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ARTICLE INFO ABSTRACT
Keywords: Introduction: Habituation and novelty detection are two fundamental and widely studied neurocognitive pro-
Habituation cesses. Whilst neural responses to repetitive and novel sensory input have been well-documented across a range
g\;"’eshy detection of neuroimaging modalities, it is not yet fully understood how well these different modalities are able to de-
IR

scribe consistent neural response patterns. This is particularly true for infants and young children, as different
assessment modalities might show differential sensitivity to underlying neural processes across age. Thus far,
many neurodevelopmental studies are limited in either sample size, longitudinal scope or breadth of measures
employed, impeding investigations of how well common developmental trends can be captured via different
methods.

Method: This study assessed habituation and novelty detection in N = 204 infants using EEG and fNIRS measured
in two separate paradigms, but within the same study visit, at 1, 5 and 18 months of age in an infant cohort in
rural Gambia. EEG was acquired during an auditory oddball paradigm during which infants were presented with
Frequent, Infrequent and Trial Unique sounds. In the fNIRS paradigm, infants were familiarised to a sentence
of infant-directed speech, novelty detection was assessed via a change in speaker. Indices for habituation and
novelty detection were extracted for both EEG and NIRS

Results: We found evidence for weak to medium positive correlations between responses on the fNIRS and the
EEG paradigms for indices of both habituation and novelty detection at most age points. Habituation indices
correlated across modalities at 1 month and 5 months but not 18 months of age, and novelty responses were
significantly correlated at 5 months and 18 months, but not at 1 month. Infants who showed robust habituation
responses also showed robust novelty responses across both assessment modalities.

Discussion: This study is the first to examine concurrent correlations across two neuroimaging modalities across
several longitudinal age points. Examining habituation and novelty detection, we show that despite the use of
two different testing modalities, stimuli and timescale, it is possible to extract common neural metrics across
a wide age range in infants. We suggest that these positive correlations might be strongest at times of greatest
developmental change.
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1. Introduction

Habituation and novelty detection are two core processes of neurode-
velopment. The bias to prioritise stimuli that have not been previously
encountered aids identification of meaningful signals, while not expend-
ing energy on recurrent but inconsequential stimuli (Eisenstein et al.,
2001). Neural response suppression to repeated sensory input and
increased responses to novel stimuli serves as an efficient means
of directing attention and thus promote learning (Rovee-Collier and
Cuevas, 2008). Being tightly bound to an organism’s survival, habitu-
ation represents a low-level but crucial process, that has been studied
across diverse species such as sea slugs (Castellucci et al., 1970), fruit
flies (Duerr et al., 1982) as well as rats (Pilz et al., 1996) and primates
(e.g., Baylis and Rolls, 1987, Miller et al., 1991).

Neural habituation and novelty detection responses have been well
documented across the lifespan (for a review see Nordt et al., 2016), and
across assessment modalities including functional magnetic resonance
imaging (e.g., Bruckner et al., 1998), functional near infrared spec-
troscopy (fNIRS, Nakano et al., 2009), electroencephalography (EEG,
e.g., Jacob et al., 2019) and magnetoencephalography (Ishai et al.,
2006). Habituation and novelty detection provide good candidate pro-
cesses for longitudinal studies from early infancy onwards: responses
can be obtained in absence of overt behavioural responses from birth
and can then be longitudinally studied using the same paradigms across
wide age-ranges. However, there is a further need to validate indices
across assessment modalities to examine whether the underlying cog-
nitive constructs can be robustly assessed. This is particularly true for
infants and children, as it is currently not known whether develop-
mental effects are indicating the sensitivity of one modality at a spe-
cific age point or are capturing true underlying neurodevelopmental
changes. The current study aims to begin to fill this gap, by longitu-
dinally assessing neural specialisation associated with habituation and
novelty detection at 1, 5 and 18 months of age in an infant cohort in
The Gambia, West Africa. We examined whether indices from two neu-
roimaging modalities (fNIRS and EEG), capture similar developmental
changes on group level, and whether infants’ individual responses in
one modality correspond with their response in the other. Exploiting
the strengths of each assessment modality, such an investigation could
further inform our understanding of how brain function in response to
habituation and novelty detection changes over time. Additionally, it
could elucidate which functional changes are associated with a devel-
opmental change in the underlying neural circuitry associated with both
processes.

1.1. Validation of assessment instruments and early neural measures

Even though both EEG and fNIRS have proven to be invaluable neu-
rocognitive assessment tools during infancy and childhood, cross-modal
studies assessing corresponding neural metrics across both measures are
still rare. EEG provides a direct, highly temporally resolved measure of
rapid changes in the functional activation of populations of neurons.
Where a sufficiently high number of electrodes are being used, it is
possible to also draw spatial inferences from the data (e.g., Xie et al.,
2018). Data gathered in children and infants however is oftentimes re-
stricted to low-density recordings, making spatial inferences based on
EEG challenging. fNIRS on the other hand, provides a more spatially,
but less temporally, resolved measure of the haemodynamic response
occurring in relation to neuronal activation. It can therefore enable a
better structure-to-function mapping, that is oftentimes not possible to
achieve with infant EEG. Using the two methods in conjunction holds
the potential to examine both the temporal changes in neuronal activa-
tion as it occurs and draw inferences about the spatial localisation of
these processes, enabling a more complete picture of how activation in
certain structures changes across development.

In clinical contexts, several studies have utilised concurrent fNIRS
and EEG recordings to better understand haemodynamic response
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changes accompanying atypical electrophysiological activity (Bourel-
Ponchel et al., 2017; Singh et al., 2014). However, adapting this clinical
approach to a concurrent recording of paradigm- based designs poses
challenges in terms of the timescale of the measured signal for EEG and
fNIRS responses: while EEG and event related potentials (ERPs) allow for
the presentation of a great number of stimuli presented approximately at
a rate of one per 1-3 s, the haemodynamic response measured by fNIRS
unfolds much more slowly and is usually captured during presentation
of trials 5-20 s in length (Lloyd-Fox et al., 2010). This difference there-
fore necessitates the adaptation of stimulus timing to elicit meaningful
responses in both modalities. Some important groundwork has been ac-
complished by Chen et al. (2015) in healthy adult participants: using
a simultaneous set up of recording EEG and fNIRS, they demonstrated
that the fNIRS signal showed regional specificity of activation over au-
ditory and visual cortex, and that the degree of this regional specificity
was associated with the magnitude of simultaneously recorded visually
and auditory evoked potentials. Their study thus highlighted how using
fNIRS and EEG concurrently can enable inferences on spatial (fNIRS)
and functional (EEG) specificity of low-level neurosensory processes.
Combined fNIRS/EEG approaches have also proven useful in studies
on infants. For example, Telkemeyer et al. (2009) found differential ef-
fects for their EEG and fNIRS measures when presenting healthy new-
borns with auditory stimuli of varying durations. Differential haemo-
dynamic responses over bilateral temporal cortex were measured via
fNIRS, whereas no discriminatory pattern for stimulus duration could
be found via the auditory evoked potentials. The authors concluded that
this difference between the modalities might have been seen because au-
ditory evoked potentials only reflect change detection during the initial
presentation of a stimulus, and thus may not be a sensitive measure for
condition differences such as the ones presented in this study. An exam-
ination of later EEG components might thus provide a better index of
differential stimulus conditions. Obrig et al. (2017) demonstrated paral-
lel effects in both modalities on an associative word-learning paradigm
in 6-month-old infants, with both measures showing evidence for non-
word learning over repeated sessions. However, a recent study in 18-
month-old infants using a similar methodological set-up, Steber and
Rossi (2020) found differential responses for linguistically legal vs. il-
legal pseudo-words in the infant’s ERP, but no differential responses in
their fNIRS signal. The authors suggest that these results could be asso-
ciated with methodological limitations (specifically the stimulus timing
required in parallel EEG/{NIRS recording) or be developmental in na-
ture, with 18-month-old infants showing less robust neural responses to
linguistic rule-violations than younger infants. These studies provide a
crucial starting point in demonstrating cross-sectionally how EEG and
fNIRS in conjunction can inform our understanding of early neurode-
velopment. In summary, they highlight the need for further investiga-
tions of longitudinal changes in cross-modal associations over develop-
ment. These would hold potential to understand whether certain devel-
opmental effects can be seen in different modalities at different ages,
or whether they co-occur robustly across infancy. While this work on
parallel recordings is currently underway, approaches whereby indices
from each modality are measured sequentially one after the other can
provide a first insight into common developmental trends as assessed by
different measures. One limiting factor in this line of research is that the
estimation of robust neurodevelopmental trajectories across more than
one assessment modality is rarely feasible. Where such investigations are
possible, sample sizes are often limited, which in context of higher rates
of data rejection in infancy research, can pose a challenge when seeking
to define longitudinal developmental trajectories. The current study as-
sesses correlations between EEG and fNIRS responses measured sequen-
tially within the same day within a longitudinal infant cohort at 1, 5 and
18 months of age. Hereby, we make use of a recent move towards study-
ing neurodevelopment in large-scale infant cohorts in low-and middle-
income countries, as this provides an ideal context to address questions
regarding the robustness of different neurodevelopmental metrics across
a wide developmental time window.
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1.2. Large- scale global health studies provide framework for longitudinal,
cross-modal investigations

Over recent years, an increasing number of projects have begun
to examine neurodevelopment in low-and middle-income countries
(Larson et al., 2019; Turesky et al., 2020; Wijeakumar et al., 2019;
Xie et al., 2019). Neuroimaging represents a crucial tool in studying
young infants from diverse cultural backgrounds: paradigms can be de-
signed to make fewer assumptions on children’s day to day experiences,
which may vary vastly within and across cultures. This is in contrast to
many neurobehavioural assessments, which tend to be rooted in object-
based infant-adult interaction or play, and thus require careful adapta-
tion for each study setting (Milosavljevic et al., 2019). As shown by a
recent review of infant neuroimaging studies (Azhari et al., 2020), the
vast majority of neuroimaging research is carried out in high-income
countries, with longitudinal study designs still being uncommon. A new
generation of studies examining infant development in at-risk popula-
tions in low-and middle-income settings may thus provide a set up to
investigate neurodevelopmental changes in large, longitudinal cohorts,
tapping comprehensive assessment protocols including multiple assess-
ment modalities.

The current study was conducted as part of the Brain Imaging
for Global Health (BRIGHT, globalfnirs.org/the-bright-project/) study,
which followed two infant cohorts from birth to two years of age liv-
ing within, or near to, Cambridge in the UK and Keneba, in a rural re-
gion of The Gambia. The BRIGHT study protocol encompassed fNIRS
and EEG measures, as well as eye tracking and a comprehensive set
of neurobehavioural measures (Neonatal Behavioural Assessment Scale,
Mullen Scales of Early Learning [MSEL], Language Environment Anal-
ysis, Parent Child Interaction). Further, infants’ growth and nutritional
status were measured at regular intervals. Using indices from two differ-
ent neuroimaging paradigms within the BRIGHT study, early analyses
by our group have examined developmental changes in habituation and
novelty detection in The Gambia using fNIRS (Lloyd-Fox et al., 2019)
and EEG (Katus et al., 2020). Our previous work using EEG has relied
on an auditory oddball paradigm, in which infants were presented with
frequent, infrequent but repetitive and trial unique, novel sounds. This
allowed us to compare developmental changes in infants’ response to in-
frequent but repetitive and trial unique, novel stimuli. Examining neu-
rodevelopmental changes in infants’ ERP between 1 and 5 months of
age, we showed that at the group level, infants in the Gambian cohort
showed less of a developmental change towards a mature neural nov-
elty response compared to the UK cohort (Katus et al., 2020). Whereas
both groups showed large ERP P3 responses to infrequent, repetitive
sounds at 1 month of age, only the UK cohort showed a developmental
change towards a larger ERP P3 to trial unique sounds at the 5-month
age point. The response patterns observed in the Gambian cohort is
in contrast to prior reports in the literature from high-income settings,
which describe the emergence of a robust novelty-based response (larger
ERP P3 to trial unique than infrequent sounds) from around 2 months
of age (Otte et al., 2013; van den Heuvel et al., 2015). For example,
Otte et al. (2013) report that their 2-month-old participants showed a
larger ERP P3 response to trial unique, novel compared to infrequent,
repetitive sounds. Similarly, van den Heuvel et al. (2015), report larger
ERP P3 responses to novel stimuli in 4-month compared to 2-month-old
infants.

We also observed a reduced novelty response in our Gambian co-
hort in our prior work using fNIRS: infants were presented with repeti-
tions of a sentence of infant directed speech. For 15 repetitions, infants
listened to this sentence spoken by a female speaker (habituation tri-
als) before a change to a male speaker occurred (novelty trials). Infants
in the Gambian cohort did not show evidence of a neural novelty re-
sponse at 5 or 8 months of age, in contrast to the UK cohort. Rather, they
showed evidence for a continued habituation response spanning all au-
ditory trials, regardless of whether these contained familiar (repetitive)
or novel content (Lloyd-Fox et al., 2019). These response patterns are
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in contrast with earlier work in high-income settings, which documents
that even at younger ages (0-3 months) neural response decrements as
well as increases in neural activity in response to novel stimuli can be
seen (Benavides-Varela et al., 2011; Bouchon et al., 2015; Nakano et al.,
2009).

These findings documenting the development of habituation and
novelty detection across infancy using either fNIRS or EEG raise the
question of whether both assessment modalities capture the same un-
derlying neurodevelopmental changes, or whether specific underlying
mechanisms are tapped by each modality. The implementation of dif-
ferent assessment modalities allows us to simultaneously assess devel-
opmental changes in the spatial localisation of responses (e.g., are fNIRS
responses differentially localised at the different age points, indicating
a shift in neural basis for habituation and novelty detection processes)
and function (e.g., is there a change in neural function as measured by
EEG across infancy). Using two different paradigms allows us to assess
the relationship between lower sensory-level processes (as measured by
our EEG paradigm) and higher-level cognitive processes (as measured
by subtle speaker change in fNIRS paradigm) across individuals as an
indicator of the degree of shared variance captured by the two.

1.3. Aims and hypotheses

The aim of the current analysis is to first, assess longitudinal
changes in habituation and novelty detection across two neuroimaging
paradigms and modalities (EEG and fNIRS) in data collected from the
Gambian cohort of the BRIGHT study. Our objective aim is to assess
neural metrics across 1-, 5- and 18-months of age in each modality, to
examine longitudinal changes in responses in habituation and novelty
detection. Our second objective is to assess whether individual differ-
ences in habituation and novelty detection measured in EEG are cor-
related with individual differences in the same domains measured by
fNIRS. Lastly, we will assess whether those infants who do show evi-
dence for a habituation response in either modality also show evidence
for a robust novelty response. We hypothesise that:

1. Infants will show response decrements in their haemodynamic (as-
sessed by fNIRS) and electrophysiological (assessed by EEG) re-
sponses over consecutive trials of a repeated stimulus. Response
decrements will occur over a smaller number of trials at the older
(5 & 18 months) age points, indicating more efficient habituation
processes.

2. Infants will show larger haemodynamic and electrophysiological re-
sponses to novel, compared to repeated stimuli. This condition dif-
ference will increase with age.

3. Habituation responses measured by EEG and fNIRS will be posi-
tively correlated. Equally, novelty responses across the two assess-
ment modalities will show positive correlations.

4. Novelty and habituation will be positively correlated, that is, those
infants showing a robust novelty response will also show a robust
habituation response across measures.

2. Methods
2.1. Participants

Participants were recruited into the BRIGHT study antenatally. Ex-
pectant women were identified via the Demographic Surveillance Sys-
tem. They were then approached at their antenatal clinic visits to the
Keneba field station, situated in the rural West Kiang region of The Gam-
bia, which is part of the Medical Research Council (MRC) Unit The Gam-
bia at the London School of Hygiene and Tropical Medicine (MRCG @
LSHTM, www.mrc.gm). Families indicating an interest in participating
provided informed consent during a follow-up home visit. Infants were
excluded if born before 37 or after 42 weeks’ gestation, or if they were
diagnosed with any neurological deficit during postnatal checks. In to-
tal, 204 families were recruited and eligible at the first antenatal visit all
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Fig. 1. Adapted from Katus et al., 2020. Schematic of stimulus presentation in EEG paradigm. Sounds of three categories were presented: Frequent sounds at a
probability of 0.8, consisting of 500 Hz pure tones, Infrequent sounds, presented at 0.1 probability and consisting of short segments of white noise, and Trial Unique
sounds, presented at 0.1 probability and consisting of a range of sounds (e.g., vocalisations, digitised syllables, pure tones). Sounds were presented for 100 ms with
a 5 ms ramp up and down time, and an ISI of mean length 700 ms, jittered between 650 and 750 ms. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

of whom were residents of the village of Keneba or surrounding villages
in the West Kiang district. Infants were assessed in the home at 7-14
days and then in the clinic at 1-, 5-, 8-, 12-, 18- and 24 months. EEG
data were collected at three of these age points, at 1-, 5- and 18- months
of age. The BRIGHT protocol also included fNIRS assessments at 8-, 12-
and 24 months of infant age, however these will not be described in the
current manuscript as no EEG data were collected at these additional
age points. For a description of the experimental study setup and adap-
tation process for fNIRS, EEG and eye tracking see Blasi et al. (2019) and
Katus et al. (2019). Only members of the Mandinka ethnic group, who
represent the ethnic majority in the West Kiang region of The Gambia
(Hennig et al., 2017), were eligible to enrol to avoid confounds aris-
ing from translating measures into multiple local languages. Ethical ap-
proval was obtained from the joint Gambia Government — MRC Unit The
Gambia Ethics Committee (project title ‘Developing brain function for
age curves from birth using novel biomarkers of neurocognitive func-
tion’, SCC number 1451v2).

2.2. EEG study

2.2.1. Stimuli and Design

Procedures for this study are described in Katus et al. (2020). Stim-
uli for this study were adapted from Kushnerenko et al. (2007). We pre-
sented sounds of three different categories: Frequent stimuli consisting
of 500 Hz pure tones and presented at a probability of 0.8, Infrequent
sounds, consisting of white noise segments, presented at a probability
of 0.1, and Trial Unique sounds, consisting of a range of sounds such as
clicks, tones, digitised vocalisations and syllables and also presented at a
probability of 0.1 (Fig. 1). Sounds were presented for 100 ms with a 5 ms
ramp up and down time and an inter-stimulus interval jittered around
a mean duration of 700 ms (ranging from 650 to 750 ms). Stimulus
presentation was controlled via customised Matlab routines and Psych-
toolbox (Brainard, 1997; Kleiner et al., 2007; Pelli, 1997) run from an
Apple Macintosh computer. Sounds were played through wireless Sony
TMR-RF810R headphones at a fixed volume of 60 dB SPL. In each ses-
sion, a total of 1000 trials were presented (800 Frequent, 100 Infrequent,
100 Trial Unique).

2.2.2. Apparatus and procedure

The EEG study was performed at the 1-, 5- and 18-month age
points. Data were recorded via the Neurolectrics Enobio8 system
(https://www.neuroelectrics.com/solutions/enobio/8, sampling rate
500 Hz), with the eight electrodes placed at locations Fz, FC1/2, C1/z/2
and CP1/2 of the 10-20 system. Data were recorded in reference to the
infant’s left mastoid. At the 1-month age point infants were assessed
during sleep, while being held by one of the researchers. At 5 and 18
months, infants were assessed while awake, and sitting on their parent’s
lap with a researcher quietly interacting with them using toys, bubbles

or gesture games. At all age points, sessions were video recorded to al-
low for identification of movement artefact offline.

2.2.3. Data processing and analysis

Automated Matlab routines were used to pre-process the data:
data were bandpass filtered (0.5-30 Hz, blackman, filter order 5500),
offset corrected for a 32 ms timing delay and segmented from
—200 ms to 800 ms around stimulus presentation. Epochs were re-
jected via an absolute voltage threshold of >200 pV from mini-
mum to maximum in each epoch. Flatlining epochs (absolute volt-
age change of <.1 uV) were also discarded. Datasets with <15 valid
trials in the Infrequent and Trial Unique conditions were discarded.
Further, to enable habituation analyses described below, datasets
with <45 valid trials in the Frequent condition were discarded. All
results reported were obtained from electrode Fz, which has been
shown to be principal for novelty responses (Polich, 2007). At the
1-, 5-, and 18-month age points an average of Xionmn = 62.14
(SD1month = 14.53), Xsmons = 52-58 (SDsmonth = 15.29), X1 gmondh = 51.29
(SD1gmonsh = 23.15) for the Infrequent and Trial Unique conditions, and
an average of X;onth = 660.87 (SD;monih = 15.92), Xsmonth = 582.95
(SDsmonih = 12.19), Xigmonth = 541.30 (SD;gmonih = 28.24) for the Fre-
quent condition were retained.

2.2.4. Definition of EEG habituation and novelty detection indices

The present analysis focuses on the mean amplitude of the P3 com-
ponent over a time window of 250-450 ms (1-month age point) and
200-400 ms (5-and 18-month age points) post stimulus onset. For a de-
tailed description of other ERP components at the 1- and the 5-month
age point refer to Katus et al. (2020). Habituation was assessed for re-
sponses to the Frequent sounds. Averages were extracted for epochs of 15
trials (Familiarisationlggg - Fam1ygg = trials 1-15, Familiarisation2ggg
— Fam2gp = trials 16-30, Familiarisation3gpg — Fam3ggg = trials 31—
45). This epoch length was chosen, as 15 is considered the minimum
number of trials for infant EEG data on which it is possible to obtain a ro-
bust estimate (DeBoer, Nelson & Scott, 2007), and it therefore allowed us
to reliably assess changes in the P3 while not masking habituation effects
that may occur within an epoch had more trials been included. We then
assessed the percentage change from the first to the third epoch, nor-
malised for individual ERP amplitudes (i.e., Habituationgpg = (Fam1ggg-
Fam3gg)/Famlggg). Therefore, higher values indicate higher levels of
habituation across trials. Novelty detection was assessed by subtract-
ing the mean amplitude to Frequent sounds from the mean amplitude
to Trial Unique sounds, and normalising this for the amplitude of the
Frequent sounds (i.e., Noveltyggg = (Trial Unique — Frequent)/Frequent).
Prior to this subtraction trial numbers were equalised across the
two conditions by selecting a random subset of Frequent sounds to
match the number of valid trials in the Trial Unique condition per
infant.
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Fig. 2. Schematic of stimulus presentation in
fNIRS paradigm. Stimuli consisted of 8-second-
long sentences of infant directed speech, pre-
sented for 25 trials. For the first 15 familiari-
sation trials (Trials 1-5 = Fam1yg, Trials 6—
10 = Fam2ypg, Trials 11-15 Fam3yy), the

sentence was spoken by a female speaker, fol-

lowed by 5 trials spoken by a male speaker (Tri-
als 16-20 — Novelty Trials). The final 5 trials

were spoken by the same female speaker as for the Familiarisation trials (Post-test Trials). Between each trial, a 10 s silent baseline was presented. Image copyright:
Ian Farrell (right hand side photo). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

2.3. fNIRS study

2.3.1. Stimuli and design

Procedures for this study are described in Lloyd-Fox et al. (2019).
Infants were presented with 8-second-long spoken auditory stimuli of
Mandinka infant-directed speech. Two versions of this stimulus were
recorded, one spoken by a male and one by a female speaker. Stim-
uli were recorded at a sampling rate of 48 Khz and edited using Au-
dacity software v2.2.1 to normalise to a peak amplitude of —1 dB SPL
and converted from stereo to mono. This study was part of a larger
fNIRS protocol, which was presented using customised Matlab routines
(Task Engine, sites.google.com/site/taskenginedoc) and Psychtoolbox
(Brainard, 1997; Kleiner et al., 2007; Pelli, 1997). Stimuli were pre-
sented from an Apple Macintosh computer connected via Logitech Z130
speakers. Sound levels were adjusted to a mean of 60db SPL at the po-
sition of the infant’s head (ranging from 60.1 to 61.4 dB). Preceding
each stimulus was a 10 s silent period which was used as a baseline
for the NIRS analyses. A total of 25 trials were presented: 15 trial rep-
etitions of the female speaker, 5 repetitions of the male speaker, and
another 5 trials of the female speaker. Trials were then grouped into
the following: Trials 1-5 (Familiarisation1yrg — Fam1ygs), Trials 6-10
(Familiarisation2yrg — Fam2yrs), Trials 11-15 (Familiarisation3yrg —
Fam3yygs), Trials 16-10 (Novelty Trials), Trials 21-25 (Post-test Trials).
The task design is illustrated in Fig. 2.

2.3.2. Apparatus and procedure

The fNIRS habituation and novelty detection study was administered
at 1-, 5-, 8-, 12-, 18- and 24-months of infant age. In reference to the
age points at which the EEG study was administered, we here present
data from the 1-, 5- and 18-month age points. Data were recorded using
the Gowerlabs NTS system (Gowerlabs Ltd. London, UK), which emits
near infrared light at wavelengths of 780 and 850 nm. Recordings were
obtained from 18 channels (9 per hemisphere) at 1 month, and 34 chan-
nels (17 per hemisphere) at 5- and 18 months. Source-detector arrays
were placed to span the inferior frontal to posterior temporal cortices
(Fig. 3). At the 1-month age point, infants were assessed while asleep
and being held by one of the researchers. At 5- and 18 months infants
were assessed while awake, while sitting on their parent’s lap with a
researcher holding their attention through quiet presentation of toys or
bubbles. Sessions were video recorded to allow for offline identification
of excessive movement or social interactions with the parent or the ex-
perimenters during the session.

2.3.3. Data processing and analysis

Epochs (Famlyprg, Fam2 yrg, Fam3 yrg, Novelty Trials, Post-test
Trials) with less than three valid trials per infant were disregarded from
group-level analyses. Datasets with one or more non-valid familiarisa-
tion epochs were excluded from further analysis.

Light attenuation measures for each source-detector pair were
converted into changes in oxy-haemoglobin (HbO,) and deoxy-
haemoglobin (HHb) in pM to obtain a measure of neural activity
(Kocsis et al., 2006). Data were pre-processed using customised Mat-
lab routines in an analysis pipeline similar to other infant studies
(Gervain et al., 2011; Lloyd-Fox et al., 2010). First, channels with read-

ings of less than 34 were excluded. This value was chosen based on
previous experience with the NTS system, and ensures the exclusion of
channels for which insufficient NIR light is reaching a detector (e.g., due
to the detector being blocked, or unclipped from the array). Secondly,
channels exceeding the maximum acceptable difference of 0.2 between
the coefficients of variation in the attenuation readings for the 780 and
850 nm wavelengths per channel were discarded, to prevent inclusion of
channels in which noise differently affected the two wavelength read-
ings. Lastly, power spectrum density analyses of the raw signal were
used to discard channels which showed strong activation in frequencies
unrelated to neural activity. Raw intensity data were then inspected ac-
cording to the above criteria for each infant, using automated quality
control scripts. Infants with fewer than 60% of valid channels were ex-
cluded. Data were divided into blocks consisting of 4 s preceding the
auditory stimulus (baseline), the auditory stimulus itself and the follow-
ing baseline trial. For each block, attenuation data were then detrended
using a linear fit between the first and the last 4 s of the block.

Following preprocessing, attenuation data were converted into
changes in concentration of HbO, and HHb (uM) using the modi-
fied Beer Lambert law (Delpy et al., 1988). The conversion assumed
an age-dependant differential pathlength factor (DPF) calculated from
Duncan et al. (1995). After the conversion, a second round of artefact
rejection was conducted on a trial-by-trial basis (per channel), to iden-
tify motion artefact (concentration changes of a predefined threshold of
+/- 3.5 uM during the baseline or +/- 5 pM during the experimental
trial were excluded).

Offline coding of infant behaviours such as active interaction with
the parent or the experimenter, fussiness or distress were coded as in-
valid sections of the session. For each trial, if such behaviours exceeded
40%, the trial was marked as invalid. This is in line with previous infant
studies using a different protocol involving visual and auditory stimu-
lation, where the rejection threshold was set to 40% of the stimulation
period (for an example see Lloyd-Fox et al., 2014).

Trials and channels surviving the rejection were retained for fur-
ther analyses. Overall the numbers of trials retained across the five
epochs per age point were Fam1yrs: Ximonth = 4-89 (SD1monin = 0.41),
X5month = 4.96 (SDEmonth = 0.22) X18month = 4.73 (SDISmonth = 0.58),
Fam2yps: Ximonth = 490 (SDimenn = 0.37), Xsmonn = 4.99
(SDSmunth = 0.09) Xi8month = 4.81 (SD18month = 0.46), Fam3yps:
Ximonth = 4.88 (SDimonth = 0.44), Xsmonth = 499 (SDsmonsn = 0.12)
Xigmonth = 468 (SDigmonth = 0.70), Novelty Trials: Xjonm = 4.82
(SDlmonth = 0.61), X5month = 4.93 (SDSmonth = 0.41) X18month = 449
(SD1gmonsy = 1.04), Post test: Xyonm = 4.72 (SDyponn, = 0.78),
X5month = 4-93 (SD5m0nth =0.42) X18month = 4-42 (SDIEmonth =1.01). Tri-
als were then averaged across each epoch and infants, yielding a time
course of the mean concentration change in HbO, and HHb per chan-
nel. While based on pair-wise comparison the trial numbers differed
between age points (due to generally higher noise levels in older in-
fants), these differences were not sufficient to lead to a violation of the
model assumptions: for example, our RM-ANOVA'’s sphericity, which
could be affected by differences in trial number via differences in mag-
nitude of the standard deviation, was not violated. To not further reduce
the amount of available data, we therefore did not even out differences
in trials numbers across age points.
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Fig. 3. fNIRS channel configuration at the 1-, 5- and 18-month age points. Highlighted are channels contributing to the ROI's at each point as identified by cluster
permutation analyses. At the 1-month age point (top panel), a significant ROI based on the Fam1s trials was found over bilateral middle temporal regions (yellow).
At the 5-month age point (middle panel), a significant ROI spanning middle to posterior temporal regions was found for the Fam1yg trials (orange) and Novelty
trials (light green). At the 18-month age point (bottom panel) ROI’s were found over middle to posterior temporal regions for the Fam1ys (red) and Novelty (dark
green) trials. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

2.3.4. Definition of fNIRS habituation and novelty detection indices

For each averaged epoch, a temporal window of 8-12 s from stimu-
lus onset was selected, in order to include the range of maximum con-
centration changes observed across all infants for the HbO, and HHb
responses. This window is consistent with the previously published anal-
ysis on a subset of the NIRS data presented here (Lloyd-Fox et al., 2019).
The averaged time course of the signals within this window were then
compared to responses across the average of the final four seconds pre-
ceding the auditory stimulus (baseline). Either a significant increase in
HbO, or a significant decrease in HHb (but not a simultaneous signifi-
cant increase or decrease of both signals) was accepted as an indicator
of neural activity, in line with prior research (Lloyd-Fox et al., 2010).
Two-tailed t-tests of the HbO, and HHb change averaged across the

time window of interest were used to identify active channels. False-
discovery rate (FDR, Benjamini and Hochberg, 1995) correction was
implemented to resolve multiple comparisons issues.

For a more data-driven approach, resulting t-values were then en-
tered into a cluster-based permutation analysis (Maris and Oosten-
veld, 2007). This nonparametric approach was used to select the re-
gion of interest (ROI) by adopting anatomically informed conditions
on the clusters being considered (i.e. three non-aligned channels per
cluster). Selection of this method provided a path to finding ROIs from
a paradigm and age ranges not previously documented in the litera-
ture. Furthermore, it also helped confirm results from the t-tests, as
this method offers a solution to the multiple comparisons issue, which
appears when data is collected simultaneously from multiple points
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(Maris and Oostenveld, 2007). The cluster-based permutation analy-
sis had been used on a subset of the NIRS data presented here and
included in a previous publication (Lloyd-Fox et al., 2019) and has
also been applied to infant data in other works (Abboub et al., 2016;
Benavides-Varela and Gervain, 2017; Ferry et al., 2016). First, chan-
nels on each array were arranged in triangulated clusters, each con-
taining three nearest-neighbouring channels. This resulted in 58 pre-
defined clusters in total. Each cluster was assigned a t-value, calculated
by adding the individual t-values of its channel components, as com-
puted in the step described above for the Fam1yrg condition (relative to
baseline) within a window of 8-12 s post stimulus onset. Then, the mean
signal change was randomized by participant and channel, and new t-
values were calculated per channel and summed within each cluster to
obtain the new cluster t-value. This randomisation and calculation of
cluster t-values was repeated 1000 times to generate a cluster probabil-
ity curve of t-values. In total, N = 1000 permutations was chosen based
on previous fNIRS research groups using this method (Abboub et al.,
2016; Benavides-Varela and Gervain, 2017). The t-value of each cluster
candidate was then tested to see whether it was significantly different
from chance by calculating its p-value as the area under its probability
distribution to the right of the cluster t-value. The process was repeated
for all candidate clusters. At each time point, the cluster within each
array (left and right) with the most significant p-value was selected.

Given that the clusters identified in each hemisphere were over sim-
ilar regions, and there were no a-priori hypotheses about differential
hemispheric habituation and novelty effects (as responses were found
in both hemispheres in previous research; Benavides-Varela et al., 2011,
Nakano et al., 2009), these were then combined across hemispheres to
generate a primary bilateral ROI for the main analyses. Cluster-based
permutation analyses were repeated for the Novelty condition, to inves-
tigate whether the location of the Novelty response (compared to base-
line) was in a similar region to the response to Faml. At the 1-month
age point, no channels showed any significant activation to the Novelty
response; at the 5-month age point Fam1yrg and Novelty ROIs differed
by one channel only; and at 18 months, ROIs or both conditions were
identical.

Signals from each of the channels included in the ROIs were in-
spected for meaningful neuronal response was based on both HbO,
and HHb (i.e., significant increase in HbO2, significant decrease in
HHDb or both). Once we identified which ROI showed meaningful neu-
ronal activation based on both chromophores, we focussed our statis-
tical analyses of habituation, novelty detection and comparison with
the EEG signal on HbO, responses. This was done as HbO2 has been
found to be the more robust measure in our past work (Blasi et al.,
2014). To examine habituation, we obtained the differences HbO2 re-
sponses between Fam1y;rg and Fam3yrg, normalised by Fam1yyg (i.e.,
Habituationyrg = (Fam1yrg — Fam3yrg)/Famlygs). Novelty detection
was assessed via subtracting Fam3yrg from Novelty trials and dividing
this by Fam3ygg (i.e., Noveltyygs - (Novelty — Fam3yrs)/Fam3yyrs)-

2.4. Statistical analyses

First, we examined time-course responses for our fNIRS and EEG
measures. We then modelled mean amplitudes for the ERP P3 com-
ponent by condition (Frequent / Infrequent / Trial Unique) and age
(1 month / 5 months / 18 months) longitudinally in a repeated mea-
sures ANOVA. For the fNIRS responses, we modelled the mean haemo-
dynamic change during the 8-12 s time window post stimulus onset
by epoch (Fam 1 / Fam3 / Novelty / Post test) and age (1 month / 5
month / 18 months) in a repeated measures ANOVA. Significant main
effects were followed up by paired t-tests, resulting p-values were FDR
corrected. We hereby included all three age points in a joint analysis,
even though infants at 1 month were assessed asleep, in contrast to both
other age points. This decision was taken to be able to model longitu-
dinal trends in these neural responses, and in part justified by previous
analyses into the effect of state changes by our group. In a previous
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analysis (Katus et al., 2020), we found that neural responses did not dif-
fer significantly between infants tested asleep vs. awake at 5 months of
age. We further found that the developmental change between 1 and 5
months did not differ for those who changed state between age points
and those who were assessed asleep both times. While this is not to
negate the impact of state, we found that for the specific metrics ob-
served state did not seem to have a statistically significant effect. As no
such analyses could be conducted for the NIRS data, we opted to model
the effect of condition in a repeated measures ANOVA per age point,
to not conflate possible developmental effects with the effect in state
change between 1 month and the other age points.

Second, we examined developmental changes in infants’ habituation
and novelty detection responses per imaging modality. To assess habit-
uation, we separately modelled our habituation indices (Habituationggg
and Habituationypg) and novelty indices (Noveltyggg and Noveltyygs)
in a repeated measures ANOVA by age (1 month / 5 month / 18 month).

Third, we examined one-tailed Pearson correlations to investigate
associations between the EEG and NIRS metrics of habituation and nov-
elty detection per age point. Last, we assessed whether infants who
show strong habituation responses also show strong novelty responses,
by stratifying habituation correlations by novelty responses and vice
versa. To this end, infants’ habituation and novelty responses were di-
chotomised (Habituation < 0 coded as 0, Habituation > 0 coded as 1,
and likewise for Novelty responses): infants could score 0 (no habitua-
tion/novelty detection in either NIRS or EEG), 1 (habituation/novelty
detection in either NIRS or EEG or 2 (habituation/novelty detection in
both NIRS and EEG). We then examined what proportion of infants scor-
ing high on novelty detection also showed high scores in habituation and
vice versa.

3. Results

Prior to the main analyses examining correlations across our fNIRS
and EEG paradigm (Section 3.3), we conducted checks on data retention
and quality, as well as examinations of within-modality developmental
changes. For a proportion of infants, data were missing for one of the
following reasons (Fig. 4): 1) infants passing away, discontinuing the
study or missing a study visit, 2) infants not tolerating placement of
the fNIRS or EEG cap or being too fussy to record sufficient data, 3)
improper headgear placement, 4) data were found to be too noisy, for
example due to motion artefact, 5) technical or experimenter error.

Descriptive statistics can be found in Table 1. No differences were ob-
served between those infants included vs. excluded in the present analy-
ses with regard to their sex, age, weight, head circumference and length
(> 0.172).

3.1. Developmental change in EEG and fNIRS response 1-18 months

3.1.1. Longitudinal ERP results 1-18 months

The ERPs for all infants contributing valid data at the 1-, 5- and 18-
month age point are displayed in Fig. 5.

The repeated measures ANOVA showed significant main effects for
condition (Fy 146 = 14.266, p < 0.001, np2 = 0.163), but not age
(F3, 146 = 2.436,p=10.091, nPZ =0.032). We also found an age* condition
interaction effect (F; 59, = 3.753, p = 0.006, npz =0.049), which was fol-
lowed up by post-hoc comparisons: 1-month-old infants showed a large
ERP P3 component in response to Infrequent, white noise sounds com-
pared to Frequent (t;,,; = 8.204, pppr < 0.001, d = 0.626) and Trial Unique
(t;71 = 3.929, pppgr < 0.001, d = 0.3) stimuli, indicating the absence of
a novelty-based response at group level. At 5 months, infants showed
larger P3 responses to Infrequent compared to Frequent (t;55 = 3.556,
Drpr = 0.001, d = 0.287) and Trial Unique compared to Frequent sounds
(t;52 = 3.722, pppg < 0.001, d = 0.301), but responses did not differ be-
tween Infrequent and Trial Unique sounds, indicating that at group level
infants did not show a consistent novelty response. At 18 months, infants
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N = 7 neonatal deaths / N = 2 self-
withdrawals / N = 1 moved away

N = 14 missed 1 month visit

N = 13 fussed out or woke up during
capping / N =1 hardware issues / N = 4
noisy data

N = 2 fussed out / N = 4 experimenter
error / N = 20 poor headgear placement
/ N =5 high rate of channel exclusion / N

=12 not enough valid trials

N = 4 withdrawals

N =3 missed 5 month visit

N =13 fussed out /N = 11 no time to
complete / N = 6 hardware issues / N =
14 noisy data

N = 3 fussed out / N = 14 experimenter
error / N = 10 poor headgear placement
/ N = 2 high rate of channel exclusion / N

=1 not enough valid trials

N = 8 withdrawals

N =15 missed 18 month visit

N = 12 fussed out /N = 11 no time to
complete /N =9 hardware issues /N =9
noisy data

N =1 fussed out / N = 8 experimenter
error / N = 13 poor headgear placement
/ N = 6 high rate of channel exclusion /N

=14 not enough valid trials

Fig. 4. Rates of data exclusion / retention at the 1-, 5- and 18-month age point and reasons for exclusion. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
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this article.)
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showed a novelty response on group level, indicated by higher P3 ampli-
tudes to Trial Unique compared to Frequent (t;55 = 2.436, pppgr = 0.016,
d = 0.217) and Infrequent sounds (t;55 = 2.385, pppg = 0.019, d = 0.212).

3.1.2. fNIRS results 1-18 months

ROP’s for each age point and hemisphere are displayed in Fig. 3. For
all three age points, responses were localised at bilateral middle tem-
poral structures. fNIRS time courses per age point (including all infants
contributing valid data for each individual age point) are represented in
Fig. 6.

For this paradigm, we anticipated a response pattern of: (i) large
amplitude change in the fNIRS signals at Famlypg; (ii) diminishing
amplitude change at Fam2 y;pg and Fam3 yg (trials 6 to 10 and 11
to 15); (iii) increased amplitude response at Novelty (trials 16 to 20)
compared to Fam3 yrs; and (iv) diminished response at Post test (tri-
als 21 to 25) compared to Novelty ygg trials (Lloyd-Fox et al., 2019;
Nakano et al., 2009). Sleeping 1-month-olds presented smaller ampli-
tude HbO, change in the posterior temporal ROI during Fam1 g, (tri-
als 1 to 5) compared to the 5-month and 18-month age points. At the
1-month age point, significant increases in oxyhaemoglobin to Fam1y;gg
trials were detected on channels spanning both hemispheres; however,
none of the channels showed significant activation to the Novelty trials
at this time point. A repeated measures ANOVA analysis did not reveal
an epoch effect.

At the 5-month age point, we found a significant epoch effect
(Fy500 = 2.887, p = 0.022 and np2 = 0.023), driven by a signif-
icantly larger response to Famlyrg compared to Noveltyypgg trials
(t;32 = 2.533, pppr = 0.012, d = 0.27); and a significantly larger response
to Fam2yzs compared to Novelty trials (¢t;3, = 1.923, pppr = 0.035,
d = 0.184). This indicates that instead of a novelty response to the
change in speaker, infants at this age showed a continued habituation
response spanning all trials regardless of stimulus condition.

At 18 months, there was a strong epoch effect (F; 37, = 5.974,
p < 0.001 and np2 = 0.060), driven by a significantly larger response
for Fam1y;rg compared to Fam2ygg trials (t;;3 = 3.765, pppr < 0.001,
d = 0.353) and Fam3yrs (t;72 = 4.727, pppr < 0.001, d = 0.445),
indicating the emergence of a habituation response. We also found
a significant Fam1yg > Novelty effect (t;93 = 3.552, pppr = 0.001,
d = 0.37) indicating the emergence of a novelty response; and a signifi-
cant Fam1yrg > Post test effect (ty, = 3.678, pppr < 0.001, d = 0.41).

As the response to Novelty at 18 months of age appears stronger and
with a different time profile than at 5 months, post-hoc analyses were
performed. Paired t-test (FDR corrected) with the subset of 72 infants
with valid data at 5 and 18 months reveal no significant difference be-
tween the Novelty response at 5 and 18 months within the 8 to 12 s post
stimulus onset time window (t,; = 0.766, pppr = 0.446). However, at a
slightly later time window from 10 to 14 s post stimulus onset, the Nov-
elty response at 18 months remained significantly larger (t,; = 2.019,
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As can be seen in Fig. 10, a larger proportion of infants who scored 1
or 2 on their habituation sum score also obtained higher novelty values
for both NIRS and EEG. Across the three age points, the proportion of
infants who showed a habituation and novelty response in both EEG
and fNIRS increased, whereas the proportion not showing any novelty
or habituation responses decreased. A full breakdown of the percentages
of infants’ novelty responses relative to their habituation responses per
EEG and fNIRS can be found in Fig. 11.

4. Discussion

The current study is the first to present correlations in two habitua-
tion and novelty detection paradigms measured across two neuroimag-
ing modalities (EEG auditory oddball and fNIRS infant-directed speech
processing paradigm) across a longitudinal sample spanning the transi-
tion from the neonatal period to toddlerhood. As such, the study pro-
vides a first demonstration of the benefits of longitudinal, cross-modal
protocols to define robust metrics of early neural specialisation. The
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study adds to our previous work by 1) describing positive correlations
between habituation and novelty detection at three longitudinal age
points from 1 to 18 months of life, thus covering a crucial window of
neurodevelopment, and 2) assessing correlations of neurodevelopmen-
tal indices across two increasingly used assessment modalities. Common
developmental trends across both the fNIRS and the EEG paradigm sug-
gest that our results are not a specific correlate of a single method or
paradigm, but that both methods are measuring the same underlying
neuronal response.

4.1. Longitudinal habituation and novelty responses in fNIRS and EEG

Across both the EEG and the fNIRS paradigm we found habituation
responses increased with age. Specifically, for the EEG paradigm, neu-
ral response decrements were significantly higher at 5 months compared
to 1 month of age. For the fNIRS paradigm, response decrements were
higher at 5 and 18 months, compared to the 1-month age point. The
fNIRS responses were consistently localised to fNIRS channels covering
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infants’ middle temporal areas, with no developmental change in local-
isation seen across the observed age range. In terms of the novelty de-
tection responses, we observed strikingly similar developmental gains
in both modalities: EEG responses increased significantly from 1 to 5
months and from 1 to 18 months, while fNIRS responses significantly
increased from 5 to 18 months.

Our findings extend our previous investigations examining habitua-
tion and novelty responses within each modality. For the EEG paradigm,
we have previously reported that infants’ novelty responses increase
between 1- and 5-months of age (Katus et al., 2020). Comparing the
BRIGHT projects’ UK and Gambian cohort, we observed a less pro-
nounced increase in this developmental shift towards a novelty response
in the Gambian, compared to the UK infants between 1- and 5 months
of age. In line with past literature (Otte et al., 2013; van den Heuvel
et al., 2015; Kushnerenko et al., 2007), 1-month-old infants showed a

12

large ERP P3 component in response to Infrequent, white noise sounds
compared to both other stimulus conditions. This response has been de-
scribed as a primarily intensity-driven, rather than a genuinely novelty-
based response (Kushnerenko et al., 2013). Prior literature has shown
that from 2 to 4 months of age, a robust novelty-based response emerges,
as indicated by a large ERP P3 to Trial Unique, novel sounds (Otte et al.,
2013; van den Heuvel et al., 2015; Kushnerenko et al., 2007). As dis-
cussed in Katus et al., 2020, at the group level this novelty-based re-
sponse was not seen at the 5-month age point in the Gambian cohort
assessed here. Interestingly, at the 18-month age point, infants in this
group do show a larger ERP P3 to Trial Unique compared to Frequent and
Infrequent sounds. This may indicate that the development of a robust
novelty response occurs on a more prolonged developmental time scale
in this cohort, compared to what has been reported in prior literature.
However, the inclusion of an additional age point in the present study
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showed that by 18 months of age, infants in the Gambian cohort do
show a robust increased neuronal response to novel stimuli.

Our previous work also compared fNIRS habituation and novelty de-
tection in the Gambian compared to the UK BRIGHT cohorts at 5 and
8 months of age (Lloyd-Fox et al., 2019). We found that in contrast to
the UK cohort, infants in the Gambian cohort did not show evidence
for novelty detection at either of these age points, but rather showed
a continued pattern of response decrements across both familiarisation
and novelty trials. However, inclusion of the 18-month age point in the
current study showed significant developmental gains in novelty detec-
tion between the 5 and the 18 month age points as well as more rapid
habituation within the familiarisation phase at 18 months of age, which
in contrast to 5 and 8 months occurred within the first 10 stimulus rep-
etitions.

4.2. Cross-modal correlations of habituation and novelty detection indices

We further examined correlations between indices of habituation
and novelty detection across the two assessment modalities. Such analy-
ses are not usually feasible in neurodevelopmental research: reliance on
high-quality neuroimaging data of infants across two assessment modal-
ities and several age points requires large sample sizes in order to be able
to draw meaningful conclusions. For this reason, a cohort comparison
between our Gambian and UK cohort was not conducted as part of the
current study. We found several positive correlations for both habitua-
tion and novelty detection across the three age points: correlations for
habituation were found at the 1- and 5-month age point, whereas nov-
elty detection responses only showed a significant correlation at the 5-
and 18-month age point. Across domains, we found consistent correla-
tions at the 5 months age point. This could indicate that even though not
yet apparent at a group level, individual differences in habituation and
novelty detection are more representative of the rapid underlying neu-
rodevelopmental change accompanying this period. Once established,
neural metrics of these processes might not capture individual devel-
opmental patterns as consistently, leading to notable group-level differ-
ences, but less meaningful individual differences. Previous research has
suggested that the first months of life could be critical for the develop-
ment of the fundamental processes we studied here (Otte et al., 2013;
van den Heuvel et al., 2015; Kushnerenko et al., 2013), therefore war-
ranting increased attention 1) in the context of association with risk and
environmental factors, and 2) in terms of its predictive validity for later
neurodevelopmental outcomes (Katus et al., 2022).

Despite the consistent cross-modal correlations, a substantial amount
of variance remains unexplained. While this is likely to be partially
driven by measurement noise in each modality, we also need to con-
sider what unique aspects of habituation and novelty detection may be
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Fig. 11. Breakdown of infants showing nov-
elty or habituation responses per modality
(NIRS/EEG) and age point (1, 5, 18 months).
As can be seen, the proportion of infants show-
ing robust novelty and habituation responses
in both NIRS and EEG increases with age. The
proportion of infants who show a habituation
or novelty response in only NIRS or EEG de-
creases with age, as does the proportion who
shows no novelty or habituation response in ei-
ther modality. (For interpretation of the refer-
ences to colour in this figure legend, the reader
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is referred to the web version of this article.)
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captured by each measure. While the EEG measure provides insight into
basic sensory processes, the fNIRS paradigm examines a much more
subtle process, namely a change in a speaker’s sex. Given the differ-
ent levels at which these two processes operate, it is interesting to see
that the two measures do share some overlap. While sensory discrim-
ination as measured by the EEG paradigm undoubtedly represents an
important building block for detecting the speaker change used in the
NIRS paradigm, other factors, such as infants’ early social interactions
and exposure to infant-directed speech come into play when detecting a
speaker change. One reason this association may have become apparent
between the very different paradigms, lies in the specific ERP indices
we extracted: by examining the P3, which indexes selective attention,
information processing and working memory updating, we may have
tapped higher order cognitive processes, which were more similar to
the underlying processes required during the fNIRS paradigm.

Our current results do not support the assumption that across the
first 18 months of infancy there is a shift in the underlying neural struc-
tures supporting habituation and novelty detection. While both fNIRS
and EEG showed functional changes, with a robust novelty response
emerging at around 18 months of age, we did not find evidence on the
basis of the fNIRS paradigm that cortical areas associated with this func-
tional change were localised to different regions at 18 compared to 1-
and 5 months of age. While some primate evidence suggest that the
involvement of the frontal lobes might increase with age, it might be
that this shift occurs later on in humans, who are known to have a very
protracted time course for frontal lobe maturation.

4.3. Robustness of individual responses in habituation and novelty detection

Our study also explored whether the robustness of infants’ novelty
responses was associated with their habituation patterns on an individ-
ual level. We found that this was indeed the case, with a larger pro-
portion of the infants showing habituation responses also showing nov-
elty responses. The congruence was similar across all age points with
around 90% of infants who showed a robust novelty response in both
EEG and fNIRS also showing a habituation response in at least one of
the modalities. This finding bears special relevance, as it highlights how
common developmental trends can be captured by two vastly differ-
ent measures: not only do fNIRS and EEG measure different underlying
neural processes, but also the different paradigm set ups used in both
modalities assess the underlying neurocognitive processes in different
ways. Whereas the EEG paradigm measured habituation to simple, audi-
tory input presented with intermittent interruptions of other sounds, the
fNIRS paradigm presented complex verbal input with a relatively subtle
speaker change. Our data however suggest that despite the differences
in paradigm design, similar developmental trends can be measured. It
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also shows, that on an individual level, there is a correlation between
habituation and novelty detection processes across development.

4.4. Limitations and future directions

Results from this study need to be regarded in the context of some
limitations. First, while we do present positive correlations between
fNIRS and EEG for several age points, the magnitude of these associ-
ations is small. This may be in part driven by the multiple differences
in study design and stimulus type. The timescales of EEG and fNIRS
responses (i.e., rapid neural response versus slower haemodynamic re-
sponse) necessitate different approaches with regard to stimulus presen-
tation, however the difference in the kind of auditory input presented in
our respective paradigms (e.g., basic sensory auditory discrimination in
EEG, higher level speech sound discrimination in fNIRS) may have con-
tributed to the small size of the correlations. In this context, it is also
important two note that correlations were found for two specific assess-
ment modalities, and two specific paradigms, and further research will
be required to assess if these findings apply more broadly. Furthermore,
the auditory discrimination measured in our EEG paradigm may emerge
earlier than the more subtle speech sound discrimination measured in
our fNIRS paradigm, leading to weaker correlations in the derived neu-
ral metrics. Secondly, the need for infants to complete both the EEG
and the fNIRS assessments in order to enter analyses may lead to a bi-
ased sample, where more vulnerable infants unable to tolerate headgear
or long recording periods are missed. While this possibility cannot be
ruled out, infants included and excluded in analyses did not differ with
regard to their anthropometric indicators, sex or age. Having demon-
strated that there is some correspondence between neurodevelopmen-
tal metrics across EEG and fNIRS, this might enable a higher degree of
confidence in unimodal investigations in the future. In this context, it is
also important to note that with a simultaneous recording of both EEG
and fNIRS, data retention might have been higher as such an approach
would only require the application of one headgear, and potentially a
shorter administration time. However, in addition to the paradigm opti-
misation differences for EEG and fNIRS outlined above, as the hardware
to support parallel EEG-fNIRS recordings is still being developed. At the
time this project began collecting data in 2016 we were therefore con-
fined to recording fNIRS and EEG separately. It also needs to be noted
that EEG and fNIRS may be regarded as complementary measures, that
differ in key domains such as 1) the underlying physiological processes
of brain functioning that they measure, 2) the requirements they pose
to stimulus design and presentation, and 3) coverage and location of
sensors required to obtain meaningful data. Therefore, while parallel
recordings have benefits, each method might lend itself more readily to
specific research questions.

Further, a limitation was that for both the fNIRS and the EEG studies
infants were assessed asleep at the 1-month age point, while they were
tested awake in both other ages. While we have partially addressed this
issue in the context of the EEG studies, by comparing subsets of infants
tested asleep at 5 months to a random subset of the same size of infants
tested awake (see Katus et al., 2020), we cannot fully rule out that the
state change from 1- to 5 months also affected the age-related changes
we observed. While we wish to investigate this issue further in the fu-
ture, a core limitation within the field of research is that data on awake
newborns is extremely limited, and difficult to collect. However, as the
focus of the present study was in comparing responses across modali-
ties, and state was kept constant within age points, conclusions about
the cross-modal correlations can still be drawn. Lastly, we need to note
that the infants in the West Kiang region in The Gambia are not routinely
offered hearing screenings, which in context of auditory studies needs
to be considered as a potential source of bias arising from undetected
hearing impairments. While neonatal hearing screening is not part of
the standard postnatal care in West Kiang, we drew on data from two
auditory and social orientation items from the Neonatal Behavioural As-
sessment Scale (NBAS, Brazelton and Nugent, 1995), which was admin-
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istered when children were 7-14 days of age. All 152 infants who were
administered the NBAS showed a response to at least one of these items.
In absence of clinical auditory assessments, these data provide some in-
dication that close to birth infants showed responses on a behavioural
level to auditory stimuli.

Our findings provide the basis for a number of follow-up investi-
gations. First, we have highlighted that responses at the 5 month age
point seem to be holding some significance in terms of understanding
current developmental changes. It would therefore be of interest to in-
vestigate infants’ neural response patterns across both modalities in the
context of environmental risk factors. Secondly, we observed slightly
different developmental profiles across EEG and fNIRS, with habitua-
tion responses being apparent from the 1-month age point onwards in
the EEG, but only becoming fully apparent in the fNIRS paradigm at 18
months of age. Through further investigation of fNIRS responses - within
this paradigm across our other longitudinal age points, and across other
paradigms (targeting social, functional connectivity and working mem-
ory indices) within the BRIGHT study - we plan to further understand
the developmental trajectories of responses associated with habituation,
attention and novelty. While complementary, there may be some dif-
ferences between fNIRS and EEG with regard to their sensitivity and
specificity in prediction and classification of long-term developmental
outcomes. While the current study focussed exclusively on examining
between-measure correlations, future analyses will be able to build on
this work by assessing each measures utility to indicate which infants
may go on to experience neurodevelopmental issues in the long term
and to measure potential effects of early interventions. Lastly, it needs
to be noted that environmental factors, such as access to education and
resources, nutrition, and exposure to infectious diseases, may contribute
to developmental differences between children in low-income countries
like The Gambia compared to children growing up in high-income coun-
tries. As neurodevelopmental studies are conducted in larger samples
and a wider longitudinal scope around the world, it would be beneficial
to assess analyses such as the one presented in other contrasting settings
as well.

5. Conclusion

Our study shows that both fNIRS and EEG neuroimaging modalities
elucidate common features of habituation and novelty detection over the
first 18 months of life. Correlations between both assessment modalities
appears to be strongest for the 5-month age point, highlighting that cor-
relations might be greatest at times of most rapid neurodevelopmental
change. These findings warrant further investigations into the correla-
tion of the development of habituation and novelty responses and en-
vironmental factors such as poverty-associated risk, specifically at the
5-month age point where robust correlations across modalities and pro-
cesses were found. Additionally, an in-depth analysis of the fNIRS re-
sponse patterns across additional longitudinal age points and paradigms
will enable a better understanding of the developmental trajectories of
these responses in the context of environmental factors within this rural
Gambian population. Our findings suggest that cross-modal investiga-
tions of infants in low-resource settings, while challenging, can help ad-
vance our understanding of neurodevelopmental processes in previously
understudied populations, and increase confidence of future studies in
the robustness and meaning of the extracted neurodevelopmental met-
rics.
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