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Typical and disrupted brain circuitry for
conscious awareness in full-term and preterm
infants

®Huiqing Hu,' Rhodri Cusack' and Lorina Naci'"?

One of the great frontiers of consciousness science is understanding how early consciousness arises in the development of the human infant.
The reciprocal relationship between the default mode network and fronto-parietal networks—the dorsal attention and executive control
network—is thought to facilitate integration of information across the brain and its availability for a wide set of conscious mental opera-
tions. It remains unknown whether the brain mechanism of conscious awareness is instantiated in infants from birth. To address this gap, we
investigated the development of the default mode and fronto-parietal networks and of their reciprocal relationship in neonates. To under-
stand the effect of early neonate age on these networks, we also assessed neonates born prematurely or before term-equivalent age. We used
the Developing Human Connectome Project, a unique Open Science dataset which provides a large sample of neonatal functional MRI data
with high temporal and spatial resolution. Resting state functional MRI data for full-term neonates (7 =282, age 41.2 weeks + 12 days)
and preterm neonates scanned at term-equivalent age (n = 73, 40.9 weeks + 14.5 days), or before term-equivalent age (n = 73, 34.6 weeks
+ 13.4 days), were obtained from the Developing Human Connectome Project, and for a reference adult group (7= 176, 22-36 years),
from the Human Connectome Project. For the first time, we show that the reciprocal relationship between the default mode and dorsal
attention network was present at full-term birth or term-equivalent age. Although different from the adult networks, the default mode, dor-
sal attention and executive control networks were present as distinct networks at full-term birth or term-equivalent age, but premature birth
was associated with network disruption. By contrast, neonates before term-equivalent age showed dramatic underdevelopment of high-
order networks. Only the dorsal attention network was present as a distinct network and the reciprocal network relationship was not
yet formed. Our results suggest that, at full-term birth or by term-equivalent age, infants possess key features of the neural circuitry that
enables integration of information across diverse sensory and high-order functional modules, giving rise to conscious awareness.
Conversely, they suggest that this brain infrastructure is not present before infants reach term-equivalent age. These findings improve under-
standing of the ontogeny of high-order network dynamics that support conscious awareness and of their disruption by premature birth.
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analysis; PMA = postmenstrual age; ROIs =regions of interest; rs-fMRI = resting-state functional magnetic resonance imaging;

TEA = term-equivalent age.
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Introduction

It remains unknown whether conscious awareness is pre-
sent in newborn infants and whether its development is af-
fected by premature birth. In healthy human adults,
consciousness is clinically defined and measured by examin-
ing two distinct components: arousal and awareness.’
‘Arousal’ is measured by assessing spontaneous eye open-
ing, sleep-wake cycles and other systemic fluctuations in
the ability to engage with the environment. ‘Awareness’ is
assessed by examining the ability to wilfully respond to
commands behaviourally and/or through language, as
well as the ability to report on mental states pertaining to
oneself or the environment.”™* There is no question that
newborn infants, or neonates, have arousal, e.g. they cry
and have sleep-wake cycles. However, the extent to which
neonates have awareness, or can consciously process infor-
mation about themselves and their environment remains
unknown, and is central to this study.

Although studies on neonate awareness are scarce, a few
suggest ‘minimal’ awareness from birth. Newborns perform
some forms of stimulus discrimination early after birth, in-
cluding distinguishing their body (12 to 103 h after birth),’
and their own cry from those of other newborns (within 1
day after birth),>” their mother’s voice from a stranger’s
(within 12 h—3 days after birth)*~'® and discriminating fa-
cial expressions of happiness from disgust (2 days after
birth).'" Although prima facia these studies suggest ‘minimal’
awareness, these behaviours could be due to certain stimuli
being primed in the early days of life or even in the womb
or due to the physical properties of the stimuli themselves.
For example, the mother’s voice is very familiar to the neo-
nate, so any preferential responses could be due to familiarity
rather than understanding the meaning and significance of
the mother figure. Similarly, the response to expressions of
disgust could be a pre-conscious reaction to aversive stim-
uli.'? Critically, the lack of language and the very limited mo-
tor function preclude self-report or behavioural responses
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and, thus, prevent the assessment of infant awareness from
the first days of life. To circumvent these limitations, in the
present study, we followed a different strategy.

We asked a foundational question to understand the
capacity for conscious experience that of whether or not
the brain mechanisms of conscious awareness are instan-
tiated in neonates. One of the most influential theories of
consciousness, the Global Neuronal Workspace Theory,
postulates that consciousness requires integration of infor-
mation from discrete but interconnected modules across
the brain.'>™"® Adult functional neuroimaging studies have
identified the fronto-parietal and default mode network
(DMN) networks as two such distinct cortical systems that
support consciousness and play complementary roles in in-
formation integration. Myriad neuro-psychological and neu-
roscientific studies show that fronto-parietal regions—
comprising the dorsal attention (DAN) and executive control
(ECN) networks—are critical for stimulus-driven high-order
cognition,'®?° and recent work suggests they facilitate
awareness of external stimuli.”'** By contrast, the DMN
has been primarily implicated in self-referential and self-
awareness processing,”* ' and more recently in context pro-
cessing.>>~>* Importantly, the fronto-parietal network and
DMN share a reciprocal relationship, where they are not sim-
ultaneously active, i.e. are anticorrelated, or exhibit a low
correlation of functional time-courses relative to other brain
network pairings. This relationship is abolished when con-
sciousness is extinguished, irrespective of condition, e.g.
whether during deep anaesthesia under various pharmaco-
logical manipulations or after severe brain injury,?>>¢ sug-
gesting that it tracks the presence/absence of conscious
awareness, as dissociable from arousal (such as, in the case
of wakeful brain injured patients in the vegetative state).>’

Whether the DMN, DAN and ECN and their reciprocal
relationship are developed by birth and whether they are af-
fected by premature birth and neonate age remain poorly
understood and are the focus of this study. To assess the lit-
erature, we conducted a literature search with key words,
‘functional network’ or ‘functional connectivity’, ‘infant’
or ‘newborn’ or ‘neonatal’ and ‘fMRI’ that resulted in 20
neonate studies summarized in Supplementary Table 1.
Whilst the three primary sensory and motor networks were
consistently reported in neonates,®”~** findings were incon-
sistent on the presence of high-order networks, including
the DMN, DAN and ECN. Some resting state functional
magnetic resonance imaging (rs-fMRI) studies found no evi-
dence for the presence of these networks until the end of the
first year.*®*>=** Fransson et al.*> found that the DMN in
preterm neonates was fragmented into an anterior and pos-
terior part. Similarly, Gao et al.* reported that although
the two main hubs of DMN (i.e. the ventral/dorsal medial
prefrontal cortex and posterior cingulate/retrosplenial cor-
tex) were consistently observed in 2-week-olds, 1-year-old
and 2-year-olds, other aspects of the DMN (i.e. the inferior
parietal lobule, lateral temporal cortex and hippocampus re-
gions) were not found in 2-week-olds. A similar pattern was
also reported for the DAN and ECN.***! By contrast, other
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rs-fMRI studies support the idea that these networks have al-
ready emerged in neonates.*”*™ For instance, Doria
et al.* found that both primary and high-order networks
were present in full-term and preterm neonates scanned at
term-equivalent age (TEA: 37-42 weeks of postmenstrual
age). He et al.*’ detected a fronto-parietal network, compris-
ing the frontal gyrus and inferior parietal cortex, and a se-
cond one, comprising the anterior cingulate cortex, medial
prefrontal cortex, superior/middle frontal gyrus, in preterm
neonates. Linke et al.*> found that both the ECN and
DMN were present even in neonates with perinatal brain in-
juries, both full-term and preterm neonates scanned at TEA.
Eyre et al.*®, the largest study of newborn brain network top-
ography to date, used the Developing Human Connectome
Project (dHCP) dataset and reported an adult-like topog-
raphy in six high-order networks, including a fronto-parietal
network similar to the DAN distribution, but did not find
evidence for the DMN. This study did not investigate the re-
ciprocal relationship between these networks. The extant
evidence for the emergence of the DMN, DAN and ECN at
birth is summarized in Supplementary Table 2.

Several factors may contribute to these divergent results.
Due to methodological and technical challenges, the incipient
field of infant neuroimaging has, to date, not adhered to uni-
fied testing protocols. The aforementioned studies employ
vastly different sample sizes (e.g. ranging from n=11 to
143), different MR field strengths (e.g. 1.5T versus 3T) yield-
ing different spatial and temporal resolutions,**° different
motion artefact control methods and lack age-specific struc-
tural brain templates for neonates. The multitude of different
methodologies across previous studies renders it impossible
to conclude, in light of inconsistent results, whether the
DMN, DAN and ECN are already present at birth or not.
Moreover, to the best of our knowledge, only one study to
date has investigated whether the reciprocal relationship
between these three high-order networks is developed in early
infancy.’" Gao et al.>' reported that the anticorrelated inter-
action between the DMN and DAN was absent at birth but
became apparent at one year of age. However, this study
had a relatively small number of full-term neonates (n=51)
and no preterm neonates, which may have reduced the power
to detect effects of interest. To address the aforementioned
limitations of previous studies, we used the open-source
dHCP dataset, which conferred several advantages, including
a large sample size (7=282), 3T magnetic resonance
imaging (MRI), multiband echo-planar imaging (EPI) that sig-
nificantly improves temporal resolution and signal-to-noise,**
registration to more accurate week-to-week neonate struc-
tural templates, and significant improvements in motion cor-
rection and signal-to-noise ratio relative to previous studies
(see Methods for further details).

We included neonates delivered and scanned at full-term
(n=282) and a reference adult group (7= 176). To investi-
gate the effect of neonate age on these networks and their re-
lationship, we also included preterm neonates. The effect of
chronological age at the time of assessment was decon-
founded from the effect of premature birth,’® by the
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inclusion of two groups: the first (# =73) born prior to but
scanned at TEA, and the second (7= 73) born and scanned
before TEA. A subset of paired scans collected from the
same infants (n = 37) before and at TEA was also included.
We reasoned that any differences between neonates born
and scanned at full-term and preterm neonates scanned at
TEA would reflect effects of premature birth, while control-
ling for neonate age. Conversely, any differences between
preterm neonates scanned at TEA and those scanned before
TEA would reflect the effects of neonate age. First, we inves-
tigated the development of the DMN, DAN and ECN and of
their reciprocal relationship in each neonate group. We then
tested the hypothesis that premature birth and early neonate
age are associated with altered network architecture.

Materials and methods

The neonate data were from the second (2019) dHCP public
data release (http:/www.developingconnectome.org/second-
data-release/). All neonates were scanned at the Evelina
Newborn Imaging Centre, Evelina London Children’s
Hospital. Ethical approval was obtained from the UK’s
National Research Ethics Committee, and parental informed
consent was obtained prior to imaging. Full-term neonates. We
used 282/343 scans in the full-term neonates [gestational age
(GA) at birth=40.0 weeks + 8.6 days; postmenstrual age
(PMA) at scan=41.2 weeks + 12.0 days; 160 males| after
quality control procedures. Preterm neonates. We used 73 scans
in both the preterm neonates scanned at TEA (GA at birth=
32.0 weeks 4 25.6 days; PMA at scan=40.9 weeks + 14.5
days; 41 males) and preterm neonates scanned before TEA
(GA at birth=32.5 weeks + 13.4 days; PMA at scan=34.6
weeks + 13.4 days; 50 males). Of the 47 preterm neonates
scanned both at and before TEA, 10 were discarded because
of excessive movement of either one of the two scans, resulting
in 37 paired scans (GA at birth = 31 weeks + 6.8 days; PMA at
first scan =34 weeks + 1.3 days; PMA at second scan: 40
weeks + 6.9 days; 24 males). Further details are in Fig. 1 and
SI file and Supplementary Table 3.

As a reference adult group, we used a subset (n=176;22-36
years; 77 males) of high-quality data from the final release of
the Washington University-Minnesota Consortium of
Human Connectome Project (HCP) selected by Ito et al.’*
(https://github.com/ito-takuya/corrQuench). For details of
study procedures see Van Essen et al.””

Data were acquired on a 3T Philips Achieva with a dedicated
neonatal imaging system including a neonatal 32-channel
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phased-array head coil. Fifteen minutes of high temporal
and spatial resolution rs-fMRI data were acquired using a
multislice gradient-echo EPI sequence with multiband excita-
tion (TE =38 ms; TR =392 ms; MB factor=9x; 2.15 mm
isotropic, 2300 volumes). In addition, single-band EPI refer-
ence (sbref) scans were also acquired with bandwidth-
matched readout, along with additional spin-echo EPI acqui-
sitions with 4x AP and 4 xPA phase-encoding directions. To
correct susceptibility distortion in rs-fMRI data, field maps
were also obtained from an interleaved (dual TE) spoiled
gradient-echo sequence (TR =10 ms; TE1=4.6 ms; TE2 =
6.9 ms; flip angle = 10°; 3 mm isotropic in-plane resolution,
6 mm slice thickness). High-resolution T1- and
T2-weighted anatomical imaging were also acquired in the
same scan session, with a spatial resolution of 0.8 mm iso-
tropic. For T1w image: TR =4795 ms and the field of view
(FOV) =145 x 122 x 100 mm. For T2w image: TR=12
000 ms, TE =156 ms and the FOV =145 x 122 x 100 mm.

The dHCP rs-fMRI data were pre-processed by dHCP
group using the project’s in-house pipeline optimized for
neonatal imaging. See SI and Fitzgibbon et al.>® for full de-
tails. In order to reduce signal artefacts related to head mo-
tion, the cardiorespiratory fluctuations and multiband
acquisition, the 24 extended rigid-body motion parameters
together with single-subject independent component ana-
lysis (ICA) noise components were regressed out. To further
reduce the effect of motion on functional connectivity (FC)
measures, motion-outlier volumes were identified, and a
scrubbing procedure was applied to retain a continuous sub-
sample of the data (~70%) with the lowest motion for each
participant. The subjects who still had a high level of motion
after scrubbing procedure were excluded from further ana-
lyses. We discarded the first 5 volumes to allow for adapta-
tion to the environment and equilibrium of the MR signal
at first. Then, motion outliers were identified from the re-
maining 2295 volumes. Volumes with the root mean square
intensity difference between successive volumes higher than
1.5 interquartile range above the 75th centile, after motion
and distortion correction, were considered motion outliers.
Then, a continuous sub-sample of 1600 volumes with the
minimum number of motion outliers was retained for each
subject. Subjects with more than 160 motion-outlier volumes
(10% of the cropped dataset) in the continuous subset were
labelled ‘high level of motion” and excluded entirely. Thus, 8
preterm neonates scanned before TEA, 14 preterm neonates
scanned at TEA and 61 full-term neonates were excluded. In
addition, we performed a temporal low-pass filter (0.08 Hz
low-pass cutoff) on the pre-processed dHCP rs-fMRI to con-
duct FC analyses, as previous studies found that oscillations
were primarily detected within grey matter in 0.01-
0.08 Hz.’”® Supplementary Fig. 1A provides a schematic
of the processing steps for dHCP fMRI data.

Data were acquired on a customized 3T Siemens
‘Connectome Skyra’ with a 32-channel head coil. Resting
state images were collected using gradient-echo EPI


http://www.developingconnectome.org/second-data-release/
http://www.developingconnectome.org/second-data-release/
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcac071#supplementary-data
https://github.com/ito-takuya/corrQuench
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcac071#supplementary-data

Brain circuitry for conscious awareness in neonates

Head motion
correction (HCC)

Full-term neonates]
(N =343) J

(N = 282)

[
{

{

Preterm neonates HCC

scanned at TEA (N = 87)

Scans collected
before TEA
(N=73)

Preterm neonates scanned
before TEA (N = 81)

N Full-term neonates

BRAIN COMMUNICATIONS 2022: Page 50f 16 | 5

)

Hierarchical clustering analyses ]

Within group analyses

1. Within- vs. between-network FC
2. Comparing FC in network-parings

Between group analyses

)| 1. Network FC in neonate groups vs.
adults

! 2. Network FC in term neonates vs.
preterm neonates scanned at TEA

Preterm neonates scanned
both at and before TEA
(N=47)

HCC

(N=37)

Paired scans collected
at and before TEA

~
3. Network FC in preterm neonates
scanned at TEA vs. before TEA
(Paired-sample t test)

J

Figure | The number of scans included in data analyses. From top to bottom, the middle column indicates the number of scans that passed
head motion criteria in each neonate group. TEA, term-equivalent age; vs., versus; FC, functional connectivity.

sequence: TR=720ms; TE=33.1ms; flip angle=352°
FOV =208 x 180 mm (RO x PE), slice thickness =2 mm,
72 slices, 2.0 mm isotropic voxels, 1200 volumes per run.
rs-fMRI data were pre-processed by HCP group. See SI
and Van Essen et al.>> for full details.

We used a theory and meta-analyses driven node-based ap-
proach to network mapping. Nineteen regions of interest
(ROIs) (8-mm radius spheres) for the three networks
(Supplementary Table 4), DMN, DAN and ECN, were created
based on well-established landmark ROIs defined in Raichle.*”
This method also helps to relate findings to our previous find-
ings based on the same parcellation template.>>*° See SI file,
Supplementary Figs. 2 and 3 for details of alignment to neonate
week-to-week structural templates and full details.

FC between ROIs was assessed by calculating the Pearson
correlation of pre-processed time-courses, and z scored by using
the Fisher-z transformation. At the individual level, within-
network FC was obtained by averaging the FC between ROIs
belonging to the same network and between-network FC by
averaging the FC between ROIs of each network to the others.
For all between-group comparisons, the ROI-level FC within
each subject was normalized to facilitate a focus on the
FC-patterns between groups rather than potentially differing
FC strength between the groups.**®! Analysis of variances

(ANOVAs) and #-tests were used to explore within and
between-group differences. Bonferroni correction for multiple
comparisons was applied to all statistical results.

General linear models (GLMs) were used to test for group
differences in FC within DMN, DAN or ECN while control-
ling for head motion, as we found neonates had significantly
higher head motion than adults (SI, Supplementary Figs. 4
and 5). Hierarchical clustering analysis and non-metric
multidimensional scaling were used to capture network
structure, and visualize the similarity of ROI responses in
neonates and adults.®** See SI for further details.

To investigate the effect of premature birth, while controlling
for age at scan, on network development, we compared the
FC within each network and between each pair of networks,
between preterm neonates scanned at TEA and full-term neo-
nates. Head motion was not included as a covariate, since we
did not observe any significant difference between the two
groups (Supplementary Fig. 5). To investigate the effect of
neonate age, while controlling for prematurity, the same pre-
term neonates scanned before and at TEA (1 = 37) were used.

Raw neonate data can be obtained from the Developing
Human  Connectome  Project  website  (http:/www.
developingconnectome.org/second-data-release/) and raw
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adult data can be obtained through the Washington
University-Minnesota Consortium of Human Connectome
Project website (http:/www.humanconnectomeproject.org).
Derived data not published will be available upon reasonable
request.

Results

For full-term neonates, a 2 x 3 repeated measure ANOVA
[type of FC (within-network, between-network) x network
(DMN, DAN, ECN)] showed a significant main effect of
type of FC [F (1, 281)=766.14, P <0.001], which was dri-
ven by higher overall connectivity for the within- relative to
between-network connectivity (¢ (281)=27.63, P <0.001)
(Fig. 2A). We also found a main effect of network [F (2,
562)=16.29, P <0.001], which was driven by lower overall
connectivity for the ECN relative to the DMN [z (281) = —
3.06, P <0.005] and DAN [z (281)=—5.84, P <0.001]. A
significant interaction effect of type of FC by network [F
(1.96, 550.18)=81.44, P<0.001] was driven by smaller
difference between within- and between-network connectiv-
ity in the DMN relative to the DAN [z (281)=—4.41, P<
0.001), and in the ECN relative to the DMN [t (281) =
—8.88, P<0.001], and the DAN [z (281)=-11.86, P<
0.001]. Paired #-tests showed significantly higher within- to
between-network FC for each network [DMN: ¢ (281)=
17.32, P<0.001; DAN: 7 (281)=21.05, P <0.001; ECN:
t (281)= 5.51, P<0.001] (Fig. 2A). This suggested that
the coherence of nodes within each network was stronger
than with the other networks’ nodes, in other words, that
each of the three networks was differentiated as a cohesive
unit, distinct from the other networks.
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For preterm neonates scanned at TEA, a similar 2 x 3 re-
peated measure ANOVA showed a significant main effect
of FC type [F (1, 72) =87.04, P <0.001], which was dri-
ven by higher overall connectivity within- relative to
between-network connectivity [¢ (72)=9.35, P <0.001]
(Fig. 2B). A significant interaction effect of type of FC by
network [F (1.81, 130.23)=6.03, P <0.005] was driven
by a smaller difference between within- and between-
network connectivity in ECN relative to the DAN [t (72)
=-2.96, P<0.005]. Paired #-tests showed significantly
higher within- relative to between-network FC for each
network [DMN: ¢ (72) = 6.20, P <0.001; DAN: ¢ (72) =
8.05, P<0.001; ECN: ¢ (72)=3.46, P<0.001]
(Fig. 2B), suggesting that the DMN, DAN and ECN were
distinct from one another in preterm neonates scanned at
TEA.

For preterm neonates scanned before TEA, a similar 2 x
3 repeated measure ANOVA showed a significant main ef-
fect of type of FC [F (1, 72) =16.80, P < 0.001], which was
driven by higher overall connectivity for the within- relative
to between-network connectivity [t (72) =4.12, P <0.001]
(Fig. 2C). A main effect of network (F [1.83,131.64)=
22.15, P <0.001] was driven by lower overall connectivity
for the DMN [# (72) =—3.98, P <0.001] and ECN [z (72)
=—6.45, P <0.001] relative to the DAN (Fig. 2C). A sig-
nificant interaction effect of type of FC by network [F (2,
144)=33.78, P <0.001] was driven by smaller difference
between within- and between-network connectivity in
DMN relative to that in DAN [t (72)=-3.93, P<
0.001], and in ECN relative to that in DMN [t (72)=
—4.32, P<0.001] and DAN [z (72) = —8.21, P<0.001].
Paired #-tests showed significantly higher within- relative
to between-network FC for DAN [t (72)=7.73, P<
0.001] but significantly lower within-network FC com-
pared to between-network FC for ECN [z (36)=—3.86,

A
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Figure 2 Within-network and between-network FC across DMN, DAN and ECN in the neonate groups. (A) full-term neonates;
(B) preterm neonates scanned at TEA; (C) preterm neonates scanned before TEA. The black lines/asterisks indicate significant difference between

FC measures for each network (Paired t-tests), and the blue lines/asterisks indicate significant difference in FC measures of different networks
(Paired t-tests). The FC values were Fisher-z transformed and inter-subject variability was removed for display purposes. ** =P < 0.005.
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P <0.001] (Fig. 2C), suggesting that only the DAN was
distinct from the other two networks in preterm neonates
scanned before TEA.

In summary, these results suggested that the DMN, DAN
and ECN were present in full-term and preterm neonates
scanned at TEA, but only the DAN was formed as a distinct
network in the preterm neonates scanned before TEA.
Furthermore, the DAN was the most cohesive network in
all three neonate groups.

In full-term neonates, a one-way ANOVA with repeated
measures for between-network FC (DMN-DAN,
DMN-ECN, DAN—-ECN) showed a significant main effect
[F(1.98,555.60)=27.11, P < 0.001], which was driven by
significantly lower FC in the DMN—-DAN relative to
DMN—ECN [£ (281) = —7.79, P < 0.001] and DAN—ECN
[t (281)=—4.64, P<0.001] pairings (Fig. 3A). Similarly,
to the adult data (see SI Results, Supplementary Fig. 7), the
lower DMN—DAN FC, relative to the other pairings sug-
gested that the reciprocal relationship between the DMN
and DAN was present in full-term neonates. In preterm neo-
nates scanned at TEA, a similar main effect (F[1.87, 134.45)
=11.93, P <0.001] was driven by significantly lower FC in
the DMN-DAN compared to DMN-ECN [z (72) = —4.78, P
<0.001] and DAN=ECN [t (72) = —4.20, P < 0.001] pair-
ings (Fig. 3B) and suggested that the reciprocal relationship
between the two networks was present in preterm neonates
scanned at TEA. In preterm neonates scanned before TEA,
a significant main effect [F (2, 144) =4.86, P=0.009] was
driven by lower FC in DMN-ECN relative to
DMN-DAN [# (72)=—-2.88, P=0.005] and DAN—ECN
[t (72)=—2.94, P <0.005] pairings (Fig. 3C). This is con-
sistent with the aforementioned results suggesting that the

DMN and ECN are not yet developed as distinct networks
in this group (Fig. 2C). Furthermore, these results suggested
that, by contrast to the full-term and preterm neonates
scanned at TEA, the relationships between the three net-
works in preterm neonates scanned before TEA do not yet
resemble the adult pattern (see SI, Supplementary Fig. 7).
In summary, these results suggested that the reciprocal
relationship between the DMN and DAN has started to
develop in full-term neonates and preterm neonates
scanned at TEA, but not in preterm neonates scanned be-
fore TEA.

Visual inspection of the connectivity matrices (Fig. 4) sug-
gested that each neonate group had less cohesive networks
(lower within relative to between-network connectivity)
than the adult group. To investigate specifically how the three
networks in neonates differed from those of adults, we com-
pared the within- (Figs. 5 and 6) and between-network
(Fig. 7) connectivity in the neonate and adult groups.

A GLM comparing adults and full-term neonates, includ-
ing head motion as a covariate (SI, Supplementary Fig. 5),
showed a significant main effects of group for all of the
three networks [DMN: F (1, 455)=75.62, P<0.001;
DAN: F (1, 455)=333.33, P<0.001; ECN: F (1, 455)=
135.88, P <0.001; Fig. 5A], which was driven by signifi-
cantly higher within-network FC in the adults relative to
full-term neonates. Hierarchical clustering analyses showed
that, the adults’ network nodes grouped neatly into the
a-priory postulated three distinct clusters,’” each compris-
ing all the ROIs belonging to that network
(Supplementary Table 4). By contrast, in the full-term neo-
nates, the ROIs clustered into groups that were inter-mixed
between the three networks (Fig. 5A). Similarly, for the pre-
term neonates scanned at TEA, we found significant main


http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcac071#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcac071#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcac071#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcac071#supplementary-data
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Figure 4 FC in adults and neonate groups. (A) adults, (B) full-term neonates, (C) preterm neonates scanned at TEA and (D) preterm
neonates scanned before TEA. The FC value presents here was Fisher-z transformed and normalized within each subject before being averaged
within each group. R, right; L, left; PCC/Prec, posterior cingulate cortex/precuneus; mPFC, medial prefrontal cortex; IPC, lateral parietal cortex;
ITG, inferior temporal gyrus; FEF, frontal eye field; pIPS, posterior intraparietal sulcus; alPS, anterior intraparietal sulcus; MT, middle temporal area;
dmPFC, dorsal medial prefrontal cortex; aPFC, anterior prefrontal cortex; SPC, superior parietal cortex.

effects of group for all of the three networks [DMN: F (1,
246)=90.16, P<0.001; DAN: F (1, 246)=252.32, P<
0.001; ECN: F (1, 246) =42.40, P <0.001; Fig. 5B], again
driven by significantly higher within-network FC in the
adult group. Unlike the adult group, preterm ROIs clus-
tered into groups inter-mixed between the three networks
(Fig. 5B). Consistent with the other two groups’ results,
for the preterm neonates scanned before TEA, we found
significant main effects of group for all of the three net-
works [DMN: F (1, 246)=145.15, P<0.001; DAN: F
(1, 246)= 276.15, P<0.001; ECN: F (1, 246)=218.91,
P <0.001; Fig. 5C], which were driven by significantly

higher within-network FC in adults, and ROI clusters
that did not adhere to network identity (Fig. 5C).

Multidimensional scaling analyses further confirmed these
results, by showing that the adult ROIs formed three distinct
clusters conforming to network identify (Fig. 6A), distanced
from one another in representational space. By contrast,
each network’s ROIs in the neonate groups formed less dis-
tinct clusters, i.e. clusters were more closely grouped to-
gether, and their separability as distinct clusters was
reduced with neonate age. The preterm neonates scanned be-
fore TEA showed the most intermingling of ROIs across the
three networks in this 2D manifold (Fig. 6D).
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Figure 5 The development of the DMN, DAN and ECN in neonates relative to adults. (A) full-term neonates, (B) preterm neonates
scanned at TEA and (C) preterm neonates scanned before TEA relative to the adults. The left panels of (A), (B) and (C) depict the comparison of
within-network FC between each neonate group and the adults. GLMs were used to test for group differences while controlling for head motion.
The FC values were Fisher-z transformed and normalized within each subject before being averaged within each group. The right panels of (A), (B)
and (C) depict the network structure of each neonate group relative to adults. Triangles/circles/squares represent the nodes of the DMN/DAN/
ECN. R, right; L, left; PCC/Prec, posterior cingulate cortex/precuneus; mPFC, medial prefrontal cortex; IPC, lateral parietal cortex; ITG, inferior
temporal gyrus; FEF, frontal eye field; pIPS, posterior intraparietal sulcus; alPS, anterior intraparietal sulcus; MT, middle temporal area; dmPFC,
dorsal medial prefrontal cortex; aPFC, anterior prefrontal cortex; SPC, superior parietal cortex. **P < 0.005.

In summary, these results suggested that although the three

organized than the canonical adult networks. This is consistent

networks were present in full-term and preterm neonates
scanned at TEA, and the DAN in preterm neonates scanned be-
fore TEA, their coherence was lower and structure less well-

with previous studies showing that brain networks continue to
develop from birth onwards.**%*=%” As expected, the reciprocal
relationship between the DMN and fronto-parietal networks
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Figure 6 Multidimensional scaling (MDS) plots of regions in adults and neonates. (A) adults, (B) full-term neonates, (C) preterm
neonates scanned at TEA and (D) preterm neonates scanned before TEA. The 2-D plots were created using non-metric MDS based on node’s
similarity. Here triangles/circles/squares indicate nodes of the default mode/dorsal attention/executive control network. Abbreviations: |,
posterior cingulate cortex/precuneus; 2, medial prefrontal cortex; 3, left lateral parietal cortex; 4, right lateral parietal cortex; 5, left inferior
temporal gyrus; 6, right inferior temporal gyrus; 7, left frontal eye field; 8, right frontal eye field; 9, left posterior intraparietal sulcus; 10, right
posterior intraparietal sulcus; |1, left anterior intraparietal sulcus; 12, right anterior intraparietal sulcus; |3, left middle temporal area; 14, right

middle temporal area; |5, dorsal medial prefrontal cortex; 16, left anterior prefrontal cortex; 17, right anterior prefrontal cortex; 18, left superior
parietal cortex; 19, right superior parietal cortex; TEA, term-equivalent age.

was also weaker in neonates relative to adults (Fig. 7) (see SI

Results for full details).

Comparison of network FC in full-term relative to preterm
neonates scanned at TEA showed significantly lower FC

within the DMN [z (353)=-2.64, P=0.009] and the
DAN [t (353)=-2.63, P=0.009] in the preterm group
(Fig. 8A). In addition, we observed higher FC between
the DAN and ECN [# (353) =2.83, P=0.005] in preterm
neonates (Fig. 8A). These results suggested that, by TEA,
premature birth is associated with lower DMN and DAN
network coherence, and lower differentiation of the
DAN and ECN from one another, relative to full-term

birth.
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Figure 7 The development of the between-network FC in neonates relative to adults. (A) full-term neonates, (B) preterm neonates
scanned at TEA and (C) preterm neonates scanned before TEA relative to the adults. GLMs were used to test for group differences while

controlling for head motion. The FC values were Fisher-z transformed and normalized within each subject before averaging within each group.
Abbreviations: FC, functional connectivity; DMN—DAN, FC between DMN and DAN; DMN—ECN, FC between DMN and ECN; DAN—ECN,

FC between DAN and ECN; P < 0.005.

We found significantly lower FC within the ECN [z (36) =
—4.28, P<0.001] and higher DMN-DAN FC [t (36)=
4.39, P <0.001], suggesting lower ECN network coherence
and lower functional differentiation between the DMN and
DAN, for preterm neonates scanned before TEA relative to
this same group of infants scanned once they reached
TEA (Fig. 8B). Thus, these results suggested that neonate
age, and particularly, development up to TEA, is a significant
factor for the maturation of the ECN and of the development
of the reciprocal relationship between the DMN and the
DAN.

Discussion

In this study, we asked whether infants have the capacity
for conscious experiences. The lack of language and willful
motoric output presents major barriers to consciousness
science in neonates. To sidestep these limitations, we exam-
ined whether or not the brain circuitry of conscious aware-
ness is developed at birth. In particular, we focused on the
impact of premature birth and early neonate age on the de-
velopment of the default mode and fronto-parietal net-
works and of their reciprocal relationship. The critical
novel contribution of this study is showing that the DAN,
ECN and DMN are already present in neonates by full-
term or TEA, and furthermore, that the reciprocal relation-
ship between the DMN and the DAN, is already instan-
tiated by this age. By contrast, this relationship is not
present in preterm neonates before TEA.

We found that the three networks were present in preterm
neonates at TEA. Furthermore, for the first time, we show
that the reciprocal relationship between the DAN and
DMN was instantiated in preterm neonates at TEA.
Previous rs-fMRI neonate studies that have investigated the
effect of premature birth have mainly focused on disrupted
within-network  coherence or topological organiza-
tion,*801:68:6% 4nd knowledge of the impact of premature
birth on the relationship between high-order brain networks
remains scarce. It is, therefore, striking to see that this key
functional relationship develops in healthy-born premature
neonates by TEA, according to a pre-programmed develop-
mental trajectory despite of prematurity.

However, premature birth had a negative impact on net-
work development. Preterm neonates at TEA had signifi-
cantly lower within-network connectivity in the DMN
and DAN, suggesting that these networks were less devel-
oped relative to full-term neonates despite the matched
age. Furthermore, the DAN-ECN connectivity was higher
in preterm neonates at TEA, likely due to weaker within-
network connectivity in the DAN. Our results are consist-
ent with Smyser et al.®' and Eyre et al.*® findings of lower
within-network connectivity in preterm relative full-term
neonates. Bouyssi-Kobar et al.”’ showed decreased density
of connections in parietal-temporal and frontal areas in
preterm neonates scanned at TEA relative to full-term neo-
nates, using graph theoretical modelling. Previous struc-
tural MRI studies also found widespread deficiencies in
grey and white matter,”"”? including in the DMN regions,
in preterms scanned at TEA relative to full-term neonates.”*
Consistent with a growing literature, our results shed light
on disrupted brain mechanisms that may underlie the
significant risks for neurodevelopmental and psychiatric
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Figure 8 The effect of premature birth and early neonate age on the development of network FC. (A) The effect of premature birth
on within-network FC (the left panel) and between-network FC (the right panel). The FC values represented in (A) were Fisher-z transformed and
normalized within each subject before averaging within each group. Independent-sample t-tests were applied to detect the effect of premature
birth here. (B) The effect of early neonate age on within-network FC (the left panel) and between-network FC (the right panel). The FC values
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Paired t-tests were applied to detect the effect of early neonate age here. Abbreviations: DMN, default mode network; DAN, dorsal attention
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FC between DAN and ECN; **P < 0.005.

problems in later life,>*73~7°

mature birth.

that are associated with pre-

In contrast to preterm neonates assessed at TEA, neonates
who were assessed before TEA showed dramatic underdevel-
opment of networks and their relationships. Only the DAN,
but not the ECN and DMN, was present as a discrete net-
work. Strengthening of within-network connectivity in
fronto-parietal regions has been reported in previous studies
that assessed preterm neonates longitudinally.*® These find-
ings suggest that, relative to other high-order networks, e.g.
the DMN, the ECN aspect of the fronto-parietal networks
is the least developed in preterms and most liable to undergo
developmental change in the early weeks post birth.
Furthermore, the reciprocal relationship between the fronto-
parietal and DMN networks also strengthened in the weeks
up to TEA. It was not formed before TEA, but appeared
once preterms reached TEA. These results present a novel

finding for premature neonates. They resonate with fetal
studies showing that coactivation from the posterior cingu-
late cortex (node of the DMN) to areas of dorsal attention/ex-
ecutive networks became more negatively coupled with
increasing fetal age.”®””

On the one hand, it is important to note that although the
DAN, ECN and DMN were already present at full-term
and TEA, they were significantly different from the adult net-
works. The neonate networks had significantly lower within-
network connectivity and were atypical in their nodal struc-
ture, suggesting less within-network cohesiveness compared
to the adults. Similarly, the reciprocal relationship between
the DMN and DAN was less developed in neonates relative
to adults. These findings are consistent with previous studies
showing that the functional organization of the brain rapidly
develops from birth onwards.*>”®” For example, Gao
et al.® reported that the DMN becomes adult-like by 2 years
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of age. A developmental shift towards the adult pattern of
high FC variability in high-order networks has been reported
for the DAN and fronto-parietal networks, which can be pre-
dicted by developmental cortical expansion.®” Studies have
also reported significant differences in segregation and inte-
gration, indicators of functional network maturation, in the
DMN and ECN between childhood and adulthood.”®”?-8!

Of the three high-order networks, the ECN was the least
developed in premature neonates, whereas the DAN was
the most well-formed across all neonate groups. These re-
sults suggest different ontogenesis trajectories for the two
fronto-parietal networks, likely explained by their differing
functions. The DAN serves to orient and modulate attention
to the saliency of incoming sensory inputs,®” a capacity that
probably emerges early in fetal development, as foetuses start
to perceive sounds inside the womb. By contrast, behaviour-
al response planning and monitoring, subserved by the
ECN,*? is a mental faculty that relies heavily on the increas-
ingly complex interactions with their environment that neo-
nates engage in as they mature from the first weeks and
months after birth.

On the other hand, our results show a strikingly similar
patterning of the neonatal brain to the adult brain, with three
key high-order brain networks and the reciprocal relation-
ship between them being present by TEA. Our results in full-
term neonates resonate with previous studies that observed
high-order networks in this group.*®*=*”%% Qur results are
also consistent with some brain structural studies, suggesting
that fundamental structural features of the adult brain are al-
ready present in neonates from birth. For example, the white
matter microstructure, a putative neural basis for informa-
tion processing speed and intelligence in adults, is present in
very early life.®> Furthermore, distinct hierarchical tiers of
network nodes resembling those of the adult brain have
been found in neonates,®® and graph theoretical measures
have shown an efficient rich club organization of the neonatal
brain structure similar to that observed in adults.®”

Although some previous studies have observed high-order
networks in neonates,*>* %% others have not.>%3%%?
This inconsistency is likely due to methodological differences
in the type of data acquired and the analyses method. By con-
trast to some previous studies,>®***> here we were enabled
by the high quality dHCP dataset to employ a uniquely large
sample of high temporal and spatial resolution infant
rs-fMRI data, and accurate week-by-week structural tem-
plates of the developing infant brain, which ensured higher
sensitivity to detect brain networks in early infancy.
Second, we used a theoretically motivated ROI analysis ra-
ther than a data-driven ICA for network definition. While
ICA is a convenient data-driven tool to extract networks, it
requires a critical free parameter that determines how many
will be extracted, and hence the degree to which brain net-
works are likely to be detected as whole versus broken into
parts. For example, a recent paper by Eyre et al.*®, that
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used the dHCP dataset, did not find a single network corre-
sponding to the whole DMN, but it is possible that this result
would have changed with a different parameter choice. Given
these methodological strengths and clear results, we believe
this study helps to resolve previous inconsistent findings on
the development of high-order brain networks in neonates.
We note that the preterm group is not well representative of
extreme prematurity (<28 weeks)/very low birth weight
(<1500 g), because the mean GA of the preterm group was
32 weeks. Extreme prematurity could be associated with dif-
ferent functional architectures at TEA, as well as during the
preterm period, compared with infants with higher GAs,
and will be investigated in future studies.

What are the implications of our findings for understanding
the conscious experiences of neonates? Highly relevant to un-
derstanding neonate awareness is Damasio’s®® distinction be-
tween a ‘core awareness’, or a basic integrated experience of
the current moment, and an ‘extended awareness’, made pos-
sible by the accumulation of autobiographical memories that
allow creation of an internal world and projection beyond the
present.®® This is echoed in the distinction between a ‘min-
imal’ self—an immediate®® form that comprised awareness
of body boundaries, position, facial features, visceral states,
etc,”’—and a ‘longitudinal’ self, which requires the presence
of episodic autobiographical memory and semantic self-
knowledge, and is extended across time.”" While some studies
suggest a ‘minimal’ awareness, the presence of ‘longitudinal’
awareness from birth has, to date, has remained unknown.
For the first time, here we show that by full-term birth or
TEA, neonates possess key features of the brain infrastruc-
ture that enables the integration of information across di-
verse sensory and higher order functional modules, which
gives rise to conscious awareness. This is consistent with a re-
cent study that shows processing of cross-modal stimuli and
learning of multimodal contingencies in neonates.”” We also
show that this system is yet to undergo substantial change be-
fore it resembles that of the adults. Therefore, while these
findings suggest that the capacity for conscious experiences
is present at birth, coupled with previous evidence, they sug-
gest that such experiences may be limited. The frontal cortex,
a nexus of the fronto-parietal and DMN networks, under-
goes dramatic maturation and reorganization by the end of
the first year of life, resulting in big improvements in several
cognitive abilities, and in sophistication of related mental
content at that age.”> Consistent with neuroanatomical
data, Kouider et al.’* found an electrophysiological signa-
ture of perceptual consciousness which was present albeit
weak and delayed in 5-month-olds, became stronger and fas-
ter in 12—15-month-old infants. Kovacs et al.”® found that
infants’ eye movements demonstrated a capacity to monitor
other people’s beliefs at 7 months, and to make predictions
about visual scenes at 12 months. Critically, at birth, neo-
nates are largely bereft of the wealth of prior experiences
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that inform episodic memory and semantic knowledge,
which allow for the construction of longitudinal aware-
ness,®®”! and the creation of an internal world that projects
beyond the present and is extended across time.
Nevertheless, even from the first days of life, neonates en-
code, store, and retrieve information about events in their
world.”®™® They start to integrate sensory, kinesthetic and
proprioceptive stimulus response contingencies, in order to
understand the actions of others and generate models for
producing similar actions. Our results suggest that from
birth neonates possess the capacity to integrate sensory and
incipient cognitive experiences into coherent conscious ex-
periences about their core self and the developing relation-
ship to their environment.

Acknowledgements

Neonate data were provided by the developing Human
Connectome Project (http:/www.developingconnectome.
org/), KCL-Imperial-Oxford Consortium funded by the
European Research Council under the European Union
Seventh Framework Programme (FP/2007-2013)/ERC
Grant Agreement no. [319456]. We are grateful to the fam-
ilies who generously supported this trial. Adult data were
provided [in part] by the Human Connectome Project
(http://www.humanconnectomeproject.org), WU-Minn
Consortium (Principal Investigators: David Van Essen and
Kamil Ugurbil; 1TU54MH091657) funded by the 16 NIH
Institutes and Centres that support the NIH Blueprint for
Neuroscience Research and by the McDonnell Centre for
Systems Neuroscience at Washington University.

Funding

H.H. was funded by the China Scholarship Council—Trinity
College Dublin Joint Scholarship Programme. R.C. is sup-
ported by a European Research Council Advanced Grant
787981 (FOUNDCOG). L.N. was funded by an L’Oreal
for Women In Science International Rising Talent Award
and the Welcome Trust Institutional Strategic Support Fund.

Competing interests

The authors report no competing interests.

Supplementary material

Supplementary ~ material s
Communications online.

available at  Brain

H. Hu et al.

References

1. Laureys S, Owen AM, Schiff ND. Brain function in coma, vegetative
state, and related disorders. Lancet Neurol. 2004;3(9):537-546.

2. NaciL, Cusack R, Anello M, Owen AM. A common neural code for
similar conscious experiences in different individuals. Proc Natl
Acad Sci USA. 2014;111(39):14277-14282.

3. Mehling WE, Gopisetty V, Daubenmier J, Price CJ, Hecht FM,
Stewart A. Body awareness: Construct and self-report measures.
PL0S One. 2009;4(5):e5614.

4. Clare L, Markova I, Verhey F, Kenny G. Awareness in dementia: A
review of assessment methods and measures. Aging Ment Health.
2005;9(5):394-413.

5. Filippetti ML, Johnson MH, Lloyd-Fox S, Dragovic D, Farroni T.
Body perception in newborns. Curr Biol. 2013;23(23):2413-2416.

6. Martin GB, Clark RD. Distress crying in neonates - species and peer
specificity. Dev Psychol. 1982;18(1):3-9.

7. Simner ML. Newborn’s response to the cry of another infant. Dev
Psychol. 1971;5(1):136.

8. Ockleford EM, Vince MA, Layton C, Reader MR. Responses of
neonates to parents and others voices. Early Hum Dev. 1988;
18(1):27-36.

9. Querleu D, Lefebvre C, Titran M, Renard X, Morillion M, Crepin
G. Reaction of the newborn infant less than 2h after birth to the ma-
ternal voice. ] Gynecol Obstet Biol Reprod. 1984;13(2):125-134.

10. Decasper AJ, Fifer WP. Of human bonding - newborns prefer their
mothers voices. Science. 1980;208(4448):1174-1176.

11. Addabbo M, Longhi E, Marchis IC, Tagliabue P, Turati C, Urgesi C.
Dynamic facial expressions of emotions are discriminated at birth.
PLoS One. 2018;13(3):e0193868.

12. Ruffman T, Then R, Cheng C, Imuta K, Kaufman J. Lifespan differ-
ences in emotional contagion while watching emotion-eliciting vid-
eos. PLoS One. 2019;14(1):e0209253.

13. Mashour GA, Roelfsema P, Changeux JP, Dehaene S. Conscious
processing and the global neuronal workspace hypothesis.
Neuron. 2020;105(5):776-798.

14. Dehaene S, Changeux JP, Naccache L. The global neuronal work-
space model of conscious access: from neuronal architectures to
clinical applications. Res Per Neurosci. 2011;18:55-84.

15. Tononi G. An information integration theory of consciousness.
BMC Neurosci. 2004;5:42.

16. Ptak R. The frontoparietal attention network of the human brain:
Action, saliency, and a priority map of the environment.
Neuroscientist. 2012;18(5):502-515.

17. Woolgar A, Parr A, Cusack R, et al. Fluid intelligence loss linked to
restricted regions of damage within frontal and parietal cortex. Proc
Natl Acad Sci USA. 2010;107(33):14899-14902.

18. Duncan J. The multiple-demand (MD) system of the primate brain:
mental programs for intelligent behaviour. Trends Cogn Sci. 2010;
14(4):172-179.

19. Elliott R. Executive functions and their disorders: Imaging in clinical
neuroscience. Br Med Bull. 2003;65(1):49-59.

20. Shallice T, editor. From neuropsychology to mental structure.
Cambridge University Press; 1988.

21. Huang Z, Zhang J, Wu JS, Mashour GA, Hudetz AG. Temporal cir-
cuit of macroscale dynamic brain activity supports human con-
sciousness. Sci Adv. 2020;6(11):eaaz0087.

22. Demertzi A, Soddu A, Laureys S. Consciousness supporting net-
works. Curr Opin Neurobiol. 2013;23(2):239-244.

23. Vanhaudenhuyse A, Demertzi A, Schabus M, et al. Two distinct
neuronal networks mediate the awareness of environment and of
self. | Cognitive Neurosci. 2011;23(3):570-578.

24. Qin PM, Northoff G. How is our self related to midline regions and
the default-mode network? Neuroimage. 2011;57(3):1221-1233.

25. Andrews-Hanna JR, Reidler JS, Huang C, Buckner RL. Evidence
for the default network’s role in spontaneous cognition.
J Neurophysiol. 2010;104(1):322-335.


http://www.developingconnectome.org/
http://www.developingconnectome.org/
http://www.humanconnectomeproject.org
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcac071#supplementary-data

Brain circuitry for conscious awareness in neonates

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

4S.

46.

47.

48.

49.

Schneider F, Bermpohl F, Heinzel A, ez al. The resting brain and our
self: self-relatedness modulates resting state neural activity in cor-
tical midline structures. Neuroscience. 2008;157(1):120-131.

Beer JS. The default self: feeling good or being right? Trends Cogn
Sci. 2007;11(5):187-189.

Buckner RL, Carroll DC. Self-projection and the brain. Trends
Cogn Sci. 2007;11(2):49-57.

D’Argembeau A, Collette F, Van der Linden M, et al. Self-referential
reflective activity and its relationship with rest: a PET study.
Neuroimage. 2005;25(2):616-624.

Wicker B, Ruby P, Royet JP, Fonlupt P. A relation between rest and
the self in the brain? Brain Res Rev. 2003;43(2):224-230.
Gusnard DA, Raichle ME. Searching for a baseline: Functional im-
aging and the resting human brain. Na# Rev Neurosci. 2001;2(10):
685-694.

Smith V, Mitchelll DJ, Duncan J. Role of the default mode network
in cognitive transitions. Cereb Cortex. 2018;28(10):3685-3696.
Vatansever D, Manktelow A, Sahakian BJ, Menon DK, Stamatakis
EA. Default mode network engagement beyond self-referential in-
ternal mentation. Brain Connectivity. 2018;8(4):245-253.
Margulies DS, Ghosh SS, Goulas A, et al. Situating the default-mode
network along a principal gradient of macroscale cortical organiza-
tion. Proc Natl Acad Sci USA. 2016;113(44):12574-12579.
Haugg A, Cusack R, Gonzalez-Lara LE, Sorger B, Owen AM, Naci
L. Do patients thought to lack consciousness retain the capacity for
internal as well as external awareness? Front Neurol. 2018;9:492.
Bonhomme V, Boveroux P, Brichant JF, Laureys S, Boly M. Neural
correlates of consciousness during general anesthesia using func-
tional magnetic resonance imaging (fMRI). Arch Ital Biol. 2012;
150(2-3):155-163.

Cui J, Tymofiyeva O, Desikan R, ef al. Microstructure of the default
mode network in preterm infants. Am | Neuroradiol. 2017;38(2):
343-348.

Gao W, Alcauter S, Elton A, et al. Functional network development
during the first year: Relative sequence and socioeconomic correla-
tions. Cereb Cortex. 2015;25(9):2919-2928.

Gao W, Alcauter S, Smith JK, Gilmore JH, Lin WL. Development of
human brain cortical network architecture during infancy. Brain
Struct Funct. 2015; 220(2):1173-1186.

Doria V, Beckmann CF, Arichi T, et al. Emergence of resting state
networks in the preterm human brain. Proc Natl Acad Sci USA.
2010;107(46):20015-20020.

Fransson P, Skiold B, Engstrom M, et al. Spontaneous brain activity
in the newborn brain during natural sleep-an fMRI study in infants
born at full term. Pediatr Res. 2009;66(3):301-305.

Fransson P, Skiold B, Horsch S, et al. Resting-state networks in the
infant brain. Proc Natl Acad Sci USA.2007;104(39):15531-15536.
Gao W, Zhu HT, Giovanello KS, et al. Evidence on the emergence of
the brain’s default network from 2-week-old to 2-year-old healthy
pediatric subjects. Proc Natl Acad Sci USA. 2009;106(16):
6790-679S.

Smyser CD, Inder TE, Shimony JS, et al. Longitudinal analysis of
neural network development in preterm infants. Cereb Cortex.
2010;20(12):2852-2862.

Linke AC, Wild C, Zubiaurre-Elorza L, et al. Disruption to func-
tional networks in neonates with perinatal brain injury predicts mo-
tor skills at 8 months. Neuroimage-Clin. 2018;18:399-406.

He LL, Parikh NA. Brain functional network connectivity develop-
ment in very preterm infants: The first six months. Early Hum Dev.
2016;98:29-35.

He LL, Parikh NA. Aberrant executive and frontoparietal function-
al connectivity in very preterm infants with diffuse white matter ab-
normalities. Pediatr Neurol. 2015;53(4):330-337.

Eyre M, Fitzgibbon SP, Ciarrusta ], et al. The developing human
connectome project: typical and disrupted perinatal functional con-
nectivity. Brain. 2021;144:2199-2213.

Weiskopf N, Hutton C, Josephs O, Deichmann R. Optimal EPI
parameters for reduction of susceptibility-induced BOLD sensitivity

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.
60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

BRAIN COMMUNICATIONS 2022: Page I150f 16 | 15

losses: A whole-brain analysis at 3T and 1.5T. Neuroimage. 2006;
33(2):493-504.

Triantafyllou C, Hoge RD, Krueger G, et al. Comparison of physio-
logical noise at 1.5T, 3T and 7T and optimization of fMRI acquisi-
tion parameters. Neuroimage. 2005;26(1):243-250.

Gao W, Gilmore JH, Shen DG, Smith JK, Zhu HT, Lin WL. The syn-
chronization within and interaction between the default and dorsal
attention networks in early infancy. Cereb Cortex. 2013;23(3):
594-603.

Zhang H, Shen DG, Lin WL. Resting-state functional MRI studies
on infant brains: A decade of gap-filling efforts. Neuroimage.
2019;185:664-684.

Bhutta AT, Cleves MA, Casey PH, Cradock MM, Anand K]JS.
Cognitive and behavioral outcomes of school-aged children who
were born preterm - A meta-analysis. Jama-] Am Med Assoc.
2002;288(6):728-737.

Ito T, Brincat SL, Siegel M, et al. Task-evoked activity quenches
neural correlations and variability across cortical areas. PLoS
Comput Biol. 2020;16(8):¢1007983.

Van Essen DC, Smith SM, Barch DM, et al. The WU-Minn human
connectome project: An overview. Neuroimage. 2013;80:62-79.
Fitzgibbon SP, Harrison SJ, Jenkinson M, et al. The developing hu-
man connectome project ({IHCP) automated resting-state functional
processing framework for newborn infants. Neuroimage. 2020;
223:117303.

Zuo XN, Di Martino A, Kelly C, et al. The oscillating brain:
Complex and reliable. Neuroimage. 2010;49(2):1432-1445.
Salvador R, Martinez A, Pomarol-Clotet E, et al. A simple view of
the brain through a frequency-specific functional connectivity meas-
ure. Neuroimage. 2008;39(1):279-289.

Raichle ME. The restless brain. Brain Connect. 2011;1(1):3-12.
Naci L, Haugg A, MacDonald A, et al. Functional diversity of brain
networks supports consciousness and verbal intelligence. Sci
Rep-Uk. 2018;8:13259.

Smyser CD, Snyder AZ, Shimony JS, Mitra A, Inder TE, Neil JJ.
Resting-state network complexity and magnitude are reduced in
prematurely born infants. Cereb Cortex. 2016;26(1):322-333.
Ripley BD, editor. Pattern recognition and neural networks.
Cambridge University Press; 2007.

Rasmussen E. Clustering algorithms. In: William B, Frakes RB-Y,
eds. Information retrieval: data structures and algorithms.
Prentice-Hall, Inc;1992:419-442.

Turk E, van den Heuvel MI, Benders M], et al. Functional connec-
tome of the fetal brain. | Neurosci. 2019;39(49):9716-9724.
Keunen K, Counsell SJ, Benders MJNL. The emergence of function-
al architecture during early brain development. Neuroimage. 2017;
160:2-14.

Cusack R, Ball G, Smyser CD, Dehaene-Lambertz G. A neural win-
dow on the emergence of cognition. Ann Ny Acad Sci. 2016;1369:
7-23.

Limperopoulos C, Soul ]S, Gauvreau K, et al. Late gestation cerebel-
lar growth is rapid and impeded by premature birth. Pediatrics.
2005;115(3):688-695.

Cao M, Huang H, He Y. Developmental connectomics from infancy
through early childhood. Trends Neurosci. 2017;40(8):494-506.
van den Heuvel MP, Kersbergen KJ, de Reus MA, et al. The neo-
natal connectome during preterm brain development. Cereb
Cortex. 2015;25(9):3000-3013.

Bouyssi-Kobar M, De Asis-Cruz J, Murnick J, Chang T,
Limperopoulos C. Altered functional brain network integration,
segregation, and modularity in infants born very preterm at
term-equivalent age. | Pediatr. 2019;213:13-21.e1.
Bouyssi-Kobar M, Brossard-Racine M, Jacobs M, Murnick J,
Chang T, Limperopoulos C. Regional microstructural organization
of the cerebral cortex is affected by preterm birth. Neuroimage-Clin.
2018;18:871-880.

Pandit AS, Robinson E, Aljabar P, et al. Whole-brain mapping of
structural connectivity in infants reveals altered connection strength



73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

| BRAIN COMMUNICATIONS 2022: Page 16 of 16

associated with growth and preterm birth. Cereb Cortex. 2014;
24(9):2324-2333.

Marlow N, Wolke D, Bracewell MA, Samara M, Grp ES.
Neurologic and developmental disability at six years of age after ex-
tremely preterm birth. New Engl | Med. 2005;352(1):9-19.

Saigal S, Doyle LW. Preterm birth 3 - An overview of mortality and
sequelae of preterm birth from infancy to adulthood. Lancet. 2008;
371(9608):261-269.

Nosarti C, Reichenberg A, Murray RM, et al. Preterm birth and psy-
chiatric disorders in young adult life. Arch Gen Psychiat. 2012;
69(6):610-617.

Thomason ME, Grove LE, Lozon TA, et al. Age-related increases in
long-range connectivity in fetal functional neural connectivity net-
works in utero. Dev Cogn Neuros-Neth. 2015;11:96-104.
Thomason ME, Brown JA, Dassanayake MT, et al. Intrinsic func-
tional brain architecture derived from graph theoretical analysis in
the human fetus. PLoS One. 2014;9(5):e94423.

Sherman LE, Rudie JD, Pfeifer JH, Masten CL, McNealy K,
Dapretto M. Development of the default mode and central executive
networks across early adolescence: a longitudinal study. Dev Cogn
Neurosci. 2014;10:148-159.

Fair DA, Dosenbach NUF, Church JA, et al. Development of distinct
control networks through segregation and integration. Proc Natl
Acad Sci USA. 2007;104(33):13507-13512.

Stoecklein S, Hilgendorff A, Li ML, et al. Variable functional con-
nectivity architecture of the preterm human brain: Impact of devel-
opmental cortical expansion and maturation. Proc Natl Acad Sci
USA. 2020;117(2):1201-1206.

Fair DA, Cohen AL, Dosenbach NUF, et al. The maturing architec-
ture of the brain’s default network. Proc Natl Acad Sci USA. 2008;
105(10):4028-4032.

Corbetta M, Shulman GL. Control of goal-directed and stimulus-
driven attention in the brain. Nat Rev Neurosci. 2002;3(3):
201-218.

Kroger JK, Sabb FW, Fales CL, Bookheimer SY, Cohen MS,
Holyoak K]J. Recruitment of anterior dorsolateral prefrontal cortex
in human reasoning: a parametric study of relational complexity.
Cereb Cortex. 2002;12(5):477-485.

Rajasilta O, Tuulari JJ, Bjornsdotter M, et al. Resting-state net-
works of the neonate brain identified using independent component
analysis. Dev Neurobiol. 2020;80(3-4):111-125.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

H. Hu et al.

Telford EJ, Cox SR, Fletcher-Watson S, et al. A latent measure ex-
plains substantial variance in white matter microstructure across
the newborn human brain. Brain Struct Funct. 2017;222(9):
4023-4033.

Blesa M, Galdi P, Cox SR, er al. Hierarchical complexity of
the macro-scale neonatal brain. Cereb Cortex. 2021;31(4):
2071-2084.

Ball G, Aljabar P, Zebari S, et al. Rich-club organization of the new-
born human brain. Proc Natl Acad Sci USA. 2014;111(20):
7456-7461.

Damasio AR. A neurobiology for consciousness. In: Metzinger T,
editor, Neural Correlates of Consciousness: Emprical and concep-
tual questions. MIT Press. 2000:111-120.

Gallagher S. Philosophical conceptions of the self: implications for
cognitive science. Trends Cogn Sci. 2000;4(1):14-21.

Sturm VE, Hua AY, Rosen HJ. Self-awareness and frontal lobe net-
works. In: Bruce L, Miller JLC, eds. The human frontal lobes:
Functions and disorders. The Guilford Press. 2018:171.

Seeley WW, Sturm VE. Self-representation and the frontal lobes. In:
Miller BL, Cummings JL, eds. The human frontal lobes: Functions
and disorders. The Guilford Press. 2007:317-334.

Dall’Orso S, Fifer WP, Balsam PD, et al. Cortical processing of
multimodal sensory learning in human neonates. Cereb Cortex.
2021;31(3):1827-1836.

Diamond A, Goldman-Rakic PS. Comparison of human infants and
rhesus monkeys on Piaget’s AB task: Evidence for dependence
on dorsolateral prefrontal cortex. Exp Brain Res. 1989;74(1):
24-40.

Kouider S, Stahlhut C, Gelskov SV, et al. A neural marker of
perceptual consciousness in infants. Science. 2013;340(6130):
376-380.

Kovacs AM, Teglas E, Endress AD. The social sense: Susceptibility
to others’ beliefs in human infants and adults. Science. 2010;330-
(6012):1830-1834.

Ellis CT, Skalaban LJ, Yates TS, Bejjanki VR, Cordova NI,
Turk-Browne NB. Evidence of hippocampal learning in human in-
fants. Curr Biol. 2021;31:3358-3364.¢4.

Howe ML, Courage ML. Demystifying the beginnings of memory.
Dev Rev. 2004;24(1):1-5.

Howe ML, Courage ML, Edison SC. When autobiographical mem-
ory begins. Dev Rev. 2003;23(4):471-494.



	Typical and disrupted brain circuitry for conscious awareness in full-term and preterm infants
	Introduction
	Materials and methods
	Participants
	Neonates
	Adults

	Data acquisition and pre-processing
	dHCP
	HCP

	Data analyses
	Network definition
	FC
	Comparison of neonates and adults
	Comparison of neonate groups

	Data availability

	Results
	The development of high-order networks in neonates
	The development of the reciprocal relationship between the DMN and fronto-parietal networks in neonates
	Comparison of neonate and adult networks
	The effect of premature birth on network development and their relationship
	The effect of neonate age on network development and their relationship

	Discussion
	Effect of premature birth
	Impact of neonate age on network development
	Comparison of neonate and adult networks
	Methodological considerations
	Implications for understanding conscious awareness in neonates

	Acknowledgements
	Funding
	Competing interests
	Supplementary material
	References


