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Abstract

The normal development of thalamocortical connections plays a critical role in shaping brain connectivity in the prenatal
and postnatal periods. Recent studies using advanced magnetic resonance imaging (MRI) techniques in neonates and
infants have shown that abnormal thalamocortical connectivity is associated with adverse neurodevelopmental outcomes.
However, all these studies have focused on a single neuroimaging modality, overlooking the dynamic relationship between
structure and function at this early stage. Here, we study the relationship between structural and functional thalamocortical
connectivity patterns derived from healthy full-term infants scanned with diffusion-weighted MRI and resting-state
functional MRI within the first weeks of life (mean gestational age = 39.3 + 1.2 weeks; age at scan = 24.2 + 7.9 days). Our
results show that while there is, in general, good spatial agreement between both MRI modalities, there are regional
variations that are system-specific: regions involving primary-sensory cortices exhibit greater structural/functional overlap,
whereas higher-order association areas such as temporal and posterior parietal cortices show divergence in spatial patterns
of each modality. This variability illustrates the complementarity of both modalities and highlights the importance of
multimodal approaches.
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Introduction afferents start to appear prenatally around the eighth postcon-

Areal specification of the human cerebral cortex is thought to
begin in the ependymal zone where proliferative units lay
down a proto-map of the cerebral cortex that is translated to
the cortical plate by radial glial guides (Rakic 1988). According
to this “Radial Unit” hypothesis, thalamocortical axons play an
important role in modulating areal specification (O’Leary et al.
2007; Lokmane et al. 2013; Martini et al. 2018). Thalamocortical

ceptual week (PCW) and reach the cortical plate by midgesta-
tional age (24-25th PCW). Early synapses in the deep layers of
the cortical plate are first established by the 26th PCW
(Kostovic and Jovanov-Milosevic 2006; Kostovic and Judas 2010),
and a few weeks later, thalamic fibers reach their final destina-
tion in more superficial layers, establishing synapses mainly at
the cortical layer IV (Kostovic and Judas 2010). During the first
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months after birth, there is a phase of increasing connectivity
which is further refined by selective pruning that lasts until
adolescence (Innocenti 1995; Bourgeois 1997). The maturation
of thalamocortical connections are reflected by the emergence
of somatosensory-evoked potentials (SEP) (Vanhatalo and
Lauronen 2006). In the early preterm period, as thalamic affer-
ents enter the cortical plate (24-25th PCW), long and delayed
cortical activations can be detected in the deep layers. Faster
cortical responses emerge later as the thalamic fibers accumu-
late synapses in cortical layer IV.

The development of thalamocortical connections during the
mid and late gestational periods plays a critical role in shaping
brain connectivity during prenatal and early postnatal life
(Ghosh et al. 1990; McQuillen and Ferriero 2005; Kostovic and
Judas 2010). Recent studies have shown that alterations in tha-
lamocortical connectivity are associated with adverse neuro-
logical outcome after immature birth (Ball et al. 2013, 2015;
Fischi-Gomez et al. 2015; Thompson et al. 2016) or brain dam-
age due to hypoxic-ischemic insults (de Vries and Jongmans
2010; Dean et al. 2013). This suggests that the thalamus acts as
a key hub for cortical networks and that alterations in thalamo-
cortical connectivity may portent aberrant corticocortical con-
nectivity, establishing the thalamocortical system as a
clinically relevant target for early detection and assessment of
abnormal brain development originating prenatally and/or in
the early postnatal period.

Advanced imaging techniques such as diffusion-weighted
magnetic resonance imaging (DWI) and resting-state functional
MRI (rs-fMRI) have been used to track the structural and func-
tional trajectories in the developing brain. While the majority
of these studies have focused on understanding the corticocor-
tical organization in term and preterm infants (Doria et al.
2010; Smyser et al. 2011; Gao et al. 2015), there has been recent
interest in exploring the corticosubcortical organization in
infants and children (Fair et al. 2010; Alcauter et al. 2014;
Greene et al. 2014; Ball et al. 2015; Poh et al. 2015; Toulmin et al.
2015). Using longitudinal rs-fMRI data at birth, 1 and 2 years,
Alcauter and colleagues described the developmental changes
of thalamocortical functional connectivity (Alcauter et al. 2014).
Thalamus-sensorimotor and thalamus-salience networks were
identified in neonates, while thalamus-medial visual and
thalamus-default mode networks were not evident until 1 year
of age. In this study, thalamus-salience connectivity at 1 year
was the only thamalocortical network that correlated with
behavioral outcomes at 2 years. Toulmin and colleagues used a
similar approach in term and prematurely-born infants where
they showed that functional connectivity patterns at term are
correlated with the degree of prematurity (Toulmin et al. 2015).
Using DWI data, Ball et al. (2015) used a complementary
approach to show that thalamocortical structural connectivity
patters in the preterm brain measured at term equivalent age
are correlated with cognitive performance in early childhood.
Despite these promising results, all of these prior studies
focused on either functional or structural connectivity. As a
result, little is known about the complex interplay between the
thalamocortical structural and functional connectivity patterns
at early postnatal ages.

While function is shaped and constrained by brain structure
(Honey et al. 2007, 2009), structure can be modified by functional
activity stimulated by environmental inputs (Draganski et al.
2004; Zatorre et al. 2012). At early stages of life, this relationship is
particularly dynamic due to maturational processes such as
experience-dependent pruning of exuberant connections (O’Leary
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1992; Innocenti and Price 2005), consolidation of long-range axo-
nal projections (Kostovic and Jovanov-Milosevic 2006; Takahashi
et al. 2012; Thomason et al. 2015) and myelination (Brody et al.
1987; Barkovich et al. 1988); all of which are expected to intro-
duce rapid changes in structural and functional brain connec-
tivity. Insult during this developmentally critical period may
promote the recruitment of alternative anatomical pathways to
sustain a given function (Uylings 2006), affecting the specifica-
tion and integration of functional circuits at cortical and sub-
cortical levels. Future studies which combine structural and
functional connectivity may therefore lead to a better under-
standing of neural mechanisms involved in adverse outcomes.
However, before such approaches can be used in the infant
population, the relationship between structural and functional
connectivity in normal infants, beginning with the neonate,
must be understood.

In this study, we characterize thalamocortical connectivity
patterns in the newborn brain derived from structural (SC) and
functional connectivity (FC) analysis and explore the spatial
relationships between both modalities. Many technical chal-
lenges preclude accurate estimation of connectivity maps in
early infancy: lack of age-specific segmentation tools, lack of
age-matched brain templates, inaccurate anatomical regions-
of-interest (ROIs), motion contamination, etc. Here, we propose
an image analysis pipeline customized to address these issues
in neonatal populations. We hypothesize that, based on the
known early patterns of cortical organization (Lagercrantz et al.
2010) and myelin maturation (Brody et al. 1987; Barkovich et al.
1988), the agreement between structural and functional connec-
tivity maps will be system-dependent, with sensory systems
showing stronger overlaps than higher-order cognitive regions.

Materials and Methods
Participants

Healthy, full-term neonates were recruited at the Brigham and
Women’s Hospital (BWH) and Beth Israel Deaconess Medical
Center (BIDMC) as part of an ongoing prospective data collec-
tion study. The protocol was reviewed and approved by the
institutional review boards at Boston Children’s Hospital, BWH
and BIDMC. Written consent was obtained from parents. Only
full-term neonates whose mothers had no known medical con-
ditions or complications during pregnancy were included in the
study. For this particular study, we evaluated a total of 49 data-
sets and kept the 20 datasets showing the best quality in the
MPRAGE, rs-fMRI, and DWI volumes. The reason for discarding
a dataset was either due to incomplete data (n = 20), that is,
lacking at least one of the 3 sequences, or poor data quality in
at least one of the 3 sequences (n = 9). All subjects were full-
term infants (gestational age at birth: 39.3 + 1.2 weeks) scanned
within their first month of life (age at scan: 24.2 + 7.9 days).
Additional information regarding age at birth and at time of
scan, birthweight, occipital frontal circumference (OFC), sex,
and ethnicity is provided in Table 1.

Image Acquisition

Infants were scanned during natural sleep using a Siemens 3T
Trio with a 32-channel adult head coil. A motion-compensated
multiecho MPRAGE sequence (van der Kouwe et al. 2008;
Tisdall et al. 2012) was obtained in the sagittal plane with an
image resolution of 1 x 1 x 1 mm?®. Diffusion-weighted images
(TE = 104 ms, TR = 3700 ms, in-plane voxel size = 2 x 2mm?,
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Table 1 Gestational age (GA) at birth and at time of scan, birthweight, occipital frontal circumference (OFC), sex and ethnicity. GA at birth and
at time of scan, as well as birthweight and head circumference are displayed as mean + standard deviation

GA at birth (weeks)  Range (weeks)  GA at scan (weeks)

Range (weeks)

Birthweight (kg) ~ OFC (cm) Male (%)  Caucasian (%)

39.3+12 36.4-41.1 427 +1.8

40.1-46.2

34+06 33.7+21 50 45

slice thickness = 2 mm) were acquired with thirty directions at
b = 1000 s/mm? and thirty directions at b = 2000 s/mm?, acceler-
ated with 2 x GRAPPA and simultaneous multislice (SMS) factor
of 2. Blood-oxygen level dependent (BOLD) weighted imaging
was acquired (TE = 36 ms, TR = 1360 ms, in-plane voxel size = 2 x
2mm?, slice thickness = 2 mm) with SMS factor of 3. One resting-
state BOLD acquisition of 350 time points (~8 min) was obtained
for each infant. Both DWI and resting-state BOLD acquisitions
are EPI-based readouts.

ROI Definition

All our manual and automated segmentations were carried out
on the MPRAGE scans. Two experts made sure that the input
images, acquired with online motion correction, had sufficient
contrast for the segmentation task as well as that the resulting
ROI labels were accurate. Our prior-based multiatlas label
fusion tool relies on a database of 26 manually segmented T1-
weighted images for guidance.

Anatomical Masks

After skull-stripping using a modified version of the tool devel-
oped by Doshi et al. (2013), automatic subject-specific white
matter (WM) and gray matter (GM) masks (Fig. 1c) were com-
puted using a prior-based Bayesian approach. The method is a
modification to the label fusion algorithm described in Iglesias
et al. (2012), where we relied on ground-truth information from
a manually annotated training data described by de Macedo
Rodrigues et al. (2015). The cerebrospinal fluid (CSF) mask was
defined by the difference between the skull-stripped input
datasets and the GM label.

Cortical Labels and Thalamus

For all subjects, we obtained an automatic segmentation, on
both hemispheres, of the lobar ROIs in the cortical ribbon from
the structural MPRAGE scans (Fig. 1d). All segmentations were
carried out in the native space of each acquisition (without any
transformation to a standard analysis space). The set of cortical
labels used in this study follows those from the adult connectiv-
ity and infant resting-state literature (Fair et al. 2010): prefrontal
cortex, premotor cortex, primary motor cortex, somatosensory
cortex, posterior parietal cortex, occipital cortex, and temporal
cortex. In order to define and identify their location, we used
journal paper descriptions of adult studies, anatomy references
and the FreeSurfer adult brain segmentation descriptions (Fischl
et al. 2002, 2004; Johansen-Berg et al. 2005; Desikan et al. 2006;
Ratiu and Talos 2006; Despotovic et al. 2010). Due to limited spa-
tial resolution, sulcal delineation in the volumetric space is a
challenge. With our structural image resolution of 1 mm?, 2 adja-
cent cortical areas and the interposed sulcus often shared the
same voxel. Therefore, for the tractography analysis, we slightly
shifted the boundaries of our target regions towards the WM
when partial voluming was too severe to allow us to draw them
strictly in the GM (Fig. 1e). Placing the target areas in the juxtacor-
tical WM also increased the chances of successful tracking out-
come to that specific area as opposed to a target located entirely

Figure 1. Anatomical images of a single subject and its corresponding segmen-
tations in native space. (a) Original T1-weighed MRI, (b) brain extracted MRI, (c)
automatically generated anatomical masks: CSF (blue), WM (red), GM (yellow),
and thalamic and cortical labels used for (d) functional connectivity and (e)
probabilistic tractography analysis. (f) Pial cortical surface showing cortical
regions used for connectivity analysis (following FreeSurfer standard color
lookup table).

in the cortex. These refinements were manually performed using
FreeView (FreeView) by either an experienced neuroradiologist
(CJ.) or a specifically trained research assistant (F.Y.). To main-
tain accuracy and consistency, the resulting segmentations of all
subjects were reviewed, corrected, and finalized by the same
neuroradiologist (CJ.) in the 3 orthogonal planes for tridimen-
sional accuracy check.

In addition to the cortical regions, the left and right thala-
mus were also manually identified (Fig. 1d,e). We defined the
boundaries of these major central GM nuclei by the body of the
lateral ventricles and the transverse fissure superiorly and
medially, by the ventral diencephalon and mesencephalon
inferiorly, by the third ventricle inferiorly and medially, and by
the hippocampus and crus of the fornices posteriorly. Access to
such segmentation labels facilitated importing anatomically
meaningful regions of interest into the connectivity-based par-
cellation that correspond to the areas analyzed in adult studies
(Johansen-Berg et al. 2005).

Neonatal Template for Group Comparisons

A neonatal spatial reference space was created for computing
our group connectivity maps and visualizing our results. In
total, 43 MPRAGE input MRI volumes—collected as part of the
above described study, but not part of the cohort included in
the current connectivity analysis as subjects either lacked good
rs-fMRI or DWI volumes—were registered in a statistically unbi-
ased manner, weighing all input images equally, using the
affine version of the image registration framework described in
Reuter et al. (2012).
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Image Analysis

The complete processing pipeline is summarized in Supplementary
Figure S1.

rs-fMRI Preprocessing

We used FSL tools and in-house scripts for preprocessing the
resting-state BOLD data. Preprocessing steps included: (1) slice
timing correction for SMS BOLD acquisitions, (2) head motion
correction within and across runs, (3) estimation of motion
regressors, and (4) intensity normalization (after removing the
first 4 frames of each BOLD run to allow for stabilization of the
magnetic field). Individual functional connectivity analysis was
performed in the native functional space so subject-specific
anatomical masks were mapped to this space using a rigid
transformation (FSL/flirt) (Jenkinson et al. 2002) computed
between each individual MPRAGE scan and the first frame of
the realigned BOLD sequence. Linear regression was performed
using the following nuisance regressors: (1) 6 motion regressors
from realignment estimates (accounting for translations and
rotations in 3 directions), and (2) mean CSF and WM signals
extracted from the subject-specific anatomical masks. In order
to remove physiological contamination such as heart rate, tem-
poral band-pass filtering (0.008-0.09 Hz) was applied to the
demeaned and detrended BOLD time-series after linear regres-
sion and scrubbing. Global signal regression was not performed
as part of the functional connectivity analysis. Instead, we
opted for partial correlation analysis between each thalamic
voxel and cortical ROI, which computes the correlation only
after eliminating any globally shared signals (Birn et al. 2006).
Spatial smoothing was then applied using a Gaussian filter
with a full width at half maximum (FWHM) of 4 mm.

Scrubbing and Interpolation of Corrupted rs-fMRI Data

Before temporal filtering and spatial smoothing, frames cor-
rupted by motion were excluded from further analysis using an
established motion detection strategy (Smyser et al. 2010;
Power et al. 2012). Motion metrics considered frame-by-frame
displacements (FD) derived from the realignment estimates
from motion correction as well as frame-by-frame signal inten-
sity changes (DVARS) computed as the root-mean-squared
BOLD signal intensity change after preprocessing. Frames with
FD > 0.25mm and DVARS > 3 were removed from the BOLD
time-series. In order to minimize potential artifacts in neigh-
boring volumes due to temporal filtering or spin history, 2
frames before and after the censored volumes were also
removed. To avoid the potential introduction of edge effects
due to temporal filtering, the corrupted frames were replaced
using b-spline interpolation. The interpolated frames were not
considered in the partial correlation analysis. A minimum of
5 min of usable rs-fMRI data were required for inclusion in subse-
quent analyses. The mean number of frames used across sub-
jects after scrubbing was 305 (~6.9 min), while the mean FD and
DVARS were 0.066 mm and 1.19, respectively. Supplementary
Figure S2 shows the percentage of rs-fMRI frames kept after
scrubbing.

Functional Connectivity Analysis

Subject-specific masks for thalamic and cortical regions were
mapped to the native functional space (see rs-fMRI
Preprocessing) and a mean cortical signal was computed for
each cortical region. Partial correlations were then computed
between the mean cortical signals and the time-series
extracted from each thalamic voxel. It is expected that these
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maps will reflect the individual interactions between each indi-
vidual cortical region and the thalamus. Partial correlation
maps were converted to a normal distribution by Fisher’s z-
transformation (Jenkins and Watts 1968), registered to a neona-
tal template (see Neonatal Template for Group Comparisons)
and averaged across subjects using a fixed effects model. Group
connectivity maps were corrected for multiple comparisons
using false discovery rate of 1% (P = 0.01).

Quality Control of DWI Data

Signal dropout is the most common artifact observed in the
DWI data. Before running the DWI preprocessing steps, a semi-
automated KL-divergence-based tool called SignalDropQCTool
(Carquex 2015) was used to detect significant dropout values.
This tool automatically labels a high b-value volume as “bad” if
at least one of its slices is affected and “good” if no dropout is
detected. Additionally, the “unsure” label is used for volumes
with high classification uncertainty. These are the volumes that
the tool operator must provide decisions about. Supplementary
Figure S2 shows the percentage of DWI volumes kept after quality
control (QC) analysis.

DWI Preprocessing

We used tools from the FSL libraries for preprocessing the DWI
data (Woolrich et al. 2009). The rigid registration between the
MPRAGE and DWI scans acquired on the same subject was car-
ried out by FSL/flirt (Jenkinson et al. 2002) using mutual infor-
mation as a cost function. All of the resulting transformations
were visually inspected for accuracy. In detail, the following
steps were performed to obtain connectivity information for
each voxel in the examined thalami: (1) extraction of diffusion
gradients and the corresponding b-values from the input
DICOM images, (2) eddy current correction, (3) preprocessing
for probabilistic tractography (FSL/bedpostX) (Smith et al. 2004),
and (4) probabilistic tractography (FSL/probtrackX) between a
predetermined seed region of interest and a list of target ROIs.
Note that not all of our images were acquired in a way that
FSL/topup (Andersson et al. 2003) and FSL/eddy (Sotiropoulos
et al. 2013) could be used with them, thus these tools were not
used for this study. However, we selected datasets that exhib-
ited minimal distortion and did not require further preproces-
sing. To quantify head motion in each scan, we derived
volume-by-volume translation and rotation from step (2), as
well as slice-by-slice signal dropout measures that are specific
to DWI data (Benner et al. 2011). The registration-based mea-
sures are better at capturing slower, between-volume motion,
whereas the intensity-based measures are better at capturing
more rapid, within-volume motion. Tractography then was per-
formed to all cortical targets simultaneously, where probabilis-
tic streamlines terminated once they reached a target region.
As described in ROI Definition, the seed ROIs used are the left
and the right thalamus and the target ROIs are a set of cortical
lobular parcellation labels. The output of the above described
probabilistic tractography is a connectivity matrix of size MxN
for each subject, where, M indicates the number of targets, that
is, 7, and N is the number of voxels in the seed ROI (different
for each subject).

Structural Connectivity Analysis

The probability of structural connectivity was computed as the
proportion of tracts that propagated from a particular thalamic
voxel to a given target ROIL Individual probability maps for each
subject were registered to our neonatal template and averaged
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across subjects using a fixed effects model. Group probability
maps were corrected for multiple comparisons using false dis-
covery rate of 1% (P = 0.01).

Quantitative Comparisons Between Structural and
Functional Connectivity Patterns

Two different metrics were computed to evaluate the spatial
overlap between modalities, namely, the overlap percentage
and the Dice coefficient. The overlap percentage was calculated
as the fraction of significant voxels in a connectivity map corre-
sponding in space with the significant voxels in the connectiv-
ity map of the other modality. The Dice coefficient was
calculated as twice the ratio of the overlapping voxels between
two connectivity maps to the total number of voxels.

Results

Resting-state fMRI and DWI volumes were obtained in 20 full-
term newborn infants scanned during natural sleep within
their first month of life (median age at scan: 24 days). The aver-
age percentage of rs-fMRI volumes kept after scrubbing is 87.2%
while the average percentage of DWI volumes that passed QC
is 90.1% (Supplementary Fig. S2). Seven thalamocortical con-
nectivity maps were obtained for each modality based on tha-
lamic and cortical labels segmented from each subject’s
T1-weighted image. To isolate the functional interactions between
thalamus and each cortical region, functional connectivity maps
were obtained from partial correlation analysis between the
average BOLD signal extracted from the thalamic labels and
each individual cortical label (Fig. 2a, Supplementary Fig. S3).
Structural connectivity maps were derived from the proportion
of tracts propagated from thalamic labels on each hemisphere to
the ipsilateral cortical labels (Fig. 2b, Supplementary Fig. S3). To
facilitate spatial comparisons between modalities (Fig. 2c), each
functional and structural connectivity map was thresholded to
50% of its corresponding 99th percentile value to avoid potential
outliers.

Primary

Premotor
' ‘ Motor

Prefrontal

Structural Functional

Overlap

Somatosensory

Connectivity Maps and Intermodality Comparisons

Group maps derived from functional connectivity analysis (Fig.
2a) show a cluster in the anterior and medial aspect of the thal-
amus corresponding to the prefrontal label, a relatively wide-
spread cluster located in the medial and central thalamus
corresponding to the premotor label, and a focal cluster in the
lateral aspect of the thalamus corresponding to the primary
motor label. A large cluster involving the posterolateral and
posteromedial thalamus with extension into the midcentral
thalamus is associated to the primary somatosensory label. A
very small focal cluster is present along the posterior thalamus
corresponding to the posterior parietal label, and a focal cluster
along the posteroinferior and medial thalamus corresponds to
the occipital label. Finally, a focal cluster in the posteroinferior
and lateral thalamus is associated to the temporal label.
Structural connectivity patterns show strong similarities
with the FC maps derived for the prefrontal, premotor, primary
motor, and occipital labels (Fig. 2b). There is a SC cluster in the
mediodorsal and anterior thalamus corresponding to the pre-
frontal label, which is slightly more laterally located than the
analogous FC cluster. A SC cluster corresponding to the premo-
tor label extends along the anterior aspect of the ventrolateral
thalamus, which is more focal and located more posteriorly
and laterally than the analogous FC cluster, while a SC cluster
along the ventral aspect of the lateral thalamus corresponding
to the primary motor label is located slightly more anteriorly
than the analogous FC cluster. There is a focal cluster along the
posterior ventrolateral thalamus corresponding to the primary
somatosensory label, which is much smaller than the analo-
gous FC cluster. The area of overlap is located along the pos-
terolateral aspect of the larger FC cluster and encompasses the
majority of the SC cluster. The SC cluster for the posterior pari-
etal label is located along the posterolateral and posterior thal-
amus and shows no significant overlap with the small FC
cluster. Another SC cluster along the posterior thalamus corre-
sponding to the occipital label is located slightly more anteri-
orly than the analogous FC cluster. Finally, the cluster for the
temporal label is located in the posterior thalamus slightly

Posterior
Parietal

Occipital Temporal

100

%

B
[7] 100

rs-fMRI
DWI

B overlap

Figure 2. Functional (a) and structural (b) connectivity maps obtained in a group of 20 healthy neonates. Spatial overlap (c) between modalities shows different

degrees of spatial agreement.
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Table 2 Anatomical location of each functional and structural cluster in the thalamus associated to the 7 cortical regions shown in Figure 2

Anatomical location of thalamic cluster

Cortical ROI Functional Structural

Prefrontal Anterior and medial thalamus Anterior and mediodorsal thalamus
Premotor Medial and central thalamus Anterior aspect of the ventrolateral thalamus
Primary motor Lateral aspect of the thalamus Ventral aspect of the lateral thalamus
Somatosensory Posterolateral and posteromedial thalamus with extension Posterior ventrolateral thalamus

into the midcentral thalamus
Posterior thalamus
Posteroinferior and medial thalamus
Posteroinferior and lateral thalamus

Posterior parietal
Occipital
Temporal

Posterolateral and posterior thalamus
Posterior thalamus
Posterior thalamus

Table 3 Spatial overlap between functional and structural connec-
tivity maps. Quantitative comparisons were computed on the thre-
sholded maps shown in Figure 2

Cortical ROI Overlap percentage Dice coefficient

Prefrontal 452 0.38
Premotor 754 0.38
Primary motor 38.3 0.39
Somatosensory 74.0 0.30
Posterior parietal 0 0

Occipital 52.2 0.43
Temporal 38.8 0.29

more posterior than the analogous FC cluster. All these results
are summarized in Table 2.

Quantitative intermodality comparisons based on overlap
percentage and Dice coefficient show similar results (Table 3).
Overall, thalamic regions connected to motor and primary sen-
sory areas exhibit higher overlap percentages and Dice coeffi-
cients than regions connected to temporal and posterior
parietal cortices. It is worthwhile to mention that the discrep-
ancy between overlap percentage and Dice coefficient in the
premotor and somatosensory cortices is likely due to differ-
ences in the size of the clusters measured with each modality.
While both metrics are sensitive to the relative locations of the
FC/SC clusters, the Dice coefficient is also sensitive to their rela-
tive sizes. This means that if a smaller cluster is mostly con-
tained within a larger one, the Dice coefficient will be smaller.
For example, the SC cluster for the somatosensory label is con-
tained within the larger FC cluster. Consequently, despite a
very high overlap percentage, the Dice coefficient is lower than
that of other clusters with high overlap percentages such as the
prefrontal clusters.

Thalamic Parcellations

A winner-takes-all strategy provided an alternative approach to
summarize the individual connectivity maps into a single tha-
lamic parcellation map (Fig. 3), where cortical labels were
assigned to each thalamic voxel based on the highest partial
correlation or probability value.

As already mentioned by Toulmin et al. (2015), it is not pos-
sible to identify thalamic nuclei from individual structural MR
images as the neonatal thalamus does not have sufficient
intrinsic T1 or T2 contrast. Given the lack of atlases of thalamic
histology for neonatal populations, the best anatomical refer-
ence can be provided by adult atlases. However, direct

anatomical registration of neonatal images to adult templates
may compromise the accuracy in identifying the neonatal anat-
omy, particularly in small structures such as the thalamus, due
to significant developmental changes occurring during this
period. Thus, henceforth, we only suggest potential alignments
between the functional and structural thalamic clusters obtained
from the neonatal parcellation maps and the adult thalamic
nuclei identified by histology (Mai et al. 2007).

The functional parcellation map shows a predominant tha-
lamic cluster associated to the primary somatosensory cortex.
In comparing with adult histology, this cluster extends along
the expected location of the ventral posterior-lateral and lateral
posterior nuclei. In addition, it seems to extend beyond the
expected boundaries of the somatosensory clusters involving
parts of the ventral lateral and possibly the ventral anterior
nuclei (Fig. 3b). There are 2 smaller clusters associated to the
premotor and primary motor cortices which potentially extend
along the ventral anterior and ventral lateral nuclei, respec-
tively. Another significantly large cluster associated to the pre-
frontal cortex extends along the presumed location of the
mediodorsal and anterior nuclei and probably the ventral ante-
rior nucleus, while the temporal cortex presents a cluster
located along the pulvinar nucleus. Finally, a small cluster
associated to the occipital cortex is located in the expected
location of the lateral geniculate nucleus. No cluster associated
with the posterior parietal cortex was observed in the func-
tional thalamic parcellation map, consistent with the results
reported by Toulmin et al. (2015).

The structural parcellation map exhibits a cluster associated
to the prefrontal cortex which is potentially aligned with the
medial and ventral anterior nuclei (Fig. 3c). Consistent with the
clusters obtained from the functional parcellation, there are 2
structural clusters associated to the premotor and primary
motor cortices that extend along the lateral surface of the thal-
amus in the expected location of the ventral anterior and ven-
tral lateral nuclei, respectively. The temporal cortex has a
thalamic cluster that extends along the pulvinar nucleus, con-
sistent with the analogous functional cluster. By contrast with
the functional results, the posterior parietal cortex exhibits a
structural cluster than extends along the ventral posterior
nucleus. Interestingly, the structural cluster associated to the
primary somatosensory cortex is very focal and small.

The parcellation maps only show dominant connectivity
and disregard the contribution of multiple cortical regions on
each thalamic voxel, ignoring the integrative nature of the tha-
lamic circuits. Figure 4 shows the number of cortical regions
significantly (P < 0.01) connected to each thalamic voxel for
both modalities. The midthalamic voxels in the functional
maps show significant connections with 3-4 cortical regions
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Figure 3. Thalamic parcellations. (a) Cortical surface showing the 7 cortical regions used in the connectivity analysis. Functional (b) and structural (c) thalamic parcel-

lations were color-coded based on the FreeSurfer standard color lookup table.

Functional

Structural

Superior

Figure 4. Number of cortical regions with significant thalamocortical connectivity derived from the functional (top) and structural (bottom) connectivity analysis.

(prefrontal, premotor, primary motor, and somatosensory),
while the lateral areas show connections with only 2 or 1 corti-
cal label. In the case of the structural maps, a slightly different
pattern is observed, with thalamic voxels located in midcentral
and posterior areas connected to 3-4 cortical labels (prefrontal,
premotor, primary motor, and temporal) and with thalamic
voxels in the lateral areas connected to 1-4 cortical labels (pre-
motor, primarily motor, somatosensory, and posterior parietal).

Discussion

This study presents, to our knowledge, the first combined anal-
ysis of the structural and functional thalamocortical connectiv-
ity patterns in the newborn brain. Prior reports comparing both
MRI modalities focused exclusively on the adult brain (Zhang
et al. 2010; Mastropasqua et al. 2015), while studies involving
the neonatal brain focused only on a single MRI modality, that
is, structural (Poh et al. 2015) or functional connectivity
(Alcauter et al. 2014; Toulmin et al. 2015). Overall, we show
robust bilateral connectivity maps in both modalities that
resemble the structural (Behrens, Johansen-Berg, et al. 2003;
Johansen-Berg et al. 2005) and functional (Zhang et al. 2008;
Fair et al. 2010) topographies observed in healthy adults, sug-
gesting that relatively mature thalamocortical circuits can be
detected at the time of birth. Despite the general agreement

with the adult thalamic structural organization (Zhang et al.
2010), there are regional variations in the SC/FC spatial relation-
ship that presumably reflect differential rates of maturation.
The current analysis shows that thalamic regions connected to
motor and primary sensory cortices (i.e., occipital and somato-
sensory) exhibit greater spatial overlap than regions connected
to higher-order association areas such as temporal and poste-
rior parietal cortices.

Our analysis methods were customized specifically for neo-
natal populations with the goal of producing accurate results:
anatomical labels were automatically created based on subject-
specific structural images, an age-matched neonatal atlas
extracted from the same population was used for group com-
parisons and stringent motion correction criteria was applied
to the functional and structural data, preserving only volumes
with minimal motion (mean FD < 0.07 mm and mean DVARS <
1.2 after scrubbing rs-fMRI data; average translation = 1.04 mm,
average rotation = 0.013 radians after QC of DWI data). Also,
since the rs-fMRI and DWI scans were performed on the same
cohort, the influence of interindividual variability was mini-
mized between modalities.

While it is generally assumed that the functional connectiv-
ity patterns are reflective of the underlying anatomical connec-
tions (Honey et al. 2009), the development of SC and FC
networks in the early postnatal brain is significantly influenced
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by the heterogeneous patterns of maturation conceivably dom-
inated by myelination (Brody et al. 1987; Barkovich et al. 1988),
axonal pruning (Rakic and Riley 1983; LaMantia and Rakic 1990;
Petanjek et al. 2011) and synaptic development (Huttenlocher
et al. 1982; Montgomery and Madison 2004). As held by
Yakovlev and Lecours (1967), myelination represents the ana-
tomic correlate of neurophysiological maturation. Our thalamo-
cortical connectivity maps seem to be consistent with prior
studies showing that myelination maturation proceeds along a
hierarchy of increasingly complex functional processing, with
sensory pathways myelinating first, followed by motor path-
ways and finally ending in the maturation of association and
intracortical fibers critical for cognitive processing (Barkovich
et al. 1988; Huttenlocher 2002).

It is widely accepted that these structural processes are ini-
tially shaped by early spontaneous neuronal activity and, later
in development, refined by stimulus-driven, activity-dependent
mechanisms (Shatz 1996; Dehaene and Changeux 2005). As
shown by Vanhatalo and Lauronen (2006), the maturation of
thalamocortical connections is intrinsically related to cycles of
endogenous neuronal activity during the midprenatal period
which is followed by synchronized brain activity during the late
prenatal period, marking the emergence of synchronized func-
tional networks (Lagercrantz et al. 2010). In effect, fMRI studies
performed in late preterm and full-term neonates (Doria et al.
2010; Smyser et al. 2010; Fransson et al. 2011; Gao et al. 2015)
have shown relatively well developed functional networks in
motor and primary sensory cortices (e.g., visual system) at
birth. This is consistent with reports suggesting that neonates
already display a basic level of consciousness through sensory
awareness especially to painful stimuli, maternal speech and
odors (Lagercrantz et al. 2010).

The presence of robust thalamocortical circuits involving
primary sensory and salience processing—the latter repre-
sented by thalamic connectivity to the prefrontal cortex, com-
prising the anterior cingulate cortex and anterior insula, and
located in the dorsomedial nucleus of the thalamus (Seeley
et al. 2007)—is consistent with the notion that the basic func-
tional circuits essential for survival are already established at
birth. In particular, the anterior insula has connections with
limbic structures involved in affective processing (Uddin 2015)
as well as olfactory, gustatory and viscero-autonomic functions
(Afif et al. 2007). Since the insular cortex is a structure that
emerges early in life—around the sixth PCW—it is not surpris-
ing that we observe thalamocortical circuits involving the
salience network at the time of birth. Our functional connectiv-
ity patterns are consistent with previous results reported by
Alcauter et al. (2014) and our structural connectivity maps
extend them to their structural counterparts.

The differences between SC and FC maps are most striking
if we compare the thalamocortical parcellations defined by the
regions with the highest probability/connectivity at each tha-
lamic voxel. The spatial topology of the structural parcellations
show a good resemblance to thalamic parcellations observed in
adults (Zhang et al. 2010), indicating that the structural sub-
strates of the adult-like thalamic organization are already
established at birth. By contrast, the functional parcellations
are markedly weighted towards primary sensory areas, concur-
rent with functional studies showing that cortical hubs at this
early age are dominated by processes related to perception-
action behavior, typically associated with sensorimotor, pri-
mary auditory and visual networks (Fransson et al. 2011; Gao
et al. 2011). Previous investigations have shown that as matura-
tion progresses, these lower-order cortical hubs gradually

decrease in importance relative to hubs located in higher-order
association areas typically found in adults and adolescents
(Fair et al. 2009; Hwang et al. 2013; Grayson et al. 2014). It is
expected that the development of thalamic organization is syn-
chronized with cortical maturation and thus, as a result of this
functional reorganization, the overlap between both modalities
will progressively increase with age. In fact, several studies
have shown that the association between FC and SC is remark-
ably significant in healthy young adults (Hagmann et al. 2008;
Skudlarski et al. 2008; Damoiseaux and Greicius 2009), while
this relationship is immature in children (Fair et al. 2008;
Supekar et al. 2010). Interestingly, studies of aging show
decreasing convergence of SC and FC (Fjell et al. 2017; Tsang
et al. 2017) suggesting that maturation and aging may drive cor-
relations in different directions. Further investigations to
understand the biological mechanisms of these changes in lon-
gitudinal studies are needed.

The overlap of SC and FC parcellations show striking
regional differences particularly in the primary somatosensory
and posterior parietal labels. The FC cluster for the primary
somatosensory label was the largest of all the FC clusters and
was located in the posterolateral, posteromedial, and midcen-
tral thalamus, extending beyond the expected anatomic bound-
aries of the ventral posterior nucleus, the primary thalamic
sensory nucleus. This is consistent with the results first
reported by Alcauter et al. (2014), which also showed the neo-
natal thalamus to be dominated by the sensorimotor FC cluster.
The extension into the posteromedial and midcentral thalamus
potentially overlaps with the expected anatomic location of
additional nuclei and nuclear groups including the pulvinar,
lateral posterior, lateral dorsal, ventral lateral, and medial
nuclei, that are involved in a variety of sensory, motor, and cog-
nitive tasks (Nieuwenhuys et al. 2008). By contrast, the poste-
rior parietal label has only a small cluster in the posterior
thalamus, which shows no significant overlap with the analo-
gous SC cluster. These observations are consistent with the
results from Toulmin et al. (2015), which showed that the pri-
mary sensorimotor cortex had widespread FC in the thalamus.
Similar to these authors, we hypothesize that the overlap in
topographic organization in the thalamus could be due to the
more advanced functional integration properties of the sensori-
motor cortices at term age. Intrathalamic connectivity circuits
are known to exist (Crabtree and Isaac 2002) and could provide
polysynaptic functional integration of the neonatal sensorimo-
tor cortex, giving rise to the large thalamic region on the rs-
fMRI maps. We also hypothesize that the lack of overlap in
structural and functional thalamic connections to posterior
parietal regions may indicate less advanced functional integra-
tion of this region at term age due its known delayed matura-
tion compared with sensorimotor regions (Huttenlocher and
Dabholkar 1997; Counsell et al. 2002; Travis et al. 2005).
Therefore, not only the maturation of corticothalamic connec-
tions but also the maturation of intrathalamic modulatory sys-
tems are likely to play a significant role in thalamocortical
resting-state functional connectivity.

Conversely, we hypothesize that the more restricted struc-
tural connectivity of the thalamus to sensorimotor cortex, may
represent the monosynaptic segregation of thalamic connectiv-
ity to the expected location of the VL/VPL thalamus. For the
estimation of structural connectivity, we used probabilistic
tractography instead of streamline methods because it is more
reliable at characterizing crossing fibers (Behrens, Woolrich,
et al. 2003). However, we cannot rule out the possibility that
less likely connections might be overpowered by the larger
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ones, particularly at this early age where exuberant connectiv-
ity is expected. Thus, the tractography results, although opti-
mized to retain crossing fibers, are likely an underestimate of
existing axonal connections and likely represent the most
coherent ones, retaining only direct structural connections
between the thalamus and cortex.

This study is limited by the inability to resolve individual
thalamic nuclei on anatomical scans (Toulmin et al. 2015). As a
result, we cannot confirm the accuracy of the partitions pro-
vided by our diffusion approach or confirm the nuclei involved
in the rs-fMRI partitions. We can only make suggestions based
on histological identification of thalamic nuclei in adults (Mai
et al. 2007). In addition, although we probe tissue structure at
the micron level with DTI, a 2 mm voxel size results in signifi-
cant averaging over orders of magnitude and therefore insensi-
tivity to incoherent microstructure (Xu et al. 2014). Our rs-fMRI
also suffers from volume averaging given the same 2 mm voxel
size which results in an inability to distinguish the reticular
nucleus, a key regulatory nuclei in the thalamus (Lam and
Sherman 2011). Finally, our rs-fMRI analysis assumes mature
neurovascular coupling and correlates changes in regional
deoxyhemoglobin change instead of regional oxygen consump-
tion. This may result in misleading findings as the etiology of
slow hemodynamic activity in neonates is unknown and
regional oxygen consumption is likely to be more accurate
(Kozberg and Hillman 2016).

Conclusions

A better understanding of the relationship between functional
maturation and the evolving structural organization in early
development is crucial to evaluate how alterations in func-
tional and structural connectivity can occur as a consequence
of neurological injuries. This study provides a characterization
of this relationship in the first weeks of life using neuroimaging
data. The differences observed between SC and FC maps illus-
trates the complementarity of both modalities and highlights
the importance of multimodal approaches. Future investiga-
tions should focus on longitudinal approaches that would allow
us to track the progression of the SC/FC relationship as a func-
tion of maturation.
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