircles and
compacts the axons. This myelination process increases FA and
further decreases MD towards the end of gestation, which is por-
trayed by the parabolic trends found in our study and correlates
with previous studies (Calixto et al. 2023a; Jaimes et al. 2020).

Our findings demonstrate the regionally specific patterns of
synchronous development of the cortical gray and associated
white matter, which aligns with existing evidence. Studies have
shown that intracortical white matter's myelination occurs
earlier in the primary motor and sensory cortex than in other
areas (Flechsig 1901; Ouyang et al. 2019). Our study supports
this finding, as these regions exhibited faster decrease rates in
FA and the earliest point of low FA. Additionally, our results
demonstrate that the sensorimotor scWM has the highest FA at
the end of gestation and the highest water diffusion restriction,
as evidenced by the lowest MD at the same time.

Despite our findings, it is important to note that partial volume
effects may contribute to some of the observed trends, partic-
ularly the flattening of the FA trajectory in cortical gray mat-
ter beyond 28 GW. Partial voluming is an inherent limitation
of fetal diffusion MRI, especially in the context of cortical seg-
mentation, where contributions from adjacent subcortical white
matter can influence measured diffusion metrics. The degree of
partial voluming likely varies across cortical regions depending
on their geometry and proximity to the subplate. For example,
relatively flat regions like the sensory cortex or insula may have
a more uniform distribution of partial voluming between the
cortical gray matter and the underlying subplate, as these sur-
faces have comparable volumes and adjacency. In contrast, re-
gions with more concave geometries, such as the occipital lobe,
may exhibit reduced susceptibility to partial volume effects due
to the larger cortical volume and the smaller, more constrained
subplate volume, which limits the proportion of voxels impacted
by partial voluming. This geometric variability introduces
region-specific susceptibility to partial volume effects, which
may partially drive the apparent flattening of the FA trajectory
in some regions (motor and sensory cortices and the insula).

Our study has several limitations. First, our sample size was
limited to 44 fetuses, which can be attributed to the difficulty
in recruiting normal fetuses and the moderate success rate of
our pipeline. Second, the technique of fetal echo planar imag-
ing (EPI) is known to be challenging due to its sensitivity to
susceptibility artifacts, interslice motion, and signal loss, which
can result in artifacts that degrade the reconstructed images.
To mitigate any biases, we utilized stringent quality criteria to
evaluate reconstructions and segmentations. Third, the struc-
tures of interest are located at the cusp of the spatial resolution
of the acquired sequences, and there is a need for higher spatial
resolution acquisition to disentangle the contributions of the
different zones of the brain. Fourth, although our sample size is
relatively small, it was sufficient for evaluating developmental
changes over the brief period we studied. Lastly, we did not have
direct histologic data to confirm the biological changes that we
observed and that were driving the changes in MD and FA.

In conclusion, by utilizing a state-of-the-art computational neuro-
imaging framework, we identified developmental and regional dif-
ferences in fetal cortical microstructure utilizing motion-corrected

DTI. The changes in water diffusivity and anisotropy correlate
well with known histologic changes in the late-developing fetal
brain, including neuronal migration, the involution of radial glial
scaffolding, and synaptic sprouting. Furthermore, this study high-
lights the potential for utilizing diffusion as a biomarker for nor-
mal and aberrant neurodevelopment prior to birth, at a time when
most neurodiagnostic tools are unavailable (clinical exam, electro-
encephalography, and computed tomography) and when the inter-
est in neuro prognostication is maximal.
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