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Large-scale functional connectome formation and reorganization is apparent in the second trimester of pregnancy, making it a crucial
and vulnerable time window in connectome development. Here we identified which architectural principles of functional connectome
organization are initiated before birth, and contrast those with topological characteristics observed in the mature adult brain. A sample
of 105 pregnant women participated in human fetal resting-state fMRI studies (fetal gestational age between 20 and 40 weeks). Connec-
tome analysis was used to analyze weighted network characteristics of fetal macroscale brain wiring. We identified efficient network attributes,
common functional modules, and high overlap between the fetal and adult brain network. Our results indicate that key features of the functional
connectome are present in the second and third trimesters of pregnancy. Understanding the organizational principles of fetal connectome

organization may bring opportunities to develop markers for early detection of alterations of brain function.
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ignificance Statement

The fetal to neonatal period is well known as a critical stage in brain development. Rapid neurodevelopmental processes establish
key functional neural circuits of the human brain. Prenatal risk factors may interfere with early trajectories of connectome
formation and thereby shape future health outcomes. Recent advances in MRI have made it possible to examine fetal brain
functional connectivity. In this study, we evaluate the network topography of normative functional network development during
connectome genesis in utero. Understanding the developmental trajectory of brain connectivity provides a basis for understand-
ing how the prenatal period shapes future brain function and disease dysfunction.
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Introduction
The brain is organized as a complex network of functionally com-
municating regions, a network also known as the functional con-
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small world organization, and putative hubs that facilitate effi-
cient global communication (Lin et al., 2008; Gao et al., 2009,
2015; Smyser et al., 2010; Ball et al., 2014; van den Heuvel et al.,
2015). Functional connectome development of older children
and adolescents has been characterized by a reconfiguration from
amodular into a more global integrated network during adult life
(Fair et al., 2009; Power et al., 2010). Examining the specific
earlier age-stages of macroscale connectome maturation will pro-
vide important new insight into the architecture of human brain
structure and function. In this paper, we will address important
questions about the first phases after connectome genesis by eval-
uating the human fetal brain before birth.

Available evidence suggests that the macroscale connectome
begins to take form when the majority of neurons have reached
their final destination (Sidman and Rakic, 1973; Mrzljak et al.,
1991; Huttenlocher and Dabholkar, 1997). Structural outgrowth
is supported by spontaneous firing of neurons that reinforce ap-
propriate connections and trigger essential activity-dependent
signaling processes (Thomason, 2018) giving rise to structural
and functional cortical connectivity (Kostovi¢ and Jovanov-
Milosevi¢, 2006; Vasung et al., 2010). This has led to the sugges-
tion that basic principles of the functional connectome are
initially established as early as during late second trimester of
pregnancy (Collin and van den Heuvel, 2013; Hoff et al., 2013).

The trajectory of functional dynamics of brain development
follows multiple stages, all influencing future connectome health.
Prenatal processes such as maternal viral infections, extensive
stress, food-intake, alcohol and medication use, among others, all
have strong influence on later life functional connectivity (FC) of
children (Grewen etal., 2015; Salzwedel et al., 2015, 2016; Liet al.,
2016; Infante et al., 2017; van den Bergh et al., 2017; de Water et
al., 2018; Rudolph et al., 2018). With advances in fetal resting-
state neuroimaging it is now possible to measure these FC
patterns noninvasively in vivo (for review, see Anderson and
Thomason, 2013; van den Heuvel and Thomason, 2016). Map-
ping and understanding the healthy fetal functional connectome
may bring opportunities for early detection of functional altera-
tions of the vulnerable developing brain.

We understand relatively little about the onset of key princi-
ples of the functional connectome before birth. Researchers have
begun to isolate foundational aspects of prenatal functional brain
development, but these studies are strikingly few. Available stud-
ies show that fetal FC strength between homologous cortical re-
gions increases with advancing age in a medial to lateral gradient
(Thomason et al., 2013). Additionally, long-range functional
connections, highly connected primary and association regions
and first principals of resting-state networks as observed in (mostly
preterm born) neonates have been detected across 20—40 weeks
of gestational age (Schopf et al., 2012, 2014; Jakab et al., 2014;
Thomason et al., 2015; van den Heuvel et al., 2018). However,
with the field of fetal FC rapidly growing, much remains to be
understood about the onset and development of fundamental
connectome properties during the early stages of connectome
genesis.

The goal of the present study is to complement the field of fetal
fMRI by using a large fetal resting-state fMRI dataset (N = 105)
to evaluate the early presence of key characteristics of human
connectome organization before birth. We aim to shed light on
the blueprint of the connectome by comparing fetal topological
characteristics to those observed in the mature adult brain. We
apply graph analytical methods to better understand properties
of small world organization, modularity, and rich-club hub or-
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ganization of functional brain dynamics during the late second
and third trimester of pregnancy.

Materials and Methods

Study population

A total of 139 healthy, non-sedated pregnant women underwent MRI
examination in their late second or third trimester of pregnancy. Single-
ton fetuses were scanned using a 3T MRI system at Wayne State Univer-
sity (van den Heuvel et al., 2018). Thirty-four of the 139 cases were
excluded before analysis due to high movement or due to detectable
health complications (e.g., subsequent preterm birth, preeclampsia),
leaving the inclusion of 105 fetal subjects (39% female, 61% male). Mean
age of the fetuses at the time of MRI was 33.5 (SD = 3.97) weeks of
gestation with a range of 20.6—39.6 weeks gestational age. Subjects were
born, on average, at 39.3 weeks of gestation (SD = 1.22). Ethnic/racial
distribution of the subjects was 81% African-American, 10.5% Cauca-
sian, 2.9% bi-racial, and 5.7% not disclosed. All procedures were per-
formed as approved by the Institutional Review Board of Wayne State
University. Written informed consent was obtained from all participants
before examination.

Fetal resting-state fMRI

fMRI acquisition. MRI was examined using a Siemens Verio 70 cm open-
bore 3T MR system with a 550 g abdominal 4-channel Siemens Flex Coil.
Echoplanar imaging BOLD parameters included: TR/TE, 2000/30 ms,
360 axial frames, matrix size 96 X 96 X 25, no slice gap, voxel size 3.4 X
3.4 X 4 mm?, 80° flip angle, repeated twice. Fetal MRI data, subject
demographics, and data variables are available at https://nda.nih.gov/
edit_collection.html?id=2434.

Functional data processing. Subsamples of these data have been pub-
lished before and preprocessing of fetal resting state fMRI followed pre-
viously reported methods (Thomason et al., 2013; van den Heuvel et al.,
2018). In brief, periods, or epochs, of fetal quiescence were selected using
FSL image view (RRID:SCR_002823), and high motion frames were re-
moved manually. Minimum length of a selected epoch was 20 s (10
frames) of low motion (<2 mm translation, <3° rotation). Cases were
required to have a minimum of 4 min of low movement resting state
fMRI, resulting in the average of 168 frames (SD = 57) across the group.
Next, for each dataset, a fetal brain mask was manually drawn around the
fetal brain, separately for each low-motion epoch from a single represen-
tative image within the epoch using BrainSuite (RRID:SCR_006623).
This subject-specific brain mask was used to extract the brain from the
maternal compartment for the corresponding epoch. Following this, seg-
mented fetal brains were manually reoriented into standard A-P, R-L,
and I-S orientation, with the origin set to the middle of the brain. The
quality of reorientation was visually assessed by expert raters by manually
checking the alignment of the interhemispheric space with the vertical
crosshair for transverse and coronal orientations using Statistical Para-
metric Mapping software (SPM8; RRID:SCR_007037; Ashburner et al.,
2012) implemented in MATLAB. Reoriented, re-centered data epochs
were then individually realigned and normalized in SPM. Two normal-
ization approaches were tested to evaluate potential influence of prepro-
cessing steps on study outcomes. Epochs were normalized to a 32-week
infant brain template (Serag et al., 2012), representing the group mean,
and to age-specific templates; age-specific fetal brain atlas connectome
reconstruction. Normalization settings were set to standard settings in
SPM, regularization settings were set to the average sized template. All
normalized images from each segment were then concatenated into one
run, realignment was performed on the concatenated time series to ad-
dress potential epoch misalignment, and, finally spatial smoothing was
performed with a 4 mm FWHM Gaussian kernel. Connectivity correla-
tion analysis was performed in CONN software (Connectivity Toolbox
v14n; RRID:SCR_009550) implemented in MATLAB. For each subject,
the 32-week brain template was used as an anatomical reference image
and ROIs were selected using FreeSurfer’s Desikan Killiany atlas (see fetal
connectome reconstruction). The following parameters were used in
subject level processing: linear de-trending, bandpass filtering at 0.008 —
0.09 Hz., and no de-spiking. Nuisance regression included a CompCor of
five principal components extracted from white matter and CSF masks,
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Fetal functional connectome reconstruction. A total of 105 healthy pregnant women underwent MRI examination of the fetal brain, including T2 and fMRI sequences (top left T2 image,

courtesy of Wilhelmina Children’s Hospital, Utrecht, the Netherlands). Preprocessed resting state fMRI images of 105 fetuses were parcellated using a manually annotated Desikan—Killiany atlas.
Subject-level time series from all voxels within a region were averaged and correlated to all other regions of the atlas. This resulted into a FC matrix of 66 cortical nodes, preserving only positive

associations (correlation coefficient between 0 and 1) in this visual representation.

and also six motion parameters produced by SPM during concatenated
segment realignment. White matter and CSF probability masks corre-
sponded to the anatomical reference images generated by Serag et al.,
2012) used in the preprocessing steps as described.

Functional connectome reconstruction

Brain regions were selected using cortical regions of the FreeSurfer’s
Desikan Killiany atlas reconstructed (including manual fine-tuning in
FreeSurfer; RRID:SCR_001847) onto the fetal brain template (Fig. 1). A
surrogate T1 image was created from the T2 template image by flipping
the image contrast and used as input for the pipeline of FreeSurfer. The
cortex, subcortex, and ribbon labels were visually inspected and manu-
ally fine-tuned using tksurfer. Using the new label files, Freesurfer’s
mris_ca_label and mri_aparc2aseg were computed, resulting in a fetal
parcellation of the cortical mantle of 68 nodes (34 regions in each hemi-
sphere). The reconstructed atlas on the fetal brain and cortical ribbon
were visually inspected and evaluated by the research team. Voxels of the
left and right isthmus cingulate cortex were excluded from further anal-
ysis, because inaccurate segmentation of these areas on the 32-week brain
template was observed, resulting in 66 regions taken forward for further
analysis. FC between brain regions was computed by means of correla-
tion analysis between the recorded regional BOLD time-series, followed
by z-score transformation. Negative correlations derived from functional
resting-state fMRI recordings remain a topic of investigation in the field
and were set to zero to reduce contributions of low or potentially spuri-
ous cortical interactions. No threshold was used for the modularity anal-
ysis to determine resting-state networks (van den Heuvel et al., 2017). A
group-averaged fetal connectivity graph was computed across all fetal
brains by taking the (nonzero) average of the FC value of all pairs of
nodes across all subjects. Connections present in 60% or more of the total
group (Fig. 1) were included in the group connectivity matrix.

Age-specific fetal brain atlas connectome reconstruction

A second method of functional data processing was performed. Instead
of normalizing individual f{MRI data to a commonly used single 32-week
infant brain template, we examined the use of multiple age-specific brain
templates. For this we used an online resource for fetal brain templates
and their corresponding atlas and tissue (e.g., developing white matter,
CSF) segmentations (CRL Unbiased and Deformable Spatiotemporal
Atlas of the Fetal Brain; RRID:SCR_014176; Gholipour et al., 2017). We
normalized each fetal fMRI data to a template of the nearest gestational
week (which are included in the DSA of 21-38 weeks, with increments of
1 week) using standard settings in SPM8. Visual inspection revealed a
total of 90 of 105 subjects, which could be successfully normalized to
their age-specific brain template and atlas. The 15 subjects that did not
properly normalize to their matching template and datasets were ex-
cluded from further analysis. Further preprocessing included the same

steps implemented with the Desikan Killiany atlas, comprising spatially
smoothing, linear de-trending and nuisance regression using CompCor
analysis including five principal components extracted from the age-
specific tissue images’ white matter and CSF mask, and motion regres-
sion. Brain regions for the connectome analysis were selected using
cortical regions of the fetal brain atlas (Gholipour et al., 2017) providing
a consistent set of 78 regions identified across the fetal brain templates
(39 regions in each hemisphere) and FC between brain regions was com-
puted using correlation analysis. All negative correlations were set to zero
to reduce contributions of low or potentially spurious cortical interac-
tions. No threshold was used for the modularity analysis.

Network metrics

Network metrics were computed using the weighted group-averaged FC
graph, with metrics computed using both the group-averaged and indi-
vidual weighted FC graphs of each of the fetal subjects separately. Fol-
lowing prior work, network metrics included calculation of the clustering
coefficient, characteristic path length, small world index, rich-club index,
and modularity (Rubinovand Sporns, 2010; van den Heuvel and Sporns,
2011). Permutation testing was used to compare fetal FC patterns against
1000 random networks preserving the degree distribution (Maslov and
Sneppen, 2002). Normalized network metrics were obtained by taking
the ratio of the actual graph metrics and graph metrics observed in the
random networks. All results were validated for motion artifacts by com-
puting the network metrics on a subsample of the dataset selecting 52
subjects with most fMRI frames (i.e., 50% with lowest movement). Clus-
tering coefficient was computed as the average clustering-coefficient (Ci)
over all nodes (i) in the network, with Ci describing the ratio between the
number of connections between node i and its neighbor-nodes and the
total number of possible connections with neighbors. Characteristic path
length was computed by the average minimal travel distance (i.e., short-
est paths, Li) between all nodes in the network. Small-world index was
computed as the ratio of normalized global clustering coefficient and
normalized characteristic path length based on the ratio between C and
characteristic path length (L) and the clustering and path length of a set
of 1000 random networks (C,,, 4om and L ). A small-world index
>1 was used as an indication of a small-world organization of the
network.

Rich-club organization of a network describes the above random level
of connectivity between the high-strength nodes of the network, with the
rich-club describing a subset of nodes more densely interconnected than
expected based on their degree alone (Colizza et al., 2006; Opsahl et al.,
2008; van den Heuvel and Sporns, 2011). A functional weighted rich-club
coefficient [¢"(k)] was computed as the ratio between the total sum of
edge weights that connect nodes of strength >k and the total sum of the
strength of the whole network (van den Heuvel and Sporns, 2011). The

random


https://scicrunch.org/resolver/SCR_001847
https://scicrunch.org/resolver/SCR_014176

Turk et al. ® Functional Connectome of the Fetal Brain

¢@" (k) was compared with ¢ o (k) of a set of 1000 randomly rewired
networks keeping the same degree distribution (Maslov and Sneppen,
2002), with ¢} ... (k) the ratio between ¢ (k) and ¢/, 4o (k). A network
is argued to display a rich-club organization when ¢(k)> ¢v 4o (k), or
equivalent ¢}, ... (k) > 1 (Colizza et al., 2006; van den Heuvel and Sporns,
2011). A p value was assigned to ¢ (k) as the percentage of the null-
distribution that exceeded the value of ¢ *'(k). As an alternative definition
of centrality, we also examined betweenness centrality, as the fraction of
all weighted shortest paths in the network that contain a given node
(Fransson et al., 2011; Ball et al., 2014). In this study, the top 15% nodes
with the highest strength or largest values for betweenness centrality were
included as central nodes (van den Heuvel and Sporns, 2011).

Community structure of the fetal functional brain network was exam-
ined by means of decomposing the network into functional resting-state
networks, or modules, determined using Louvain’s community detec-
tion algorithm (Rubinov and Sporns, 2010). Louvain’s community de-
tection algorithm was used on the unthresholded fetal graph, allowing
the preservation of both negatively and positively correlated brain re-
gions. Modularity ( Q) was computed to quantify the degree to which the
network can be subdivided in delineated modules.

Adult connectome used for comparison

Preprocessed adult fMRI data (N = 42; 26 males) were taken from a
previously used dataset (van den Heuvel et al., 2015), including FC ma-
trices and an average participant age of 29 years (SD = 8). The adult FC
matrices were constructed using the Desikan—Killiany atlas to match the
66 regions of the fetal atlas (i.e., 68 minus bilateral isthmus cingulate
cortices), allowing for a direct comparison of network structure between
the fetal and adult brain. The adult group-averaged graph was computed
using similar procedures as constructing the fetal graph, with additional
specifications described by van den Heuvel et al. (2015).

Statistical evaluation
Comparison of the fetal and adult functional connectome. Overlap of the
fetal and adult connectome was determined by means of the Mantel test
(Mantel, 1967; Scholtens et al., 2014), comparing the level of overlap
between the binary group-averaged fetal and adult matrices (threshold =
0). Mantel comparison included the computation of a distance matrix,
with cell Entry 1 corresponding to overlapping values across the fetal and
neonatal matrix and Entry 0 to non-corresponding entries between the
fetal and adult group matrix, with the level of overlap taken as the density
of the distance matrix, ranging from no overlap (0) to complete overlap
(1). Permutation testing with 1000 random networks involved random-
izing the binary fetal and adult matrix while preserving degree sequence.
Permutation testing was used to assign a p value to the level of overlap
between the fetal and adult connectome. Weighted overlap was addition-
ally computed as the level of partial correlation between the two weighted
group-averaged graphs across the set of connections (excluding 0 ele-
ments) observed in both the fetal and adult connectome. We controlled
for Euclidian distance between brain regions, to confirm that the effect of
higher connectivity between spatially close regions was not the driven
force of the measured overlap, by means of partial correlation analysis.
Comparison of fetal and adult modular organization. Overlap in adult
and fetal modular organization was examined using the Rand index
(Rand, 1971), taken a pairwise comparison of the number of node pairs
that are classified in the same or different modules across the module
assignments of the two compared matrices (Karrer et al., 2008), with a
Rand index of 0 indicating no overlap and an index of 1 indicating
complete overlap. The modular assignments of the nodes of both the adult
and fetus were randomized across 1000 permutations, and the Rand index in
the random situations was computed as a null-distribution. The resulting
null distribution of random overlap effects was used to assign a p value
based on the percentage of observations in the random condition exceed-
ing the original value. Within module connectivity, strength was com-
puted for each node (7) as the total number, or degree, of connection,
multiplied with their weights, or strength, attached to all nodes in one
module.
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Evaluation of the robustness of the data

Given the sensitivity of resting state data to motion and complexity of
analyzing fMRI in a fetal cohort, multiple control analyses were per-
formed to estimate the variance within and between groups and thereby
evaluate the robustness of findings. As a control condition, we examined
fetal group network metrics for the subgroup of low-motion participants
separately (i.e., 50% of the population with the lowest movement during
fMRI acquisition). Additionally, control analyses were performed on the
robustness of the fetal group connectome. Fetal subjects were 1000 times
split into two randomly chosen equal-sized groups and new group ma-
trices were computed. Comparing the overlap of different matrices, cor-
relation analyses with and without controlling for the adult connectome
were performed on two random fetal group matrices. Third, we ad-
dressed potential concerns regarding possible influence of the white-
matter regressor on the fMRI signal. Performing white-matter regression
on fMRI is a normal strategy in adult subjects. However, the developing
myelination and changing intensity of the white matter in fetal subjects
may influence the utility of this regressor at different fetal ages. To ad-
dress this, all network metrics and the association with the adult connec-
tome were recomputed on fetal matrices computed excluding white
matter as a regressor, and results were compared across approaches.

Results

Network metrics

Group-averaged fetal connectome (Fig. 1) showed a density of
42%, significantly higher clustering (1.20 times higher than one
would expect in 1000 random networks; p < 0.001), longer path
length (1.14 times longer than 1000 random networks; p <
0.001), and a small-world index > 1 (1.05 times higher than 1000
random networks; p < 0.001). Group-averaged fetal connectome
reconstructed from the age-matched fetal brain atlas (Gholipour
etal., 2017) similarly showed significantly higher clustering (2.62
times higher than one would expect in 1000 random networks;
p < 0.001), longer path length (1.13 times longer than 1000 ran-
dom networks; p < 0.001), and a small-world index > 1 (1.97
times higher than 1000 random networks; p < 0.001).

Modular organization

The fetal connectome showed a clear modular organization (Q =
0.28) describing four functional modules. These four functional
modules included: (1) an occipital and parietal visuosomatosensory
module, with left and right cuneus, lingual, paracentral, perical-
carine, posterior cingulate, precuneus, and superior parietal cor-
tical regions; 2) a midline prefrontal-temporal-insular module
with left and right bankssts (i.e., banks of the superior temporal
sulcus), caudal middle frontal, rostral anterior cingulate, supe-
rior temporal, transverse temporal, insula, right temporal pole,
and left medial orbitofrontal cortical regions; 3) a temporal mod-
ule with left and right entorhinal, fusiform, inferior temporal,
parahippocampal, and left temporal pole cortical regions; and 4)
an extensive lateral and midline frontal module including left and
right caudal anterior cingulate, inferior parietal, lateral occipital,
lateral orbitofrontal, middle temporal, parsopercularis, parsor-
bitalis, parstriangularis, postcentral, precentral, rostral middle
frontal, superior frontal, supramarginal, frontal pole, and right
medial orbitofrontal cortical regions (Fig. 2a).

The fetal connectome reconstructed from the age-matched
fetal brain atlas showed a high modular organization (Q = 0.53)
revealing two additional functional modules, with this higher
number of modules compared with fixed 32-week atlas analysis
likely related to the larger amount of regions in the age-matched
fetal brain atlas. The age-matched fetal brain atlas revealed: (1) a
visual module, with left and right superior, middle, inferior oc-
cipital cortices, the left and right precuneus, cuneus, calcerine,
and posterior cingulum. (2) A somatosensory motor module,
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with left and right superior frontal, supe- a
rior medial frontal, supplementary mo-
tor, paracentral, and mid-cingulum and
left precentral, midfrontal, postcentral,
superior, and inferior parietal, supramar-
ginal, and angular cortices. (3) A tempo-
ral and orbitofrontal module with left
and right superior, mid, medial, and in-
ferior orbitofrontal cortices, left and
right olfactory, rectus, parahippocampal,
fusiform, mid-temporal pole, inferior
temporal cortices. (4) A right-oriented
midfrontal-temporal-insular-parietal |
module, with right inferior frontal and ro-

landic operculum, frontal inferior trian-

gularis, anterior cingulum, mid, superior

temporal cortices and superior temporal

pole, hescl, insular, precentral, frontal,

postcentral, superior, and inferior pari-

etal, supramaginal, and angular cortices.

(5) A left oriented frontal-temporal-

insular module, with left inferior frontal —
and rolandic operculum, frontal inferior ¢
triangularis, anterior cingulum, mid, su-

perior temporal cortices and superior

temporal pole, hescl and insular cortices,

and right anterior cingulum. Figure 2.
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The fetal connectome showed a signifi-
cant rich-club organization for the range
of 22 = k = 38 [@%,..(k) > 1, p < 0.001,
1000 random networks; Fig. 2b]. The strongest functionally con-
nected nodes of the fetal brain included: bilateral orbitofrontal,
postcentral and middle temporal cortical regions, left entorhinal
regions as well as the right parsorbitalis, medial orbitofrontal
regions and fusiform area. Based on weighted betweenness cen-
trality, the top 15% highest betweenness centrality nodes in the
fetal brain included: bilateral lateral occipital, postcentral, right
superior frontal, postcentral, fusiform and left insular, middle
temporal, lateral, and medial orbitofrontal cortical regions. Rich-
club index of the Gholipour atlas similarly revealed levels >1
(p < 0.001). Based on the FC strength of the group averaged
matrix, the top 15% highest strength nodes included: homolo-
gous parts of the precentral, precuneus, postcentral, right insula,
and left superior parietal and superior (orbito-) frontal regions.
Based on the weighted betweenness centrality, the top 15%
densely connected nodes in the fetal cortex included: homolo-
gous parts of the superior orbitofrontal cortex, the insula, left mid
orbitofrontal cortex, and right regions of the olfactory bulb, an-
gular, mid temporal, rectus, supplementary motor regions, and
medial superior frontal cortex. Combining these findings, our
results suggest that the strongest functionally connected regions in
the fetal brain are predominantly located in the temporal cortical
regions and around the midline of the brain including especially
frontal, postcentral, and insular cortices.

Overlap between fetal and adult connectome

We continued our analysis by examining the overlap of global
and modular organization of the fetal and adult cerebral func-
tional connectome. First, a significant overlap of 61.66% (Mantel
test, p < 0.001) was found between the fetal and adult connec-
tome. The strength of all connections observed in both the fetal

cortex. Right, The rich-club curve (in red) is displayed with a significant rich-club organization for the range of 22 < k =< 38
[@homk) = 1], strongly suggesting the existence of a densely interconnected network of central hubs in the fetal connectome
(van den Heuvel and Sporns, 2011).

and adult cortex showed a significant positive association (r =
0.389, p < 0.001). The association remained significant when
further controlling for Euclidian distance (r = 0.299, p < 0.001).
These data suggest early presence of an adult-like distribution of
FC in the human intrauterine connectome. Second, the adult
group-averaged matrix revealed five distinct functional modules
describing a temporal, default-mode, visual, frontomedial, and
motor functional network, in contrast to the four modules that
were observed in the fetal brain. Side-by-side comparison of the
modularity-matrices shows that the fetal connectome has adult-
like functional networks components, although they are in an
immature state (Fig. 3). Subsequently, fetal and adult group
graphs revealed a high modularity overlap (Rand index: 0.730,
p < 0.001).

Strong FC overlap between fetal and adult within-module
connectivity was found in the visual module (r = 0.597, p <
0.001), temporal module (0.727, p < 0.001), default mode mod-
ule (r = 0.608, p < 0.001), motor module (0.324, p < 0.001),
whereas lower overlap was found in the frontomedial module
(r = 0.181. p < 0.001), indicating an early presence of mature
networks for four of five data-derived modules.

Robustness analyses

Motion analysis

High clustering, short path length and small-worldness organization
were significantly replicated in the subset of 52 low-motion partici-
pants (i.e., 50% of the population with lowest movement). Eight of
10 most functionally connected areas (highest strength) were rep-
licated. The areas that did not replicate as highly connected areas
in the 52 low-motion participants were left postcentral and mid-
dle temporal gyrus, which were replaced by left fusiform and left
insula. Similarly, 8 of 10 most centrally connected regions were
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replicated in the low-motion subgroup. Areas that did not repli-
cate were left middle and medial temporal cortical regions, which
were replaced by right insula and left superior frontal cortex.
Furthermore, we observed that the modules that were identified
were largely replicated when repeating this analysis in the subset
of low motion subjects; the only variation observed was expan-
sion of the temporal module to cover a larger extent of the tem-
poral cortex.

Robustness of the fetal group connectome

Splitting the fetal subjects into two random groups, significant
associations were found comparing both group matrices (all 1000
correlations between r = 0.935 and r = 0.975, p < 0.001), and
when controlled for the adult matrix, the correlation remained
significant (r = 0.811 and r = 0.905, p < 0.001). Correlation
analysis between different fetal subgroups revealed strong posi-
tive significant within-module connectivity correlations (all r val-
ues > 0.9, p < 0.001) for all four modules.

White-matter regressor analysis

Robustness analysis further revealed a significant association (r =
0.722, p < 0.001) between the mean group matrices of the fetal
group computed with and without global white-matter correc-
tion. A higher density of the group matrix was found (94%, t = 0
58%, t = 0.1;21%, t = 0.2; 10%, t = 0.3) as a direct consequence
of excluding white matter as a regressor to calculate subject FC
matrices. Without global correction of white matter on the fMRI
signal, the use of absolute thresholding (i.e., including correla-
tions above a threshold ¢ > 0.1) was thus needed to replicate
similar network densities, replicating high clustering, short path
length and small-worldness organization in the fetal group ma-
trix reconstructed from fetal FC analysis without white-matter
regression. The overlap of the strongest functionally connected
nodes ranged between 20 (+ = 0.3), 30 (+ = 0.1) and 40% (t = 0.2)
and central nodes ranged between 50 (¢ = 0.1), 50 (t = 0.3), and
70% (t = 0.2), varying threshold ¢. Four functional modules were
again observed, with the original fetal group graphs, with and
without white-matter regression, showing a high level of modu-
larity overlap (Rand index: 0.675, p < 0.001). Significant associ-
ations were revealed comparing the alternative fetal and adult
matrices using different thresholds (r = 0.1, r = 0.504, p < 0.001;
t=0.2,r=0.476, p < 0.001 and t = 0.3, r = 0.402, p < 0.001),
remaining significant when controlled for Euclidian distance (re-
spectively, r = 0.365, p < 0.001; r = 0.429, p < 0.001 and r =
0.465, p < 0.001).

Discussion

The present study confirms the presence of a functional brain
connectomic blueprint in the second and third trimester of preg-
nancy in utero. The results of this large fetal functional resting-
state MRI cohort show the early presence of fundamental properties of
the neural connectome, including a functional small-world,
modular, and rich-club architecture. Our findings suggest the
presence of both primary motor and sensory networks as well as
the first signs of higher order networks that are pruned for later-
life cognition. We observe a high overlap between adult and fetal
functional organization of the cortex, indicating that mature
functional dynamics have their origin before birth. Extending
previous observations of (premature) neonatal resting-state net-
works (Fransson et al., 2009, 2011; Gao et al., 2009, 2015; Doria et
al., 2010; Smyser et al., 2010; Schopfet al., 2012; Thomason et al.,
2013; De Asis-Cruz et al., 2015; He and Parikh, 2016) our results
complement the notion of the early presence of a blueprint of the
formation of resting-state networks in the healthy second to third
trimester fetal brain, now shown for the fetal developing brain.
The connectome emerges and is detectable with fetal fMRI in the
second trimester of pregnancy, when FC patterns show first signs
of organization into a complex network of communicating brain
regions.

MRI studies have shown a small-world type of network organi-
zation with functional and structural rich-club hubs, increasing
global efficiency, as well as structural and functional architectural
coupling in the developing (preterm) neonatal brain (Fransson et
al., 2011; De Asis-Cruz et al., 2015; van den Heuvel et al., 2015;
Scheinost et al., 2016; Cao et al., 2017). Major white-matter path-
ways associated with the development of the structural rich club
in preterm neonates are established before the third trimester of
pregnancy (Ball et al., 2014; van den Heuvel et al., 2015). Our
findings show that the most densely functionally connected areas
(which one could refer to as “functional hubs”) in the fetal cortex
are predominantly confined to temporal and midline cortical
regions of the insular and frontal lobes, as well as the primary
somatosensory regions. Functional MRI and EEG studies analyz-
ing functional hub organization of the neonatal brain show sim-
ilar findings, with medial temporal, fusiform, and primary
somatosensory regions commonly identified as densely con-
nected hub areas in the early developing brain (Gao et al., 2009;
Fransson et al., 2011; De Asis-Cruz et al., 2015; Arichi et al., 2017;
van den Heuvel et al., 2018), as well as inferior frontal (Fransson
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etal.,2011) and orbitofrontal regions (e.g., as part of the rolandic
operculum in the study by De Asis-Cruz et al., 2015), and insular
cortices (Gao et al., 2011; De Asis-Cruz et al., 2015; Arichi et al.,
2017). Combining fetal and preterm neonatal findings, we hy-
pothesize that fetal hubs fulfill an important role in coordinating
activity, predominantly linked to brain functions that are associ-
ated with primary functions.

Our results show high overlap of fetal and adult resting-state
networks that are pruned to coordinate motor, visual, auditory,
and some cognitive functions, whereas the frontomedial network
that is especially associated with higher cognitive functions,
shows a less strong association. These findings are in line with
previous fMRI findings in preterm neonates showing that proto-
types of resting-state networks are developed before or around
term birth (Gao et al., 2009; Doria et al., 2010; Smyser et al., 2010;
Schopf et al., 2012; Thomason et al., 2013, 2015; van den Heuvel
et al,, 2015). In contrast, the frontoparietal network is still frag-
mented around birth and during the first year of life (Fransson et
al., 2009; Gao et al., 2015; He and Parikh, 2016). Disruptions of
the developing somatomotor and frontoparietal functional net-
works around term equivalent age has been recently linked to
motor impairments in the first 4—8 months of life (Linke et al.,
2018). Combining these findings we observe that local develop-
ment of the functional architecture of the brain before birth is
dynamic and develops in a sequential primary to higher cognitive
fashion (Gao et al., 2009; Doria et al., 2010; Smyser et al., 2010;
Schopf et al., 2012; Thomason et al., 2013, 2015; van den Heuvel
etal., 2015).

The participant group and the nature of the imaging tech-
nique include several limitations. The following points should
thus be taken into consideration when interpreting our presented
findings. First, we included fetuses that were examined at a wide
range of ages, which enabled cross-sectional developmental as-
sessment, but also resulted in averaging across a large age range
when making group level comparisons. Similar to former studies,
we limited this effect through spatial normalization and realign-
ment of fMRI volumes to a standard average 32-week gestation
template brain (Serag et al., 2012), but larger statistical variation
in the fetal group is to be expected. We therefore validated our
results by including a second normalization method using age-
specific brain templates (Gholipour et al., 2017). Second, another
major consideration is that imaging the fetal brain in vivo is in-
fluenced by maternal respiration, high movement, and the
changing position of the fetus (Ferrazzi et al., 2014). Although
post-processing techniques within this study include several steps
to reduce motion artifacts such as regression out of motion pa-
rameters and manual scrubbing, noisy artifacts may remain in the
study data. Noisy artifacts can lead to a reduction of long-range
connectivity between distant regions, and as well to an increase in
connectivity between proximal brain regions (Power et al., 2012;
Van Dijk et al., 2012). Despite the challenging analysis, our find-
ings suggest that motion and other artifacts are not the main
driving factors of our presented results. Furthermore, changing
white-matter intensities with time due to myelination matura-
tion may influence the fMRI signal. Including white-matter re-
gression brings the opportunity to take out signals from within
the brain that capture both signals arising from the white matter
and potential spurious contributions of noise. Our results show
that comparable results are found including and excluding the
white-matter signal as a regressor in the FC analysis, but dissim-
ilarities can be pointed out as well because of the difference in
global correction. Furthermore, the high overlap between
resting-state FC distributions of the fetal and healthy adult brain
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indicates high enough accuracy in measurement of prenatal FC.
Third, in the discussion, we compare our fetal fMRI findings with
reports on preterm neonatal brain organization. The brain of
preterm infants without overt brain injury provides insight into
the same time period, and properties of global functional dynam-
ics measured in utero appear to largely overlap with those ob-
served in preterm infants (Ferrazzi et al., 2014). It should be
noted that the preterm neonatal brain is not a perfect surrogate
for typical processes of brain circuitry development, because pre-
mature birth, absence of neuroprotective elements, neonatal in-
tensive care unit environment, and medical interventions can be
harmful for the developing brain (Karmel et al., 2010; Brummelte
et al., 2012; Smyser et al., 2012; Groppo et al., 2014; Pritchard et
al., 2014). Additionally, early exposure to the extra-uterine envi-
ronment may accelerate brain function because of introduction
of sensory stimuli (Klebermass et al., 2006). Fetal fMRI-based
network analysis is therefore crucial in understanding healthy
connectome development. Results presented here show that the
fetal period is important for the development of specialized func-
tional domains in an economic and integrative network before
birth, suggesting that the prenatal period is important to point
out vulnerable windows for developing later life brain function
deficits. It does not show a complete model yet, but our findings
do provide new insights into foundational aspects of fetal brain
development.

Our findings suggest that fetal MRI provides the possibility to
map the blueprint of functional connectome organization during
the earliest phases of brain development. The rapid nature of
neurodevelopmental processes during pregnancy may render the
human brain at elevated risk for connectome alterations. Fetal
MRI currently serves as a clinical tool for the early detection of
brain abnormalities, such as agenesis of the corpus callosum and
other cerebral anomalies (Volpe et al., 2006), or delayed brain
maturation in fetuses with severe congenital heart disease (Claes-
sens et al., 2019). Considering that organizational properties of
brain networks associated with later life motoric and cognitive
functioning are already apparent in the fetal brain across 20—40
weeks of gestation, it may in the future be possible to complement
clinical tools to detect early signs, or origins, of psychopathology
using fetal fMRI. It would be interesting to search deeper into
possible risk factors, such as maternal stress, alcohol and drugs
intake, prematurity, fetal growth restriction, premature birth, or
cardiac dysfunction, that could influence healthy fetal brain cir-
cuitry, with lasting implication for individual trajectories of hu-
man development. Further, it will be important to link early
functional dynamics to structural patterns. Few studies have ex-
amined functional or structural differences between healthy fetal
and preterm neonatal development (Bouyssi-Kobar et al., 2016;
Thomason et al., 2017) and they have shown that both altered FC
and cortical folding differences can already discernable in this
period.
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