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Thalamus is a critical component of the limbic system that is extensively involved in both basic and high-order brain func-
tions. However, how the thalamic structure and function develops at macroscopic and microscopic scales during the perinatal
period development is not yet well characterized. Here, we used multishell high-angular resolution diffusion MRI of 144 pre-
term-born and full-term infants in both sexes scanned at 32-44 postmenstrual weeks (PMWs) from the Developing Human
Connectome Project database to investigate the thalamic development in morphology, microstructure, associated connectivity,
and subnucleus division. We found evident anatomic expansion and linear increases of fiber integrity in the lateral side of
thalamus compared with the medial part. The tractography results indicated that thalamic connection to the frontal cortex
developed later than the other thalamocortical connections (parieto-occipital, motor, somatosensory, and temporal). Using a
connectivity-based segmentation strategy, we revealed that functional partitions of thalamic subdivisions were formed at 32
PMWs or earlier, and the partition developed toward the adult pattern in a lateral-to-medial pattern. Collectively, these find-
ings revealed faster development of the lateral thalamus than the central part as well as a posterior-to-anterior developmental
gradient of thalamocortical connectivity from the third trimester to early infancy.
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This is the first study that characterizes the spatiotemporal developmental pattern of thalamus during the third trimester to
early infancy. We found that thalamus develops in a lateral-to-medial pattern for both thalamic microstructures and subdivi-
sions; and thalamocortical connectivity develops in a posterior-to-anterior gradient that thalamofrontal connectivity appears
later than the other thalamocortical connections. These findings may enrich our understanding of the developmental princi-
\ples of thalamus and provide references for the atypical brain growth in neurodevelopmental disorders. /

Introduction processing. Thalamus has been characterized as a large collec-

Thalamus is considered to be a “relay station” between percep- tion of nuclei. Each nucleus connects with a specific cortical
tion cortices and high-order cortical associates. It receives sen- aree}ll ancli 18 rlespor'lsﬂile for tlhe ref:lay of umqufi.lrllfom'latllon,
sation and perception inputs from sensory receptors and projects ~ SU¢™ @S ateral geniculate nucleus lor vision, medial geniculate

them to corresponding cortices via nerve fibers for subsequent nuclei for auditory input, and ventral-posterior nucleus for the
perception of touch and pain (Dostrovsky, 2000; Ward, 2013;

Torrico and Munakomi, 2021). On the other hand, thalamus
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receives feedback from the cerebral cortex and is thus
assumed to be extensively involved in modulating high-order
brain functions, including attention, emotion, and con-
sciousness (Mumford, 1991; Ward, 2011, 2013). Despite its
critical role, thalamus remains one of the least understood
regions in the brain. Understanding the developmental proc-
esses of thalamic structure may be of great importance for
elucidating the fundamental mechanism of thalamic func-
tional diversification.
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Magnetic resonance imaging (MRI) provides a noninvasive
neuroimaging tool to capture the dynamic process of early brain
development. Compared with T1-weighted (T1w) and T2w
images that have weak contrast for premature brains because of
insufficient myelination, diffusion MRI (dMRI) has been exten-
sively used to characterize the developing fetal and neonatal
brains, given its superior contrasts in the immature brains and
capability of resolving the early brain connections (Huang et al.,
2006, 2009; Vasung et al., 2010; Takahashi et al., 2012; Song et
al,, 2015). Using dMRI-based tractography, studies have revealed
that major fiber tracts (e.g., cingulum and inferior longitudinal
fasciculus) formed at the end of the second trimester (Song et al.,
2015; Feng et al., 2019; Machado-Rivas et al., 2021) and devel-
oped in a well defined pattern (Jaimes et al., 2020; Wilson et al.,
2021). In addition, dMRI provides unique insights into the
microstructural development of the perinatal brain, such as
nonlinear changes of fractional anisotropy (FA; which declined
until around 38 weeks), diffusivity, and diffusion kurtosis across
the cortex (Ball et al., 2013a; Ouyang et al., 2019) and subcorti-
cal nuclei (Ball et al., 2012). Also, based on dMRI, several stud-
ies have segmented thalamus of the adult brain into stable and
reproducible subdivisions through thalamocortical connections
(Behrens et al., 2003; Jaimes et al., 2018; Zheng et al., 2021),
which potentially can be replicated in the developing brains.

Thalamocortical system in developing brains during early
infancy has attracted a lot of attention. It has been shown that
both structural and functional thalamocortical connectivity of
infants at term can predict cognitive and motor functions at 2
years old (Ball et al., 2015; Toulmin et al., 2021), suggesting that
the development of the thalamocortical circuitry during the peri-
natal period is crucial for later neurocognitive functioning. On
the other hand, some studies focused on the topographical seg-
mentation of the thalamus in early infancy and demonstrated
that structural and functional thalamocortical connectivity of
infants at full-term age can yield subfields that correspond well
to known thalamic anatomy (Toulmin et al., 2015; Jaimes et al.,
2018); they also indicated that the thalamic parcellation might be
modulated by various factors, such as prematurity and congenital
heart disease. These studies demonstrated the significance of
depicting the developmental process of the thalamocortical sys-
tem during the perinatal period (e.g., third trimester and neona-
tal stage), which, however, remains a largely uncharted territory,
and how the functional subdivisions of thalamus form during
early development is unknown.

In the present study, we aimed to delineate the spatiotempo-
ral developmental pattern of the thalamus and its association
with the cerebral cortex during the perinatal period, using dMRI
data of 144 preterm-born and term-born infants scanned from
32-44 PMWs in the Developing Human Connectome Project
(dHCP) database (http://www.developingconnectome.org). We
characterized the cross-sectional and longitudinal age-dependent
developmental pattern of the thalamus in terms of its morphol-
ogy, microstructures, and subdivisions, as well as the thalamo-
cortical connectivity profiles, to provide a comprehensive picture
of the developing thalamus in the early human brain.

Materials and Methods

Participants

Infants included in this study were recruited as a part of the JHCP data-
base (second data release). The dHCP is an open science program
approved by the United Kingdom Health Research Ethics Authority (ref-
erence no. 14/LO/1169). MR images and basic demographic data are
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available at http://www.developingconnectome.org, and written consent
was obtained from all participating families before the scan.

The second release of dHCP contains 512 infant images, which
underwent quality control using the dHCP EDDY QC tools (Bastiani et
al,, 2019a). To better characterize the developmental trajectory of thala-
mus and thalamocortical circuitry, relatively strict exclusion criteria
were applied (Fig. 1). Specifically, we only included the first scan of each
infant. The exclusion criteria were as follows: (1) infants who had no
complete dMRI data (1 =6); (2) absence of basic information (1 =3); (3)
a scan beyond the range of 32-44 PMWs (n=14); (4) use of sedation
during a scan (n =5); (5) focal abnormality (radiology score > 3, n=36);
(6) low birth weight (n=16); (7) images with >5% outlier slices or
absolute motion >3 (evaluated through dHCP QC reports; n=139);
(8) ghosting artifact (evaluated through visual check, n=38); and (9)
one of twin data (n=12). Only 175 subjects were left after the afore-
mentioned steps, and most of them were scanned between 37 and 42
PMWs. To balance the data distribution, the following extra exclu-
sion criteria were made for infants who were scanned after term age
(37 PMWs): (10) infants who were born before 37 gestational weeks
and scanned between 37 and 44 PMWs (n=14); (11) infants who
were scanned >1 week after birth with a scan age between 37 and 41
PMWs (n=15); and (12) infants who were born before 39 gestational
weeks and scanned between 42 and 44 PMWs (n = 2). This procedure
resulted in the final cohort of 144 infants. We categorized these neo-
nates into 13 groups according to their PMW at scan. The demo-
graphic information is provided in Table 1.

Image acquisition

Images were acquired on a 3 tesla Philips Achieva scanner equipped
with a 32-channel neonatal head coil and a neonatal positioning device
(Hughes et al, 2017) according to the dHCP protocol (http://www.
developingconnectome.org). Neonates were asleep naturally during the
scan. High-angular resolution multishell dMRI with a spherically opti-
mized set of directions over 4 b-shells (20 b = 0 s/mm? images; b =400 s/
mm?, 64 directions; b =1000 s/mm?, 88 directions; b = 2600 s/mm?, 128
directions) were obtained. Other imaging parameters included the fol-
lowing: repetition time (TR)=3800ms; echo time (TE) =90 ms; SENSE
(sensitivity encoding) factor = 1.2; multiband acceleration factor =4; in-
plane resolution of 1.5 x 1.5 mm; and slice thickness of 3 mm with 1.5
mm slice overlap. T2w images were acquired using multislice fast spin-
echo sequence with TR/TE=12,000/156ms, flip angle=90, in-plane
resolution = 0.8 x 0.8 mm, and slice thickness of 1.6 mm with a 0.8 mm
overlap.

Image preprocessing

Preprocessing and tensor-based analysis. Images were preprocessed
via the dHCP diffusion image-processing pipeline (Bastiani et al.,
2019b). The preprocessing steps included intrasubject volume regis-
tration (Jenkinson et al., 2002), distortion correction, and eddy cur-
rent correction using “TOPUP” and “EDDY” tools in FSL (Andersson
et al., 2003; Andersson and Sotiropoulos, 2016; Andersson et al., 2017),
and super-resolution reconstruction to achieve isotropic resolution of
1.5 mm (Kuklisova-Murgasova et al., 2012). FA, mean diffusivity
(MD), radial diffusivity (RD), and axial diffusivity (AD) were then cal-
culated based on the diffusion tensors.

Fixel-based analysis. The preprocessing of multishell dMRI was per-
formed using MRtrix3 (www.mrtrix.org). Multishell multitissue (three
tissues) constrained spherical deconvolution algorithm was applied to
compute the fiber orientation distributions (FODs) in the spherical har-
monic basis (Jeurissen et al., 2014). This approach addresses the chal-
lenge of resolving crossing fibers within a voxel and, thus, enables more
accurate fiber tracking than the tensor model. A population template
was generated from FOD images of all subjects through iterative regis-
tration and averaging. Because the brain grows rapidly during the peri-
natal period, we further generated a FOD template for each PMW.
FOD images of all subjects were registered to the population template
for fixel estimation, where fixels refer to fiber components within a
voxel. Apparent fiber density (FD) and fiber-bundle cross-section (FC)
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to transform the parcellation map to the native dMRI
space. We merged the high-intensity and low-intensity
thalamic subfields of the DRAW-EM atlas to generate
the mask of the whole thalamus.

Shape analysis of the thalamus

The deformation field of the thalamus was estimated by
registering the individual thalamus to the thalamus in the
population template of 40 PMWs through a FOD-guided
nonlinear registration algorithm (Raffelt et al, 2011,
2012). This algorithm used the high-contrast and high-
dimensional FOD to improve the alignment of local
microstructures. This step allowed a direct comparison of
the thalamic morphology at each time point with the 40
PMWs reference. We used the logarithm of the Jacobian
determinant (J) of the nonlinear transformation matrix to
represent the deformation (Zheng et al., 2021), with J >
0 indicating a shape expansion from the subject to the ref-
erence image and J < 0 indicating the opposite deforma-
tions. The thalamic shape change at the population level
was calculated by transforming the FOD template at each

Infants scanned after term age

Figure 1. Flowchart for the subject exclusion procedure used in the present study.

Table 1. Demographic information of infants included in this study

Head
Gestational age Scan age Gender circumference Birth Singleton/
Group  (weeks) (weeks) (M/F)  at birth (cm) weight (kg) twins’

32 weeks 30.36 = 1.74
33 weeks 30.43 + 2.16
34 weeks 32.82 = 1.31
35 weeks 34.36 = 1.15
36 weeks 35.88 + 0.46
37 weeks 37.05 +0.28
38 weeks 37.93 = 0.50
39 weeks 39.01 = 0.49
40 weeks 40.12 +0.39
41 weeks 40.58 = 0.85
42 weeks 40.97 + 0.80
43 weeks 40.86 =+ 0.57
44 weeks 40.60 + 0.40

M, Male; F, female.
“Only one of the twins were used.

3261+032 173
3339 £0.14 311
34.55 =036 5/2
3548 +0.27 5/6
36.59 = 0.25 4/2
37.46 =033 6/3
38.42 +0.31 10/4
39.43 = 0.26 10/10
40.56 = 0.21 9/9
41.41£0.29 12/9
4223 £0.25 4/6
43.53 =0.27 5/9
4436 = 0.22 3/3

27.25+0.50 1.27 =0.11 4/0
28.65 = 0.85 1.28 =0.18 3/1
3021 £0.27 214079 5/2
3113 £ 1.08 2.08 =031 3/8
3212 =081 239 *=0.16 2/4
33.50 = 0.94 2.73£0.23 6/3
33.61+0.92 2.88 =038 8/6
3422 +0.81 3.15%=0.36 20/0
3472 = 0.69 3.33 =0.32 18/0
3518 £ 0.80 3.41+0.43 21/0
34.87 = 0.89 3.49 =0.19 10/0
36.37 = 0.49 3.46 = 0.29 14/0
36.90 = 1.06 3.30 £ 0.31 6/0

Table 2. Demographic information of infants included in the longitudinal
study

Clinical characteristics PB-AB PB-TEA B
Gestational age (weeks) 3243 +2.86 39.98 +1.21
Scan age (weeks) 34.57 £ 1.60 4129 =147 4129 =145
Gender: male/female 17/M1 17/M

Birth weight (kg) 1.80 = 0.69 3.44 + 0.56
Head circumference at birth (cm) 30.09 = 2.55 35.29 =+ 1.66 3538 = 1.24
Singleton/twins 18/10 28/0

PB-AB, preterm-born after birth; PB-TEA, preterm-born at term-equivalent age; TB, term-born.

that reflects the intra-axonal property and fiber-bundle morphology,
respectively, were calculated from the pipeline (Raffelt et al., 2017).
Thalamus segmentation. Each brain was segmented into 87 regions
according to the DRAW-EM atlas based on the T2w image (Makropoulos
et al,, 2014). For each subject, the T2w image was aligned to the b=0s/
mm® images of the dMRI data via boundary-based registration
(Jenkinson et al., 2002; Greve and Fischl, 2009), and the transformation
parameters with the nearest-neighbor interpolation were then applied

PMW to the 40 PMWs template.

Thalamocortical connectivity

To investigate the developmental trajectory of thala-

mocortical fiber tracts during the perinatal period, a

deterministic fiber-tracking algorithm based on the

FOD image was applied to derive white matter tracts
between cortex and thalamus (Tournier et al., 2012). This approach
was suggested to provide more accurate connectome reconstruction
for in vivo dMRI data than probabilistic algorithms (Sarwar et al.,
2019). Twenty thousand streamlines were generated with seed voxels
randomly selected across the thalamus using the following parame-
ters: step size =0.15 mm; maximum tracing angle = 22.5°% minimum/
maximum fiber length =5 mm/200 mm; and cutoff= 0.04. Densities of
the thalamocortical tracts were mapped back to the thalamus for visualiza-
tion of the spatial pattern of cortical projections across the thalamus.

Identification of thalamic subdivisions

The thalamic subdivisions were identified using a connectivity-based
approach (Behrens et al., 2003). The UNC Neonatal Atlas (Shi et al.,
2011) was registered to the FOD template at each PMW to create cortical
parcellations, which were then reorganized into five cortical seed regions
(i.e., frontal, motor, somatosensory, parietal-occipital, and temporal cor-
tices) according to previous literature (Nair et al., 2013; Zheng et al,,
2021). A probabilistic fiber-tracking algorithm (iFOD2) based on the
second-order integration over FODs was applied to derive fiber
tracts originating from the cortical seeds and terminating in thala-
mus (Tournier et al., 2010), with 5000 streamline samples for each
cortical seed region. The tracking parameters were similar to those
in the Thalamocortical connectivity subsection. Note probabilistic
fiber tracking was used here considering the low anisotropy in corti-
cal seed regions, similar to other works for connectivity-based seg-
mentation (Behrens et al., 2003; Nair et al., 2013). The identification
of thalamic subdivisions followed the “winner-take-all” principle
that categorized each thalamic voxel according to the cortical seed
region with the maximum streamlines to it.

Longitudinal analysis

To examine (1) the validity of our findings on thalamic development
and (2) the effect of preterm-birth [e.g., whether the thalamic features
we found in preterm-born (PB) at term-equivalent age (TEA) are com-
parable to healthy term-born (TB) infants], a validation analysis was per-
formed on a longitudinal subset of dHCP. This dataset included PB
subjects who were scanned twice several days after birth (PB-AB) and at
TEA (PB-TEA). The first eight exclusion criteria in the Participants sub-
section were applied [except for steps 3 and 7, as they largely reduced the
usable samples (only 11 subjects were left)]. The final dataset included
28 PB neonates and 28 TB infants who had matched gender,
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Morphologic development of the bilateral thalamus during 32—44 PMWs relative to the thalamus of 40 PMWs. A, Visualization of the thalamus in the 40 PMWs template. B, The

extent of morphologic deformation of the thalamus at each PMW relative to the 40 PMWs template, as quantified by the logarithm of the J value of the transformation matrices. J > 0 indi-
cate a morphologic expansion compared with the reference image and values << 0 indicate opposite changes. €, Average deformation of left and right thalamus at each PMW. No significant
laterality in deformation measurement was found during development (p values > 0.05, paired ¢ test, FWE corrected).

postmenstrual age (PMA) at scan, and head circumference at scan with
the PB-TEA (no significant differences in these demographics). The com-
parison between PB-AB and PB-TEA groups would serve as a validation
for the first purpose and the comparison between PB-TEA and TB could
be used for the second purpose. Basic information regarding the demo-
graphics of the validation dataset is shown in Table 2. For each group,
thalamic microstructures (i.e., FA, FD, FC, MD, AD, and RD) and subdi-
visions, as well as thalamocortical connectivity, were obtained through the
aforementioned approaches.

Statistical analysis

The generalized linear model was used to evaluate the correlations
between PMA at the scan and structural metrics of the thalamus (Y),
with gender, head circumference at scan, body weight at birth, and twin/
singleton as covariates, as follows:

Y = B, + B, x PMA + B, x gender + 3, x head_circumference

+ B, x weight + B x singleton.

For age correlation analysis, thalamic volume, mean microstructural
metrics (i.e., FD, FA, FC, MD, AD, and RD), and their asymmetric index
[calculated as (left — right)/(left + right)] were computed in the individ-
ual space as features. For fixel/voxel-level correlation analysis of these
metrics, all the subjects were registered to the population FOD template
to ensure spatial alignment across subjects. In validation analysis, we
performed a paired ¢ test to examine the difference of thalamic micro-
structures between PB-AB and PB-TEA groups. Analysis of covariance
(ANCOVA), a multiple regression model with the aforementioned cova-
riates, was used to evaluate the difference between PB-TEA and TB
cohorts. The p values from fixel/voxel-level correlation analysis and mul-
tiple comparisons in validation analysis were corrected by using family-
wise error (FWE) at the level of p=0.05.

Data availability
The data that support the findings of this study are openly available at
http://www.developingconnectome.org.

Results

Morphologic changes of the thalamus

Figure 2 illustrates the morphologic changes of the bilateral thal-
amus during 32-44 PMWs relative to the population template
at 40 PMWs. Evident growth of the thalamus with age was
observed, and the deformation pattern varied from week to
week. Specifically, the whole thalamus enlarged drastically from
32 to 34 PMWs; then the growth rate slowed down and a spatial
gradient of deformation pattern emerged. Specifically, the mar-
ginal area (e.g., ventrolateral and pulvinar parts) showed greater
deformation than the central part, in 35- to 38-week-old neo-
nates relative to 40 PMWs (Fig. 2B). The dorsal and ventral
parts of the thalamus showed alternating rapid expansion
from 42 to 44 PMWs. In addition, no significant laterality of
shape changes was found between bilateral thalamus (p val-
ues > 0.05, paired ¢ test, FWE corrected; Fig. 2C).

Development of thalamic microstructures

Regional metrics (i.e., volume and average microstructural met-
rics of the thalamus) were computed in the individual space. The
volume, FA, and FD of bilateral thalamus significantly increased
with age (r values > 0.39, p values < 0.0001; Fig. 3), whereas the
diffusivity measures (i.e., MD, AD, and RD) showed opposite de-
velopmental trends (r values < —0.59, p values < 0.0001; Fig. 3).
We also found that FA and FD showed rightward lateralization
(higher values in the right thalamus; asymmetry index <0),
which is consistent with the lower diffusivity values on the
right side, indicating higher structural maturity in the right
thalamus. Moreover, the thalamic volume showed a shift of later-
alization from leftward (higher volume on left) to rightward
(higher volume on right), with the zero-crossing occurring around
40 PMWs. However, no significant correlation was found between
the laterality of these metrics and PMA (p values > 0.05).
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Figure 3.  Developmental changes of the macrostructural and microstructural features of bilateral thalamus during 32—44 PMWs, including volume, FD, FA, MD, AD, and RD. These features

were calculated in native dMRI space. Thalamic volume, FD, and FA significantly increased with PMA (r values > 0.39, p values << 0.0001), whereas the diffusivity indices (i.e., MD, AD, and
RD) showed opposite trend (r values << —0.59, p values << 0.0001). The asymmetry of these metrics did not significantly correlate with PMA (last row). Note that an asymmetry index >0

indicates higher values in the left, and an index <<0 indicates the opposite.

Similar developmental trends of these microstructures were
also observed at the fixel/voxel level. As shown in Figure 4,
increased fiber integrity (i.e., increased FA, FD, and FC) was
accompanied by reduced diffusivity (i.e., MD, AD, and RD) with
age in the majority of the thalamic voxels (p values < 0.05, FWE
corrected). Interestingly, these changes were more pronounced
in the lateral thalamus (higher t-values), especially for FA and
FD; whereas, the microstructures of ventromedial parts showed
less association with age.

Development of thalamocortical fiber tracts

The developmental profile of thalamocortical fibers was de-
lineated in Figure 5A. At 32 PMWs, fiber connecting the thala-
mus with corpus callosum, and temporal, parietal, and occipital
cortices was observed, and the extent of connections increased
with PMW. A thalamofrontal pathway that connects the thala-
mus to high-order functional domains emerged at ~40 PMWs
or later (left, 40 PMWs; right 42 PMWs) and involved a lower
proportion of fibers than pathways to other cortices (Fig. 5B). By
projecting the thalamocortical fibers back to the thalamus, we
found that voxels with high tract density initially appeared at the
posterolateral side of the bilateral thalamus (pulvinar nuclei) and

gradually overtook the head and central parts of the thalamus
(Fig. 5C). This observation was congruent with the fast micro-
structural development in the lateral thalamus in Figure 4.

Formation of thalamic subdivisions

To investigate the functional development of thalamic subdivi-
sions (e.g., how they innervate different cortical areas), we per-
formed connectivity-based segmentation on the thalamus. The
five identified subdivisions, spatially distributed along the ante-
rior—posterior axis, were mainly connected with frontal (Fig. 64,
red), motor (Fig. 6A, yellow), somatosensory (Fig. 6A, orange),
parietal-occipital (Fig. 6A, blue), and temporal (Fig. 6A, green)
cortices. Such spatial distribution patterns showed high consis-
tency with the Oxford Thalamic Connectivity Atlas derived from
adult data (Fig. 64, last column). We found that the subdivi-
sions on the lateral side of thalamus formed earlier than the
central part, consistent with the developmental pattern of
microstructure and thalamocortical connectivity described
above. For example, the identified subdivisions at 32 PMWs
were only small clusters distributed on the lateral boundary of
the thalamus; these subdivisions then underwent continuous
outside-in expansion and voxel reassignment to form a whole-
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Correlation (in t-values) maps between PMA and the thalamic microstructural features, and the corresponding FOD maps in axial view at several slice locations. The correlation

was calculated by registering all infant images to a population template space. FA, FD, and FC showed significant positive correlations with PMA, whereas diffusivity metrics showed negative
correlations (p values << 0.05, FWE corrected). The t-values of the correlations were shown in the fixels/voxels with statistical significance.

thalamic parcellation. In addition, the thalamic subdivisions
that connected to frontal and temporal cortices showed a
larger size and faster growth than the other subdivisions
(Fig. 6C).

Longitudinal development of thalamus and thalamocortical
connectivity

We performed a validation analysis to examine our findings on
an independent longitudinal dataset. There was a significant
increase in the average FA, FD, and FC in left and right thalamus
(paired t test, p values < 0.001), accompanied by reduced diffu-
sivity (paired ¢ test, p values < 0.001) during the development of
thalamus from birth to TEA in PB neonates (Fig. 7A). No signifi-
cant difference was found in these microstructural metrics
between PB-TEA and TB infants (ANCOVA, p values > 0.05).
The number of thalamocortical fibers rapidly increased from
preterm birth to TEA, and the fiber tracts connecting to corpus
callosum, and temporal, parietal, and occipital cortices were
more pronounced than thalamofrontal connectivity at both time
points (Fig. 7B). Compared with PB-TEA infants, the thala-
mocortical fiber tracts of TB infants showed a higher number
of fibers and a more developed pathway between thalamus
and frontal cortex (Fig. 7B). In addition, a similar develop-
mental pattern of thalamic subdivisions was observed from
preterm birth to TEA, including earlier development on the
lateral side than the central part of thalamus and the lateral-
to-medial formation order of the subdivisions, and no
obvious difference between PB-TEA and TB was visually
detected (Fig. 7C).

Discussion
The present study characterized the spatiotemporal developmen-
tal pattern of the thalamus in neonatal brains during 32-44

PMWs, from morphologic, microstructural, and connectome
perspectives, using high-angular resolution dMRI data. Our
results showed that thalamic development during this period
exhibited (1) evident morphologic expansion, especially in
the ventrolateral part; (2) later development of thalamocorti-
cal connection to frontal lobe than to the other lobes; and (3)
a lateral-to-medial pattern for both microstructural develop-
ment and formation of thalamic subdivisions. To the best of
our knowledge, this is the first study that comprehensively
depicted the developmental process of thalamus in perinatal
human brains, which enriches our understanding of the de-
velopmental principles of thalamus and also provides refer-
ences for the atypical brain growth in neurodevelopmental
disorders.

Spatial gradient in thalamic morphologic development

Although previous studies (Makropoulos et al., 2016; Gui et al,,
2019) have identified thalamic volume increases with age, our
study extended these observations and showed heterogeneity in
the deformation pattern of thalamic morphology at different
postnatal stages. For example, morphologic changes were rela-
tively uniform across the entire thalamus before 35 weeks PMA,
and the deformation became more pronounced at the border
than in the central part of thalamus afterward. Since the major
cortical targets of ventral and centrolateral nuclei are sensorimo-
tor cortices and prefrontal cortex, respectively (Behrens et al.,
2003; Sherman and Guillery, 2013), faster expansion of ventral
thalamus than the centrolateral parts may suggest earlier devel-
opment of sensorimotor cortex than prefrontal cortex (Li et al.,
2021). This result partially corresponded to a previous study
indicating significant differences on the surface of anterior and
ventral thalamic nuclei in PB infants at TEA compared with
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term-born neonates (Lao et al.,, 2016), indicating that these rap-
idly developing regions may be more vulnerable to preterm
birth.

In addition, though brain lateralization appears during the
development from the second trimester of gestation to the first
half-year after birth (Hering-Hanit et al., 2001; Corballis, 2013;
Liu et al, 2021b), we did not find asymmetrical deformation
patterns in thalamus during development. This was not sur-
prising because the morphologic changes measured by the
Jacobian determinant are of a relative magnitude that esti-
mates the local expansion or contraction relative to the refer-
ence image, which may not capture the lateral difference if the
asymmetry appears very early and bilateral nuclei grow at a
similar rate.

Lateral-to-medial development of thalamic microstructure

The outward morphologic deformation and rapid increases of
microstructural indices suggested simultaneous development
of thalamus on both macroscopic and microscopic levels dur-
ing this period. The linear increases of FA and FD and the
decreases of diffusivity with PMA may correspond to the rapid
growth of myelin content (e.g., oligodendrocytes proliferate)
and the total amount of axons, suggesting increased fiber in-
tegrity within thalamus, and the results were in line with pre-
vious findings reported in term/preterm neonates (Paquette et
al., 2015) and typical development from infancy to adulthood

(McLaughlin et al., 2018). The rightward lateralization in FD
and FA, and the shifting trend from leftward to rightward
asymmetry in diffusivity metrics were in good accordance
with our previous study indicating rightward asymmetry of
the thalamus in dMRI measurements from TEA to 6 months
(Liu et al., 2021b).

Interestingly, we noticed that the microstructural features of
the lateral thalamus significantly correlated with PMA but not
for the medial thalamus, suggesting a lateral-to-medial spatial
pattern that microstructures developed faster in the lateral thala-
mus than those in the medial part during the perinatal period.
Morel et al. (1997) have found that lateral and medial thalamus
were characterized by immunoreactivity of different calcium-
binding proteins (i.e., parvalbumin and calbindin D-28K).
Because calcium is deeply involved in various aspects of neu-
ronal differentiation, migration (Komuro and Kumada, 2005),
and neurotransmitters expression (Spitzer, 1994), localization
of these proteins may indicate differential neuronal popula-
tions and pathways in different regions (Andressen et al.,
1993; Parent et al., 1996). Based on a guinea pig model, studies
have revealed high expression of parvalbumin in laterodorsal
thalamus at the prenatal stage (Zakowski et al., 2014), whereas
calbindin D-28K was expressed in anteromedial thalamic nu-
cleus after 20d postnatally (Zakowski et al., 2013), which
could possibly explain the earlier development of the lateral
than the medial part of thalamus during the perinatal period.
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Thalamocortical connectivity developed in a posterior-
anterior order

The thalamofrontal connectivity pathway exhibited a lower
extent of development compared with pathways linking the
thalamus with the middle and posterior parts of the cortex.
Moreover, by mapping the cortex-to-thalamus projection den-
sity on the thalamus, we found that the connected thalamic
voxels spread along the lateral side of the thalamus from pul-
vinar nuclei that mainly connected with sensorimotor, visual,
and temporal cortices at early stage, which later extended to
more central and anterior parts that primarily connected with
motor and prefrontal cortices (Nair et al., 2013; Zheng et al.,
2021). These findings were congruent with the order of synap-
tic development that synaptic density peaks first in primary
sensory cortex, followed by association areas and prefrontal
cortex (Tau and Peterson, 2010). Furthermore, other studies
have indicated that, by the end of full-term gestation, neurons
have migrated to their targets in the frontal cortex (Paredes et

al., 2016) and basic thalamocortical circuitry was established
(Kostovi¢ and Jovanov-Milosevié, 2006; Kostovi¢ and Judas,
2010), which could partly explain the emergence of detectable
thalamofrontal connectivity at ~40 PMWs. The tract-density
map of the thalamus was in good accordance with the devel-
opmental pattern of thalamic microstructures, and the rapid
increases of axonal density and myelination in the lateral thal-
amus may contribute to the higher thalamocortical connec-
tions in these regions.

While there are multiple theories of thalamocortical axonal
development (Crandall and Caviness, 1984; Agmon et al., 1993;
Mitrofanis and Guillery, 1993; Métin and Godement, 1996;
Molnar et al., 1998), one prominent theory—the “handshake”
theory—posits that axonal pathways from the thalamus and cere-
bral cortex grow separately at the beginning and meet within the
internal capsule (Métin and Godement, 1996; Molndr et al,
1998). Since the developmental order of synapse is from primary
sensory cortex to high-order cortex (Tau and Peterson, 2010), we
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FC (log), MD, AD, and RD. Compared with PB-AB, PB-TEA showed significant increases of FA, FD, and FC (paired t test, p values << 0.05, FWE corrected), and significant decreases of diffusivity
measures (paired t test, p values << 0.05, FWE corrected). No significant difference was found in these metrics between PB-TEA and TB (ANCOVA, p values > 0.05). No comparison was made
between PB-AB and TB cohorts. B, Visualization of the thalamocortical fiber tracts in the three groups for the left and right hemispheres. C, The thalamic subdivisions in each group that were
identified via a connectivity-based approach. Note: results shown in B and € were computed based on the FOD template of each group.

speculated that the fewer thalamofrontal connections might
result from late axonal development in frontal cortex. This could
also explain why the anterior projections from thalamus did not
reach the cortex at early PMW. However, the delayed develop-
ment of thalamofrontal connectivity might also be related to pre-
mature birth as observed in our validation data.

Subdivision of thalamus forms in a lateral-to-medial pattern

It has been reported that thalamic subdivisions segmented by
thalamocortical connectivity corresponded well to histologically
defined thalamic nuclei (Behrens et al., 2003). Since it is impossi-
ble to determine the boundaries of thalamic nuclei through his-
tologic information in vivo, the connectivity-based approach
might be an effective way to map the anatomic parcels within
thalamus. The thalamic subdivisions we identified matched well
with the connectivity-based parcellation of the thalamus in
infants at term age, children, and young adults reported in previ-
ous literature (Behrens et al., 2003; Nair et al., 2013; Toulmin et
al,, 2015; Jaimes et al., 2018), suggesting that the specialized con-
nection pattern has been established in the third trimester, as
early as 32 PMWs. The development of connectivity-based tha-
lamic subdivisions followed the same lateral-to-medial principle
as observed in the microstructural and connectivity analysis,
which might, to some extent, reflect the differentiation process of
thalamic cytoarchitecture. Yet, we are aware that the cytoarchitec-
ture-based thalamic parcellation can only be definitively deter-
mined postmortem, which may differ from the connectivity-based
parcellation during brain development. Interestingly, the subdivi-
sions connected to frontal and temporal cortices actively grew
throughout the perinatal period observed in our study; whereas,

the subdivisions associated with motor, somatosensory, and
parietal-occipital lobes were maintained relatively unchanged
after 38 PMWs, indicating that these subdivisions were al-
ready well established at birth. These findings were supported
by a significant volumetric association between the thalamus
and frontal/temporal lobes during early brain development
(Ball et al., 2012; Makropoulos et al., 2016).

Notably, our results showed that, at ~40 PMWs, the sub-
divisions almost covered the entire thalamus, but the tract
density maps in Figure 5C were not. These results were not
in conflict because they derived from different fiber-tracking
algorithms (i.e., deterministic tracking for thalamus-to-cor-
tex projection and probabilistic tracking for cortex-to-thala-
mus projection and resultant nuclei segmentation). In this
study, both deterministic and probabilistic tracking were
FOD-based algorithms that were robust to crossing fiber
effects (Tournier et al., 2010, 2012), but each approach has
its advantages depending on the purposes. Specifically, the
deterministic tractography provides high reliability in con-
nectome mapping that can best recover the “ground-truth”
connectivity for in vivo dMRI (Sarwar et al., 2019); whereas,
the probabilistic method considers inherent uncertainty of
fiber dispersion given the low anisotropy in cortical regions.
The consistent developmental pattern identified by the two
approaches suggested the robustness of our findings.

Limitation

A major limitation of the present study lies in the use of pre-
term-born infant brain MRI for mapping brain development, as
the influences of preterm birth were unknown. Depicting the
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developmental trajectory of the early human brain via combined
preterm-born and term-born infant data have been commonly
adopted in many previous studies (Ball et al., 2013a; Toulmin et
al., 2015; Makropoulos et al., 2016; Cao et al., 2017; Ouyang et
al.,, 2019; Zhao et al,, 2019). Although the effects of extrauterine
growth undoubtedly led to impaired development in microstruc-
ture (Ball et al., 2013a; Pannek et al., 2018; Ouyang et al., 2019;
Dimitrova et al., 2021) and connectivity (Ball et al., 2012, 2013b;
Pandit et al., 2014; Batalle et al., 2017; Liu et al., 2021a), these
effects were considered to be much less pronounced compared
with the developmental changes during the third trimester
(Bourgeois et al., 1989; Kostovi¢, 1990; Zhao et al,, 2019). The
comparable developmental extent of thalamic microstructures
and subdivisions between PB-TEA and TB infants further sup-
ported this argument. Second, the cross-sectional dataset is
unable to represent the real developmental trajectory of the thal-
amus. A longitudinal design is essential to remove the effects of
individual differences in the early developmental period, which,
however, is very difficult in practice. Third, because of the small
number of preterm infants under 34 PMWs in the dHCP
database after excluding brain injury and low-quality data,
there were limited usable data for 32-34 PMWs, which might
lead to high variability in brain template (Yang et al., 2020).
Future studies on a larger, independent dataset are needed to
validate findings from this work. In addition, the brain struc-
ture changes dramatically after birth, making the registration
of neonatal brains particularly challenging. Here, we used a
FOD-guided registration algorithm to improve registration
accuracy using the high-dimensional data (Raffelt et al,
2011), yet the registration accuracy was not evaluated in
comparison with other algorithms.

Conclusion

The present study investigated the spatiotemporal develop-
mental pattern of the thalamus in preterm-born and term-
born infants from 32 to 44 PMWs. We found that the thalamic
development was characterized by a lateral-to-medial devel-
opmental gradient at both morphologic and microstructural
levels; as well as a lateral-to-medial gradient for subdivision
formation. Thalamocortical connectivity analysis revealed a
posterior-to-anterior developmental order with the thalamo-
frontal connection established the latest at ~40 PMWs. These
findings portray a comprehensive view of the thalamic devel-
opment in the early human brain.
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