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1 | INTRODUCTION

Fetal life is characterized by a dynamic sequence of neurodevelop-
mental events. During this period, the brain undergoes exponential

This work presents detailed anatomic labels for a spatiotemporal atlas of fetal brain
Diffusion Tensor Imaging (DTI) between 23 and 30 weeks of post-conceptional age.
Additionally, we examined developmental trajectories in fractional anisotropy
(FA) and mean diffusivity (MD) across gestational ages (GA). We performed manual
segmentations on a fetal brain DTI atlas. We labeled 14 regions of interest (ROls):
cortical plate (CP), subplate (SP), Intermediate zone-subventricular zone-ventricular
zone (1Z/SVZ/VZ), Ganglionic Eminence (GE), anterior and posterior limbs of the
internal capsule (ALIC, PLIC), genu (GCC), body (BCC), and splenium (SCC) of the cor-
pus callosum (CC), hippocampus, lentiform Nucleus, thalamus, brainstem, and cere-
bellum. A series of linear regressions were used to assess GA as a predictor of FA
and MD for each ROI. The combination of MD and FA allowed the identification of
all ROls. Increasing GA was significantly associated with decreasing FA in the CP, SP,
1Z/SVZ/1Z, GE, ALIC, hippocampus, and BCC (p < .03, for all), and with increasing FA
in the PLIC and SCC (p < .002, for both). Increasing GA was significantly associated
with increasing MD in the CP, SP, 1Z/SVZ/1Z, GE, ALIC, and CC (p < .03, for all). We
developed a set of expert-annotated labels for a DTI spatiotemporal atlas of the fetal
brain and presented a pilot analysis of developmental changes in cerebral microstruc-
ture between 23 and 30 weeks of GA.
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growth, neurons reach their cortical and subcortical targets, myelina-
tion begins, and transient zones in the telencephalic wall evolve and
give rise to the mature cerebral hemispheres (Kostovi¢ et al., 2019).
The potential of utilizing diffusion tensor imaging (DTI) to investigate
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these intricate cytoarchitectonic and myeloarchitectonic changes
in vivo is enormous (Neil et al., 1998). However, challenges related to
the developmental anatomy of the fetuses, constant subject motion,
and lack of robust computational neuroimaging tools for the analysis
of fetal DTI have historically hindered these analyses.

Most data on brain DTI before 40 weeks of post-conceptional
age emanates from ex vivo (Feng et al., 2019; Gupta et al., 2005;
Huang et al., 2009; Trivedi, Husain, et al., 2009; Widjaja et al., 2010)
and preterm infant (Maas et al., 2004; McKinstry, 2002) MRIs.
While these data contribute immensely to our understanding of pre-
natal brain development, generalization of these observations is dif-
ficult due to technical and biological differences. For example, the
resolution of images acquired ex vivo exceeds that of in vivo DTI by
almost an order of magnitude (Huang et al., 2009), and the effects
of preterm birth cannot be controlled for (Batalle et al., 2017;
Nosarti et al., 2014). Furthermore, the period between 20 and
30 weeks post-conceptional age is sparsely sampled in these stud-
ies, creating a critical gap. This period represents the time at which
most clinical fetal MRIs are obtained (Manganaro et al., 2017). It
also includes the currently accepted limit of preterm birth viability,
at approximately 24 weeks of postconceptional age, which is fol-
lowed by a period of heightened vulnerability to brain injury as
exemplified by the elevated risk of neurodevelopmental disability in
infants born in this later stage of the second trimester (Woodward
et al., 2006).

Recent developments in fetal image processing techniques stand
to close this technical gap and facilitate in utero analysis. In particular,
the development of robust fetal DTI motion correction algorithms
(Marami et al., 2017) and the creation of spatiotemporal atlases of
fetal brain DTI (Khan et al., 2019) lay the foundation for constructing
analytic tools specific to the developmental stage of the subjects
being studied. The missing element required to perform anatomy-
specific analyses, analogous to those in newborns and adults, is the
creation of regions of interest (ROI) in the diffusion space. While
detailed segmentation algorithms exist for structural data based on
T2-weighted super-resolution reconstructions, the differences in tis-
sue contrast and distortions with the DTI sequences preclude their
utilization For example, in fetal MR, there is a high likelihood of signif-
icant motion between DWI and T2-weighted structural acquisitions.
In addition, geometric distortions due to susceptibility-induced B1
field inhomogeneities can affect echo-planar imaging, which is used in
fetal DWI. These distortions can lead to deformations and signal loss
that can significantly reduce the accuracy of T2 to DWI registration
(Huang et al., 2008).

This work aimed to create detailed anatomic labels for a fetal
brain DTI spatiotemporal atlas between 23 and 30 weeks of post-
conceptional age. We focused on younger gestational ages (GA) as
their developmental neuroanatomy differs the most from the existing
tools for analyzing neonatal brain DTI (Bastiani et al., 2019; Oishi
et al., 2011), which correlates with the presence of the readily visible
transient fetal zones (Maas et al., 2004). We hypothesize that the
mean diffusivity (MD) and fractional anisotropy (FA) maps from the
spatiotemporal atlas will allow sufficient contrast for the accurate

segmentation of structures. Our study enables a pilot analysis of
microstructural changes within individual regions of the fetal brain.
Furthermore, we utilized a tensor-to-tensor registration algorithm to
propagate the labels from the atlas to DTI of individual fetuses, dem-
onstrating the feasibility of atlas-based regional fetal brain DTI
analyses.

2 | MATERIALS AND METHODS

2.1 | Diffusion atlas

We performed detailed anatomic segmentations on a publicly avail-
able spatiotemporal DTI atlas of fetal brain development (http://crl.
med.harvard.edu/research/fetal_brain_atlas/) (Khan et al., 2019). The
subjects for the original study consisted of 60 pregnant women pro-
spectively recruited as part of a HIPAA-compliant IRB-approved
study. The women for that study were healthy controls between
18 and 45 years, with no significant comorbidities and normal prenatal
exams. Women with the following criteria were included: (1) no con-
traindication for MRI, (2) no known history of fetus congenital infec-
tion, (3) no fetal brain or other physical abnormalities, (4) no
chromosomal abnormalities, (5) single pregnancy, and (6) no known
genetic disorders of parents or siblings.

All MRIs were acquired using a Siemens MAGNETOM Skyra 3T
MRI scanner with a 16-channel body matrix and spine coils. The study
utilized a series of orthogonal 12-direction DTI acquisitions with a
maximum b-value of b = 500 s/mm? a motion-tracked slice-to-
volume registration (MT-SVR) was utilized for motion-robust data pro-
cessing and image reconstruction (Marami et al., 2017). Subsequently,
the authors computed a series of spatiotemporal atlases at 1-week
intervals, utilizing between 9 and 13 subjects for each week (Table 1S)
with a truncated-Gaussian kernel with a flexible bandwidth. Then, a
Nadaraya-Watson kernel regression was used to compute a represen-
tative atlas for each GA (Khan et al., 2019).

2.2 | Segmentations

We performed segmentations based on the FA and MD atlases corre-
sponding to GA 23-30. All segmentations were performed in ITK-
SNAP (version 3.8.0) using a high-resolution (1080p) Wacom® Cintiq
tablet. Two research fellows (Camilo Calixto, MD and Maria Cortes-
Albornoz, MD) performed the segmentations, and a board-certified
neuroradiologist with fellowship training in pediatric neuroradiology
(Camilo Jaimes, with 5 years of experience in fetal imaging) revised
them as needed. The segmentations were outlined primarily on the
FA maps as they offer inherently high tissue contrast (high anisotropy)
in the fetal cortex and fiber-rich white matter regions (e.g., corpus cal-
losum, internal capsule, external capsule). The color-coded FA (cFA)
maps were utilized to aid in identifying structures with coherent archi-
tecture (high FA) and distinct direction of the primary eigenvector that

results in differential color coding on DTI. The MD images were used
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to delineate the interfaces between parenchyma and the high-
diffusivity cerebrospinal fluid (CSF) (e.g., pial surface and ventricles)

and to refine minor details of parenchyma.

2.3 | Regions of interest

We labeled 14 regions of interest (ROIs) across the developing fetal
brain; 10 of these had bilateral representation (Figure 1).
Telencephalic wall: The telencephalic wall demonstrates alternat-

ing regions of high and low anisotropy, as described by Huang (2010).

e Cortical plate (CP): the outermost layer of the parenchyma, demon-
strating high anisotropy and relatively low MD. The CSF outlines
the outer margin (pial surface), which shows low FA and MD.

e Subplate (SP): a layer of low FA and intermediate diffusivity subja-
cent to the CP.

¢ Intermediate zone (1Z), subventricular zone (SVZ), and ventricular
zone (VZ): the deepest layers of the telencephalic wall, demonstrat-
ing high anisotropy and low MD. Due to spatial resolution and tis-
sue contrast, the boundaries between the 1Z, SVZ, and VZ cannot
be delineated.

e Ganglionic eminence (GE): high anisotropy and low diffusivity tis-
sue located along the ventral aspect of the frontal horns of the lat-
eral ventricles and extending along the ventricular margin of the
medial temporal horns. Further delineation was aided in 3D with
the cFA map that demonstrates a coherent architecture (Vasung
et al., 2019; Wilkinson et al., 2017)

Deep white matter: The coherent nature of white matter pathways
is clearly depicted on FA and other diffusion scalar maps (Khan
et al., 2019).

FIGURE 1 Tissue segmentation and structural
labels overlaid on the right hemisphere of three
diffusion-derived indices of the spatiotemporal
fetal brain DTI atlas at week 26 of GA. Maps are

left to right: Fractional anisotropy, mean Subplate

diffusivity, and color-coded fractional anisotropy.

M cCortical Plate

e Internal capsule (IC): clearly delineated high anisotropy white mat-

ter bundle. We independently segmented the anterior (ALIC) and
posterior limb (PLIC); the genu provided an anatomic boundary,
and differential orientation of the principal eigenvector was appar-
ent on cFA.

Corpus callosum (CC): clearly delineated due to high anisotropy.
The red color-coded voxels derived from the left-to-right direction
of the primary eigenvector contributed to determining the lateral
boundaries. Ventrally, it was bounded by the cavum septum pellu-
cidum and anterior horns of the lateral ventricles. As previous stud-
ies have reported a different sequence of myelination of the CC
subparts (Kinney et al., 1988; Zanin et al., 2011), we independently
segmented the genu (GCC), body (BCC), and splenium (SCC).

Other supratentorial

Hippocampus (Hp): high-FA, C-shaped structure, laterally bounded
by the temporal horns of the lateral ventricles.

Deep gray nuclei

Lentiform nucleus (Ln): a low FA region bounded laterally by the
1Z/SVZ/VZ and medially by the IC.

Thalamus (Th): low FA and intermediate diffusivity region bounded
laterally by the PLIC and medially by the lateral ventricles.

Posterior fossa

Brainstem: was segmented primarily in the MD maps where the
surrounding CSF clearly demarcated the pial surface. In the
superior-posterior aspect, the boundary was defined as the inferior
aspect of the Th.

M ALIC Lentiform SCC
M rLIC M cce Hippocampus

ALIC, anterior limb of the internal capsule; PLIC, B intermediate Zone Thalamus H scc Brainstem

posterior limb of the internal capsule; GCC, genu
of the corpus callosum; BCC, body of the corpus
callosum; SCC, splenium of the corpus callosum

B Ganglionic Eminence
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o Cerebellum: segmented primarily in the MD maps. It appeared as a
low-MD structure anteriorly bounded by the brainstem and cir-

cumferentially by CSF.

24 | Statistical analysis

2.4.1 | Diffusion trends

The median FA and MD were calculated for each brain region with
25th-75th percentiles. A linear regression analysis was used to evalu-
ate GA as a predictor of FA or MD, adjusting for laterality as a covari-
ate. A logarithmic transformation was performed on the dependent
variable (FA or MD), and the coefficients and confidence intervals
(Cis) were converted using [exp(coefficient) - 1] x 100 to report the

age-related change as a percentage.

2.5 | Label propagation

We performed a pilot analysis to investigate the reliability of propa-
gating segmentations from the DTI atlas to individual subjects using a
tensor-to-tensor registration algorithm. For performing this analysis,
we obtained eight scans—one, subject for each GA week from 23 to
30—using the same inclusion criteria used in the atlas reconstruction
and a similar protocol under HIPAA-compliant IRB-approved study.
These subjects were separate from those used to create the atlas and
were segmented in the same manner. The scans were reconstructed
using the same method employed in the first step of the atlas recon-
struction (Marami et al., 2017).

For the automatic segmentation, atlases closest to the subject's
GA (t - 1, t, and t + 1) were registered to the subject using the
tensor-based deformable registration algorithm in DTI-TK (Zhang
et al., 2007); and FA and MD maps were estimated for the deformed
atlases. The resultant warp field was then used to warp the labels
from the atlas space to the subject space using ITK's generic label
interpolator module (Schaerer et al., 2014). Subsequently, we used
probabilistic STAPLE (Akhondi-Asl & Warfield, 2013) for multiple-
template-based segmentation. In STAPLE, the segmentations and
intensity map of the images are used to train a local Gaussian mixture
model-based classifier. Then, the classifier is used to compute proba-
bilistic segmentations of the target image, which are then fused.

For quantitative evaluation of atlas-based segmentation, we per-
formed automatic segmentations by providing STAPLE the MD and
FA atlas independently and calculated the Sgrensen-Dice index (SDI).
We performed a third experiment to create a composite segmentation
using a mixture of experts model (MD + FA); for this model, we seg-
mented each structure based on the individual diffusivity map (MD or
FA) that had the highest individual performance. To note, we treated
all the CC and IC subparts as part of the same structure.

All calculations were performed in RStudio (version 2021.09.1)
using a significance level of .05. We performed Holm-Bonferroni cor-

rection for multiple comparisons at a a of .05 for each DTI-derived

scalar (MD and FA). Plots were designed using the ggplot2 package

(version 3.3.5).

3 | RESULTS

All 14 ROIs were segmented on the DTl-based FA and MD atlases
from 23 to 30 weeks of GA. Figure 1 illustrates the segmentations in
two orthogonal planes overlaid on the FA, cFA, and MD volumes. The

volume of each ROl is summarized in Table 2S.

3.1 | Diffusion analysis

There were significant GA-related changes in FA in the ALIC, PLIC,
the Ln, cerebellum, CP, SP, and 1Z/SVZ/1Z (Table 1). The greatest
increase in FA was seen in the cerebellum, and the largest decrease
was seen in the SP. Figure 2 summarizes age-related changes in FA
with age. The FA value of each ROl is summarized in Table 3S.

We also observed significant GA-related changes in MD in the
brainstem, CP, CC, SP, ALIC, PLIC, 1Z/SvZ/IZ, and GE (Table 2). The
greatest increase was present in the GE; there was no significant GA-
related decrease in MD for any of the ROlIs. Figure 3 summarizes age-
related changes in MD with age. The MD value of each ROl is summa-
rized in Table 4S.

Of the structures with bilateral representation, only the hippo-

campus had a significant difference in FA based on laterality.

3.2 | Automatic segmentation

For most structures, the SDI coefficients exceeded 0.7. Table 3 shows
the average SDI metrics for different structures; performance was
similar when providing STAPLE the MD or FA maps. The structures
with the lowest SDIs included small or narrow structures, including
the CC, Hp, and IC, and inconspicuous structures, such as the
GE. Figure 4 shows the result of the automatic segmentation of a
30-week subject when providing STAPLE the MD map.

4 | DISCUSSION

The development of robust motion correction algorithms for fetal
brain DTl (Marami et al., 2017) overcame a major impediment for
acquiring single-subject high-quality data and enabled previously
2020; Machado-Rivas
et al., 2021). Among these, the creation of high-resolution spatiotem-

unattainable analyses (Jaimes et al,
poral atlases of fetal brain DTI represents a tremendous leap forward
(Khan et al., 2019). Our work presents a set of expertly segmented
neuroanatomical labels for a fetal brain DTI atlas from 23 to 30 weeks
of GA. Our labels address major limitations to the existing processing
pipelines, including the changing contrast of the fetal brain, the pres-

ence of transient zones in the cerebral white matter, the small size of
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TABLE1 Fractional anlsc.>tropy Structure Median FA [range] % change (95% Cl)
values and change per gestational week

Whole brain 0.12[0.09-0.15]

FIGURE 2

each RO, a linear model was fitted using the median ROI FA value as the dependent variable and gestational age as the independent variable.

Weekly age-related change (%)

Fractional Anisotropy Value

Telencephalic wall
Cortical plate
Subplate
Intermediate zone
Ganglionic eminence

Deep white matter
ALIC
PLIC

Corpus callosum

Splenium
Other supratentorial
Hippocampus
Deep gray nuclei
Lentiform
Thalamus
Posterior Fossa
Brainstem

Cerebellum

0.14 [0.10-0.17]
0.10 [0.08-0.14]
0.10 [0.09-0.14]
0.14 [0.13-0.15]

0.12 [0.10-0.15]
0.18 [0.17-0.20]

0.26 [0.25-0.27]
0.21[0.18-0.23]
0.25[0.24-0.27]

0.11[0.10-0.12]

0.11[0.10-0.11]
0.11[0.09-0.12]

0.12[0.11-0.13]
0.06 [0.05-0.08]

—6.18 (—7.01 to —5.35)

—6.05 (—7.65 to —4.42)
—7.84 (—9.07 to —6.59)
—5.17 (—6.36 to —3.97)
—1.43(-2.11 to —0.75)

—2.6(—4.7 to —0.45)
1.54 (0.72-2.37)

1.15(-0.1 to 2.41)
—2.33(—4 to —0.64)
1.33(0.73-1.94)

—2.12(-2.72to —1.51)

—0.59 (—1.74 to 0.56)
0.91 (—0.44 to 2.28)

—1.61 (—3.65 to 0.47)
3.54 (1.31-5.81)

WILEY_L*7

.001

.001
.001
.001
.001

.03
.002

.07

.02

.002

.001

.29
.18

A1
.005

Abbreviations: ALIC, anterior limb of the internal capsule; PLIC, posterior limb of the internal capsule.

Listed in boldface when statistically significant after Holm-Bonferroni correction for multiple

comparisons at an a < .05.
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0.0
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Week

24 26 28 30

0.20
0.15
0.10
0.05
0.00

0.3
0.1

0.0

0.20
0.15
0.10
0.05

0.00
24 26 28 30

Left pane: Heatmap shows fractional anisotropy (FA) age-related change. Weekly age-related change is overlaid in the FA map of
the 26-week-old atlas. Right pane: Boxplots depicting the distribution of FA values of each region of interest (ROI) at each gestational age. For

ks

represents that the model for that specific ROl was statistically significant at p < .05. ALIC, anterior limb of the internal capsule; PLIC, posterior

limb of the internal capsule; GCC, genu of the corpus callosum; BCC, body of the corpus callosum; SCC, splenium of the corpus callosum
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Structure
Whole brain
Telencephalic wall
Cortical plate
Subplate
Intermediate zone
Ganglionic eminence
Deep white matter
ALIC
PLIC
Corpus callosum
Genu
Body
Splenium
Other supratentorial
Hippocampus
Deep gray nuclei
Lentiform

Thalamus

Median MD [range] (x 10~ mm?/s)

1.48 [1.41-1.54]

1.45 [1.40-1.51]
1.53 [1.43-1.60]
1.51 [1.36-1.66]
1.40[1.21-1.57]

1.38[1.23-1.45]
1.28 [1.24-1.33]

1.39 [1.30-1.56]
1.48 [1.38-1.63]
1.48 [1.44-1.56]

1.43[1.37-1.52]

1.36 [1.32-1.40]
1.31[1.27-1.38]

a

TABLE 2 Mean diffusivity values and

% change (95% Cl) p A
change per gestational week
1.01 (0.64-1.37) .001
0.64 (0.35-0.92) .001
1.01 (0.61-1.42) .001
2.26 (1.84-2.68) .001
3.22 (2.55-3.9) .001
1.67 (0.99-2.35) .001
0.13 (—0.4 to 0.66) 60
2.18 (0.96-3.41) .005
2.08 (1.24-2.92) .001
0.78 (0.15-1.41) .03
0.44 (—0.17 to 1.05) 11
—0.01 (-0.44 to 0.43) .99
—0.37 (-0.91t0 0.17) .16

Posterior Fossa
Brainstem 1.31 [1.26-1.34]

Cerebellum 1.50[1.43-1.63]

0.07 (—0.81 to 0.96) .95
0.34 (—0.37 to 1.07) .95

Abbreviations: ALIC, anterior limb of the internal capsule; PLIC, posterior limb of the internal capsule.
Listed in boldface when statistically significant after Holm-Bonferroni correction for multiple

comparisons at an a < .05.

the brain, and immature sulcal pattern (Deshpande et al., 2015). Our
study also provides an ROI-based evaluation of FA and MD changes
utilizing the data from the atlas, which can aid in the clinical evaluation
of fetal brain microstructure.

This study fills a critical gap by leveraging detailed labels in a
robust spatiotemporal diffusion atlas constructed utilizing data from
normally developing fetuses and focusing on a developmental stage
that has been sparsely analyzed in the literature. The studies by Gupta
et al, Huang et al,, and Trivedi et al., provided insights into gross
developmental changes in the microstructure of the fetal brain, albeit
with a somewhat irregular sampling throughout the second half of
gestation and utilizing ex vivo imaging (Gupta et al., 2005; Huang
et al., 2009; Trivedi, Husain, et al., 2009). Additional information on
microstructural development has been reported in cohorts of preterm
infants (Batalle et al., 2019; Deipolyi et al., 2005; Hiippi et al., 1998;
Maas et al., 2004; McKinstry, 2002). The general developmental
trends described by these authors are in agreement with our work.
Our approach expands on previous contributions by presenting in
utero data devoid of potential confounders related to tissue handling/
fixation of ex vivo specimens and prematurity-related injury and dys-
maturation that could alter diffusion metrics (Batalle et al., 2017;
Dimitrova et al., 2021; Kelly et al., 2016; Nosarti et al., 2014; Sun
et al., 2005).

An important feature of the labels presented in our work is the
emphasis on the laminar organization of the developing brain. During

the second and early third trimesters, the telencephalic wall is
arranged in a series of concentric zones (from outer to inner): the mar-
ginal zone (unapparent on MRI), the CP, SP, I1Z, and the proliferative
compartments (SVZ, VZ, GE) (Judas et al., 2010; Rakic, 1982). Multiple
authors have previously reported the differences in anisotropy and
diffusivity in these zones (Maas et al., 2004; Trivedi, Husain,
et al., 2009; Xu et al., 2014), and our 3D high-resolution atlases dem-
onstrate these findings in exquisite detail. Unique histologic properties
account for the appearance of the brain at this developmental stage
on diffusion MRI (Kostovic, 2002; Zanin et al., 2011). Specifically, the
high cellularity of the cortex and proliferative compartments results in
low MD and high FA; the water-rich and relatively acellular SP has
low FA and high MD; and the fibrillary 1Z has high FA and intermedi-
ate MD (Huang et al., 2009). These tissue properties result in high tis-
sue contrast between the transient zones of the fetal white matter,
which often exceeds that obtained on single-shot T2-weighted
images, particularly in the late second and early third trimesters. Other
structures, particularly white matter structures with high-tissue coher-
ence, are consistently identified on cFA maps throughout gestation
(Machado-Rivas et al., 2021).

The developmental trends observed in our ROl analyses correlate
well with prior observations. The decrease in FA and increase in MD
in the fetal cortex are consistent with the results from McKinstry
et al. and Trivedi et al., who described them in preterm infants and
ex vivo specimens, respectively (McKinstry, 2002; Trivedi, Husain,
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Left pane: Heatmap shows mean diffusivity (MD) age-related change. Weekly age-related change is overlaid in the MD map of the

26-week-old atlas. Right pane: Boxplots depicting the distribution of MD values of each region of interest (ROI) at each gestational age. For each
RO, a linear model was fitted using the median ROl MD value as the dependent variable and gestational age as the independent variable. ‘“*”
represents that the model for that specific ROI was statistically significant at p < .05. ALIC, anterior limb of the internal capsule; PLIC, posterior
limb of the internal capsule; GCC, genu of the corpus callosum; BCC, body of the corpus callosum; SCC, splenium of the corpus callosum

et al., 2009). These changes have been attributed to dendritic arbori-
zation, synaptic formation, neuronal differentiation—which increase
the extracellular space between neurons—and a decrease in glial fibril-
lary acid protein (McKinstry, 2002; Trivedi, Gupta, et al., 2009). Similar
trends were also observed in the SP and 1Z/SVZ/IZ, which are also
consistent with the ex vivo data reported by Trivedi, Husain, et al.
(2009) and Xu et al. (2014). Specifically, the major determinant of
anisotropy in the fetal brain is the presence of the radial-glial fibers
that guide neuronal progenitors from the germinal centers to their
cortical targets; this radial glial scaffolding is known to decrease with
age (Trivedi, Husain, et al., 2009; Xu et al., 2014). The changes in the
deep white matter bundles, including the ALIC, PLIC, and CC, follow
the expected developmental trajectories related to axonal re-organi-
zation, myelination gliosis, and myelination. In some cases, the pat-
terns of GA-related change in FA and MD differ from results
observed by other authors, occasionally appearing somewhat attenu-
ated. This is the case of the GA-related decrease in FA in the BCC,
which we attribute to volume averaging with the adjacent CSF in a
segment of the CC that is particularly thin (posterior body and
isthmus).

The study by Kahn and colleagues detailing the construction of
the spatiotemporal atlas of fetal brain DTI also reported preliminary
data on the FA and MD in major white matter pathways (Khan
et al.,, 2019). Our work expands on this report by (1) performing a
whole-brain segmentation inclusive of gray matter structures (cortical

plate, deep gray nuclei) and posterior fossa structures, (2) providing
3D ROIs that encompass the entirety of the structures (e.g., the entire
corpus callosum rather than a mid-sagittal slice), and (3) by labeling
the transient white matter zones.

In addition to providing comprehensive and robust data derived
from the normative atlas, our labels may be used for automated seg-
mentation. We presented the results of a pilot analysis in a small
cohort of normally developing fetuses with SDI values generally
exceeding 0.7 when using the composite segmentation of the mixture
of experts model. The modest SDIs reflect, at least in part, the small
size of the structures analyzed. By virtue of the low volume of the
fetal brain and its subcomponents, relatively minor segmentation
errors result in high penalties in the SDI. This is illustrated by the GE,
which is only a few voxels thick and, despite demonstrating high tis-
sue contrast, showed the lowest SDI values. Low tissue contrast
between other structures and limited spatial resolution are likely con-
tributors. Future work will be aimed at improving the accuracy of
automatic fetal DTl segmentation using multiple tissue contrasts
(e.g., T1, T2, DTI) and/or deep learning and investigating various fac-
tors that could affect the quality of the segmentations, such as GA,
motion during the scan, and spatial resolution.

Our study has several limitations. First, the accuracy of the labels
is intrinsically limited by the spatial resolution and contrast of in utero
diffusion MRI. Our study is unable to resolve small structures

(e.g., amygdala or subthalamic nuclei) or the sublaminar architecture
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TABLE 3 Average Sgrensen-Dice coefficient for atlas-based
automatic segmentation. Using fractional anisotropy and mean
diffusivity maps as intensity maps in STAPLE, and the composite
segmentation obtained in the mixture of experts model

Mean SDI + SD

Structure FA map MD map Composite
Whole brain 0.75+0.17 0.75+0.17 0.75+0.17
Telencephalic wall

Cortical plate 0.72+0.19 0.73+020 0.73+0.19

Subplate 0.77+0.16 0.76+0.15 0.77+0.16

Intermediate zone 0.78+0.14 0.78+0.14 0.78+0.14

Ganglionic eminence  0.63 £ 0.17 0.64 £0.19 0.63+0.19
Deep white matter

Internal capsule 0.70 £ 0.22 0.68 +0.21 0.70+0.22

Corpus callosum 0.70+0.15 0.72+0.15 0.72+0.15
Other supratentorial

Hippocampus 0.68 £ 0.15 0.69 +0.15 0.69 +0.15
Deep gray nuclei

Lentiform 0.78+0.17 0.78+0.16 0.78+0.17

Thalamus 081+017 081+£017 0.81+0.17
Posterior Fossa

Brainstem 0.86+0.06 087+0.05 0.87+0.05

Cerebellum 0.85+0.08 0.86+0.08 0.86+0.08

Abbreviations: FA, fractional anistropy; MD, mean diffusivity; SDI,
Sgrensen-Dice index.

Automatic

Manual

Cortical Plate Hc Lentiform

Subplate M cc Hippocampus

Thalamus Ganglionic Eminence

B Intermediate Zone

FIGURE 4 Comparison of automated segmentations and manual
segmentations. Structural labels are overlaid on the right hemisphere
of MD and FA maps in a 30-week-old fetus. The first row shows the
results of the automatic segmentation, and the second row shows a
manually segmented subject as a reference. CC, corpus callosum; IC,
internal capsule

of various layers, including the cortex, SP, 1Z, and proliferative com-
partments. This could result in volume averaging between neighboring
layers such as the CP and superficial SP or the deep SP and 1Z2/SvZ/1Z
(Gholipour et al., 2017). Second, we lack a histologic correlation for
our labels. Our rigorous segmentations follow the tissue contrast of
the atlases, but as the contrast decreases with GA, precise zonal dif-
ferentiation becomes challenging (Bobi¢-Rasonja et al., 2021; Kostovié¢
et al.,, 2019; Pogledic et al., 2021). Finally, this work focused on a lim-
ited range of GAs; a comprehensive set of segmentations spanning
the remainder of gestation would constitute an excellent resource for
longitudinal studies. Future work should focus on improving and eval-
uating our robust atlas-to-subject registration algorithms and validat-
ing them in analyzing different cohorts of fetal subjects.

5 | CONCLUSION

In summary, this work introduced a set of expertly annotated neuro-
anatomical labels for a spatiotemporal atlas of fetal brain DTl and pre-
sented a pilot analysis of developmental changes in cerebral
microstructure between 23 and 30 weeks of GA. Additional work is
needed to improve algorithms that enable reliable label propagation
to individual subjects and to utilize these for groupwise comparison
between various populations.
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