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ABSTRACT. Significance: Neonates undergo rapid development, yet the examination of emerg-
ing brain markers across paradigms, cognitive domains, and diverse global popu-
lations remains limited.

Aim: We investigated whether brain responses at 1 month of age could be interrogated
across paradigms to offer deeper context-specific insights into neurodevelopment.

Approach: Functional near-infrared spectroscopy was used to assess frontal and
temporal brain responses during natural sleep in 181 infants from a low-income set-
ting (rural Gambia) and 58 infants from a higher-income setting (Cambridge, United
Kingdom) during three auditory paradigms: social selectivity, habituation and novelty
detection, and functional connectivity. Paradigm-level brain responses were ana-
lyzed using threshold-free cluster enhancement and cross-paradigm comparisons
of individual responses.

Results: Both Gambian and UK infants showed habituation but not novelty responses,
higher inter- versus intra-hemispheric connectivity, stronger inter-hemispheric connec-
tivity in temporal relative to frontal regions, stronger inter-regional connectivity between
right temporal and left frontal regions, and nonvocal > vocal selectivity (UK infants
only).

Conclusions: Cross-cohort differences in the cross-paradigm analyses suggest
that context-specific developmental markers are evident within the first month of life
and show high individual variability. Cross-paradigm analyses revealed that greater
vocal selectivity (UK) is associated with higher inter-hemispheric connectivity,
potentially allowing us to identify biomarkers of more mature neurodevelopment
within the first weeks of postnatal life.
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1 Introduction

The first 1000 days of life—from conception to 2 years of age—have been posited to represent
those most integral to human neurodevelopment as rapid and prolific neurogenesis, synaptogen-
esis, and synaptic pruning occur in response to genetic-environmental interplays.' During this
time, development across social, emotional, and cognitive domains is witnessed as the brain adds
and prunes its connections to build functional networks, with research demonstrating that such
early abilities lay the foundation for later education, workplace, health, and wellbeing outcomes.*”’
A key developmental stage is the perinatal transition to postnatal life—a period of important tran-
sition and change.® However, examining this period is challenging: access to newborn infants
during a period of heightened vulnerability and time constraints for parents can be limited; given
the age of the participant, identifying and conducting research during stable infant states of alert-
ness can be less predictable; and infant-friendly paradigms, particularly for neuroimaging research,
that can be employed in early life have for a long time been less common. In recent years, tech-
nological advances in neuroimaging techniques, such as functional near-infrared spectroscopy
(fNIRS), electroencephalography (EEG), and functional magnetic resonance imaging (fMRI), and
paradigms implemented during sleep (particularly in the auditory domain), have allowed some of
these barriers to be overcome.”'? Subsequent research has highlighted the nonlinearity of devel-
opmental trajectories across infancy, childhood, and adolescence.>”"* However, we still lack
objective insights into what constitutes typical and atypical neurodevelopment, especially across
lower-income settings, and when considering the first months of life.

In low- and middle-income countries (LMICs), it has been estimated that around 30% of
children fail to meet their developmental milestones.'* Exposure to adversity, including under-
nutrition, poor parental mental health, infection, and overcrowding, is more common in such
settings, compared with higher income countries (HICs), and such exposures early in life are
associated with poorer developmental outcomes across social and cognitive domains.>!'*!®
Understanding of the effects of early exposures, and possible buffers, across contexts is critical.

The Brain Imaging for Global Health (BRIGHT) project aimed to fill this essential gap in
early neurodevelopmental research, through a detailed examination of infant neurocognitive,
social, and functional brain development from the first weeks of postnatal life until 5 years
of age, across a higher income cohort in the UK and an under-researched, low income cohort
in The Gambia.!” A battery of neuroimaging paradigms (EEG and fNIRS) was conducted from
1 month of age, to identify and map longitudinal neurodevelopment across settings. Thus far,
the findings from the BRIGHT project have helped the research community to better understand
functional brain connectivity, and neurocognitive and social trajectories, from 5 months to
5 years.'?? To date, the findings suggest that the period of postnatal development between
0 and 6 months may be significantly impacted by exposure to risk factors.’*** However, the
study of brain functionality at the earliest time point at 1 month of age in the BRIGHT project
has yet to be fully explored. Given that we know a range of social and neurocognitive skills have
their onset in early postnatal life and indeed during pregnancy, further research into this early
time point is required.® Furthermore, as evidenced below, developmental science and psychology
literature in this area is still dominated by studies from Minority World (also commonly referred
to as high-income or high-resource) countries, which makes such research even more crucial.

Infants are born into a social world. The capacity to engage with others, to differentiate
between social and nonsocial stimuli, and to infer information through language and nonverbal
communicative gestures is part of what makes us human, and such skills are utilized in everyday
life. Although typically, the emergence of social (over nonsocial) stimuli was posited to char-
acterize early infant development across the first years of life, increasing research, which exam-
ines the very first months post birth, indicates that this selectivity can be particularly context/
stimulus dependent. For example, although we see evidence of visual social selectivity from
birth,>* in the auditory domain, this selectivity may be more stimulus-specific and variable across
individuals. At the group level, this results in nonsocial selectivity (to environmental nonvocal
sounds) predominating in the first weeks, before transitioning toward social selectivity (to vocal-
izations) around 4 to 8 months of age.'**> Such nonsocial selectivity has also been reported to be
more widespread across several brain regions, whereas emerging social selectivity from 4 months

Neurophotonics S13007-2 Vol. 13(S1)



Greenhalgh et al.: Cross-paradigm fNIRS brain activity in 1-month-old infants... -

and beyond appears to be more localized to anterior temporal and inferior frontal cortices.'*?>%8

Social and cognitive paradigms often interrelate: focusing on social stimuli requires attentional
skills, whereas holding, updating, and responding appropriately to social stimuli can draw upon
working memory and inhibition.'*!?%3% Notably, neurocognition, for example, processes such
as reasoning, attention, and memory manifest at both the brain and behavioral level, has been
identified as one of the best indicators of later neurodevelopment,’ especially in predicting
development in self-regulation and executive functions.*”> Given the critical nature and inter-
dependency of both social and cognitive abilities throughout life, research that seeks to elucidate
the development of such functions in parallel is needed.

Two early neurocognitive skills that can be assessed in early infancy and map onto a myriad
of later outcomes are the tethered abilities of habituation and novelty detection (HaND). The
ability to decrease neural and behavioral responses to inconsequential, repetitive stimuli (habitua-
tion) and to recover the response when new stimuli are encountered (novelty detection) has been
associated with measures of brain efficiency, cognition, education, and 1Q, with improved HaND
abilities conferring improvements across these developmental domains.***® During infancy,
differences in both habituation and novelty detection (HaND) have been cited across Gambian
and UK infants, with both displaying attenuated responses to repeated stimuli at 5 and 8 months
of age, whereas novelty detection also emerges at this time point in the UK, but not Gambian,
infants.'”*? By contrast, Gambian infants continue to display habituation responses, with novelty
responses emerging at 18 months of age, whereas UK infants demonstrated attenuation of both
habituation and novelty recovery, such that there were no significant responses by 18 months
of age.”” Of interest, the BRIGHT project examined HaND responses across the 5 years of life
in Gambian infants, reporting modest correlations in habituation responses across both EEG
and fNIRS across 1 and 5 months, but not at 18 months, whereas novelty responses correlated
at 5 and 18 months only."' Such findings demonstrate the complexity of early neurodevelop-
mental trajectories both across and within diverse cohorts and settings.

Although task-specific paradigms play an integral role in helping understand the emergence
of specific skills and their localization, research examining the networks that underpin such skills
is also essential. The foundations of many functional networks develop during pregnancy.
However, postnatally, huge shifts occur as infants transition from the enclosed, muted, and darker
environment of the womb to a loud, bright, and stimulating environment. As infants increase in
age, segregation and integration between and within certain neural networks reflect both cog-
nitive and social-emotional gains.’”*° For example, functional connectivity of fronto-temporal
networks has been reported to predict infant age and brain maturation, whereas frontal inter-
hemispheric connectivity at 5 months has been found to predict cognitive ability at pre-school
age.”** Similarly, inter-hemispheric connectivity of sensorimotor networks increases over the
first month of life as infants are exposed to more perceptual stimuli.*! During this time, research
supports the idea that increases in long-range, inter-hemispheric connections, and decreases in
shorter-range, intra-hemispheric connections, due to synaptic pruning, support the transition to
the postnatal world and scaffold the development of both early and downstream functions.?*4>*3
However, variability in such functional development can be seen across settings, with exposure to
socioeconomic inequalities being a stronger predictor of brain dynamics than age or cognition in
a large, diverse study of healthy adults across many lower and higher-income settings.** In early
infancy, functional connectivity can be disrupted by exposure to adversity, predicting poorer
cognitive outcomes in childhood.?® Whether such disruptions manifest differently across settings
in the first month of life is unknown.

Given the concurrent and predictive interplay of both cognitive and social development,
studies that examined the neural correlates of these skills in tandem, while also considering
underlying functional networks, can provide more in-depth insights into early neurodevelopmen-
tal markers and how such skills may interrelate both at the paradigm and network level.**> By
including and assessing multiple indicators of early brain development, more robust insights may
be gained into typical developmental profiles across settings and may help to decipher whether
they appear to draw upon overlapping or distinct mechanisms. To date, no research has examined
the foundational stages and interrelated development of neurocognitive and social skills and
associated functional brain connectivity, in the first weeks of life, across two diverse, socio-
economic disparate settings.
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The present study sought to address this by (i) examining early Gambian and UK infant
neurodevelopment at the relatively under-researched age point of 1 month, and (ii) examining
whether brain responses across neurocognitive and social domains are interrelated, and how they
more widely relate to functional brain connectivity. Data from a social selectivity paradigm,
a habituation and novelty detection (HaND) paradigm, and a functional connectivity paradigm
were collated and examined both at the paradigm level and in cross-paradigm analyses. These
data were collected in a single session, during sleep at 1 month in infants using functional near-
infrared spectroscopy (fNIRS). Much of this work was exploratory to try to understand whether
cross-paradigm markers of infant development could be identified both within and across
settings, and whether these could be used to group infants according to their developmental
maturity. However, the following hypotheses were put forward: (1) infants with more mature
connectivity profiles (i.e., stronger overall inter-hemispheric connectivity) will show more rapid
specialization of social discrimination responses [i.e. will display increased selectivity towards
vocal (social stimuli) compared with nonvocal (nonsocial) stimuli] as well as more specialized
information processing (more robust habituation and novelty detection responses); and (2) if the
social and HaND paradigms are actually interrogating similar perceptive abilities (due to the
use of social human stimuli in both) or reliant on similar underlying cognitive processes infants
with stronger vocal (social) responses will have more robust habituation and novelty detection
responses. If, however, individual responses across these paradigms are unrelated, this would
suggest that they are each able to identify a unique biomarker of early development.

2 Methods

2.1 Participants

The BRIGHT project recruited participants across two study sites (for full details of the partici-
pating families, see Ref. 17):

The Gambia (GM) cohort: Participants were recruited during pregnancy from the village of
Keneba and neighboring villages in the West Kiang District. Prospective participants were
approached and provided with information pertaining to the project. Should they wish to take
part, written or thumbprint consent was obtained from participants, with the latter method
employed for participants who could not write (the study was approved by the joint Gambia
Government-MRCG Ethics committee (ref # SCC 1451). Of the 204 participants enrolled in
the BRIGHT project at the 1 month time point, 181 undertook the fNIRS session at 1 month
of age, the inclusion rates for each paradigm are outlined in Sec. 3. Demographics from the full
Gambian cohort in the BRIGHT Project can be found in Lloyd-Fox et al.'”: in summary, families
live in multigenerational households with up to 36 members per compound. Polygamy was
common within the cohort, with 38.8% of fathers having more than one wife. Consequently,
although mothers had on average 4.4 children, including the infant enrolled in the study, fathers
had on average 6.9, with a range of 1 to 23 children attributed to a single father. For the gen-
eration of parents within our cohort, formal schooling was readily available when they them-
selves were children; therefore, on average, mothers and fathers within the study had completed
3 and 4 years of schooling, respectively. All primary caregivers reported that their first language
was Mandinka. In addition, 16.7% of primary caregivers reported that they spoke a second lan-
guage and 3.5% of primary caregivers spoke three languages.

The Gambia is situated in sub-Saharan Africa, and it is the smallest country on the continent,
with a relatively young population (45% is age 0 to 14, whereas 4% is 65 or older).*® Families
typically live in larger family units. A majority of the population (particularly women) have not
completed higher education, and a majority of rural dwellers work in agriculture, mainly for
subsistence.*” There is a high prevalence of growth faltering in children, which is notably affected
by seasonally impacted food insecurity driven by weather patterns characterized by two highly
differentiated seasons (dry and rainy, each spanning half a year) that modulate the availability of
key nutrients.*®*’ For a detailed characterization of the Gambian population, see Ref. 46.
Ethnicity in the West Kiang District of The Gambia is predominantly Mandinka (79.9% of the
population*”) with its unique language and cultural characteristics. To avoid confounds caused by
multiple translations of the project protocols, GM cohort families recruited into the project were
predominantly of Mandinka ethnicity (i.e., the main language spoken at home was Mandinka).
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The UK Cohort: Participants were recruited during pregnancy in the Rosie Hospital,
Cambridge University Hospitals, Cambridge, UK, between 32 and 36 weeks’ gestation.
Upon approach, mothers were given information sheets detailing the BRIGHT project and were
then contacted via email or phone at a later date to determine whether or not they wished to
participate. If participants did wish to partake in the BRIGHT project, informed consent was
gathered using written forms, in alignment with ethical approval (National Research Ethics
Service Committee East of England (REC reference 13/EE/02000). Of the 61 families enrolled
in the project at 1 month of age, 58 undertook the NIRS session at 1 month of age; the inclusion
rates for each paradigm are outlined in Sec. 3.

The majority of participants within this cohort lived within the city of Cambridge or within
urban or rural communities within a 20-mile radius. Demographically, the population in
Cambridgeshire is representative of that across the UK with regard to ethnicity, employment
rates, and family structure.’® The area, however, differs from the rest of the UK with regard
to levels of education within the population, with twice as many inhabitants holding a higher
education degree.’® Demographics from the full UK cohort in the BRIGHT Project can be found
in Lloyd-Fox et al.'”: in summary, we followed a recruitment strategy that encompassed natural
population variance within the region of recruitment. A large proportion of the population living
in the city of Cambridge and the surrounding areas is multilingual. Consequently, a significant
proportion of our recruited infants were exposed to multiple languages. Families had on average
1.19 (SD 0.4) children (range 1 to 3), including 1-month-olds. Furthermore, around three quarters
of primary caregivers had completed undergraduate education at university and had higher than
average family household income for the UK.

Prerequisites for inclusion in the BRIGHT project were (1) that infants were carried to full
term (37 to 42 weeks of gestation), and (2) for UK participants only, they had a normal birth
weight (>2.5 kg). The latter constraint was not placed upon participants in the GM cohort, given
the higher rates of growth restriction due to dietary deficiencies, contamination, and infection.'”
However, Gambian infants who had experienced severe growth faltering (weight-for-height or
head circumference z-score less than —3 according to WHO standards) were excluded.

2.2 fNIRS Data Acquisition

Infants wore a custom-designed fNIRS cap (NTS optical topography system, Gowerlabs Ltd,
UK), which consisted of two arrays of nine channels each, that covered left and right hemispheres
(Fig. 1). The array was designed using a 10 to 20 coordinate system to cover frontal and temporal
regions.’! The midline of the headgear was aligned with the tragus, sitting over the eyebrows and
stretching back over the ears before being attached with an adjustable strap at the back. Source-
detector (SD) pairs were positioned at a 2 cm distance, with a fixed distance between the tragus
and SD locations, and checks were made when positioning the headgear to further align with T3
and T4 coordinates (Fig. 1). Photos and videos were used to ensure the headgear was situated
correctly. The system used two continuous wavelengths of near-infrared light (780 and 850 nm)
and a sampling frequency of 10 Hz.

(@)

Left temporal Right temporal

Fig. 1 Layout of the 18-channel arrays used at 1 month, covering frontal and temporal areas.
(a) Schematic layout with the 10 to 20 T3/T4 positions identified. The region-of-interest channel
clusters used for averaging in functional connectivity analyses are also indicated here. (b) Photo of
a BRIGHT participant wearing the heargear, with 10 to 20 T4, C4, F8, and T6 identified.
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Silence (10 to 12's) T
Non-vocal UFios)
(8s)
Fam 2
Silence (10to 12's) (Tr 6 to 10)
Vocal - Social
@s) Fam3 (70s)
(Tr 11 to 15)
Silence (10to 12's) - i
Non-social
Vocal Nov (60s)
(8s) (Tr 16 to 20)

Silence (10 to 12's)
Post-Test

Non-vocal (Tr 21 to 25)
(8s)
Trial Order (continued): Trials: 8s Repeated x 2
V,N,N,V,N,V,V,N,V,N, N,V Baseline (between each trial): 10 s
(16 total)
Habituation and Novelty Detection Functional Connectivity
Social Selectivity Paradigm (HaND) Paradigm Paradigm

Fig. 2 Order of paradigm presentation at 1 month in the BRIGHT project. On the left, the social
selectivity paradigm can be seen to be made up of 16 trials, with pseudo-randomized order of vocal
(V) and nonvocal (N) trials. After (in the middle), the HaND paradigm was undertaken, comprised
of familiarization 1 (Fam1—trials (Tr) 1-5), familiarization 2 (Fam 2—trials 6 to 10), familiarization
3 (Fam 3—trials 11-15), novelty (Nov—trials 16 to 20, which comprised a change in speaker), and
post-test (trials 21 to 25, back to original speaker). Finally, functional connectivity (FC—right) was
undertaken with twice-repeated social (singing nursery rhymes—70 s) and nonsocial (auditory
sounds of toys—60 s) audio recordings.

Before placing the cap on the infant’s head, measurements were taken, including head cir-
cumference, pre-auricular to pre-auricular over the head and across the forehead, and nasion to
inion. Photographs were then taken, which, combined with head measurements, allowed for later
registration and estimation of the cortical areas relating to each channel location. Subsequently,
the headgear was placed and secured with an additional band to ensure proper fitting and prevent
slipping during the session. If the infant was awake during this process, researchers then waited
for the infant to fall asleep before starting the data acquisition. At the start of the session, the
infant was held, swaddled, by either the parent or researcher, and allowed to fall asleep naturally
in their arms. Research sessions occurred in the daytime during the infant’s usual naptime to try
to ensure success with sleeping. The infant was video-recorded to allow the researcher to check
the position of the infant across the session and monitor sleep stages/arousal. Infants were asleep
in their parents or the researchers’ arms or placed on their laps, and positioned approximately at a
distance of 1 m from the screen and the speakers that played the sounds. During the data col-
lection session, stimuli were presented via Logitech Z130 speakers, which were connected to a
laptop on which the stimuli script was played using MATLAB, Task Engine (Task Engine®?), and
Psychtoolbox.™° The sound volume was adjusted to an average of 60 dB when the sound
reached the position of the infant’s head.

Once the infants were sleeping, the paradigms were presented in the same order (Fig. 2):
first, the social selectivity paradigm, then the habituation and novelty detection (HaND) para-
digm, and finally the functional connectivity paradigm. If the infant became fussy or began to
wake, the session was paused to allow them to settle again. If they awoke, did not return to sleep,
and were calm, then the session continued; however, if they became upset or excessively fussy,
the session was ended. Therefore, the validity of data is highest for the social selectivity data as
this paradigm was conducted first. In total, the data collection lasted for ~30 min.

2.3 Stimuli and Design

2.3.1 Social selectivity paradigm

Although at later age points in the BRIGHT project,’! infants were exposed to visual and audi-
tory stimuli in the social selectivity paradigm, at 1 month of age, the paradigm only contained
auditory stimuli, given this was undertaken during sleep.'” Auditory stimuli consisted of both
vocal (social) and nonvocal (nonsocial) sounds, each of which lasted 0.37 to 2.92 s and which
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were presented in clusters of 8 s. Vocal stimuli were comprised of nonspeech but vocal human
sounds (laughter, crying, yawning, and coughing), whereas nonvocal stimuli were environmental
nonsocial sounds (running water, bells, and rattles). Each presentation of vocal or nonvocal
sounds contained four different sounds within that condition, with a baseline preceding each
experimental trial. Both vocal and nonvocal stimuli averaged the same sound intensity and dura-
tion. Further information on the social selectivity paradigm stimuli can be found in Refs. 10 and
56. The condition trials were presented in pseudo-random order [N (nonvocal), V (vocal), V, N,
V,N,N,V,N,V, V,N, V,N, N, V] with a jittered length 10 to 12 s silent baseline period directly
preceding and then after each consecutive trial, with a maximum number of 16 condition trials
presented.

2.3.2 Habituation and novelty detection paradigm

The HaND auditory stimuli consisted of spoken sentences in either English (UK: “Hi baby! How
are you? Are you having fun? Thank you for coming to see us today. We’re very happy to see
you”) or Mandinka (The Gambia: “Denano a be nyadii. I be kongtan-rin? Abaraka bake elan aa
kanan njibee bee, n kntanta bake le ke jeh™). Sentences lasted 8 s in length, with one sentence
counted as one trial, and each trial preceded by a 10-s silent baseline. During the habituation
phase, the sentence was repeated 15 times by a female speaker. During the novelty phase, the
speaker was then changed to a male speaker for five trials, before a final five re-familiarization
trials by the original female speaker. This resulted in a total of 25 trials. The stimuli were
recorded at 48Khz sampling rate before being edited via Audacity software v2.2.1 to normalize
to a peak amplitude of —1 dB SPL. Stimuli were also converted to mono from stereo.

To better capture the response signature of the HaND paradigm, trials were further grouped in
epochs of five trials each, using the same methodology as published analyses of this protocol.'’
Then, epochs were defined as follows: Familiarization 1, from now on labelled as Fam 1, included
trials 1 to 5; Fam 2, with trials 6 to 10; Fam 3, with trials 11 to 15; Novelty, from now on labelled
Nov, with trials 16 to 20; re-familiarization, labelled here re-fam, included trials 21 to 25.

2.3.3 Functional connectivity

After the social selectivity and HaND paradigms were complete, if the infant was still asleep,
functional connectivity data were recorded using the paradigm implemented at older age points.*’
The protocol consisted of playing videos of UK or Gambian (appropriate for each population)
male and female adults signing and singing nursery rhymes (70 s) and of toys in action (e.g.,
rattles and spinning bells/mirrors) (60 s). The sequence was repeated twice, with a maximum
recording time of 260 s. The use of calming videos was chosen to help infants at older timepoints,
who undertook this paradigm awake, to remain calm and still during functional connectivity.
Moreover, this was part of a greater battery of fNIRS paradigms, requiring prolonged stillness,
rendering calming videos important to ensure the validity of collected data. For consistency, these
same stimuli were played at 1 month, even though this was performed while infants were sleep-
ing, and therefore, only the auditory stimuli would have been available.

2.4 fNIRS Pre-processing and Analysis: Social Selectivity and HaND
Paradigms

Post data collection, the optical density datasets were inspected visually for excessive noise and
to ensure all event markers were present. Next, channels with poor quality data were flagged for
exclusion in subsequent analysis using QT-NIRS (https://github.com/lpollonini/qt-nirs) with
cut-off frequencies adjusted to capture infant heart rate [1.5, 3.5] Hz, scalp coupling index
(SCI) = 0.7, and peak spectral power (PSP) = 0.1; channels that did not meet the SCI and
PSP thresholds for at least 70% of their temporal window were flagged. Datasets with more
than 40% flagged channels (more than seven channels) were excluded from further analysis.
The remaining datasets were pre-processed following guidelines for infant research®>° with
Homer2 V2 with a pipeline that included: Spline interpolation (p = 0.99); wavelet denoising
[inter quartile range (IQR) = 0.8], and low-pass filtering, with a cut-off frequency of 0.6 Hz;
and conversion from optical density to oxy- and deoxy-haemoglobin concentration using the
Beer—Lambert law® with wavelength-dependent differential pathelength factors (DPFs) of
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5.22 and 4.23.>7 After pre-processing, only datasets with a minimum number of three trials for
the two conditions of the social selectivity paradigm, and only datasets with a minimum of three
trials in the first and last familiarization epochs (Fam1 and Fam3) of the HaND paradigm con-
tinued to be considered for further analysis.

To understand whether significant differences in activation could be seen across conditions,
channels, and the time course of the hemodynamic response within each paradigm, a threshold-
free cluster enhancement (TFCE) approach was undertaken.®’ Threshold-free cluster enhance-
ment offers benefits compared with other statistical methods, given that it takes a data-driven
approach but also its calculation of spatial clusters based on the distance between channels
(defined as 20 mm in the current study), in contrast to other methods, such as cluster permutation
analysis, which require subjective specification of channels per cluster. TFCE uses statistical
analyses performed on individual hemodynamic responses for generating a channel-wise output
that accounts for both the height (or amplitude) of the response and the extent (or spatial and
temporal characteristics), with neighboring values, therefore contributing to the new value per
channel. In this work, height (parameter /) was set to 2, and extent (parameter e) was set to 1,
following the recommendations by Pernet et al. and Mensen and Khatami.®>%* These are then
developed into p-values, corrected for multiple comparisons [using the Benjamini—Hochberg
correction®; false discovery rate (FDR)], which indicate the significance of each cluster and
can further infer information about time windows during which significant responses are wit-
nessed across the whole temporal hemodynamic response. If a response was found to be sig-
nificant for under 1 s, this was considered not to be robust and did not go forward into further
analyses. In the present study, TFCE was used to both examine group-level outcomes within each
paradigm and to identify the time windows and regions of interest to be used for data extraction
for cross-paradigm analyses. Time windows are calculated using the median, given the preva-
lence of artifacts and outliers in fNIRS data, ensuring chosen time windows are more robust to
such deviations from true activation.

TFCE was run for both condition versus baseline and condition versus condition contrasts.
For the social selectivity paradigm, these included: (1) nonvocal condition (N) > baseline; (2)
vocal condition (V) > baseline; (3) N versus V contrast. Then, in channels with a significant N >
V contrast, a significant N > baseline was required to consider the N > V result as valid; and in
channels with significant V > N, a significant V (> baseline) was required.

For the HaND paradigm, tests included: (1) Faml > baseline; (2) Fam3 > baseline; (3)
Novel > baseline; (4) Faml vs Fam3 contrast (to obtain a Habituation response); and (5)
Novel vs Fam3 contrast (to obtain a novelty detection response). Following the same principle
as in the social paradigm, to consider significant habituation (Fam1 > Fam3), a significant Fam1
(> baseline) was required; and to consider significant novelty detection (Novel > Fam3), a sig-
nificant Novel (>baseline) was required.

2.5 fNIRS Pre-processing and Analysis: Functional Connectivity

Data preprocessing and analysis were carried out in MATLAB (MathWorks, Natick,
Massachusetts, United States) following the same procedure as found in Ref. 20. First, channel
quality was assessed using QT-NIRS (https://github.com/Ipollonini/qt-nirs), with the same
parameter settings as for the Social and HaND data. The raw intensity data were then converted
to optical density (OD) in Homer2 before undergoing bandpass filtering (0.009 to 3 Hz). The
mean of signals across the array was also regressed out using the global signal regression (GSR)
to reduce physiological noise that can infiltrate fNIRS data.>% OD data were then passed
through a second bandpass filter (0.009 to 0.08 Hz), before motion artifact rejection. This
excluded 5 s before and after the artifact occurred and made use of the global variance of tem-
poral derivatives (GVTD, STD = 5) in the NeuroDOT toolbox.®”%® Only infants with a minimum
of 120 s of valid FC data post pre-processing were included in further analysis. Finally, OD data
were converted into HbO and HbR concentrations as above (Delpy et al.®%).

To reduce the number of multiple comparisons incurred at the channel level, the arrays were
partitioned into two regions per hemisphere, as illustrated in Fig. 1, resulting in four regions in
total. The sections were grouped into frontal and temporal regions (for a total of four regions)
based on previous co-registration of the BRIGHT fNIRS arrays.®” Average HbO and HbR con-
centration changes across all channels within each ROI (left frontal, left temporal, right frontal,
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and right temporal) were used to explore connectivity between the regions. For each participant,
the Pearson-r correlation values between all the ROIs were calculated for both HbO and HbR,
resulting in a 4 X 4 matrix of section-pair correlations. Correlation coefficients were computed
for each intra- and inter-hemispheric combination, then Fisher-z transformed. Overall inter-
hemispheric and intra-hemispheric connectivity scores were calculated by averaging the four
inter- and the six intra-hemispheric connectivity measures for each participant. Total intrahemi-
spheric and interhemispheric connectivity was also calculated by summing the total between-
region and within-region correlations.

2.6 Cross-Paradigm Analyses

Once ROIs and time windows driving significant activation had been identified for each para-
digm, these were then used to guide data extraction for cross-paradigm analysis. These analyses
focused on the HbO results. HbR results can be found in Supplementary Material analyses.

For the HaND paradigm, four-second time windows were calculated based on significant
activation in Fam 1, with common channels active in both the UK and the GM cohorts for
Habituation (Fam 1 > Fam 3) extracted. Given the similarity of the ROI and time window where
the strongest haemodynamic response was evident across the two cohorts (see Sec. 3), this was
kept consistent for the cross-paradigm so that responses common across cohorts could be exam-
ined. For the social selectivity paradigm, no activation was found at the condition contrast level in
the GM cohort (see Sec. 3). Therefore, the UK cohort selectivity (N > V) ROI was identified and
used across cohorts, in keeping with Ref. 56, to decipher whether individual variability could still
be picked up in cross-paradigm analyses in the GM cohort despite lack of significance at the
group level. However, given that the time window for the peak of the hemodynamic responses for
both nonvocal and nocal conditions did not overlap between the two cohorts, two different time
windows were selected, as outlined in the results.

Finally, for the functional connectivity paradigm, ROIs were pre-defined in line with other
publications of this data® (Fig. 1). The type of connectivity subsequently identified to be the
strongest drivers (interhemispheric versus intrahemispheric) was then taken forward to be used in
cross-paradigm analyses, post calculation of Fisher’s transformed z-scores. Subsequently,
Pearson correlation coefficients and 7-tests were performed to examine the relationships between
cross-paradigm brain markers.

3 Results

As shown in Fig. 3, in the GM cohort, of the 204 infants enrolled in the project at 1 month of age,
181 infants had fNIRS data collected at 1 month for the social selectivity paradigm, 180 for the
HaND paradigm, and 175 for the FC paradigm. Note that three participants were withdrawn from
the project due to a diagnosis of a developmental delay, and the majority of the 19 participants
who missed a visit did so due to living away from their main family home at the time of the
session (due to giving birth elsewhere) and thus being unable to travel to MRC Keneba.
Following data quality control checks and data pre-processing steps for valid channel and trial
data, 148 had viable social data (81.8% valid), 136 had viable HaND data (75.6% valid), and
122 had FC data (69.7% valid). In the UK cohort, of the 61 infants enrolled in the project at
1 month of age, 58 infants had fNIRS data collected at the one-month visit (56 for the FC para-
digm). Following data quality control checks for infant fuss out, experimental error in script or
headgear placement and the data pre-processing steps for valid channel and trial data 46 infants
had viable social data (79.3% valid), 38 had viable HaND data (65.5% valid), and 41 had valid
FC data (58.9% valid).

Table 1 provides demographics for each subgroup of infants included in each paradigm and
cross-paradigm analysis. For the infants with valid data across all three paradigms, there were 30
in the UK cohort (mean age—33.7 days (SD = 6.232); mean gestational age at birth—38.7 weeks
(SD =3.857); 14 female/16 male) and 107 in the GM cohort (mean age—36.6 days (SD = 6.336;
mean gestational age at birth—38.7 weeks (SD = 1.254); 56 female/51 male).

A two-tailed -test for age and normalized head circumference (HCZ) confirmed no signifi-
cant differences in these variables across analysis subgroups, as defined in Table 1, whereas a
Chi-squared test confirmed no significant difference in the ratios of male and female infants.
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Fig. 3 Reasons for exclusion of participants from the fNIRS analysis from the Gambian (GM) and
UK cohorts across the three paradigms: Social—nonsocial (social), habituation and novelty detec-
tion (HaND), and functional connectivity (FC). The reasons for exclusion included: missed visit—
participant did not attend the 1 month session; No fNIRS—participant attended the session, but
fNIRS data were not collected for all or one of the paradigms; fussed out—infant woke up and cried
during scanning so the recording had to be terminated; experimental error—collected data are
invalid due to missing photos of headgear placement, missing event markers in the data collected
or technical issues; headgear placement—collected data are invalid due to wrong placement of the
fNIRS headgear or a pilot version of the headgear; valid channels—collected data are invalid due
to too few valid channels; valid trials—collected data are invalid due to too few valid trials.

3.1 Within Paradigm-Results

3.1.1 Social selectivity paradigm

GM cohort. For HbO, TFCE analyses revealed left hemispheric temporal clusters with non-
vocal versus baseline (V) significance (channels 4, 5, 6, and 9) (Fig. 4). This was driven by
activation from 8.25 to 16.75 s post-stimulus onset (PST). In the right hemisphere, medial-
posterior clusters drove HbO activity (channels 15, 16, and 18) from 9 to 16 s PST. For
HbR, overlap was found in the left hemisphere, with temporal clusters driving N versus baseline
significance (channels 4, 5, 6, 7, and 9) from 10.5 to 17.25 s PST. In the right hemisphere, frontal
and temporal clusters drove significance (channels 10, 13, 14, 15, and 18) from 10.25 to 17 s
PST. For the vocal versus baseline contrast (V), widespread activity across frontal and temporal
regions drove significant right hemispheric HbO activation from 6.5 to 16 s (channels 10, 13, 15,
16, and 18), but no activation was found in the left hemisphere. Similarly, widespread HbR
activation from 10 to 17 s PST drove activation in the right hemisphere (channels 10, 13, 15,
16, and 18), whereas activation in the left hemisphere was witnessed across a temporal cluster
(channels 6, 7, and 9) from 13.75 to 17 s PST.

When contrasting nonvocal and vocal responses directly, no significance was found in either
direction (N > V, V > N). A summary of these results can be found in Fig. 4.

Overall, median time windows driving N and V significant activity were 6.5 to 16 s post-
stimulus onset for HbO, and 12.25 to 17 s post-stimulus onset for HbR. In TFCE, all significance
reported was at the p < 0.025 level. Subsequently, 4-s time windows were used to extract data for
cross-paradigm analyses. Given the wide time windows identified for HbO and HbR, 4-s win-
dows that fell into the middle of these were used: 9 to 13 s post-stimulus onset for HbO and 13 to
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Table 1 Characteristics of participants included in the analysis of each paradigm, and each cross-
paradigm analysis, for the UK and Gambian cohorts: age (in days), number of female and male
infants, head circumference scores from the World Health Organisation standards (HCZ).

UK GM
Social Age (days, mean + SD) 336 36 +6
Sex (F/M) 20/26 77171
UK: N =46 GM: N = 148 HCZ (mean + SD) 0.69 + 0.89 —0.60 + 0.89
HaND Age (days, mean + SD) 336 36 +6
Sex (F/M) 20/18 73/63
UK: N =38 GM: N = 136 HCZ (mean + SD) 0.70 £ 0.93 —-0.58 + 0.89
FC Age (days, mean + SD) 33+6 36 +6
Sex (F/M) 18/23 63/59
UK: N =41 GM: N =122 HCZ (mean + SD) 0.79 + 0.82 —0.66 + 0.88
Social and HaND Age (days, mean + SD) 34 +6 36 +6
Sex (F/M) 18/18 69/62
UK: N =36 GM: N = 131 HCZ (mean + SD) 0.73 + 0.95 —-0.61 + 0.89
Social and FC Age (days, mean + SD) 33+6 36 +6
Sex (F/M) 17/22 60/57
UK: N =39 GM: N = 117 HCZ (mean + SD) 0.82 + 0.82 —0.66 + 0.88
HaND and FC Age (days, mean + SD) 34 +6 36 +6
Sex (F/M) 15117 57/51
UK: N =32 GM: N = 108 HCZ (mean + SD) 0.85 + 0.87 —0.68 + 0.89
GM UK
N
o%® o o®® °%%
0 5 10 15 0 5 10 15
v
o0 .’.o. . oS
0 5 10 15 0 5 10 15
N>V
Not Significant .: ...O..
0Time (in sec from ;:i)mulus 0:155et)
V>N Not Significant Not Significant

.HbO significant . HbR significant

Fig. 4 Significant channel clusters driving significant activation in the social selectivity paradigm
across GM (left) and UK (right) cohorts. Red indicates channels with significant HbO, blue those
with significant HbR. Bars displaying significant time (in sec from stimulus onset driving activation
can be found below each plot). For the GM cohort, data using the UK ROI N > V was extracted
for the time window of 9 to 13 s (HbO) and 10 to 14 s (HbR). For the UK cohort, this same ROI
was used but with time windows of 5 to 9 s (HbO) and 7 to 11 s (HbR).
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Fig. 5 Group-averaged time course (mean + SEM) across channels found to display significance
in each of the functional paradigms for the GM (a) and the UK (b) cohorts. Stimulus onset occurs
at time—aO0 s. Grey lines indicate the time window for which the mean signal change was calcu-
lated. The top row shows responses for the Social Selectivity paradigm; each plot displays HbO V
(vocal—red) and HbO N (nonvocal—magenta) as well as HbR V (blue) and HbR N (cyan). The
lower row displays responses for the HaND paradigm; each plot displays HbO Fam 1 (red) and
HbO Fam 3 (magenta) as well as HbR Fam 1 (blue) and HbR Fam 3 (cyan) across channels found
to display significance in Fam1 or Fam3 conditions.

17 s post-stimulus onset for HbR. Given that in the GM cohort, no significant contrasts were
found for N > V or V > N, the ROI identified for N > V in the UK was taken, as below, to
explore individual variability in these responses despite the lack of group-level significance.
As shown in Fig. 5, the group grand-averaged HRF across all channels found to show signifi-
cance for each condition would suggest that overall the response to N was larger than V in the
GM cohort. However, both N and V Gambian responses demonstrated considerable ROI overlap
with N and V UK responses, with the left hemisphere demonstrating more variability in channel
activation between N and V conditions versus baseline. This indicates that any effect of N versus
V in the Gambian cohort was more likely to have been driven by left hemispheric activation,
supporting the use of the N > V UK ROI in cross-paradigm analyses (given the overlap, par-
ticularly in the left hemisphere). Time windows of activation, however, were different between
groups and therefore were kept distinct to ensure any activity in the Gambian cohort occurring
below the significance threshold was captured.

UK Cohort.  For HbO similar to the GM cohort, the TFCE analysis revealed widespread acti-
vation in right hemispheric temporal clusters for N versus baseline contrasts (channels 13 to 16,
18) from stimulus onset to 10 s post. Similar to the GM cohort, in the left hemisphere temporal
clusters comprising channels 4, 5, 6, and 7 revealed N versus baseline significance from 4.5. to
9.25 s PST (Fig. 4). Similarly patterns were found for HbR, with right hemispheric temporal
clusters driving significance (channels 13 to 18 inclusive) from 6.75 to 12.5 s PST, whereas
the same temporal cluster as found for HbO (4, 5, 6, 7) drove left hemispheric activation from
6.5 to 11.75 s. For V versus baseline, significant activity was lower, with a right hemispheric
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temporal (channels 15, 16, and 18) driving HbO significance from 4.5 to 9 s PST, whereas
temporal channel 9 was the only channel driving significance in the left hemisphere (4.5 to
10 s PST). For HbR, a posterior temporal right hemispheric cluster (channels 15 and 18) drove
significance from 7 to 13.75 s PST. These responses were broadly similar to the GM cohort,
though evident in a narrowed regional area in each hemisphere.

When contrasting N and V conditions, significant activation in HbO was driven by right
hemispheric temporal clusters (channels 13 to 16) from stimulus onset to 5.25 s after, with only
one channel (4) active for HbO in the left (6 to 6.5 s PST). For HbR, activity was more wide-
spread across temporal regions (channels 13 to 18) in the right hemisphere and located in more
medial temporal channels (4, 5, 7, and 9) in the left hemisphere (right time window: 3 to 12.5 s
PST; left median time window: 6 to 14.5 s PST). For all this activation, N was greater than V, with
V < N not significant for any contrasts.

Subsequently, for cross-paradigm analyses, the ROI identified in N > V was utilized, with
the time window of 5 to 9 s post-stimulus onset used to extract HbO, whereas 7 to 11 s post-
stimulus onset was used for HbR for the UK cohort.

3.1.2 HaND

GM cohort. Habituation: when contrasting Fam1 versus baseline, TFCE revealed significant
activation in HbO driven by a left hemispheric frontal-temporal cluster (channels 1, 4, and 7) and
a singular right hemispheric channel (13) starting 5.75 s PST and ending 10.5 s PST (Fig. 6). For
HbR, a frontal-temporal channel pair (4 and 7) in the left hemisphere drove activation, whereas
the right medial channel 13 drove significance from 5.5 to 12.5 s PST. When contrasting Fam3
with baseline, no channels drove HbO significance, whereas for HbR, left medial-temporal clus-
ters (channels 4, 6, and 9) and right medial-temporal channels (13, 16, and 18) drove significance
from 8.75 to 14.5 s PST.

Fam1
[ ]
.. 4 .. o9
(%)
0 5 10 15 0 5 10 15
Fam3
(¢) o,
(¢
O. o ..
0 5 10 15 0 5 10 15
Fam1>Fam3
[ ]
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0 5 10 15 o 5 10 15
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Novel Not significant Not Significant
Novel > Fam3 Not Significant Not Significant
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Fig. 6 Significant channel-by-channel hemodynamic activation in the HaND paradigm across GM
(left) and UK (right) cohorts. Red indicates channels with significant HbO, blue those with signifi-
cant HbR. A time-bar has also been included, which indicates when significant activity for HbO and
HbR was found for each condition contrast (in seconds from stimulus onset).
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When contrasting Fam1 versus Fam3, a frontal-temporal cluster on the left hemisphere
(channels 1 and 7) drove significant habituation in HbO from 4 to 14 s PST. For HbR, signifi-
cance was driven by a left temporal cluster (channels 4 and 7) and by a singular temporal channel
(channel 13), from 4.5 to 12 s PST.

Novelty: when contrasting novel versus baseline, no significant contrasts were found for
HbO or HbR (Fig. 6). For this cohort, two channels (6 and 16) displayed HbR significance
in the opposite direction to novelty (Fam3 > Nov), from 9.5 to 11.5 s PST, showing continued
habituation to the auditory stimuli regardless of the change in stimuli.

UK cohort. Habituation: when contrasting Fam1 versus baseline, TFCE revealed significant
activation in HbO across a left hemispheric temporal cluster (channels 4 and 7), driven by
activation from 6.5 to 9.5 s PST (Fig. 6). For HbR activity was driven by channel 7 in the left
hemisphere, and temporal clustered channels (15 and 18) in the right hemisphere, from 8 to 14.5 s
PST. When contrasting Fam3 with baseline, clustered right temporal channels 15 and 18 drove
HbO significance from 8.5 to 13.25 s PST, whereas the same channels drove HbR significance
from 9.5 to 16.5 s PST. No channels were identified that continued to show significant changes
during Fam3 in the left hemisphere.

When subsequently contrasting Fam1 versus Fam3, left temporal channels (4 and 7) drove
significant habituation in HbO from 3.5 to 6.75 s PST. For HbR, significance was driven by a
singular left temporal cluster (channel 7) from 4.5 to 14 s PST. This habituation was in a similar
location to the GM cohort in the left hemisphere; however, in contrast to the GM cohort, sig-
nificant habituation was not found in the right hemisphere.

Novelty: similar to the GM cohort, no significant novel versus baseline was found for HbO
or and no significance was found when contrasting novel with Fam3 for this cohort.

Given these results, the identified ROIs with channels showing significant activation to
Fam1> baseline in both the UK and the GM cohorts were then extracted for HbO (channels
4 and 7) and HbR (channel 7), using the following time windows: 6 to 10 s post-stimulus onset
(HbO), and 8 to 12 s post-stimulus onset (HbR), to best capture these data across cohorts. Once
again, only Habituation data were extracted, given the lack of a novelty response in either cohort.

When data were averaged across all channels with significant responses within epoch(s)
and participants, habituation can be seen due to the larger HRF during Fam1 compared with
Fam3 (Fig. 5).

3.1.3 Functional connectivity

GM cohort. Infants demonstrated stronger inter-hemispheric connectivity compared with
intra-hemispheric connectivity (for HbO: average inter-hemispheric connectivity R value across
the different inter-hemispheric ROI pairs averaged across all infants = 0.613, average intra-
hemispheric R = 0.331; for HbR: average inter-hemispheric R = 0.540, average intra-hemispheric
R =0.376). A paired-samples t-test revealed a significant difference between inter- and intra-
hemispheric connectivity (HbO: 7(159) = 17.748, p < 0.001; HbR: 7159y = 12.357, p < 0.001). As
shown in Fig. 7, the majority of individuals in the GM cohort show inter-connectivity to be higher
than intra-connectivity.

When examining which connections drove this stronger inter-hemispheric connectivity, tem-
poral inter-hemispheric connectivity had the strongest correlation (HbO: R = 0.762, HbR:
0.699), whereas between-region inter-hemispheric connectivity moderately correlated (left fron-
tal, right temporal: HbO: R = 0.528, HbR: 0.521, right frontal, left temporal: HbO: R = 0.506,
HbR: 0.532). By contrast, frontal inter-hemispheric connectivity had a weak correlation (HbO:
R = 0.012, HbR: 0.025) (Fig. 7).

Repeated measures ANOVA revealed a significant effect of region on inter-hemispheric
connectivity, such that temporal inter-hemispheric connectivity was significantly stronger than
frontal and between-region inter-hemispheric connectivity. Significance was maintained upon
corrected degrees of freedom [using Greenhouse-Geisser, given assumptions of sphericity were
violated (F'(129,3) = 23.63, p <0.0001)], with region accounting for a moderate proportion of

the variance in within-subject inter-hemispheric connectivity (#>_G = 0.12). Post-hoc tests
(FDR corrected for multiple comparisons) revealed significant differences between temporal
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Fig. 7 Inter- and intra-hemispheric connectivity for Gambian (top) and UK (bottom) infants. In pan-
els (a) (HbR) and (b) (HbO), the overall grand-averaged inter- and intra-hemispheric connectivity
values are displayed for each infant (one line per infant). In panel (c), a visual representation of
the approximate strength of regionally specific inter-hemispheric connections are depicted (with
the largest weighted arrows indicating large R values (> 0.62), the medium weighted arrows indi-
cating medium R values (0.5 to 0.62) and the smallest weighted arrows indicating low R values
(< 0.1); green—frontal-frontal; pink—frontal-temporal; orange—temporal-temporal).

inter-hemispheric connectivity (IHC) and: (i) frontal IHC (7,5 3) = 8.286, p <0.0001), (ii)
right frontal-left temporal IHC (7(129, 3y = 3.586, p < 0.001), and (iii) left frontal-right temporal
IHC (7(120,3) = 2.854, p <0.01). HbR results confirmed the same patters on the repeated mea-
sures ANOVA (F (159, 3) = 4.70, p <0.0001, #*_G = 0.10) and FDR corrected post-hoc tests
contrasting inter-temporal connectivity with frontal IHC (7150 3y = 7.218, p <0.0001), right
frontal-left temporal IHC (#(15, 3y = 2.812, p <0.01), and left frontal-right temporal IHC
(t(l20’ 3) = 2.232, p <0.05).

Given the significance of inter-hemispheric connections at both the total and regional level,
these correlations were taken forward for cross-paradigm analyses.

UK cohort.  The same overall patterns observed in Gambian infants were found in the UK, with
stronger inter-hemispheric connectivity than intra-hemispheric connectivity reported on average
(for HbO: inter-hemispheric R = 0.562, average intra-hemispheric R = 0.272; for HbR: inter-
hemispheric R = 0.577, intra-hemispheric R = 0.314). A paired-samples ¢-test revealed a sig-
nificant difference between inter- and intra-hemispheric connectivity (for HbO: #(49) = 9.271,
p <0.001, HbR: #49) = 6.563, p <0.001). As shown in Fig. 7, the majority of individuals
in the UK show inter-connectivity to be higher than intra-connectivity.

When examining which connections drove stronger inter-hemispheric connectivity, tempo-
ral IHC had the strongest correlation (HbO: R = 0.748, HbR: 0.636), whereas between regions
IHC moderately correlated (left frontal, right temporal: HbO: R = 0.550, HbR: 0.606, right fron-
tal, left temporal HbO: R = 0.590, HbR: 0.618), and frontal IHC was weak (HbO: R = 0.007,
HbR: 0.086) (Fig. 7).

A repeated measures ANOVA using corrected degrees of freedom (Greenhouse-Geisser)
found a significant difference across inter-hemispheric connections for HbO (F 3, 3) = 10.321,
p <0.0001), with between-region differences accounting for a moderate amount of the within-
participant variance (n>_G = 0.20). Post-hoc pairwise comparisons, FDR-corrected for multi-
ple testing, indicated that this effect was primarily driven by significantly greater inter-temporal
connectivity compared with inter-frontal connectivity (73;3) = 5.94, p <0.0001) and right
frontal-left temporal (73 3) = 2.359, p < 0.05). Differences between inter-temporal and left
frontal-right temporal connections did not reach significance.
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HDR results confirmed the same patterns on the repeated measures ANOVA (F (3 3) = 1.813,

p < 0.0001, #>_G = 0.031), although FDR corrected post-hoc tests found no significant contrasts
between inter-temporal connectivity and IHC between other regions.

As in the GM cohort, the significance of inter-hemispheric connections at both the total and
regional levels meant these correlations were taken forward for cross-paradigm analyses.

3.2 Cross-Paradigm Analyses

3.2.1 Functional activation paradigms

Is condition selectivity in the social paradigm correlated with habituation to repeating
condition trials in the HaND paradigm? To examine for condition selectivity, contrasts were
extracted for each paradigm examining: associations between nonvocal versus vocal responses
(social paradigm) and Faml versus Fam3 (HaND paradigm). No significant correlations were
found between habituation and nonvocal/vocal selectivity, for either cohort.

3.2.2 Functional activation and functional connectivity

Do HaND or social paradigm responses relate to functional connectivity? In the HaND
paradigm, no associations were found between total interhemispheric connectivity and habitua-
tion for either cohort. However, given the significant difference between temporal and
frontal interhemispheric connectivity within ROIs, this was further explored at the region level.
Temporal IHC negatively correlated with habituation on the HaND paradigm, post Bonferroni
correction (R = —0.197, p = 0.0415, n = 107, 95% CI: —0.271 to —0.005) for the GM, but not
UK (R =0.017, p =0.9271, n =31, 95% CI: —0.176 to 0.192), cohort (Fig. 8). Although
this association suggests that the strength of temporal interhemispheric FC may relate to
whether infants dishabituate during sleep (39.8%) or habituate (60.2%) across repeating trials
in the HaND paradigm, these results are borderline significant with a low effect size and should
therefore be taken with caution. No other associations were found to be significant in this
paradigm.

In the social selectivity paradigm, no associations were found between total interhemi-
spheric connectivity and selectivity for either cohort. However, as with the HaND paradigm,
given the association between temporal and frontal interhemispheric connectivity, this was
further explored at the region level. Contrasting left frontal-right temporal inter-hemispheric
connectivity with nonvocal selectivity (N — V) revealed a significant negative correlation
(R = —-0.453, p =0.008, n = 32, 95% CI. —0.528 to —0.086), of medium effect size, in the
UK cohort (Fig. 8), showing that those infants with stronger vocal selectivity had stronger

o

5

o

0

Interhemispheric Connectivity (Temporal)
Interhemispheric Connectivity (L Frontal | R Temporal)

) 3 1 A 0 1

Fam1 —FamOS (uM) N-V (uM)

Fig. 8 Scatterplots showing the correlation between the functional paradigm HbO responses and
HbO interhemispheric connectivity (y-axis), with lines of best fit and 95% confidence intervals for
the GM (orange) and UK (green) cohorts. Panel (a) shows the temporal inter-hemispheric
connectivity and the averaged habituation response (Fam1 > Fam3), with a positive value on the
x-axis indicating higher habituation across trials. Panel (b) shows the regionally specific inter-
hemispheric connectivity between the left frontal and right temporal regions and strength of
nonvocal selectivity (nonvocal > vocal contrast) with a negative value on the x-axis indicating
higher social selectivity and a positive value indicating higher nonsocial selectivity.
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inter-hemispheric connectivity. In the GM, the same negative association could be seen (Fig. 8);
however, this did not reach significance (R = —0.132, p = 0.156, n = 107, 95% CI: —0.239 to
0.039). No other associations were found to be significant.

4 Discussion

The present study examined early infant brain imaging data from infant cohorts from two dif-
ferent socio-economic and culturally diverse settings, two contrasting populations (Gambia and
the UK), across three different neuroimaging paradigms to better understand early markers of
neonatal neurodevelopment. This work additionally aimed to ascertain whether cross-paradigm
correlates can provide more insights into infant brain maturation, and to aid understanding of
whether differences in such developmental markers vary across settings.

Within individual paradigms, infants across The Gambia and UK had some overlapping
responses: (i) both cohorts demonstrated significant habituation to an auditory HaND paradigm,
with responses strongest in the left hemispheric temporal regions, (ii) neither cohort were found
to have significant novelty detection, (iii) for the social selectivity paradigm, infants demon-
strated relatively widespread, bilateral activation in response to nonvocal stimuli, whereas vocal
responses were more robustly lateralized to the right hemisphere (a greater number of channels
activated in the right compared with the left hemisphere for vocal stimuli with both HbO and
HbR significant), and (iv) for the functional connectivity paradigm, inter-hemispheric connec-
tivity was stronger than intra-hemispheric connectivity at the group level, with this particular
result driven by temporal compared with frontal, inter-hemispheric connections. Although a
number of between-cohort similarities were evident at 1 month of age, two main differences
were noted: (1) Gambian infants did not demonstrate any significant contrast to nonvocal versus
vocal stimuli in the social paradigm at the group level, whereas UK infants reported nonvocal
selectivity; and (2) Gambian infants continued to habituate across novelty trials at the group
level, suggesting that a change in stimulus was not detected.

For the cross paradigm analyses, there were two main findings. First, no associations were
found between the functional paradigms, revealing that social auditory selectivity to individual
sounds did not associate with patterns of habituation to repeating speech in longer form sentences
at one month of age. This supports the hypothesis that individual responses across these para-
digms are distinct, do not interrogate similar cognitive processes, and are therefore each able to
identify a unique biomarker of early development. Second, left frontal-right temporal inter-
hemispheric connectivity associated with social selectivity (in the UK, and trending in the
Gambia cohort), showing that those infants with stronger vocal selectivity had stronger overall
inter-hemispheric connectivity. This supports the hypothesis that those infants with more mature
connectivity profiles show more rapid specialization of social discrimination responses.

One-to-five-day-old infants have been found to display widespread neural habituation to
repeated auditory stimuli, whereas by 5 months of age, this effect has been localized to left hemi-
spheric temporal regions.'”’" The results from the present study indicate that such left hemi-
spheric localization could emerge within the first month of life and that this may be consistent
across infants from two very diverse global populations. In contrast to habituation, significant
novelty responses were not found in either cohort in the HaND paradigm at this age point.
In analyses of longitudinal profiles of the HaND responses of this same BRIGHT cohort at later
age points (5, 8, 12, and 18 months and 2 and 3-5 years), novelty was reported to begin to emerge
by 5 months of age in UK infants, although across the first years of life, this development was
nonlinear.'** By contrast, in Gambian infants, novelty detection emerged by 18-24 months of
age,” and in line with the current findings, infants continued to habituate across novelty trials up
to 12 months of age. This could indicate that, although similar developmental markers in HaND
are apparent at 1 month of age and demonstrate early localization of habituation, discrepancies
may begin to emerge and strengthen across the first year of life.

Although patterns of habituation and novelty detection were broadly similar across cohorts
at 1 month of age, group responses to the social selectivity paradigm were already notably differ-
ent. In line with previous findings that nonvocal selectivity precedes vocal,®’"’ infants in the
UK demonstrated nonvocal selectivity. Gambian infants did not show this response at the group
level, which is surprising given that in a previous study in a different cohort of 1-month-old
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Gambian infants, nonsocial selectivity was evident.'®® During pregnancy, processing of pro-
sodic sounds is supported by a functionally active but relatively immature, posterior auditory
network that operates via bottom-up processing.”® Postnatally, auditory stimuli take on a new
intensity and complexity, and the auditory network transitions to a frontal-temporal, top-down
network, which facilitates enhanced encoding and decoding of auditory stimuli.”® Interestingly,
the cross-paradigm analyses revealed a high degree of individual variability in the social-
selective response, with some infants evidencing vocal > nonvocal selectivity and others show-
ing nonvocal > vocal selectivity across both cohorts. Therefore, the different group-level findings
seen across different studies could reflect the high degree of individual variance evident in the
first months of life, and by extension, may indicate that vocal selectivity is an early marker of
brain maturity. Longitudinal research of the Gambian BRIGHT cohort supports this further, with
these infants specializing toward social selectivity from 5 months onward, across the first years of
life.>! By contrast, in a different UK cohort, reduced social selectivity at 4 to 6 months of age has
been associated with elevated risk of autism and ADHD, indicating that the emergence of social/
vocal selectivity, particularly in the first 5 months of life, may be influenced by a range of neuro-
developmental factors.”* Given that early developmental trajectories are not linear and the array
of environmental stimuli that might impact such development may carry different influences
depending on their pervasiveness, further research directly evaluating how vocal-nonvocal selec-
tivity maps onto later developmental outcomes is needed to confirm whether vocal selectivity at
1 month does indeed reflect maturity in this cohort.

Early life brain responses to auditory stimuli and language have been shown to be heavily
dependent on environmental exposures to auditory stimuli such as conversational turns as well as
to nonvocal and nonsocial noise, with subsequent impacts upon the development of stimuli-
related responses as well as underlying interhemispheric connectivity.*>**’* When considering
both differences in social paradigm responses across cohorts, as well as divergent cross-paradigm
findings, these results could reflect the different home exposures more likely experienced across
these two cultures. In the Gambian West Kiang region, the average family unit is comprised of 16
members, with exposure to a higher density and diversity of auditory stimuli more probable given
the proximity of many people living together.*’ By contrast, most UK participants were from
middle-class families that were typically comprised of two adults, which may limit social and
auditory exposures more heavily toward dense interactions with a lower number of social part-
ners in the first month of life. Although cohort differences were not statistically examined in the
present study, disparities in these home environments could, understandably, yield different brain
responses across paradigms. This may be especially true given that different social settings and
exposure to higher versus lower numbers of adults likely impacted the amount of infant-directed
speech that occurred, on average, across households and settings, which in turn could have
impacted early vocal and nonvocal speech processing.***”® This is further supported by the
cross-paradigm results discussed below. However, differences in sample sizes and heterogeneity
within samples could also have contributed to divergent cohort findings. Although it was the UK
sample—not the Gambian sample—that was limited by size, increasing the risk of type two error,
high heterogeneity and variance both in N and V responses, as well as site-specific differences in
fNIRS signal quality due to hair and skin characteristics, could have worked to attenuate power
and the ability to detect differences at the Gambian group level. Moreover, just as the discussed
differences in auditory exposures between settings may have impacted cohort social responses,
micronutrient deficiencies and other contextual variables may be of similar importance to explore
in future research. Further studies of the BRIGHT cohort have observed differences in micro-
nutrient status, with a high proportion of Gambian infants displaying iron deficiency over the
first year of life.”>’> Discrepancies in nutritional status, as well as in other environmental factors
that may differ across cohorts—for example, water quality, infection exposure, environmental
pollutants—could influence cognitive and auditory system development and could underlie sub-
sequent cohort differences.”>’> Therefore, although early exposures to different social stimuli and
caregiving environments likely influence early social selectivity across cohorts, future research
that incorporates pertinent, contextual variables beyond these is needed.

Previous research into functional connectivity has indicated that intra-hemispheric connec-
tions precede the growth of inter-hemispheric connections in early development, with short-
range, intra-hemispheric connectivity more prevalent prenatally and thought to support local
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specialization of brain regions. Postnatally, intra-hemispheric connections decrease via synaptic
pruning, whereas longer-range inter-hemispheric connections develop, helping to integrate more
global networks over the first years of postnatal life.”**>** Given that inter-hemispheric connec-
tivity is posited to be a marker of infant age or brain maturity in early development, the present
study’s findings across both Gambian and UK cohorts align with this early postnatal transition.
Such connectivity appeared to be primarily driven by temporal connectivity when compared with
frontal and inter-regional connections, with this holding true across cohorts. Furthermore, the
strongest inter-regional connectivity was found to be between the right temporal and left frontal
regions. In addition, social selectivity was found to associate with the individual variance in inter-
hemispheric right temporal to left frontal connectivity patterns. Compellingly, rapid maturation
in left frontal to right hemisphere connectivity has been previously reported as being associated
with auditory network transitions to a frontal-temporal, top-down network.”

Some limitations need to be acknowledged. Although we explored similarities and differ-
ences among responses across infant cohorts as potentially being driven by individual dif-
ferences in developmental specialization and maturity of brain connectivity, as well as the result
of environmental influence, several methodological factors could have underlined these findings
as well. Discrepancies between study results across our cohorts, and relative to previous findings,
could be due to changes in fNIRS preprocessing and analysis pipelines, or differences in sample
size. Furthermore, given that all paradigms were undertaken during infant sleep, the associations
(or lack of) found could be influenced by infant sleep stages. This is especially the case given that
paradigms were conducted in the same order at each presentation, which may alter the likelihood
of certain sleep stages being linked to particular paradigms and which, in turn, can impact the
functional brain networks activated.*>’*"” Although examination of sleep stages went beyond the
scope of the present study, a separate paper analyzing the impact of sleep stages on paradigm
responses explores this factor.”® In a subsample of participants with valid fNIRS data and sleep
staging (coded for all infants with codable video recordings following the infant states classi-
fication described in the Neonatal Behavioural Assessment Scale coding system’”), Rozhko
et al.”® found no significant sleep stage effects on the responses to the social paradigm, either
on the activation to each condition or to the condition contrasts in either cohort. However, contra-
dictory effects of sleep stage on the response to the HaND paradigm were found: the UK infants
showed stronger responses to Fam1 in active sleep (AS), but no significant effect on Habituation
was reported; by contrast, Gambian infants showed stronger responses to Faml and stronger
habituation in quiet sleep (Q). Unfortunately, the number of infants with stable sleep stages
during the FC paradigm was very low, and the assessment of the effect of sleep staging on
FC was not reported. Although more infants in the GM cohort subgroup were in AS during
the social paradigm at the start of the session (AS/QS = 1.5), most with available sleep data
had transitioned to deeper QS at the end of the session (in the FC paradigm, AS/QS = 0.2).
Although the same trend was observed in the UK infants from the social to the HaND paradigms,
the overall trend from the beginning to the end of the session was negligible (social AS/QS = 1.4,
FC AS/QS =1.5). Again, limitations in sleep stage coding in the FC paradigm should evoke
caution when interpreting these results. Nevertheless, we can conclude that it is likely that infants
were not in the same sleep stage throughout the session, which may have affected our results.
Where sleep coding data were available, it appeared that a relatively even number of infants were
in AS and QS, within each paradigm and cohort. This may limit the impact of sleep stage on
group-level results but could impact cross-paradigm analyses.

A second limitation is that the UK sample (n = 30) was much smaller than the Gambian
(n = 107), resulting in lower power of statistical analyses in the former cohort. This could also
have contributed to the risk of type two error in the UK cohort, with it possible that some
significant findings were not uncovered and thus limiting the generalizability of findings in
the UK cohort. However, given that no statistical cohort comparisons were undertaken,
differences in sample size should not have impacted group differences further. Third, although
not directly a limitation, it should be noted that although functional paradigms (HaND and
Social) underwent the same pre-processing pipeline, the same could not be done for functional
connectivity data, given the differences in extracted features and the nature of this data.
Although consistency was observed where possible, for example, in toolbox and parameter
settings, overall differences in the approach to this data reduced the extent to which this could
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be done and could have impacted the comparability of results. Finally, much of this research
was exploratory, given its novelty.

The present study had a number of strengths, including the inclusion of two cohorts of
infants, from contrasting global populations and settings, but using identical testing protocols,
paradigms, and analyses; its use of threshold-free cluster enhancement to identify regions of
interest and time-windows; its use of cross-paradigm analyses that utilized comparable pre-
processing pipelines, and its examination of infant outcomes at the very early time-point of
1 month of age. The present study also highlighted measures upon which infant outcomes may
be comparable across settings, as well as those areas where early developmental trajectories may
already diverge. Important takeaways about early infant developmental trajectories and markers
of maturation across contexts were identified.

5 Conclusion

Overall, the current study determined that: (i) more robust habituation and greater vocal selec-
tivity (UK) as well as higher rates of inter-hemispheric and integrated regional connectivity
(UK and GM) may represent more mature brain development in the first months of life,
(ii) use of these markers together may give deeper and more robust insights into neurodeve-
lopmental trajectories compared with examining each marker alone, (iii) Gambian and UK
infants already demonstrate some divergence in their neurodevelopmental trajectories at 1 month
of age, and (iv) these differences may highlight more optimal or pertinent markers of neurode-
velopment in infants from different global settings. Future research could benefit from repeating
the same analyses at later time points in the BRIGHT Project to understand whether the identified
markers across cohorts develop longitudinally both within and across paradigms. Moreover, the
inclusion of contextual variables to identify those most pertinent environmental exposures across,
or between, settings would help improve understanding of whether differences across cohorts are
optimally adaptive or, in some instances, may reflect the early emergence of developmental delay
or diversity. Nonetheless, this study is one of the first to demonstrate task-specific response pat-
terns and group-level differences in an extensive neuroimaging battery during the neonatal
period, holding the potential to inform the future use of these markers in early identification
and intervention.
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Code and Data Availability

As per the BRIGHT Protocol paper,'” we provide the following information. We recognize the
importance of maximizing outputs from the data collected in the BRIGHT project, both by serving
the participants and communities that have agreed to partake in this research and the wider sci-
entific community by providing access to the collected data for further analysis. Access to any data
collected during or generated by the BRIGHT project is fully audited and, to ensure data security, is
overseen by the data management team in the UK and The Gambia. Although data sharing is
critically important to maximizing the benefit of research, we must also consider the need to protect
the confidentiality of this sensitive group (particularly the infants within the mother-infant dyads,
who, as minors, do not consent for themselves). Furthermore, to generate maximum value from
this dataset, we must link data points together (i.e., NIRS/EEG data with outcome data or con-
textual factor data). Due to the nature of the data being collected (i.e., collected from a specific
geographical location, longitudinal dataset of several datapoints), the majority of the data cannot
be fully de-identified under the guidance included in the European General Data Protection
Regulation (GDPR).

The data used to support this study are stored in the Brain Imaging for Global Health Data
Repository. The conditions of our ethics approval do not allow public archiving of pseudonymized
study data. The data cannot be fully anonymized due to the nature of combined sources of infor-
mation, such as neuroimaging, sociodemographic, geographic, and health measures, making it
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possible to attribute data to specific individuals, and hence, falling under personal information,
the release of which would not be compliant with GDPR guidelines unless additional participant
consent forms are completed. Our data sharing procedures were created in consultation with
stakeholders and external consultation (Begum-Ali et al.%).

Collaborations are encouraged, and projects are evaluated primarily on their consistency with
the ethical principles and aims of the project that the families signed up to when partaking in this
study. All planned analyses (both internal to the BRIGHT team and external) are pre-specified
either on an internal database monitored by our management committee or via web-based
pre-registration platforms. These procedures continue to be evaluated annually and updated to
optimize the BRIGHT Project’s value to the scientific community and public priorities. To access
the data, interested readers should contact the BRIGHT coordinator on our website at Ref. 81 or
via https://github.com/globalfnirs Access will be granted to named individuals following ethical pro-
cedures governing the reuse of sensitive data. Specifically, requestors must pre-register their pro-
posal and clearly explain the purpose of the analysis so as to ensure that the purpose and nature of
the research is consistent with that to which participating families originally consented. In addition,
requestors must complete and sign a data sharing agreement to ensure data is stored securely.
Approved projects would need to adhere to the BRIGHT project’s policies on ethics, data sharing,
authorship, and publication.
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