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The cellular architecture of the developing
brain under physiological conditions has
been widely studied over the years using
rodent models (Götz and Huttner, 2005),
human fetal brains (Polioudakis et al., 2019),
and, more recently, in vitro three-dimen-
sional models of the primate and human
developing brain (Rehbach et al., 2020).
These studies provide extensive understand-
ing of the cell biology of the mammalian
brain as it develops. Unfortunately, studies
on the functional connections underlying
communication between regions in the
developing human brain, the “functional
connectome,” have been few and underpow-
ered (Jakab, 2019). Gaining a deeper under-
standing of normal circuit development
within the human fetal brain is important
for detecting early functional alterations
caused by prenatal adverse environments
and the fetal genetic architecture that can
lead to pathology later in life.

In one of the largest fetal functional con-
nectome studies to date, using resting-state
functional magnetic resonance imaging
(fMRI) data from 105 pregnant women
[gestational weeks (GW) 20.6–39.6], Turk

et al. (2019) applied graph theory analysis
to describe functional brain dynamics dur-
ing the late second to third trimester of
pregnancy, aiming to understand the degree
of maturity of the fetal functional connec-
tome (Turk et al., 2019). The authors took
two approaches to normalize fMRI data
and thus allow statistical analyses across all
samples spanning 19 gestational weeks. The
first was to normalize to a single, median-
aged infant brain template, and the second
was to perform age-specific normalization
to the nearest gestational week (Gholipour
et al., 2017). A detailed network analysis
showed that starting from GW 20, fetal
brain regions are interconnected in a net-
work that displays high modularity. With
the group mean normalization, they identi-
fied the following four functional modules:
occipital and parietal visuosomatosensory,
midline prefrontal-temporal-insular, tem-
poral, and an extensive lateral and midline
frontal module. The age-specific approach
revealed two additional modules, with the
visual and somatosensory modules divided.
It also highlighted the midline regions as
the most strongly interconnected of the fetal
brain.

These results are consistent with previous
studies on the cellular and anatomic devel-
opment of the nervous system. The biologi-
cal underpinnings of functional connections
between brain regions are established early
during gestation. The human developing
brain follows a temporal series of molecular

events that are dependent on the fetal ge-
nome and its interaction with the environ-
ment. The human developing cortex is built
in an inside-out manner, with deeper layers
being generated before the upper layers,
starting around GW 12. By GW 29, which is
the median of the Turk et al. (2019) dataset,
neuronal migration is largely complete, and
the majority of neurons are in their final
positions, where they start to form synapses
(Monk et al., 2019). Most early development
synaptic connections are transient and will
be refined to permanent connectivity later,
starting from GW 18–22 and peaking at
GW 34, when 40,000 synapses are formed
every second. By mid-gestation, the develop-
ing cortex receives glutamatergic, choliner-
gic, and monoaminergic inputs from the
visual and somatosensory thalamus, the
forebrain, and the brainstem. Thus, the cel-
lular underpinnings of brain region speciali-
zation and inter-region communication are
established starting as early as mid-second
trimester and are refined to a more perma-
nent state in mid-third trimester (Tau and
Peterson, 2010). Turk et al. (2019) showed
that the circuits that connect brain regions
develop over this same time period. Thus,
functional modules such as the visuoso-
matosensory network seem to develop
in parallel with anatomic connections in
the developing brain.

Moving a step forward, Turk et al.
(2019) compared the fetal connectome
with a previously published adult con-
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nectome from 42 subjects with a mean
age of 29 years. There was a significant
overlap at 66 anatomic regions between
the fetal and the adult functional connec-
tome, indicating that adult-like functional
connectivity is established early in the
womb. It is well established in the litera-
ture that with increasing gestational age,
connection strength between brain regions
increases (Thomason et al., 2014), result-
ing in a globally integrated organization of
the fetal network that resembles the adult
network (Wheelock et al., 2019). Turk et
al. (2019) showed that the visual, motor,
default mode, and temporal module each
highly resemble the adult ones, whereas
the frontomedial module resembles the
adult level of development to a lesser
degree. These differences in the develop-
mental timing between brain regions is
also apparent at the cellular level. The
inputs from the somatosensory regions
develop before those from the visual
regions, and synaptogenesis of the primary
motor regions begins earlier than that for
anterior regions like the prefrontal cortex
(PFC; Tau and Peterson, 2010). The
advanced maturity of the visual, motor,
default mode, and temporal modules indi-
cates that to a degree the prenatal human
brain already has the connectivity needed
for higher-order information processing
before birth. The medial frontal cortex,
which is less developed according to the
Turk et al. (2019) data, is associated with
motor functions, cognitive control, social
cognition (De La Vega et al., 2016), and
decision-making (Bang and Fleming,
2018), with the most anterior parts of it
associated specifically with reward, social
processing, and episodic memory (De La
Vega et al., 2016).

The results by Turk et al. (2019) add to
existing knowledge of the early maturation
of sensory information-processing modules
and advance our understanding of the key
brain regions of the fetal connectome.
Smaller studies using resting-state fMRI
and independent component analysis also
showed that resting-state networks are de-
tectable from mid-gestation, with a spatial
distribution that implies maturation, pri-
marily of sensory networks (Ferrazzi et al.,
2014; Jakab, 2019). This is noteworthy in
the context of neuropsychiatric disorders.
It is becoming increasingly clear that intra-
uterine development is critical for psychiat-
ric risk and that prenatal stress is associated
with later changes in behavior, as well as
cellular and molecular alterations, like
reduced neurogenesis, reduced cortical
thickness and folding, and altered glutama-
tergic signaling in the PFC (O’Donnell and

Meaney, 2017). The advanced maturity of
motor and default mode networks in the
fetal functional connectome described by
Turk et al. (2019) is particularly notable in
this regard, because stronger connectivity
in the adult default mode network has
been associated with higher depression
scores in patients with mild traumatic
brain injury (Van Der Horn et al., 2017),
whereas stronger recruitment of the soma-
tomotor network was associated with sen-
sitivity to external stimuli and mania (Shao
et al., 2019). Until now, the effects of the
prenatal environment on brain connectiv-
ity have only been studied post hoc with
fMRI studies in the offspring of mothers
experiencing stress during pregnancy
(Eixarch et al., 2016). The ability to study
fetal brain functional connectivity at the
time when the exposure happens would be
invaluable. Identifying dysfunctional con-
nectivity as early as the fetal period in at-
risk offspring would constitute a major
step toward disease prediction, and possi-
bly offer an early intervention window.

With the largest fetal brain fMRI cohort
to date, Turk et al. (2019) make a signifi-
cant contribution toward our understand-
ing of normal physiological maturation
stages of the human brain. This provides
an important reference template for under-
standing the effects of neurodevelopmental
disorders and prenatal adverse environ-
ment not only at the cellular level but also
at the functional one. Future studies using
a similar methodological approach in
which fetal fMRI data are normalized to
age-specific templates that better reflect
the dynamic changes of the developing
brain might detect deviations from nor-
mal physiological maturation of the
connectome. Studying fetal functional
connectivity in pregnant mothers suffer-
ing from mental illnesses will add funda-
mental information to the ongoing efforts
of understanding the neuronal mecha-
nisms of prenatal risk for neuropathology.
The Allen Brain Institute is creating a
combined dataset for the adult brain with
anatomic information and in situ tran-
scriptomic data of the same brains for
which fMRI data exist in hopes of con-
necting all information levels of brain
function (Hawrylycz et al., 2012). A simi-
lar approach could be imagined for the
fetal brain, taking advantage of the age-
specific analysis framework highlighted
by Turk et al. (2019) and the transcrip-
tomic data in the Allen Brain Atlas for the
developing brain (Miller et al., 2014),
which currently lacks imaging data. Such
a dataset would be invaluable for the
study of neuropsychiatric risk.

References
Bang D, Fleming SM (2018) Distinct encoding of

decision confidence in human medial prefron-
tal cortex. Proc Natl Acad Sci U S A 115:6082–
6087.

De La Vega A, Chang LJ, Banich MT, Wager TD,
Yarkoni T (2016) Large-scale meta-analysis of
human medial frontal cortex reveals tripartite
functional organization. J Neurosci 36:6553–
6562.

Eixarch E, Muñoz-Moreno E, Bargallo N, Batalle
D, Gratacos E (2016) Motor and cortico-stria-
tal-thalamic connectivity alterations in intrau-
terine growth restriction. Am J Obstet Gynecol
214:725.e1–9.

Ferrazzi G, Kuklisova Murgasova M, Arichi T,
Malamateniou C, Fox MJ, Makropoulos A,
Allsop J, Rutherford M, Malik S, Aljabar P,
Hajnal JV (2014) Resting State fMRI in the
moving fetus: a robust framework for motion,
bias field and spin history correction. Neuro-
Image 101:555–568.

Gholipour A, Rollins CK, Velasco-Annis C,
Ouaalam A, Akhondi-Asl A, Afacan O,
Ortinau CM, Clancy S, Limperopoulos C,
Yang E, Estroff JA, Warfield SK (2017) A nor-
mative spatiotemporal MRI atlas of the fetal
brain for automatic segmentation and analysis
of early brain growth. Sci Rep 7:13.

Götz M, Huttner WB (2005) The cell biology of
neurogenesis. Nat Rev Mol Cell Biol 6:777–
788.

Hawrylycz MJ, Lein ES, Guillozet-Bongaarts AL,
Shen EH, Ng L, Miller JA, van de Lagemaat
LN, Smith KA, Ebbert A, Riley ZL, Abajian C,
Beckmann CF, Bernard A, Bertagnolli D, Boe
AF, Cartagena PM, Chakravarty MM, Chapin
M, Chong J, Dalley RA, et al. (2012) An ana-
tomically comprehensive atlas of the adult
human brain transcriptome. Nature 489:391–
399.

Jakab A (2019) Developmental pathoconnectomics
and advanced fetal MRI. Top Magn Reson
Imaging 28:275–284.

Miller JA, Ding S-L, Sunkin SM, Smith KA, Ng L,
Szafer A, Ebbert A, Riley ZL, Royall JJ, Aiona
K, Arnold JM, Bennet C, Bertagnolli D,
Brouner K, Butler S, Caldejon S, Carey A,
Cuhaciyan C, Dalley RA, Dee N, et al. (2014)
Transcriptional landscape of the prenatal
human brain. Nature 508:199–206.

Monk C, Lugo-Candelas C, Trumpff C (2019)
Prenatal developmental origins of future
psychopathology: mechanisms and pathways.
Annu Rev Clin Psychol 15:317–344.

O’Donnell KJ, Meaney MJ (2017) Fetal origins of
mental health: the developmental origins of
health and disease hypothesis. Am J Psychiatry
174:319–328.

Polioudakis D, de la Torre-Ubieta L, Langerman J,
Elkins AG, Shi X, Stein JL, Vuong CK,
Nichterwitz S, Gevorgian M, Opland CK, Lu
D, Connell W, Ruzzo EK, Lowe JK, Hadzic T,
Hinz FI, Sabri S, Lowry WE, Gerstein MB,
Plath K, et al. (2019) A single-cell tran-
scriptomic atlas of human neocortical de-
velopment during mid-gestation. Neuron
103:785–801.e8.

Krontira and Cruceanu · Fetal Functional Connections in Neuropsychiatry J. Neurosci., June 3, 2020 • 40(23):4436–4438 • 4437

http://dx.doi.org/10.1073/pnas.1800795115
https://www.ncbi.nlm.nih.gov/pubmed/29784814
http://dx.doi.org/10.1523/JNEUROSCI.4402-15.2016
https://www.ncbi.nlm.nih.gov/pubmed/27307242
http://dx.doi.org/10.1016/j.ajog.2015.12.028
https://www.ncbi.nlm.nih.gov/pubmed/26719213
http://dx.doi.org/10.1016/j.neuroimage.2014.06.074
https://www.ncbi.nlm.nih.gov/pubmed/25008959
http://dx.doi.org/10.1038/s41598-017-00525-w
http://dx.doi.org/10.1038/nrm1739
https://www.ncbi.nlm.nih.gov/pubmed/16314867
http://dx.doi.org/10.1038/nature11405
https://www.ncbi.nlm.nih.gov/pubmed/22996553
http://dx.doi.org/10.1097/RMR.0000000000000220
https://www.ncbi.nlm.nih.gov/pubmed/31592994
http://dx.doi.org/10.1038/nature13185
https://www.ncbi.nlm.nih.gov/pubmed/24695229
http://dx.doi.org/10.1146/annurev-clinpsy-050718-095539
https://www.ncbi.nlm.nih.gov/pubmed/30795695
http://dx.doi.org/10.1176/appi.ajp.2016.16020138
https://www.ncbi.nlm.nih.gov/pubmed/27838934
http://dx.doi.org/10.1016/j.neuron.2019.06.011
https://www.ncbi.nlm.nih.gov/pubmed/31303374


Rehbach K, Fernando MB, Brennand KJ
(2020) Dual Perspectives Companion Paper:
Integrating CRISPR Engineering and hiPSC-
Derived 2D Disease Modeling Systems,
Studying Human Neurodevelopment and
Diseases Using 3D Brain Organoids. 40:1186–
1193.

Shao J, Dai Z, Zhu R, Wang X, Tao S, Bi K,
Tian S, Wang H, Sun Y, Yao Z, Lu Q
(2019) Early identification of bipolar from
unipolar depression before manic episode:
evidence from dynamic rfMRI. Bipolar
Disord 21:774–784.

Tau GZ, Peterson BS (2010) Normal development
of brain circuits. Neuropsychopharmacology
35:147–168.

Thomason ME, Brown JA, Dassanayake MT,
Shastri R, Marusak HA, Hernandez-
Andrade E, Yeo L, Mody S, Berman S,
Hassan SS, Romero R (2014) Intrinsic
functional brain architecture derived from
graph theoretical analysis in the human fe-
tus. PLoS One 9:e94423.

Turk E, van den Heuvel MI, Benders MJ, de Heus
R, Franx A, Manning JH, Hect JL, Hernandez-
Andrade E, Hassan SS, Romero R, Kahn RS,

Thomason ME, van den Heuvel MP (2019)
Functional connectome of the fetal brain. J
Neurosci 39:9716–9718.

Van Der Horn HJ, Liemburg EJ, Scheenen ME, De
Koning ME, Spikman JM, Van Naalt JD
(2017) Graph analysis of functional brain net-
works in patients with mild traumatic brain
injury. PLoS ONE 12:e0171031.

Wheelock MD, Hect JL, Hernandez-Andrade E,
Hassan SS, Romero R, Eggebrecht AT,
Thomason ME (2019) Sex differences in func-
tional connectivity during fetal brain develop-
ment. Dev Cogn Neurosci 36:100632.

4438 • J. Neurosci., June 3, 2020 • 40(23):4436–4438 Krontira and Cruceanu · Fetal Functional Connections in Neuropsychiatry

http://dx.doi.org/10.1111/bdi.12819
http://dx.doi.org/10.1038/npp.2009.115
https://www.ncbi.nlm.nih.gov/pubmed/19794405
http://dx.doi.org/10.1371/journal.pone.0094423
http://dx.doi.org/10.1523/JNEUROSCI.2891-18.2019
http://dx.doi.org/10.1371/journal.pone.0171031
http://dx.doi.org/10.1016/j.dcn.2019.100632
https://www.ncbi.nlm.nih.gov/pubmed/30901622

	The Fetal Functional Connectome Offers Clues for Early Maturing Networks and Implications for Neurodevelopmental Disorders

