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Abstract

The adult functional connectome is well characterized by a macroscale spatial gradient of connectivity traversing from
unimodal toward higher-order transmodal cortices that recapitulates known principles of hierarchical organization and
myelination patterns. Despite an emerging literature assessing connectome properties in neonates, the presence of
connectome gradients and particularly their correspondence to microstructure remains largely unknown. We derived
connectome gradients using unsupervised techniques applied to functional connectivity data from 40 term-born neonates.
A series of cortex-wide analysis examined associations to magnetic resonance imaging-derived morphological parameters
(cortical thickness, sulcal depth, curvature), measures of tissue microstructure (intracortical T1w/T2w intensity, superficial
white matter diffusion parameters), and subcortico-cortical functional connectivity. Our findings indicate that the primary
neonatal connectome gradient runs between sensorimotor and visual anchors and captures specific associations to cortical
and superficial white matter microstructure as well as thalamo-cortical connectivity. A second gradient indicated an
anterior-to-posterior asymmetry in macroscale connectivity alongside an immature differentiation between unimodal and
transmodal areas, indicating a connectome-level circuitry en route to an adult-like organization. Our findings reveal an
important coordination of structural and functional interactions in the neonatal connectome across spatial scales.
Observed associations were replicable across individual neonates, suggesting consistency and generalizability.
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Introduction

The neonatal period is a time characterized by a fundamental
change in the external environment and marks the beginning
of extensive reconfigurations of structural and functional brain
networks. Post mortem histological reports have demonstrated

a surge in rapidly growing dendritic arborizations, myelination
of axons in the cortex and superficial white matter, as well
as in the accumulation of synaptic contacts especially in the
period shortly after birth (Flechsig 1901; Huttenlocher 1979;
Stiles and Jernigan 2010; Petanjek et al. 2011; Grayson and Fair
2017). While previous neuroimaging studies, particularly those
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exploiting magnetic resonance imaging (MRI), have provided a
rich catalogue of morphological and microstructural measures
for the visualization of the neonatal brain in vivo (Knickmeyer
et al. 2008; Yap et al. 2011; Ball et al. 2014), associations between
neonatal brain structure and function remain largely unex-
plored.

Resting-state functional MRI (rs-fMRI) analyses offer non-
invasive insights into the organization of functional systems
in the absence of external tasks (Biswal et al. 1995; Fox et al.
2005), overcoming significant challenges in neonatal functional
neuroimaging. Unlike work in adults, where functional network
organization has been extensively investigated, principles gov-
erning neonatal connectome organization have been much less
studied. Leveraging unsupervised decompositions of neonatal
rs-fMRI data, multiple lines of research have suggested that
canonical brain networks established in adults are also existent
in neonates, yet with differences in their integration and differ-
entiation from other networks (Fransson et al. 2007; Gao et al.
2009). Specifically, transmodal systems such as the default-
mode and frontoparietal networks show rather sparse within-
network connectivity, particularly between anterior and poste-
rior components (Fransson et al. 2007; Lin et al. 2008; Gao et al.
2009). Several studies have complemented these findings by
demonstrating that highly connected hubs are largely confined
to primary visual and sensorimotor cortices (Fransson et al.
2011), a configuration that contrasts with the adult connectome
organization, where central nodes are preferentially localized in
transmodal association cortices (van den Heuvel and Sporns
2013). Extending beyond cortico-cortical connectivity, seed-
based rs-fMRI studies in neonates have reported a dominance of
thalamic connectivity on cortical function (Toulmin et al. 2015),
likely reflecting the rapid and substantial growth in thalamo-
cortical projections around birth (Kostovic and Jovanov-Milose-
vic 2006). While these findings point to a functional connectome
organization that is uncharacteristic of adults and specific to
neonates, the scarcity of work integrating in vivo functional and
structural imaging contributes to an incomplete understanding
of whether and how the neurostructural principles underlying
macroscale functional topography at birth compares to adults.

We investigated cortico-cortical functional connectome
organization in neonates, based on the first data release of the
Developing Human Connectome Project (dHCP) (Makropoulos
et al. 2018). To evaluate the interplay of cortical geometry and
macroscale function, we employed unconstrained connectome
compression techniques to visualize spatial trends in connec-
tivity variations across the cortical surface. These techniques
recapitulate macroscale cortical organization by situating every
brain region along a continuous axis of differentiation in cortex-
wide connectivity (Margulies et al. 2016; Guell et al. 2018; Mars
et al. 2018). As such, they offer a framework to integrate
macroscale functional connectomics with MRI-derived mea-
sures of cortical morphology and microstructure. In 40 term-
born neonates, we showed a principal gradient of functional
connectivity that was anchored in sensorimotor regions and
radiated toward the visual cortex. Several cortex-wide analyses
indicated specific associations to thalamo-cortical connectivity
and measures of intracortical myelin, providing in vivo support
for interactions between tissue microstructure, subcortical
connectivity, and cortico-cortical connectome organization.
Paralleling known hierarchical principles of the adult connec-
tome (Margulies et al. 2016), we further observed a second,
anterior-to-posterior connectivity gradient that closely followed
variations in cortical thickness and differentiated between

areas destined to become involved in transmodal processing,
providing initial evidence of an immature higher-order circuitry
en route to an adult-like organization.

Materials and Methods

Neonate Characteristics and Multimodal Imaging
Dataset

We studied minimally preprocessed data from 40 term-born
neonates (25 males; mean postmenstrual age at birth+SD:
39.0+1.7 weeks; range 3642 weeks, mean postmenstrual
age at scan+SD: 39.9+2.1 weeks) (Makropoulos et al. 2018).
Data were downloaded from http://developingconnectome.
org/ on 10/2017. Details on the MRI acquisition and image
processing can be found in the Supplementary Materials. The
data included multimodal MRI (3D T1-weighted MRI, 3D T2-
weighted MRI, 2D rs-fMRI, and 2D diffusion-weighted MRI)
acquired during natural sleep on a 3T Phillips Achieva with a
dedicated neonatal imaging system. Downloaded data already
underwent structural processing, involving motion correction,
super-resolution reconstruction of the Tlw and T2w images,
and cortical surface reconstruction using the Medical Imaging
Registration ToolKit (MIRTK) specifically adapted for neonatal
MR data (Schuh et al. 2017; Makropoulos et al. 2018). For
the rs-fMRI, preprocessing included correction for geometric
distortions and head motion, band-pass filtering, and denoising
(Fitzgibbon et al. 2017). Diffusion MRI preprocessing involved
correction for (i) susceptibility distortions using FSL TOPUP
(Andersson et al. 2003) and (ii) subject motion and eddy currents
using FSL EDDY (Kuklisova-Murgasova et al. 2012; Andersson
and Sotiropoulos 2016). Following upsampling to an isotropic
resolution of 1.5 mm?3, diffusion images were fed back to EDDY
to correct for all distortions simultaneously (Bastiani et al. 2017).

Multimodal Data Fusion and Surface Registration

Based on surface-informed multimodal co-registrations (Greve
and Fischl 2009), diffusion and rs-fMRI data were mapped to
high-resolution T2w imaging space, which allowed for the
aggregation of structural, functional, and diffusion features
along cortical surface models of each individual. We constructed
a sample-specific, hemisphere-unbiased surface template to
register surface features into a common space. To this end, we
first registered every subject’s left and “flipped-right” native
white matter mesh (n=80) to a reference subject and averaged
registered surfaces as an initial group template. We repeated this
step 10 times, feeding the resulting template back as input into
the following iteration. For computational efficiency, template
surfaces and surface-registered features were downsampled to
Sk vertices.

Functional Connectome Generation and Gradient
Mapping

Neonatal Connectome Gradients

Following surface mapping, registration, and downsampling of
cortical rs-fMRI time series, we computed pairwise correlations
between each of the 5k cortical vertices to generate a functional
connectome. The resulting matrix was z-transformed and
averaged, resulting in a group-level connectome. We then
applied diffusion map embedding, an unsupervised technique
that identifies spatial axes in connectivity variation across
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different areas (Coifman and Lafon 2006). In a recent application
to adult functional connectomes, this technique revealed a gra-
dient of connectivity variations that runs from unimodal (e.g.,
sensorimotor and visual cortices) to transmodal default-mode
regions (Margulies et al. 2016). As in previous work (Margulies
et al. 2016; Paquola et al. 2018; Vos de Wael et al. 2018; Hong
et al. 2019), we retained only the top 10% of connections and
converted the thresholded connectivity matrix into a normal-
ized angle matrix, which scales the angle between each pair of
vertices as a function of similarity. Manifold learning parameters
were identical to those previously described, specifically « =0.05
and automated diffusion time estimation (Margulies et al. 2016).
A MATLAB implementation of this algorithm is available at
http://github.com/MICA-MNI/micaopen; the original Python
code is available at http://github.com/satra/mapalign.

Comparison to the Adult Connectome Gradient

The adult connectome gradient was computed in a subsample of
100 young adults from the Human Connectome Project dataset
(Van Essen et al. 2012) using the same procedure as described
above and was surface-registered to the neonatal surface tem-
plate. To address correspondence of the neonatal gradients with
the adult gradient, we computed Spearman rank correlations
between spatially matched nodes. Differences in gradients were
further localized as the difference in rank at each node across
the whole cortex.

Relation to MRI-Based Cortical Morphology and
Microstructure

Cortical Morphology

Surface-registered mean curvature (the average of the principal
curvatures, estimated from the white surface), sulcal depth
(the change in position along the normal direction of a vertex,
estimated during the inflation process), and cortical thickness
(the Euclidean distance from a vertex on the white matter
surface to its corresponding vertex on the pial surface) were
provided for each neonate as part of the dHCP data release.
While cortical thickness estimations in neonates may be
challenging due to the prolonged existence of the subplate
remnant at the gray-white matter interface (Kostovic et al.
2014), high-resolution MRI, together with intensity-based
segmentation algorithms specifically adapted for neonatal brain
MR images, generated accurate gray-white matter boundaries
(rated independently by a neuroanatomist and a methods
specialist), and thickness measurements comparable to those
obtained from manually segmented cortices (Makropoulos
et al. 2018). We used surface-wide linear models to examine
associations between morphological features and functional
gradients; statistical models were built using SurfStat for
MATLAB (Worsley et al. 2009), available at http:/www.math.
mcgill.ca/~keith/surfstat.

MRI-Based Microstructure

We assessed microstructural organization in the neonatal
brain using intracortical measures of T1w/T2 intensity and
the analysis of diffusion tensor parameters in the super-
ficial white matter. In adults, the analysis of intracortical
T1w/T2w (Glasser and Van Essen 2011; Ganzetti et al. 2014)
has provided spatial maps recapitulating earlier post mortem
studies highlighting myeloarchitectonic differences between
cortical areas (Flechsig 1901; Vogt 1910). Accordingly, for each

neonate, preprocessed T1lw images were rigidly registered
to the T2w image, and T1w/T2w intensity values were
sampled at mid-thickness. As in previous work (Valk et al.
2016; Hong et al. 2018), we also generated surfaces probing
the superficial white matter (i.e., the white matter ~2 mm
beneath the gray-white matter interface) by systematically
contracting the white matter interface along a Laplacian
potential field toward the ventricular walls. A depth of
2 mm was chosen to target both termination zones of long-
range tracts together with short-range U-fibers that arch
through the cortical sulci to connect adjacent gyral regions
(Schiiz et al. 2002; Schmahmann and Pandya 2009). Following
preprocessing of diffusion MRI (see Supplementary Materials),
tensor-derived diffusion parameters fractional anisotropy (FA)
and apparent diffusion coefficient (ADC), in vivo surrogates
of fiber architecture and microstructure (Beaulieu 2002), were
estimated using MRTrix® (v.0.3.15; http://www.mrtrix.org/)
and subsequently interpolated along the superficial white
matter surface. Lastly, TIw/T2w as well as diffusion-derived
FA and ADC maps were registered to the surface template and
surface-wide linear models assessed associations to functional
gradients.

Relation to Subcortical Connectivity

Dominant connections between subcortical components—
specifically the thalamus—and the cortex rapidly emerge
at the time of normal birth and may play an influential
role in shaping early macroscale functional organization
(Rakic 1977; Kostovic and Rakic 1984; Toulmin et al. 2015).
Specifically, the embedding of thalamo-cortical connections
within a whole-brain corticocentric gradient approach can
provide novel insights into the extent to which subcortical
projections dictate cortical area identity at birth. To this
end, we examined the role of subcortical regions on cortico-
cortical functional organization and derived subcortico-cortical
connectivity profiles for four subcortical structures (thalamus,
lentiform nucleus, subthalamic nucleus, and caudate). Labels
were initially based on the manually annotated neonatal brain
atlases (Gousias et al. 2012) provided for each neonate as part
of the dHCP (Makropoulos et al. 2014). We registered every
neonate’s structural image, label map, and functional data to
a 40-week volumetric neonatal template (Serag et al. 2012),
computed a mask of overlapping voxels for each structure,
and extracted mean functional time series. For every neonate,
Pearson correlation coefficient maps were calculated between
each subcortical mask and each cortical vertex. Connectivity
maps were z-scored, averaged across subjects, and correlated to
the group-level functional gradients. To address specificity, we
repeated the analysis after controlling for the other subcortical
structures.

Robustness and Individual Analyses

Reproducibility Assessment in Individual Neonates

To assess consistency of our findings across individuals, we
repeated the above analyses independently in each neonate. In
each individual, we carried out a Procrustes rotation to align
subject-specific gradients to the group-level gradient template
(generated using all other 39 neonates). Neonate-specific
associations between functional gradients were examined with
individual MRI-based measures of cortical morphology (cortical
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Figure 1. Diffusion embedding pipeline and neonatal connectome gradients. (A) The group-level connectivity matrix was transformed to a normalized angle matrix
that expressed inter-areal similarity in connectivity profiles. Matrices were sorted by gradient values to highlight similarities (top-left/bottom-right corners) and
differences (middle) in connectivity profiles. Components (i.e., gradient maps) explaining the principal axes of variance were extracted and mapped onto a sample-
specific, hemisphere-unbiased neonatal surface template. Gradients of functional connectivity showing a dissociation between (B) sensorimotor and visual cortices
(Gradient 1; G1) as well as between (C) posterior and anterior regions (Gradient 2; G2). Top and bottom 10% of the gradients highlight regions with similar (same color)

and distinct (yellow vus. blue) connectivity profiles.

thickness), cortical microstructure (T1w/T2w), and superficial
white matter diffusivity (FA, ADC) using linear models.

Matrix Thresholding

To verify that results were not biased by the choice of a thresh-
old, functional connectome gradients and their associations
to cortical morphology, microstructure, and subcortico-cortical
connectivity were also computed using unthresholded connec-
tivity matrices.

Results

We studied 40 term-born neonates from the openly shared
developing human connectome project initiative (http://
developingconnectome.org/) (Makropoulos et al. 2018). Using
nonlinear manifold learning techniques, we derived functional
connectivity gradients that depict spatial variations in connec-
tions when going from one cortical region to the next. Cortex-
wide analyses then examined associations with (i) cortical
morphology, (ii) microstructure, and (iii) subcortico-cortical
connectivity patterns. Lastly, we evaluated consistency across
individual neonates using reproducibility assessments.

Spatial Gradients Characterize Neonatal Connectome
Variance

Using diffusion map embedding (Coifman and Lafon 2006),
a nonlinear dimensionality reduction algorithm that sorts
cortical areas based on their similarity in connectivity profiles,
we identified two principal axes of functional connectivity
variance in neonates (Fig. 1A). The first gradient (G1; Fig. 1B)

accounted for 19% of variance and differentiated sensorimotor
from striate and extrastriate visual cortical areas, with regions
located between the two extremes of G1 corresponding to
frontal and parietal cortices. The second gradient (G2; Fig. 1C),
on the other hand, accounted for 11% and appeared as a
superposition of the adult default-mode network (Buckner
et al. 2008; Spreng et al. 2010) while also showing a marked
differentiation between anterior-to-posterior components
(correlation with the anterior-posterior y-axis, r=0.79). Cortex-
wide nodal rank comparisons between the adult and neonatal
gradients highlighted a strong negative association between
the adult gradient and the anterior-to-posterior neonatal
gradient (G2; r = —0.69), whereas a weaker association related the
adult gradient to the sensorimotor-to-visual neonatal gradient
(G1; r=-0.17; Supplementary Fig. 1A). Notably, maximal rank
differences were observed in frontoparietal association areas
(Gaguit VS- Glneonate) as well as in sensory cortices (Gagut Vs-
G2neonate; Supplementary Fig. 1B).

Associations to MRI-Based Measures of Cortical
Morphology and Microstructure

To identify structural substrates of macroscale connectivity
gradients, we measured morphological (thickness, curvature,
sulcal depth; Lerch et al. 2017) and microstructural (T1w/T2w
intensity, a proxy for intracortical myelin, Glasser and Van
Essen 2011; diffusion-derived FA and ADC) features shown to
play a major role in structural maturation (Remer et al. 2017).
High thickness was found predominantly in medial frontal
regions, running from frontopolar to central areas as well as
the temporoparietal cortex, while lower thickness was observed
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Figure 2. Associations between functional gradients and MRI-based measures of microstructure and cortical thickness. (A) T1w/T2w intensity, a proxy for intracortical
myelin, was sampled at mid-thickness and mapped to the surface template (left). Highest values were observed at the sensorimotor extremity of G1—a finding that
remained significant when controlling for cortical thickness (inset). (B) Cortical thickness, measured as the distance between the white matter and pial surfaces, was
also mapped to the surface template (left). Correlations between connectivity gradients and cortical morphology revealed greater thickness in anterior regions of
G2—an association that became stronger when controlling for T1w/T2w (inset). Shaded areas denote top and bottom 10% of gradient values (right).

posteriorly in the lateral superior parietal cortex. Intracortical
T1w/T2w mapping indicated high myelination in sensorimotor,
calcarine, and posterior superior temporal areas. Importantly,
examining cortex-wide associations between connectivity
gradients and MRI-based morphological and microstructural
features, we observed marked and specific spatial associations
between G1 and Tiw/T2w (r=0.51; controlling for cortical
thickness: r=0.50; Fig.2A). In contrast to G1, G2 related to
anterior-to-posterior shifts in cortical thickness (r=-0.23), an
association that became stronger when controlling for T1w/T2w
(r=—0.31; Fig. 2B). Neither G1 nor G2 correlated with cortical
folding measures (curvature/sulcal depth; rg;=-0.04/—0.09,
rgo=—0.02/-0.05), and the above correlations between G1
and T1w/T2w and G2 and thickness were not affected when
controlling for them (Supplementary Fig. 2).

Extending our morphological and microstructural explo-
rations, we probed the superficial white matter approximately
2 mm beneath the cortical interface (Fig. 3A) to investigate
the “U-fiber” system arching the sulcal white matter to
connect adjacent gyri (Schmahmann and Pandya 2009). As with
T1w/T2w, superficial white matter diffusion metrics indicated
high FA alongside low diffusivity primarily in sensorimotor and
visual cortices, and accordingly showed a stronger association
to G1 (FA/ADG; r=0.53/—0.75) than G2 (FA/ADC; r=—0.04/—0.20;
Fig. 3B).

Thalamo-Cortical Connectivity Underlies the Principal
Gradient

Extending beyond a corticocentric approach, we derived the
functional connectivity profiles of four subcortical structures
to cortical areas and evaluated their spatial correspondence
with cortico-cortical gradients (Fig. 4). Specifically, we extracted
the mean functional time series of the thalamus as well as
lentiform, subthalamic, and caudate nucleus and computed
group-averaged, z-transformed Pearson correlations to every
cortical vertex. While thalamus, lentiform, and subthalamic
nucleus showed strongest connectivity to primary sensorimotor
regions, the caudate showed strongest functional connections

to visual regions. Notably, although the former three subcorti-
cal connectivity profiles closely resembled G1 (rs > 0.37), only
thalamo-cortical connectivity remained significantly positively
correlated to G1 after controlling for the connectivity of the other
structures (r =0.48). Correlations between any subcortical struc-
ture and G2, on the other hand, remained weak (rs < £ 0.20), even
after controlling for the connectivity profiles of other structures
(rs <£0.23).

Findings Are Reproducible Across Individual Neonates

Reproducibility at the subject-level was assessed by repeating
the above analyses in each neonate independently. Over-
all, individual-level cortical gradient maps were similar to
the group-level gradients and consistent across neonates
(mean+SD: rg;=0.63+0.14, rg;=0.52+0.15; Fig.5). As for
the associations between cortico-cortical connectome gradi-
ents, subcortico-cortical connectivity as well as MRI-based
morphological and microstructural features, highest stability
was observed for the correlations between G1 and Tiw/T2w
(mean+SD: r=0.30+£0.12), FA (mean=+SD: r=0.29+0.10), as
well as ADC (mean+SD: r=-0.34+0.12). Lower stability was
observed for correlations between G1 and subcortico-cortical
connectivity (e.g. thalamo-cortical, mean+SD: r=0.28 +£0.32).
Considering the association between cortical thickness and G2,
correlations were low yet consistent (mean =+ SD: r=0.04 + 0.04).

Consistency Across Matrix Thresholds

Our results were robust when no initial thresholding was
applied to the functional connectivity matrix. Specifically,
functional connectome gradients as well as their associations
to (i) cortical thickness, (ii) intracortical T1w/T2w intensity, (iii)
superficial white matter markers (FA and ADC), and (iv) thalamo-
cortical connectivity yielded similar results as our main findings
(Supplementary Fig. 3).
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Figure 3. Correspondence of G1 to diffusion parameters in the superficial white matter. (A) FA and ADC were sampled from superficial white matter surfaces running
2 mm below the gray-white matter interface. (B) While G2 showed only marginal associations, G1 strongly correlated with FA and ADC, suggesting robust structure-
function correspondence for sensorimotor and visual regions. Shaded areas denote top and bottom 10% of gradient values, respectively.

Discussion

Early postnatal brain development is a complex process
involving a series of coordinated events affecting brain structure,
wiring, and function. While structure-function interactions
operate within highly constrained genetic contexts, these
processes are also exposed to constantly changing external
environments. The current work explored the multiscale
coordination of structural and functional properties of term-
born neonates in vivo by integrating macroscale functional
connectomics with MRI-derived features of cortical morphology
and tissue microstructure. By systematically analyzing varia-
tions in connectivity profiles along the cortical manifold, we
provide novel and robust evidence for a principal macroscopic
connectivity gradient running from sensorimotor to striate
and extrastriate visual areas. Several cortex-wide analyses
indicated specific associations to thalamo-cortical connectivity
as well as Tlw/T2w intensity, with the latter suggesting a
spatial coupling of microstructural variations measurable at
the scale of MRI and macroscale trends in neonatal connectome
organization. Our findings further revealed a secondary axis
of gradual connectivity shifts that described anterior-to-
posterior variations as well as an immature differentiation
between unimodal and transmodal areas, which was shown
to consistently relate to the maturational trajectories of cortical
thickness. Repeating our analyses across all neonates showed
high consistency of the observed multiscale relationships,

suggesting generalizable interactions between neonatal brain
structure and function.

Complementing clustering-based decompositions of the
connectome into discrete communities (Power et al. 2011; Yeo
et al. 2011), gradient mapping techniques capture continuous
transitions between different functional systems along the
folded cortical mantle, recapitulating spatial trends in sensori-
motor hierarchies established in genetic manipulations during
embryonic development (Hamasaki et al. 2004; Armentano
et al. 2007). Mirroring intrinsic determinants of cortical
patterning (O’Leary et al. 2007), our in vivo findings situated
sensorimotor and visual networks at each apex of the principal
neonatal gradient. Notably, this specific sensorimotor-to-visual
encoding of position along the cortical axis reflects graded
expression patterns of transcription factors that set up the
basic areal plan for rostral motor and caudal visual cortices
(Simeone et al. 1992; Bishop et al. 2000; Liu et al. 2000; Sahara
et al. 2007). Aside from constraints of signaling gradients, the
brain’s functional architecture at birth is already set to allow
for extrinsically mediated mechanisms, including thalamo-
cortical input relaying continuous sensorimotor exploration
of the outside world back to the cortex (O’'Leary et al. 2007;
Streri et al. 2013). In line with theories of developmental
staging (Piaget 1970; Mandler 1988; Streri et al. 2013), the
location of sensorimotor and visual regions as anchors of the
primary functional gradient may prioritize communication
within each of these specialized systems shortly after birth
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Figure 4. Thalamo-cortical connectivity underlies G1. Subcortico-cortical connectivity profiles of four subcortical structures all indicated preferential connectivity
to sensorimotor (thalamus, lentiform nucleus, subthalamic nucleus) or visual (caudate) cortices (left panel). Systematic correlations between the subcortico-cortical
maps and each macroscale gradient (right panel) showed maximal and specific associations between thalamo-cortical connectivity and G1 (top insets). Surface masks
of each subcortical structure are displayed in the bottom insets. Shaded areas denote top and bottom 10% of gradient values, respectively.

(van den Heuvel and Sporns 2013). Interestingly, although the
overall connectome organization in neonates stands in stark
contrast to that observed in adults, which describe a unimodal-
to-transmodal organization (Margulies et al. 2016; Huntenburg
et al. 2017), the second neonatal gradient may actually reflect
a rudimentary version of the principal gradient in adults. One
plausible mechanism explaining this underdeveloped gradient
is that functional maturation of higher-order networks is
driven by the integration of distant regions, likely through a
combination of synaptic pruning and strengthening of long-
range connections along the anterior-to-posterior axis during
early and late childhood (Huttenlocher and Dabholkar 1997;
Dosenbach et al. 2010). Higher-order functional systems, specif-
ically, sustain protracted changes during development (Petanjek
et al. 2007), showing connectivity increases along the anterior—
posterior dimension of the default-mode network together with
the segregation of default-mode from frontoparietal networks—
cortical circuits which will eventually form a transmodal apex
as they transition to an adult configuration (Fair et al. 2009;
Supekar et al. 2010; Margulies et al. 2016).

Leveraging a surface-based reference frame to visualize
connectome gradients, we furthermore assessed the interplay

between macroscale functional topographies and underlying
structural properties. Interestingly, our analyses revealed
diverging associations between the two principle functional
gradients G1 and G2 and MRI-derived markers of cortical and
subcortical microstructure as well as morphology. Indeed,
spatial trends in G1 strongly resembled Flechsig’s myelogenetic
investigations of the post mortem human cortex, in which
he described spatio-temporal profiles of cortical myelination
as a function of the maturational trajectories of distinct
functional systems (Flechsig 1901). Specifically, we observed
that cortical regions situated at each extremity of G1, namely
sensorimotor and visual cortices, coincide with Flechsig’s
“primordial areas” that are already myelinated at birth, while
higher-order regions situated in-between the two extremities
overlap with “terminal zones”—areas last to myelinate (Flechsig
1901). While our findings suggest that G1’s sensorimotor-to-
visual spatial connectivity profile may be modulated by cortical
microstructure, and likely myeloarchitecture as measured at
the scale of MRI, G2’s anterior-to-posterior asymmetry rather
reflects overall cortical thickness increases toward the frontal
lobes and are believed to follow concurrent inside-out and
rostro-caudal spatiotemporal gradients of neurogenesis and
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Figure 5. Reproducibility of findings across individual participants. Multiscale connectome analyses were repeated independently in each neonate. Box plots
depict subject-specific Pearson correlation values between subcortico-cortical, structural, or superficial white matter features and each principal gradient. To show
consistency in spatial patterns, individual feature maps for a subset of neonates are projected onto the surface template.

synaptogenesis (Sanderson and Weller 1990; Voigt et al. 1993). in adults (Huttenlocher 1979; Bourgeois 2010; Petanjek et al.
Indeed, the synaptic “big bang” occurring around birth, whereby 2011), is primarily stimulated by sensory input and represents
the number of synapses increases to about 150% of that seen an important phase in early connectome genesis (Rakic et al.
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1986; Huttenlocher and Dabholkar 1997; Lagercrantz 2016). As
synaptic processes are highly dependent on neuronal activity
following birth (Peng et al. 2009), the neural processes underlying
complex social, behavior, and cognitive processes have likely
not matured by birth, a theory congruent with the fragmented
higher-order regions observed in G2.

In addition to overarching functional, morphological, and
microstructural principles of neonatal connectome organiza-
tion, previous histological and functional neuroimaging reports
have confirmed an important role for subcortical connec-
tivity in early brain function (Allendoerfer and Shatz 1994,
Kostovic and Jovanov-Milosevic 2006; Alcauter et al. 2014; Toul-
min et al. 2015). In animal models, thalamo-cortical connections
have been shown to fine-tune functional topographies prior to
the onset of cortical sensory information processing, gradually
configurating a “protomap” of cortical organization (Rakic 1988;
Luhmann et al. 2009; Moreno-juan et al. 2017). Our in vivo
findings confirm that macroscale functional organization of
the neonatal human cortex is measurably and specifically asso-
ciated with thalamo-cortical projections. Thalamic afferents to
the sensorimotor cortex represent important anchors in shaping
neonatal functional organization, with most connections
thought to originate from ventral lateral and posterolateral
nuclei (Toulmin et al. 2015). In agreement with reports in
healthy adults suggesting that areas of similar microstructural
profiles are more likely to be interconnected and occupy a
similar location along the cortical gradient (Huntenburg et
al. 2017), the current work extended this “wiring rule” to the
neonatal phase. We further showed that systematic associations
underlying neonatal connectome organization extend beyond
microstructural similarity, and encompass a combination of
features across multiple scales, including cortical morphology
as well as subcortico-cortical connectivity.

Comparative studies investigating the evolutionary diver-
gence between humans and macaque monkeys have noted a
spatial correspondence between areas undergoing postnatal
cortical maturation, brain growth, and those showing an
evolutionary expansion in surface area (Toro et al. 2008;
Hill et al. 2010; Smaers et al. 2017). Interestingly, anterior and
posterior brain areas located at each extremity of G2 correspond
to regions of disproportionate evolutionary areal expansion;
these also correspond to association cortices known to exhibit
the greatest geodesic distance along the cortical mantle to
primary sensory areas, providing a potential spatial substrate of
increasing functional differentiation along the cortical hierarchy
(Margulies et al. 2016). The phylogenetic increase in higher-
order regions in humans is further reflected in the second
neonatal connectome gradient, in which we observed a clear
distinction between anterior and posterior transmodal cortices.
Expansion of—and interactions among—these association
areas are thought to be central to the evolution of human
cognitive abilities, particularly for high-level competences
in language, self-referential processing, and theory of mind
(Uddin et al. 2007; Taylor et al. 2015; de Caso et al. 2017; Margulies
and Smallwood 2017). Cellular and functional studies suggest
that postnatal cortical expansion may be dominated by local
variations in synaptic density, dendritic arborisation, and degree
of myelination, and further demonstrated that high-expanding
regions tend to be structurally and functionally less mature at
birth than their low-expanding counterparts (Huttenlocher and
Dabholkar 1997).

The early presence of multiscale interactions already
evident in the first few days after birth brings about a novel view

on connectome genesis and organization during development.
Future studies, however, are needed to better characterize the
transition of hierarchical gradients from mid-gestation to early
childhood and adulthood. Ongoing open-access initiatives, such
as the Developing Human Connectome Project dataset that
the current work capitalized on, can provide the neuroimaging
and network neuroscience communities with a 4-dimensional
connectome of early life, including multimodal imaging, clinical,
genetic, and behavioral data from 20 to 44 weeks postmenstrual
age. A comprehensive understanding of the principles under-
lying connectome genesis will ultimately prove beneficial to
devise sensitive markers of atypical network formation and
maturation closely associated to multiple detrimental and life-
long neurodevelopmental conditions (Lariviere et al. 2018).
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