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Abstract

Recent evidence has shown that patterns of cortico-cortical functional synchronization are consistently traceable by the end
of the third trimester of pregnancy. The involvement of subcortical structures in early functional and cognitive development
has never been explicitly investigated, notwithstanding their pivotal role in different cognitive processes. We address this
issue by exploring subcortico-cortical functional connectivity at rest in a group of normally developing fetuses between the
25th and 32nd weeks of gestation. Results show significant functional coupling between subcortical nuclei and cortical
networks related to: (i) sensorimotor processing, (ii) decision making, and (iii) learning capabilities. This functional
maturation framework unearths a Cognitive Development Blueprint, according to which grounding cognitive skills are
planned to develop with higher ontogenetic priority. Specifically, our evidence suggests that a newborn already possesses the
ability to: (i) perceive the world and interact with it, (ii) create salient representations for the selection of adaptive behaviors,
and (iii) store, retrieve, and evaluate the outcomes of interactions, in order to gradually improve adaptation to the
extrauterine environment.
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Introduction
Theoretical Background

Brain ontogeny can be fully characterized only through delineat-
ing how emerging brain structures start “connecting” throughout
gestation. Cortical development in the perinatal and neonatal
period is dramatically fast (Van Den Heuvel and Thomason 2016)
and entails subtle morphological changes which are difficult

(or not possible) to detect through conventional structural mag-
netic resonance imaging (MRI) (Conte et al., 2016). Nevertheless,
assuming that changes in structural maturation likely exert a
direct impact on brain activity, the study of functional connec-
tivity may open an exclusive window for an in vivo observation
of cerebral microstructural development. It is only very recently
that a primal sketch of the developing functional connectome
is taking shape (Van Den Heuvel et al. 2018; Turk et al. 2019)
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through new methodological approaches allowing to cope with
the influence of fetal movements on functional activation pat-
terns (Rutherford 2019). Evidence so far suggest that the func-
tional fetal brain has a modular organization (Thomason et al.
2014) and that prototypical, adult-like resting state networks are
consistently detectable in utero starting from as early as the
beginning of the third trimester of pregnancy (Schöpf 2012). Early
functional connectivity patterns are preferentially short-ranged
and tend to remain segregated within a single hemisphere, with
both distance and bilaterality increasing as a function of ges-
tational age (Thomason et al. 2013, 2015). Maturation occurs
progressively and follows a developmental gradient character-
ized by networks underlying the processing of raw, sensorimotor
information synchronizing and reaching maturity before those
supporting higher order cognition (Jakab 2014).

Aim of the Work

Seminal evidence through in vivo and ex vivo investigations
(Kostovic and Jovanov-Milosevic 2006; Kostovic and Judas 2010;
Kostovic et al. 2019) has shown that thalamo-cortical afferenta-
tion occurring during the third trimester of pregnancy is an onto-
genetic cornerstone, providing the neurophysiological infras-
tructure for the development of a sensory-expectant cortex. The
subcortico-cortical developmental tie is a prerequisite for infor-
mation gathered through senses to be processed and integrated
into higher-order cognition and thus represents the foundational
premise for newborn survival in the external environment. Cog-
nitive development, in turn, relies on the synchronous activation
of several areas to occur and is best detected and represented by
means of functional investigation (Cao et al. 2014). Accordingly,
functional patterns of intrinsic fetal cortical synchronization
have been consistently detected during the last trimester of
gestation (Thomason et al. 2013, 2014, 2015; Schöpf 2012; Jakab
2014). However, despite their pivotal role in cognition (Raznahan
et al., 2014), the involvement of subcortical structures in early
functional and cognitive development has never been explicitly
investigated. We argue that linking: 1) patterns of subcortico-
cortical functional connectivity observed during gestation to, 2)
their future cognitive relevance, and, thus, 3) their ontogenetic
significance will prove crucial to deepen our understanding of
both normal cognitive development trajectories as well as of
pathological outcomes throughout the lifespan.

To this aim, in this study we focus on the investigation of
nascent patterns of functional connectivity between some major
subcortical nuclei (i.e. the thalamus and subthalamic nucleus,
the hippocampus, the amygdala, and the dorsal striatum [DS])
and the developing neocortex between the 25th and the 32nd
week of gestation (GW). We assume observed patterns of func-
tional subcortico-cortical connectivity to follow a developmental
priority gradient through which functional networks underlying
nuclear cognitive abilities are ontogentically planned to mature
first. We thus seek for a “cognitive development blueprint”,
through which a nuclear set of “cognitive tools” is trained
during gestation and provided to the upcoming newborn in
order to maximize the probability of adaption and survival in
the extrauterine environment.

Materials and Methods
Participants

A sample of 22 fetuses recruited at San Raffaele Hospital in Milan,
Italy, was considered for inclusion. Subjects were recruited by

an expert gynecologist during regular monitoring of pregnancy,
and included in the study only if: 1) normal fetal anatomy
was demonstrated at fetal ultrasound assessment at 20 weeks
performed by fetal medicine subspecialists, 2) normal fetal
growth was demonstrated at ultrasound scan before fetal MRI
(estimated fetal weight between 10 and 90 centile at 24–35 weeks,
normal fetal Doppler studies), 3) no major maternal diseases or
pharmacological treatment influencing fetal metabolism and
normal development were present (diabetes mellitus, thyroid
dysfunction, chronic hypertension, autoimmune diseases,
known thrombophilic statuses, infections, pre-eclampsia), 4)
no sign of fetal neurodevelopmental abnormality nor brain
parenchymal signal alterations were acknowledged by a special-
ized neuroradiologist by means of structural MRI investigation,
and 5) fetal or maternal movement during the exam did not
compromise image acquisition. As a result, one subject was
excluded as found to be a tetralogy of Fallot carrier; one subject
was excluded due to hydrocephalus and 4 subjects were excluded
due to excessive movement during acquisition. A final sample
of 16 fetuses (Gestational Week, GW mean 28.4, ±1.8; range
25.4: 32.0) (Mother age mean 31.3, ±6.8; range 19: 42 and see
Supplementary Table S1 in Supplementary online material—
SOM—for subject-wise details) was thus selected for further
preprocessing and analyses. The study protocol was approved
by the Ethics Committee of the San Raffaele Hospital and
all women provided written informed consent prior to MRI
examination.

Image Acquisition

Fetal MR scanning was performed on a Philips Achieva 1.5 T
scanner, using a 16 channel body coil. Mothers were asked
not to eat within 2.5 h preceding the MR scanning. All the
exams were acquired by a pediatric neuroradiologist and a
technician. Structural scans consisted of a T2 Single Shot Turbo
Spin Echo scan on the axial, sagittal and coronal planes of
the fetus, TR = 8000 ms, TE = 125 ms, voxel size 1.17 × 2.76 × 3
mm, #slices = 25, for a total scanning duration time of 17 s.
Functional scans (rs-fMRI) consisted of GE EPI scans TR = 2000 ms,
TE = 30 ms, acquisition voxel size 2.81 × 2.86 × 3 mm, # slices = 25,
slice gap = 0. Each rs-fMRI scan consisted of 60 volumes lasting
2 s each, for a total scanning time of 2 min per scan. Four to
six consecutive rs-fMRI sessions (i.e. 240–360 scans, covering
from 8 to 12 min of continuous brain activity at rest) (Van
Dijk et al. 2009) were acquired for each subject depending on
the patient condition and quality of the scans. Subject-specific
details on scans acquisition and inclusion into analysis are pro-
vided in Supplementary Table S2 of the Supplementary online
material.

Image Processing

Resting State functional volumes were preprocessed using
SPM12 (https://www.fil.ion.ucl.ac.uk/spm/). Resting state fMRI
scans were preprocessed using a within-to-between-sessions
(WS-to-BS, respectively) approach. Specifically, at the WS level
volumes were as follows: 1) manually reoriented and 2) realigned
to a session-specific reference image. WS-realigned volumes
were then 3) inspected for outliers in terms of movement and
signal intensity, at both the scan-to-scan and scan-to-mean
levels (https://www.nitrc.org/projects/artifact_detect, Power et al.
2012, 2014). Outlier volumes diagnosed at the WS level were then
scrubbed from the dataset while surviving volumes were input
into the BS processing level. Images were then 4) masked, in
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order to broadly remove maternal abdominal tissue for better BS
spatial registration, 5) realigned to a common mean functional
reference image, 6) inspected and scrubbed for BS outliers.
Volumes surviving the BS scrubbing procedure 7) underwent
a final step of BS realignment for additional registration, and
8) were stripped using a subject-specific brain segmentation
procedure, aimed at removing all the residual non-brain tissue
in each scan. Stripped images were finally 9) normalized to
a standardized space (i.e. a 28GW fetal template, Gholipour
et al. 2017). Spatial normalization of fetal brains with a variable
GW range to a common GW reference template space is a
conventional approach (Thomason et al. 2013, 2014, 2015, 2017,
2018; Van Den Heuvel et al. 2018; Wheelock et al. 2019; Turk
et al. 2019) provided that neuroanatomical consistency is shared
across the entire GW range. With respect to our sample (i.e. 25–
32 GW) all subjects shared the regional cortical differentiation
features (i.e. sulci and fissures) which mature by the end of the
fetal period (i.e. 23rd GW) (Kostovic and Jovanov-Milosevic 2006;
Kostovic and Vasung 2009; Habas et al. 2012). EPI volumes were
finally 10) smoothed with a 4 mm gaussian kernel before entering
statistical analysis. Refer to the supplementary online materials
(section 1, “Image Processing Details”) for a detailed account
of the rationale and specification of each step included in the
preprocessing pipeline.

Statistical Analysis

Seed-Based-Connectivity Analysis

Normalized, smoothed volumes were investigated for patterns
of subcortico-cortical, seed-to-voxel connectivity using the
CONN functional connectivity toolbox (Whitfield-Gabrieli and
Nieto Castanon 2012, https://web.conn-toolbox.org/) ver. 18.b.
At the first, single subject level, signal was extracted from
L and R Thalamus, L and R Hippocampus, L and R Caudate
Nucleus, L and R Amygdala, L and R Lentiform Nucleus (Globus
Pallidus + Putamen) and L and R Subthalamic Nucleus seeds
(defined using the 28 GW fetal brain parcellation provided
with the template used for EPI scans normalization) (Gholipour
et al. 2017). Principal components of WM and CSF and whole
brain signal were estimated using the anatomical component
correction (aCompCor) (Behzadi et al. 2007) and regressed out
from the first-level analysis. Signal was temporally filtered to
retain frequencies in the 0.01–0.08 Hz range, in which intrinsic
functional connectivity has been previously reported to occur
consistently (Van Dijk et al. 2009) and which has been previously
employed to analyze seed-based connectivity in a fetal dataset
(Thomason et al. 2013). Bivariate Pearson correlations were
then calculated between the timeseries (TS) extracted from
each seed region and the TS of every other voxel in the brain.
Furthermore, in order to exclude residual non-brain voxels, first-
level connectivity maps investigation was spatially constrained
using the 28 GW template image as an explicit, inclusive mask.
Connectivity maps between each seed and the whole-brain of
each subject were then entered into second level, random effects
modeling for group comparisons. Maps were tested for both 1)
positive, unconstrained increases of connectivity and 2) positive
increases of connectivity modulated by the GW at scan. Results
were explored using a combined FWE/FDR approach and deemed
significant only if reaching significance at both the P = 0.05 FWE
(voxel level) and P = 0.001 FDR levels. Further detail on model
specification, estimation and the results thresholding rationale
is provided in Section 2 of the supplementary online material
(“Statistical Analysis Detail”).

Results
Table 1 reports the full list of clusters (and their details in terms
of localization, significance, and extent) showing a significant
connectivity increase with each subcortical seed investigated
in the study. Reported clusters localization in terms of cortical
districts (e.g. frontal, temporal, cingulate, etc.) and positional
brain landmarks (e.g. lateral, medial, inferior, middle, and supe-
rior) has been performed on the 28 GW fetal template space
(Gholipour et al. 2017), corresponding to the median anatomy of
our sample, to which all volumes were normalized for within and
between subjects analysis (see above). Group-level biometrical
consistency with the 28 GW template was assessed by com-
paring each subject’s biparietal and fronto-occipital diameters
measures (BPD and FOD, respectively) (BPD, millimiters; group
mean 60.3 ± 4.2, minimum 52, maximum 68; FOD, millimeters;
group mean 79.7 ± 5.2, minimum 69, maximum 89) to normative
data provided by Garel (2004) and assessed to fall within ranges of
the 28 GW anatomy distribution (BPD range 52–69; FOD range 70–
90) (refer to SOM section 4, “Biometrical Consistency” for a report
on subject-specific BPD and FOD data). Furthermore, thresholded
seed-to-voxel maps of significant subcortico-cortical activation
were also normalized to the 25th, 27th, 30th, and 32nd GW
template spaces (corresponding to the 1st, 25th, 75th and 100th
centiles of the GW distribution of our sample) in order to assess
and detail localization consistency across cortical districts and
positional landmarks with information on layers neurodevel-
opmental status across the sample GW range. Details on the
normalization procedure and clusters localization consistency
are provided in SOM (section 3, “Clusters Localization Consis-
tency”), along with a visual representation of subcortical seeds
maturation consistency at the 25, 27, 28, 30 and 32 GW timepoints
(SOM, Supplementary Figure S2).

Discussion
In this study, we used rs-fMRI in a sample of 16 fetuses with
normal neurodevelopment to investigate emerging functional
connectivity at rest in the third trimester of pregnancy (i.e. 25–
32 GW). During this period, rapid axonal migratory waves set the
stage for the transition from temporary to permanent patterns of
thalamo-cortical afferentation, which is a key ontogenetic step
for the emergence and tuning of functional networks in the
developing brain (Kostovic and Jovanov-Milosevic 2006). Specif-
ically, a first form of intrinsically driven functional synchroniza-
tion is reached by the end of the 23rd GW, with thalamic efferents
leaving the ventricular zone and accumulating in the subplate
(SP) in correspondence of their future cortical targets (Kostovic
and Jovanov-Milosevic 2006). Following, thalamo-cortical axons
abandon their transient locations in the SP and start migrating
to their permanent target layers in the cortical plate (CP) of
both primary sensorimotor and associative developing cortices.
This process of structural maturation reaches its apex around
the 32nd GW and, critically, sets the neurophysiological stage
for the establishment of a proper functional cross talk, leading
to the emergence of resting state networks in the fetal brain
(Thomason et al. 2018). This step in neurophysiological matura-
tion during the early preterm phase (Kostovic and Jovanov-Milo-
sevic 2006) is also paralleled by a major step in behavioral mat-
uration, characterized by the progressive emergence of more
complex (DiPietro et al. 2018; Piontelli 2014), integrated (DiPietro
et al. 1996) and controlled (Roodenburg et al. 1991; Morokuma
et al. 2004) behavioral patterns (see below). We present our

https://web.conn-toolbox.org/
https://academic.oup.com/texcom/article-lookup/doi/10.1093/texcom/tgaa008#supplementary-data


4 Cerebral Cortex Communications, 2020, Vol. 1, No. 1

Table 1. Clusters of increased connectivity between each seed selected for subcortico-cortical connectivity investigation and the whole-brain
revealed by our analyses. Reported results have been investigated using a combined FWE (P = 0.05) and FDR (P = 0.001) threshold and localized
within the Gholipour (2017) 28 GW fetal template coordinates reference system.

Unconstrained connectivity (pFWE = 0.05; pFDR = 0.001)

Seed Coordinates Metrics Localization

X Y Z KE P FWE Corr (peak level)

L Lentiform −7.2 4.0 8.8 31 0.001 L Thalamus
(Caudate Nucleus + Globus 1.6 16 6.4 41 0.004 R Caudate Head
Pallidus) −16.0 11.2 9.6 73 0.002 L Insular Cortex

−8.0 17.6 5.6 11 0.002 L Lentiform
9.6 21.6 2.4 139 0.001 R Caudate Head

R Lentiform 6.4 3.2 8.0 49 0.001 R Thalamus
28.0 1.6 3.2 31 0.002 R STG (Primary Auditory)

(Caudate Nucleus + Globus 25.6 −24.0 6.4 29 0.003 R Occipital (Primary Visual)
Pallidus) 19.2 9.6 4.0 29 0.002 R Posterior Insula

15.2 23.2 1.6 6 0.029 R Anterior Insula
−1.6 14.4 −0.8 17 0.001 L Ventromedial PreFrontal Cortex

1.6 31.2 3.2 18 0.014 Dorsal Anterior Cingulate

−10.4 −1.6 13.6 58 0.007 L Thalamus
−13.6 11.2 11.2 15 0.007 L Lentiform
−28.0 1.6 21.6 6 0.017 L Postcentral Gyrus (Somatosensory)

34.4 6.4 16.0 15 0.016 R Postcentral Gyrus (Somatosensory)
L Caudate Nucleus 21.6 5.6 20.8 20 0.008 R Central Sulcus (Sensorimotor)

−3.2 −20.8 26.4 15 0.006 L Precuneus
−11.2 −12.0 22.4 15 0.001 L Superior Parietal (Paracentral)

19.2 −8.8 19.2 21 0.002 R Angular Gyrus
−3.2 −7.2 24.0 24 0.001 L Posterior Cingulate Cortex

−8.0 −0.8 14.4 4 0.024 L Thalamus
R Caudate Nucleus 16.8 15.2 12.0 9 0.021 R Lentiform

31.2 8.8 6.4 3 0.045 R STG (Primary Auditory)
−20.0 28.8 18.4 4 0.018 L DLPFC

L Thalamus −10.4 17.6 12.0 179 0.000 L Lentiform
8.8 4.8 8.8 2 0.037 R Thalamus

12.8 10.4 15.2 20 0.005 R Caudate Nucleus
R Thalamus 0.8 −2.4 −1.6 29 0.003 Substantia Nigra

24.0 −7.2 −4.0 17 0.017 Middle Temporal Gyrus

−9.6 8.8 −5.6 56 0.000 L Perirhinal (Primary Olfactory)
−8.8 −16.8 −2.4 112 0.001 L Parahippocampal

3.2 11.2 −3.2 43 0.003 R Pituitary
L Hippocampus 5.6 −5.6 −3.2 5 0.017 R VTA

−7.2 −29.6 −4.8 6 0.019 L Posterior Fusiform
16.8 16.8 −9.6 5 0.038 R Mesial Temporal Pole

−21.6 16.0 −10.4 27 0.008 L Temporal Pole
27.2 16.8 −7.2 37 0.006 R Temporal Pole

−2.4 −1.6 −12.0 68 0.003 L Brainstem (Pons)
−6.4 −7.2 −6.4 37 0.005 L Cerebellum

10.4 −16.0 −8.8 24 0.007 R Cerebellum
−10.4 7.2 −9.6 6 0.012 L Hipp to Temporopolar Cortex

R Hippocampus 6.4 −20.0 3.2 11 0.003 R Cuneus/Calcarine Fissure
31.2 −3.2 −2.4 104 0.012 R Middle Temporal Gyrus

−16.8 −18.4 −4.8 9 0.016 L Posterior Fusiform
28.8 1.6 −7.2 7 0.029 R Middle/Inferior Temporal
25.6 17.6 −7.2 163 0.001 R Anterior Temporal Pole

L Amygdala −16.0 9.6 −7.2 328 0.001 L Anterior Temporal Pole

Continued
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Table 1. Continue

R Amygdala −2,4 −19.2 −12.0 28 0.001 L Cerebellum (to central Lobule)
19.2 −27.2 −3.2 9 0.018 R Inferior Occipital Gyrus
12.0 −16.0 −4.0 5 0.028 R Lingual Gyrus
30.4 −8.8 −4.0 7 0.019 R ITG

Effect of GW increase (i.e. 25–32 GW) on connectivity strength (pFWE = 0.05; pFDR = 0.001)

SEED COORDINATES METRICS LOCALIZATION

X Y Z kE FWE Corr (peak level)

L Thalamus 23.2 −15.2 −8.8 11 0.007 R ITG

findings as a maturational bridge between the neurophysio-
logical and behavioral developmental pillars, moving through
pathways of subcortico-cortical functional connectivity directed
toward the establishment of solid brain–behavior relationship
anchors.

We will now detail our findings on emerging fetal subcortico-
cortical functional synchronization in terms of its relevance for
the development of some major cognitive abilities, grounded
in a foundational “cognitive development blueprint,” through
which primary features of cognition are planned to be developed
before birth, in order to allow the newborn to properly interact
with the extrauterine environment and to survive. We discuss
functional maturation of areas and networks based on their rele-
vance for cognition during postnatal life, mirrored to a functional
equivalence in the fetus through behaviors observed both during
gestation and at birth. To this end, we present the cognitive
development blueprint as a theoretical framework, for that no
evidence is, at present, available to perform a direct functional-
cognitive pairing assessment in the fetus.

Sensorimotor Processing

First, we highlight the patterns of connectivity found between
the DS seeds (i.e. lentiform and caudate nucleus) and the pri-
mary auditory and visual cortices, the somatosensory cortices
and the primary motor cortex and between the hippocampal
seeds and the primary olfactory cortex, the primary visual cortex
and the bilateral cerebellum. These fetal connectivity patterns
support the view that a substantial functional maturation of
areas related to sensorimotor processing is achieved by the third
trimester of pregnancy. Our evidence overlaps with cortical struc-
tural afferentation reported by Kostovic and colleagues (Kostovic
and Jovanov-Milosevic 2006) and demonstrates that structural
development is paralleled with functional maturation of primary
visual, auditory, and motor cortices already before birth (Schopf
et al. 2012; Thomason et al. 2013, 2018; Vazquez-Rodriguez et al.
2019).

No direct functional coupling between the thalamus and
sensorimotor cortices emerged. However, thalamic activity was
found to be associated to DS activity, which in turn was coupled
with sensorimotor areas. Such functional configuration closely
resembles results reported in the neonate (Baldoli et al. 2015),
with the DS and the thalamus acting together to support vol-
untary movement control. Such view of a complex maturation
of the sensorimotor system is also supported by the patterns
of connectivity increase found within the DS (i.e. between the
lentiform and the caudate nuclei) and between the thalamus
and the substantia nigra in the brainstem. We argue that such
overall pattern suggests a consistent functional tuning of areas
involved in the direct and indirect pathways, with mesolimbic

nuclei acting on the thalamus and the DS for the activation or
inhibition of cortical areas deputed to sensorimotor processing
(Calabresi et al. 2014). To this end, the lack of significant loci of
connectivity for the subthalamic nuclei (STN) could be explained
by taking into consideration that functional maturation of the
STN has been reported to rely on myelination of long-ranged
subcortico-cortical connections (Nambu et al. 2002) which, criti-
cally, consistently begins at around the 35th GW and is protracted
throughout the postnatal period (Kostovic and Jovanov-Milosevic
2006; de Graaf-Peters and Haddes-Algra 2006). Such consistent
patterns of sensorimotor functional maturation are in line with
behavioral manifestations of motor maturity observed in both
the late fetus and the newborn. Motor behaviors in the fetus
emerge as early as the 9 GW and start to manifest as basic arc
reflex activity (e.g. startles and stretches). Fetal movements grow
in speed, amplitude, and complexity (Roodenburg et al. 1991)
throughout the first and second trimester, while decrease during
the third trimester (Kurjak et al. 2005).

The reduction of fetal movements during late gestation has
been directly paralleled with a major step in the maturation
of the central nervous system and, particularly, of sensorimo-
tor integration (Kurjak et al. 2005; DiPietro et al. 2018; Piontelli
2014). Accordingly, multiple direct behavioral manifestations of
such functional maturation are manifest immediately after birth
in terms of the available repertoire, smoothness, and coordi-
nation of movements (Als 1982). The ontogenetic meaning of
this fetal functional sensorimotor subcortico-cortical configu-
ration relies in the capability of newborn: i) to process periph-
eral sensory information gathered through senses and ii) to properly
execute behavioral responses (see Fig. 1). The relevance of such
capabilities is outstanding for survival in that sensory perception
allows for the creation of a representation of the world, while
motor execution to interact with it; in other words, no form of
cognition would be possible in the absence of such functional
configuration.

Decision Making

Sensorimotor processing is not sufficient for adaptation of the
newborn to the outer world and for the emergence of higher-
order cognition. Our results also highlighted a pattern of signif-
icant connectivity between the DS, and particularly the puta-
men, and both the Iinsular (IC) and anterior cingulate (ACC)
cortices. These areas are known as the two major cortical seeds
of the salience network (SN), which underlies the ability to orient
attentional resources toward stimuli which are relevant for the
selection and execution of goal-directed behaviors (Seeley et al.
2007). To this end, we would like to draw the reader’s attention
to the so called “breast crawling” phenomenon, a spontaneous
behavior occurring within few minutes after birth, by which the
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Figure 1. Functional synchronization patterns underlying the “Cognitive Development Blueprint,” a set of “cognitive tools” developed during gestation in order

to allow the incoming newborn a successful interaction with the extrauterine environment (i.e. allowing for survival). (a) “Sensorimotor” (upper left) functionality

synchronization, involving the maturation of a complex network of cortical, subcortical, and mesolimbic processing loci supporting environmental perception and

voluntary control of movement. (b) “Decision Making” (upper right) functionality synchronization, involving the maturation of networks (i.e. salience network and DMN)

underlying the management of attentional resources, supporting selection, and proper execution of survival-oriented behaviors. (c) “Learning” (bottom) functionality

synchronization involving the maturation of the medial temporal lobe memory system, as well as of temporal structures supporting the ability to represent, store and

retrieve gathered information at different levels of complexity.

newborn instinctively uses breast odor information to orient and
crawls up the mother’s abdomen to reach the breast and feed
(Varendi and Porter 2001). Our results may reveal the functional
underpinnings for such behavior to occur: the SN could be at
play to drive attention toward the salient peripheral olfactory
information; this, in turn, would be relayed through the thalamus
to sensory cortices for explicit processing and finally used to
control for a motor response by means of striatal modulation
(Peters et al. 2016). While exhaustive, this account lacks in the
explanation of how stimuli without an intrinsic relevance are
processed for salience attribution. To this end, the pattern of

activation found for dopaminergic nuclei of the brainstem points
toward a functional maturation of reward-based signaling path-
ways. In addition to their sensorimotor involvement, these areas
respond to stimulus novelty and regulate approach and avoid-
ance responses through perceived hedonic valence (Bunzeck
and Dünzel 2006; Roitman et al. 2008). Accordingly, newborn-
world interactions associated to a sensation of reward could be
assigned with a positive valence, marked as salient and associ-
ated to approaching behaviors. Valence would, in turn, be used
to increase adaptation efficiency, by biasing world exploration
toward salient configuration of stimuli to progressively fine-tune
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selection, execution and monitoring of behavioral responses. Of
notice, salience attribution has been revealed to occur during
the last trimester of pregnancy, with fetuses showing selective
behavioral modifications (i.e. strengthening or extinction of a
behavior) in response to repeated exposure to stimuli from the
extrauterine environment (James 2010 and see the next para-
graph). Our results also highlighted a broad pattern of con-
nectivity between the DS and both the posterior (i.e. posterior
cingulate cortex, precuneus, angular gyrus and superior pari-
etal cortex) and anterior (i.e. ventromedial prefrontal cortex—
vm/DLPFC) seeds of the default mode network (DMN) (Raichle
et al. 2001). Reported to be consistently associated to the retrieval
of autobiographical memories (Philippi et al. 2014), we specu-
late that functional maturation of this network at birth could
underlie the ability for the newborn to switch from external
to internal cognition. With respect to salience/valence attribu-
tion this ability would, in turn, allow to perform an internal
review of experiences, in order to assign and modulate salience
and valence without necessarily experiencing it. More specifi-
cally, as a result of the reviewing process, a decision will lead
toward direct salience attribution or toward the necessity to
re-experience a certain aspect of the world in order to reach
a cognitive verdict on its relevance for survival. The role of a
prototypical DMN configuration at this stage in development
may cover a crucial cognitive foundation, i.e. the ability to build
autobiographical information on experience, functionally pre-
trained during gestation and realized through experience during
postnatal life. In line with this interpretation previous studies
have reported that a prototypical configuration of the DMN is
already traceable in the fetal brain, while its functional transi-
tion into an adult-like form requires approximately one year of
postnatal life to complete (Alcauter et al. 2014).

We thus conclude that functional maturation of connectivity
between the DS and the thalamus, between the DS and SN and
DMN cortical processing sites and within the DS itself supports
the ability for the newborn to iii) integrate sensory information into
cognition in order to create salient representations of the world (see
Fig. 1). These representations are, in turn, needed to improve the
efficiency of newborn-world interactions and, thus, to maximize
survival.

Learning

In the previous paragraph, we highlighted the relevance
of information retrieval for salience attribution. However, a
functional maturation of learning-related circuitry was also
observed through a significant pattern of positive connectivity
between the hippocampal seeds, the mamillary bodies (Vann
and Nelson 2015) and several areas of the bilateral temporal
lobe (TL), extending to both medial and lateral aspects of the
middle and inferior temporal cortices and ranging from the
fusiform gyrus (FG) to the polar regions. Temporal regions
are known to play a crucial role for learning and retrieval
to occur. The inferior temporal gyrus (ITG), for instance, acts
as the processing terminal of the ventral visual pathway,
allowing for the recognition of complex representations of
stimuli (e.g. objects) based on their spatial and color features
(Amedi et al. 2001). The FG plays a crucial role for fine-grained,
within-category features recognition and, interestingly, shows
a functional specialization for the processing of faces (Peelen
and Downing 2005; Grill-Spector et al. 2004). Finally, the polar
temporal regions underlie processing of amodal representations
of knowledge and are thus considered to be major cortical
sites for semantics (Lambon Ralph et al. 2008). Together with

adjacent enthorinal, perirhinal and parahippocampal cortices,
the hippocampus acts as a hub through which information
processed and stored across different cortical sites is integrated
and stored into long-term memories (Squire and Zola-Morgan
1991). To this end, functional maturation of temporal cortices
may subserve the ontogenetic priority to provide the newborn
with the cognitive ability to recognize coherent perceptual
clusters of information, allowing for the creation of meaningful
representations of the world. Such representations would then
be stored at different temporal cortical sites and then integrated
through hippocampal activity for storage into long-term memory
traces. The relevance of such cognitive ability for survival
is outstanding per se and especially when considering its
functional interaction with salience attribution: the ability to
process, represent, and retrieve information at different levels
of complexity and abstraction (i.e. ranging from within-category
specific features to amodal representations) is, in fact, pivotal to
tune salience attribution in order to adapt to specific goals and
drive self-motivation. For instance, during the initial phase of
maternal face exploration, a newborn will learn to detect specific
manifestations of both positive (e.g. happy faces) and negative
(e.g. threatening faces) emotions (Farroni et al. 2007). Based
on this experience, he would then learn to generalize salient
features allowing him to recognize the emotion independently
from a specific face. Complementary, over time, he would
also learn to detect and use specific features, allowing him to
recognize subtle nuances in the expression of the same emotion
between faces of specific individuals (Turati and Simion 2002).
Such an ability can be argued to be critical in the first phases of
life, being the interaction with conspecifics a defining feature of
survival for newborns in our specie (Rosenberg 1992).

The pattern of association found between the hippocampi
and dopaminergic nuclei of the ventral tegmental area (VTA) in
the brainstem suggests for a functional maturation of reward-
based modulation of learning. Taken together with its effect
on striatal activity, dopamine release could thus be at play
acting both as a salience marker and as a cue to establish a
long-term trace of relevant information. Functional modulation
of hippocampal activity has been observed, for instance, in
response to salient stimuli retrieval (Ungless 2004) and to
consolidation of goal-directed behaviors (Luo et al. 2011).
Complementary, dopaminergic dysregulation has been observed
in association to the emergence of psychotic symptoms which
are, critically, characterized by aberrant salience attribution
(Winton-Brown et al., 2014).

The pattern of connectivity found between the amygdala
and the occipital and temporal (ITG and polar) cortices further
suggests for the maturation of another critical source of salience-
modulated learning. Amygdala activation has in fact been
recently reported to be involved in processing the relevance of
stimuli (Cunningham and Brosch 2012), with its activation being
critically modulated by salience and regardless of the emotional
valence (Santos et al., 2011). Nevertheless, we suggest maturation
of the amygdala-temporal synchronization at birth to be likely
associated to amygdala specialization in detecting threatening
stimuli (Anderson and Phelps 2001). This structure could thus
mediate the ability to emotionally strengthen the detection
and attribution of aversive salience, as a preferential way for
the consolidation of avoidance behaviors toward potentially
noxious stimuli. Accordingly, activation of the amygdala, along
with temporal areas, has been reported in response to low
spatial frequency stimuli, such as fearful faces (Johnson 2005),
which elicit a preferential response in the newborn. As a final
notice, we would also like to highlight that the thalamus also
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showed a significant increase as a function of increasing GW
and that this connectivity targeted the inferior temporal region.
This could suggest that substantial functional maturation of
the memory system would start following the maturation
of functional networks underlying sensorimotor processing
and decision making. Such a developmental trajectory would
make sense in ontogenetic terms, with memory consolidation
functionality development occurring once the structural and
functional infrastructure regulating information selection and
behavioral control have been established and, thus, when
adaptive interactions with the world are ready to be formed and
stored for survival. In line with these results, salience-driven
learning capabilities have been demonstrated to consistently
emerge in the fetus at around the 28–32 GW range (Krueger et al.
2004). Exposure learning paradigms have, for instance, revealed
that the effects (i.e. selective behavioral responses) of exposure
to maternal voice (DeCasper and Fifer 1986; Moon and Fifer 2000)
and music (James et al. 2002) during the last weeks of gestation
are protracted in the postnatal period, thus revealing that a
form of stimulus salience attribution and consequent learning
can occur in the fetal brain. Habituation learning paradigms
have revealed that habituation induced during pregnancy occurs
faster (i.e. lower number of repetitions necessary for a behavioral
change to occur) as gestational age increases (Morokuma et al.
2008) and that fetuses showing faster habituation learning rates
exhibit higher motor maturity during gestation (Morokuma
et al. 2004), more efficient environmental adaptation at birth
(in terms of a wider repertoire of behavioral states) and higher
efficiency in attention orientation shortly after birth (i.e. 2 and
10 days) (Madison et al. 1986). The occurrence of habituation
learning already during fetal life reveals the emergence of a
progressively more environment-oriented brain–behavior rela-
tionship, by which external stimuli are evaluated, classified and
(eventually) functionally integrated into cognition. In line with
this interpretation, our results revealed functional maturation of
paralimbic cortices (i.e. temporopolar, ventromedial prefrontal,
parahippocampal, and cingulate) which, as stated by Mesulam
and Mufson (1982) “provide a neural apparatus for mediating
between the external environment and the internal milieu.”
To this end we further stress our previously discussed finding
on the development of protoypical DMN functionality, and
particularly of the medial TL subsystem (Buckner et al. 2008)
by suggesting that fetal DMN maturation could represent a
critical asset for the formation of autobiographical memory
during childhood and in the adult. During the third trimester
of pregnancy the fetus: 1) lives in an intrauterine environment
which is not fully deprived of the light and sound (Magoon and
Robb 1981), 2) is able to process tactile, vestibular, taste, olfactory,
auditory, and visual sensations at the cortical level (Kostovic and
Jovanov-Milosevic 2006; Kostovic and Judas 2010; Kostovic et al.
2019) and 3) reacts to environmental stimulations (Piontelli 2014;
Morokuma et al. 2004). We move from the hypothesis of Margulies
et al. (2016) by which DMN development is driven by a principal
gradient, targeted at functionally binding perception and action
to cognition. Under this assumption, the DMN is equidistant from
somatosensory, visual, and auditory systems and is not influ-
enced by external stimulation (Buckner et al. 2019). Instead, it
acts as a functional hub for the integration of information coming
from perception and action into prototypical forms of memory,
which will converge later on in ontogeny in an autobiographical
cognition of continuity between past and future memories of
the child and the adult. Accordingly, long-lasting rudimental
traces of fetal memory have been shown in the auditory
cortex even before the brain has reached full-term maturation
(Granier-Deferre et al. 2011) and we believe that subcortico-

cortical connections are required for the functional linkage
between internal and external components of development
(Brusseau 2008).

We conclude by presenting learning as the final component of
the “cognitive development blueprint.” With respect to survival-
oriented cognition we suggest the maturation of this functional
system to underlie three main abilities, i.e. iv) to store salient infor-
mation, v) to recover it in order to strengthen or remodulate salience, vi)
to fasten and enhance the salience attribution through emotional and
reward related processing of stimuli (see Fig. 1).

Pathological Impairment Gradient of the Cognitive
Development Blueprint

Early life cognitive impairments emerge as a consequence of
deviations from normal brain development. In some cases,
such as major brain malformations, these abnormalities entail
macroscopic alterations of cerebral structures while in others
alterations are found at the microstructural level and reflected
in altered patterns of functionality. From the behavioral point
of view, the former usually manifest immediately or soon after
birth as overt focal cognitive impairments, while the latter are
more likely to emerge later during development, with a variable
impact on cognition in terms of severity and specificity of
affected cognitive abilities. For instance, developmental dyslexia
entails a specific impairment in reading ability despite normal
intelligence and sensory abilities (Demonet et al. 2004), with
its functional underpinnings manifesting as hypoactivation of
reading-related cortices (e.g. fusiform and extrastriate) (Maisog
et al. 2008) which, in turn, affect functionality of whole reading-
related systems (e.g. the posterior system) (Pugh et al. 2000).
Along similar lines, attention deficit hyperactivity disorder
(ADHD) involves a substantial impairment of the attentional
regulatory systems, in terms of both salience detection and
cognitive control abilities. Given its pivotal role in cognition
(Simon 1986), early impairments of attention are frequently
found to affect functionality of multiple domains and often man-
ifest in the form of diverse developmental learning disabilities
(DuPaul and Volpe 2009). Critically, this variability in behavioral
manifestations is paralleled by patterns of altered functionality
in terms of whole networks, rather than specific areas. More
in detail, the ADHD brain is characterized by a marked pattern
of altered functional synchronization both: 1) within networks
underlying salience detection and executive control and 2)
between these networks and the regulatory activity of DMN
(Castellanos and Proal 2012). Taking one step further, autistic
spectrum disorders (ASD) could be considered amongst the
most faceted clinical conditions in terms of manifest cognitive
impairments. Subjects with ASD show an outstanding variability
in terms of behavioral manifestations, involving impairments
in terms of sensorimotor functionality (Mosconi and Sweeney
2015), memory (Boucher et al. 2012), attention (Tye et al. 2013),
and social cognition (Senju 2012). Similar to ADHD, the ASD brain
is also characterized by a system-level impairment, involving
anomalous synchronization of networks related to cognitive
control. More than ADHD, this anomaly also features a prominent
within and between networks underconnectivity (Just et al.
2012; Kana et al. 2014; Hughes 2007). In our consideration, the
above-cited examples suggest the existence of two gradients,
proceeding in parallel and accounting for the impact of abnormal
neurodevelopment on survival: 1) a functional gradient ranging
from area-specific to network and system level dysfunctionality
and 2) a cognitive gradient, involving the dysregulation of
specific to multiple aspects of cognition. Critically, it appears that
the more systematic and cognitively faceted the pathological



Subcortico-Cortical Functional Connectivity in the Fetal Brain Canini et al. 9

condition (i.e. ASD), the higher the probability of disruption to
nuclear cognitive skills.

Interestingly, major disruptions of cognition have been also
observed as consequence of preterm deliveries, with severity of
the impairment decreasing as an inverse function of gestational
age at birth (Rose et al. 2005). Of notice, ASD frequently occurs
as a consequence of extremely premature deliveries (i.e. < 25
GW). It is thus not surprising to observe that ASD dysfunction-
ality targets the nuclear features of the “cognitive development
blueprint,” for that such an abrupt interruption of the unraveling
blueprint is expected to undermine the very foundations of
cognition. In line with this interpretation ASD (along with severe
preterm birth) has been historically associated to epilepsy of the
TL, a condition which is highly disruptive for cognition (Levisohn
2007). Interestingly, the TL has been recently found to be, together
with the insula, a main fetal cortical site for the propagation
of instructive spontaneous activity transients, playing a critical
role for normal development of the fetal functional connectome
(Thomason 2018; Arichi et al. 2017).

We conclude by suggesting the “cognitive development
blueprint” to be a promising framework of research for our
understanding of the complex dynamics linking structural and
functional development to the emergence of normal and deviant
behavioral outcomes.

Conclusion
Our results revealed a consistent functional maturation of
subcortico-cortical networks in the fetal brain, underlying
the development of the cognitive infrastructure which will
allow the newborn to survive in the extrauterine environment.
Specifically, we suggest the newborn to possess the necessary
cognitive infrastructure to: 1) gather and process sensorimotor
information, in order to perceive the world and to interact with
it; 2) to assign salience, in order to create representations of
the world which are relevant to selection and execution of
adaptive behaviors; and 3) to store, retrieve, and evaluate the
outcomes of interactions with the world, in order to gradually
improve both the selection and execution of adaptive behaviors.
This functional maturation may well be a natural compensative
phenomenon to maximize survival when risk of prematurity
increases: premature birth occurring over the 32nd week of
gestation is, in fact, more frequently observed and presents
higher chance of both survival and intact neurodevelopment.
Under this light, the observed functional maturation could thus
reflect the effect of evolutionary pressure for the selection of
nuclear cognitive abilities, maximizing the probability of survival
of the newborn in the outer world. We thus present our results
as revelatory of a “cognitive development blueprint.”

In a recently published, outstanding work Turk and collabo-
rators (2019) have shown the functional connectome of the fetal
brain to possess a consistent degree of maturation, in terms of
both networks’ synchronization and strength. We believe cortico-
cortical networks highlighted in their findings on a considerably
larger sample (n = 105) to strongly support the maturation of cog-
nitive abilities we presented as nuclear features of the “cognitive
development blueprint.” The limited size of our sample could
have contributed to the over- or underestimation of the observed
patterns of connectivity. Therefore we suggest that a direct inves-
tigation of the fetal functional subcorticocortical connectome
with a larger sample size would be of great interest to our under-
standing of fetal cognitive ability development. Extensively, we
suggest that further characterization of fetal neurodevelopment
should pass through four major steps involving 1) specification of

the precise timing of emergence of major functional maturation
milestones (including the cognitive development blueprint com-
ponents), which will be critical to discern normal from deviant
functional development throughout gestation; 2) the integration
of subcortico-cortical and cortico-cortical structural and func-
tional connectomes; 3) the use of follow-up designs, aimed at
tracing developmental trajectories from the fetal to the neona-
tal stage and, possibly, throughout the lifespan; and 4) direct
investigations of how structural and functional features of the
connectomes relate to behaviorally measured cognitive profiles
of normal and pathological fetal and neonatal populations. Fur-
ther, the assessment of fetal behaviors (both in terms of spon-
taneous and elicited activity) has been consistently reported as
a unique window on central nervous system maturation, with
behavioral profiles observed during gestation predicting both the
emergence of pathology (James 2010; Morokuma et al. 2004) and
interindividual behavioral differences in the newborn and during
childhood (DiPietro et al. 1996, 2018; Piontelli 2014). Nevertheless,
as stated by Morokuma and collaborators in their 2004 work on
fetal habituation “[...] it is still impossible to evaluate higher CNS
function of the fetus, including that of the cerebral hemispheres,
in utero.” We firmly believe that functional magnetic resonance
of the fetal brain will prove to be the means to overcoming such
a hurdle. Direct observation of functional maturation, together
with investigation of its behavioral manifestations, will provide
the necessary information to establish ontogenetic neurodevel-
opmental trajectories. These, in turn, will allow for a specific
prediction of cognitive and behavioral neonatal outcomes during
gestation and will prove critical to tailor neonatal care on a
subject-specific base. Contextually we believe that a big contri-
bution to our understanding would also emerge by comparison of
the human and other species structural, functional, and behav-
ioral maturation. Unearthing the link between varying degrees
of behavioral complexity and their structural and functional
underpinnings will, in fact, likely provide a great contribution in
disclosing the very nuclear phylogenetic features of our brain.

Supplementary Material
Supplementary material can be found at Cerebral Cortex Commu-
nications online.
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