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Abstract 39 

 40 
Introduction. Habituation and novelty detection are two fundamental and widely studied 41 

neurocognitive processes. Whilst neural responses to repetitive and novel sensory input have been 42 

well-documented across a range of neuroimaging modalities, it is not yet fully understood how well 43 

these different modalities are able to describe consistent neural response patterns. This is particularly 44 

true for infants and young children, as different assessment modalities might show differential 45 

sensitivity to underlying neural processes across age. Thus far, many neurodevelopmental studies are 46 

limited in either sample size, longitudinal scope or breadth of measures employed, impeding 47 

investigations of how well common developmental trends can be captured via different methods.  48 

Method. This study assessed habituation and novelty detection in N = 204 infants using EEG and fNIRS 49 

measured in two separate paradigms, but within the same study visit, at 1, 5 and 18 months of age in 50 

an infant cohort in rural Gambia. EEG was acquired during an auditory oddball paradigm during which 51 

infants were presented with Frequent, Infrequent and Trial Unique sounds. In the fNIRS paradigm, 52 

infants were familiarised to a sentence of infant-directed speech, novelty detection was assessed via a 53 

change in speaker. Indices for habituation and novelty detection were extracted for both EEG and 54 

NIRS  55 

Results. We found evidence for weak to medium positive correlations between responses on the 56 

fNIRS and the EEG paradigms for indices of both habituation and novelty detection at most age 57 

points. Habituation indices correlated across modalities at 1 month and 5 months but not 18 months 58 

of age, and novelty responses were significantly correlated at 5 months and 18 months, but not at 1 59 

month. Infants who showed robust habituation responses also showed robust novelty responses 60 

across both assessment modalities.  61 

Discussion. This study is the first to examine concurrent correlations across two neuroimaging 62 

modalities across several longitudinal age points. Examining habituation and novelty detection, we 63 

show that despite the use of two different testing modalities, stimuli and timescale, it is possible to 64 

extract common neural metrics across a wide age range in infants. We suggest that these positive 65 

correlations might be strongest at times of greatest developmental change.  66 

Keywords. habituation, novelty detection, fNIRS, EEG, neurodevelopment 67 

68 
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1 Introduction 69 

Habituation and novelty detection are two core processes of neurodevelopment. The bias to prioritise 70 

stimuli that have not been previously encountered aids identification of meaningful signals, while not 71 

expending energy on recurrent but inconsequential stimuli (Eisenstein et al., 2001). Neural response 72 

suppression to repeated sensory input and increased responses to novel stimuli serves as an efficient 73 

means of directing attention and thus promote learning (Rovee-Collier & Cuevas, 2008). Being tightly 74 

bound to an organism’s survival, habituation represents a low-level but crucial process, that has been 75 

studied across diverse species such as sea slugs (Castellucci et al., 1970), fruit flies (Duerr et al., 1982) 76 

as well as rats (Pilz et al., 1996) and primates (e.g., Baylis & Rolls, 1987, Miller et al., 1991).  77 

Neural habituation and novelty detection responses have been well documented across the lifespan 78 

(for a review see Nordt, Hoehl & Weigelt, 2016), and across assessment modalities including 79 

functional magnetic resonance imaging (e.g., Bruckner et al., 1998), functional near infrared 80 

spectroscopy (fNIRS, Nakano et al., 2009), electroencephalography (EEG, e.g., Jacob et al., 2019) and 81 

magnetoencephalography (Ishai, Bikle, Underleider, 2006). Habituation and novelty detection provide 82 

good candidate processes for longitudinal studies from early infancy onwards: responses can be 83 

obtained in absence of overt behavioural responses from birth and can then be longitudinally studied 84 

using the same paradigms across wide age-ranges. However, there is a further need to validate 85 

indices across assessment modalities to examine whether the underlying cognitive constructs can be 86 

robustly assessed. This is particularly true for infants and children, as it is currently not known 87 

whether developmental effects are indicating the sensitivity of one modality at a specific age point or 88 

are capturing true underlying neurodevelopmental changes. The current study aims to begin to fill 89 

this gap, by longitudinally assessing neural specialisation associated with habituation and novelty 90 

detection at 1, 5 and 18 months of age in an infant cohort in The Gambia, West Africa. We examined 91 

whether indices from two neuroimaging modalities (fNIRS and EEG), capture similar developmental 92 

changes on group level, and whether infants’ individual responses in one modality correspond with 93 

their response in the other. Exploiting the strengths of each assessment modality, such an 94 

investigation could further inform our understanding of how brain function in response to habituation 95 

and novelty detection changes over time. Additionally, it could elucidate which functional changes are 96 

associated with a developmental change in the underlying neural circuitry associated with both 97 

processes.  98 

1.1 Validation of assessment instruments and early neural measures 99 

Even though both EEG and fNIRS have proven to be invaluable neurocognitive assessment tools 100 

during infancy and childhood, cross-modal studies assessing corresponding neural metrics across both 101 
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measures are still rare. EEG provides a direct, highly temporally resolved measure of rapid changes in 102 

the functional activation of populations of neurons. Where a sufficiently high number of electrodes 103 

are being used, it is possible to also draw spatial inferences from the data (e.g., Xie et al., 2018). Data 104 

gathered in children and infants however is oftentimes restricted to low-density recordings, making 105 

spatial inferences based on EEG challenging. fNIRS on the other hand, provides a more spatially, but 106 

less temporally, resolved measure of the haemodynamic response occurring in relation to neuronal 107 

activation. It can therefore enable a better structure-to-function mapping, that is oftentimes not 108 

possible to achieve with infant EEG. Using the two methods in conjunction holds the potential to 109 

examine both the temporal changes in neuronal activation as it occurs and draw inferences about the 110 

spatial localisation of these processes, enabling a more complete picture of how activation in certain 111 

structures changes across development.  112 

In clinical contexts, several studies have utilised concurrent fNIRS and EEG recordings to better 113 

understand haemodynamic response changes accompanying atypical electrophysiological activity 114 

(Bourel-Ponchel et al., 2017; Singh et al., 2014). However, adapting this clinical approach to a 115 

concurrent recording of paradigm- based designs poses challenges in terms of the timescale of the 116 

measured signal for EEG and fNIRS responses: while EEG and event related potentials (ERPs) allow for 117 

the presentation of a great number of stimuli presented approximately at a rate of one per 1-3 118 

seconds, the haemodynamic response measured by fNIRS unfolds much more slowly and is usually 119 

captured during presentation of trials 5-20 seconds in length (Lloyd-Fox et al., 2010). This difference 120 

therefore necessitates the adaptation of stimulus timing to elicit meaningful responses in both 121 

modalities. Some important groundwork has been accomplished by Chen and colleagues (2015) in 122 

healthy adult participants: using a simultaneous set up of recording EEG and fNIRS, they 123 

demonstrated that the fNIRS signal showed regional specificity of activation over auditory and visual 124 

cortex, and that the degree of this regional specificity was associated with the magnitude of 125 

simultaneously recorded visually and auditory evoked potentials. Their study thus highlighted how 126 

using fNIRS and EEG concurrently can enable inferences on spatial (fNIRS) and functional (EEG) 127 

specificity of low-level neurosensory processes. Combined fNIRS/EEG approaches have also proven 128 

useful in studies on infants. For example, Telkemeyer and colleagues (2009) found differential effects 129 

for their EEG and fNIRS measures when presenting healthy newborns with auditory stimuli of varying 130 

durations. Differential haemodynamic responses over bilateral temporal cortex were measured via 131 

fNIRS, whereas no discriminatory pattern for stimulus duration could be found via the auditory 132 

evoked potentials. The authors concluded that this difference between the modalities might have 133 

been seen because auditory evoked potentials only reflect change detection during the initial 134 

presentation of a stimulus, and thus may not be a sensitive measure for condition differences such as 135 
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the ones presented in this study. An examination of later EEG components might thus provide a 136 

better index of differential stimulus conditions. Obrig and colleagues (2017) demonstrated parallel 137 

effects in both modalities on an associative word-learning paradigm in 6-month-old infants, with both 138 

measures showing evidence for non-word learning over repeated sessions. However, a recent study 139 

in 18-month-old infants using a similar methodological set-up, Steber and Rossi (2020) found 140 

differential responses for linguistically legal vs illegal pseudo-words in the infant’s ERP, but no 141 

differential responses in their fNIRS signal. The authors suggest that these results could be associated 142 

with methodological limitations (specifically the stimulus timing required in parallel EEG/fNIRS 143 

recording) or be developmental in nature, with 18-month-old infants showing less robust neural 144 

responses to linguistic rule-violations than younger infants. These studies provide a crucial starting 145 

point in demonstrating cross-sectionally how EEG and fNIRS in conjunction can inform our 146 

understanding of early neurodevelopment. In summary, they highlight the need for further 147 

investigations of longitudinal changes in cross-modal associations over development. These would 148 

hold potential to understand whether certain developmental effects can be seen in different 149 

modalities at different ages, or whether they co-occur robustly across infancy. While this work on 150 

parallel recordings is currently underway, approaches whereby indices from each modality are 151 

measured sequentially one after the other can provide a first insight into common developmental 152 

trends as assessed by different measures. One limiting factor in this line of research is that the 153 

estimation of robust neurodevelopmental trajectories across more than one assessment modality is 154 

rarely feasible. Where such investigations are possible, sample sizes are often limited, which in 155 

context of higher rates of data rejection in infancy research, can pose a challenge when seeking to 156 

define longitudinal developmental trajectories. The current study assesses correlations between EEG 157 

and fNIRS responses measured sequentially within the same day within a longitudinal infant cohort at 158 

1, 5 and 18 months of age. Hereby, we make use of a recent move towards studying 159 

neurodevelopment in large-scale infant cohorts in low-and middle-income countries, as this provides 160 

an ideal context to address questions regarding the robustness of different neurodevelopmental 161 

metrics across a wide developmental time window.   162 

1.2 Large- scale global health studies provide framework for longitudinal, cross-modal investigations 163 

Over recent years, an increasing number of projects have begun to examine neurodevelopment in 164 

low-and middle-income countries (Larson et al., 2019; Turesky et al., 2020; Wijeakumar et al., 2019; 165 

Xie et al., 2019). Neuroimaging represents a crucial tool in studying young infants from diverse 166 

cultural backgrounds: paradigms can be designed to make fewer assumptions on children’s day to day 167 

experiences, which may vary vastly within and across cultures. This is in contrast to many 168 

neurobehavioural assessments, which tend to be rooted in object-based infant-adult interaction or 169 
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play, and thus require careful adaptation for each study setting (Milosavljevic et al., 2019). As shown 170 

by a recent review of infant neuroimaging studies (Azhari et al., 2020), the vast majority of 171 

neuroimaging research is carried out in high-income countries, with longitudinal study designs still 172 

being uncommon. A new generation of studies examining infant development in at-risk populations in 173 

low-and middle-income settings may thus provide a set up to investigate neurodevelopmental 174 

changes in large, longitudinal cohorts, tapping comprehensive assessment protocols including 175 

multiple assessment modalities. 176 

The current study was conducted as part of the Brain Imaging for Global Health (BRIGHT, 177 

globalfnirs.org/the-bright-project/) study, which followed two infant cohorts from birth to two years 178 

of age living within, or near to, Cambridge in the UK and Keneba, in a rural region of The Gambia. The 179 

BRIGHT study protocol encompassed fNIRS and EEG measures, as well as eye tracking and a 180 

comprehensive set of neurobehavioural measures (Neonatal Behavioural Assessment Scale, Mullen 181 

Scales of Early Learning [MSEL], Language Environment Analysis, Parent Child Interaction). Further, 182 

infants’ growth and nutritional status were measured at regular intervals. Using indices from two 183 

different neuroimaging paradigms within the BRIGHT study, early analyses by our group have 184 

examined developmental changes in habituation and novelty detection in The Gambia using fNIRS 185 

(Lloyd-Fox, et al., 2019) and EEG (Katus et al. 2020). Our previous work using EEG has relied on an 186 

auditory oddball paradigm, in which infants were presented with frequent, infrequent but repetitive 187 

and trial unique, novel sounds. This allowed us to compare developmental changes in infants’ 188 

response to infrequent but repetitive and trial unique, novel stimuli. Examining neurodevelopmental 189 

changes in infants’ ERP between 1 and 5 months of age, we showed that at the group level, infants in 190 

the Gambian cohort showed less of a developmental change towards a mature neural novelty 191 

response compared to the UK cohort (Katus et al., 2020). Whereas both groups showed large ERP P3 192 

responses to infrequent, repetitive sounds at 1 month of age, only the UK cohort showed a 193 

developmental change towards a larger ERP P3 to trial unique sounds at the 5-month age point. The 194 

response patterns observed in the Gambian cohort is in contrast to prior reports in the literature from 195 

high-income settings, which describe the emergence of a robust novelty-based response (larger ERP 196 

P3 to trial unique than infrequent sounds) from around 2 months of age (Otte et al., 2013; van den 197 

Heuvel et al., 2015). For example, Otte and colleagues (2013) report that their 2-month-old 198 

participants showed a larger ERP P3 response to trial unique, novel compared to infrequent, 199 

repetitive sounds. Similarly, van den Heuvel and colleagues (2015), report larger ERP P3 responses to 200 

novel stimuli in 4-month compared to 2-month-old infants.  201 

We also observed a reduced novelty response in our Gambian cohort in our prior work using fNIRS: 202 

infants were presented with repetitions of a sentence of infant directed speech. For 15 repetitions, 203 

https://www.globalfnirs.org/the-bright-project/
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infants listened to this sentence spoken by a female speaker (habituation trials) before a change to a 204 

male speaker occurred (novelty trials). Infants in the Gambian cohort did not show evidence of a 205 

neural novelty response at 5 or 8 months of age, in contrast to the UK cohort. Rather, they showed 206 

evidence for a continued habituation response spanning all auditory trials, regardless of whether 207 

these contained familiar (repetitive) or novel content (Lloyd-Fox et al., 2019). These response 208 

patterns are in contrast with earlier work in high-income settings, which documents that even at 209 

younger ages (0-3 months) neural response decrements as well as increases in neural activity in 210 

response to novel stimuli can be seen (Benavides‐Varela et al., 2011; Bouchon, Nazzi, & Gervain, 211 

2015; Nakano, Watanabe, Homae, & Taga, 2009).  212 

These findings documenting the development of habituation and novelty detection across infancy 213 

using either fNIRS or EEG raise the question of whether both assessment modalities capture the same 214 

underlying neurodevelopmental changes, or whether specific underlying mechanisms are tapped by 215 

each modality. The implementation of different assessment modalities allows us to simultaneously 216 

assess developmental changes in the spatial localisation of responses (e.g., are fNIRS responses 217 

differentially localised at the different age points, indicating a shift in neural basis for habituation and 218 

novelty detection processes) and function (e.g., is there a change in neural function as measured by 219 

EEG across infancy). Using two different paradigms allows us to assess the relationship between   220 

lower sensory-level processes (as measured by our EEG paradigm) and higher-level cognitive 221 

processes (as measured by subtle speaker change in fNIRS paradigm) across individuals as an indicator 222 

of the degree of shared variance captured by the two.  223 

1.4 Aims and Hypotheses 224 

The aim of the current analysis is to first, assess longitudinal changes in habituation and novelty 225 

detection across two neuroimaging paradigms and modalities (EEG and fNIRS) in data collected from 226 

the Gambian cohort of the BRIGHT study. Our objective aim is to assess neural metrics across 1-, 5- 227 

and 18-months of age in each modality, to examine longitudinal changes in responses in habituation 228 

and novelty detection. Our second objective is to assess whether individual differences in habituation 229 

and novelty detection measured in EEG are correlated with individual differences in the same 230 

domains measured by fNIRS. Lastly, we will assess whether those infants who do show evidence for a 231 

habituation response in either modality also show evidence for a robust novelty response. We 232 

hypothesise that:  233 

1. Infants will show response decrements in their haemodynamic (assessed by fNIRS) and 234 

electrophysiological (assessed by EEG) responses over consecutive trials of a repeated 235 
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stimulus. Response decrements will occur over a smaller number of trials at the older (5 & 18 236 

months) age points, indicating more efficient habituation processes.  237 

2. Infants will show larger haemodynamic and electrophysiological responses to novel, 238 

compared to repeated stimuli. This condition difference will increase with age. 239 

3. Habituation responses measured by EEG and fNIRS will be positively correlated. Equally, 240 

novelty responses across the two assessment modalities will show positive correlations.  241 

4. Novelty and habituation will be positively correlated, that is, those infants showing a robust 242 

novelty response will also show a robust habituation response across measures.  243 

2 Methods 244 

2.1 Participants 245 

Participants were recruited into the BRIGHT study antenatally. Expectant women were identified via 246 

the Demographic Surveillance System. They were then approached at their antenatal clinic visits to 247 

the Keneba field station, situated in the rural West Kiang region of The Gambia, which is part of the 248 

Medical Research Council (MRC) Unit The Gambia at the London School of Hygiene and Tropical 249 

Medicine (MRCG @ LSHTM, www.mrc.gm). Families indicating an interest in participating provided 250 

informed consent during a follow-up home visit. Infants were excluded if born before 37 or after 42 251 

weeks’ gestation, or if they were diagnosed with any neurological deficit during postnatal checks. In 252 

total, 204 families were recruited and eligible at the first antenatal visit all of whom were residents of 253 

the village of Keneba or surrounding villages in the West Kiang district. Infants were assessed in the 254 

home at 7-14 days and then in the clinic at 1-, 5-, 8-, 12-, 18- and 24 months. EEG data were collected 255 

at three of these age points, at 1-, 5- and 18- months of age. The BRIGHT protocol also included fNIRS 256 

assessments at 8-, 12- and 24 months of infant age, however these will not be described in the 257 

current manuscript as no EEG data were collected at these additional age points. For a description of 258 

the experimental study setup and adaptation process for fNIRS, EEG and eye tracking see Blasi et al., 259 

(2019) and Katus et al., (2019). Only members of the Mandinka ethnic group, who represent the 260 

ethnic majority in the West Kiang region of The Gambia (Hennig et al., 2017), were eligible to enrol to 261 

avoid confounds arising from translating measures into multiple local languages. Ethical approval was 262 

obtained from the joint Gambia Government – MRC Unit The Gambia Ethics Committee (project title 263 

‘Developing brain function for age curves from birth using novel biomarkers of neurocognitive 264 

function’, SCC number 1451v2). 265 

2.2 EEG Study 266 

2.2.1 Stimuli and Design. Procedures for this study are described in Katus et al., (2020). Stimuli for this 267 

study were adapted from Kushnerenko et al., (2007). We presented sounds of three different 268 

http://www.mrc.gm/


 9 

categories: Frequent stimuli consisting of 500Hz pure tones and presented at a probability of 0.8, 269 

Infrequent sounds, consisting of white noise segments, presented at a probability of 0.1, and Trial 270 

Unique sounds, consisting of a range of sounds such as clicks, tones, digitised vocalisations and 271 

syllables and also presented at a probability of 0.1 (Figure 1). Sounds were presented for 100ms with 272 

a 5ms ramp up and down time and an inter-stimulus interval jittered around a mean duration of 273 

700ms (ranging from 650-750ms). Stimulus presentation was controlled via customised Matlab 274 

routines and Psychtoolbox (Brainard, 1997; Kleiner et al., 2007; Pelli, 1997) run from an Apple 275 

Macintosh computer. Sounds were played through wireless Sony TMR-RF810R headphones at a fixed 276 

volume of 60dB SPL. In each session, a total of 1000 trials were presented (800 Frequent, 100 277 

Infrequent, 100 Trial Unique).  278 

 279 

Figure 1. Adapted from Katus et al., 2020. Schematic of stimulus presentation in EEG paradigm. Sounds of three 280 
categories were presented: Frequent sounds at a probability of 0.8, consisting of 500Hz pure tones, Infrequent 281 
sounds, presented at 0.1 probability and consisting of short segments of white noise, and Trial Unique sounds, 282 
presented at 0.1 probability and consisting of a range of sounds (e.g., vocalisations, digitised syllables, pure tones). 283 
Sounds were presented for 100ms with a 5ms ramp up and down time, and an ISI of mean length 700ms, jittered 284 
between 650 and 750ms.  285 

2.2.2 Apparatus and Procedure. The EEG study was performed at the 1-, 5- and 18-month age points. 286 

Data were recorded via the Neurolectrics Enobio8 system 287 

(https://www.neuroelectrics.com/solutions/enobio/8, sampling rate 500Hz), with the eight electrodes 288 

placed at locations Fz, FC1/2, C1/z/2 and CP1/2 of the 10-20 system. Data were recorded in reference 289 

to the infant’s left mastoid. At the 1-month age point infants were assessed during sleep, while being 290 

held by one of the researchers. At 5 and 18 months, infants were assessed while awake, and sitting on 291 

their parent’s lap with a researcher quietly interacting with them using toys, bubbles or gesture 292 

games. At all age points, sessions were video recorded to allow for identification of movement artifact 293 

offline.  294 

2.2.3 Data Processing and Analysis. Automated Matlab routines were used to pre-process the data: 295 

data were bandpass filtered (0.5-30Hz, blackman, filter order 5500), offset corrected for a 32ms 296 

timing delay and segmented from -200ms to 800ms around stimulus presentation. Epochs were 297 

rejected via an absolute voltage threshold of >200µV from minimum to maximum in each epoch. 298 
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Flatlining epochs (absolute voltage change of <.1µV) were also discarded. Datasets with <15 valid 299 

trials in the Infrequent and Trial Unique conditions were discarded. Further, to enable habituation 300 

analyses described below, datasets with <45 valid trials in the Frequent condition were discarded. All 301 

results reported were obtained from electrode Fz, which has been shown to be principal for novelty 302 

responses (Polich, 2007). At the 1-, 5-, and 18-month age points an average of X̄1month = 62.14 (SD1month 303 

= 14.53), X̄5month = 52.58 (SD5month = 15.29), X̄18month = 51.29 (SD18month = 23.15) for the Infrequent and 304 

Trial Unique conditions, and an average of X̄1month = 660.87 (SD1month = 15.92), X̄5month = 582.95 (SD5month 305 

= 12.19), X̄18month = 541.30 (SD18month = 28.24) for the Frequent condition were retained.  306 

2.2.4 Definition of EEG Habituation and Novelty Detection Indices. The present analysis focuses on 307 

the mean amplitude of the P3 component over a time window of 250-450ms (1-month age point) and 308 

200-400ms (5-and 18-month age points) post stimulus onset. For a detailed description of other ERP 309 

components at the 1- and the 5-month age point refer to Katus et al., (2020). Habituation was 310 

assessed for responses to the Frequent sounds. Averages were extracted for epochs of 15 trials 311 

(Familiarisation1EEG - Fam1EEG = trials 1-15, Familiarisation2EEG – Fam2EEG = trials 16-30, 312 

Familiarisation3EEG – Fam3EEG = trials 31-45). This epoch length was chosen, as 15 is considered the 313 

minimum number of trials for infant EEG data on which it is possible to obtain a robust estimate 314 

(DeBoer, Nelson & Scott, 2007), and it therefore allowed us to reliably assess changes in the P3 while 315 

not masking habituation effects that may occur within an epoch had more trials been included. We 316 

then assessed the percentage change from the first to the third epoch, normalised for individual ERP 317 

amplitudes (i.e., HabituationEEG = (Fam1EEG-Fam3EEG)/Fam1EEG). Therefore, higher values indicate 318 

higher levels of habituation across trials. Novelty detection was assessed by subtracting the mean 319 

amplitude to Frequent sounds from the mean amplitude to Trial Unique sounds, and normalising this 320 

for the amplitude of the Frequent sounds (i.e., NoveltyEEG = (Trial Unique – Frequent)/Frequent). Prior 321 

to this subtraction trial numbers were equalised across the two conditions by selecting a random 322 

subset of Frequent sounds to match the number of valid trials in the Trial Unique condition per infant. 323 

2.3 fNIRS Study 324 

2.3.1 Stimuli and Design. Procedures for this study are described in Lloyd-Fox et al., (2019). Infants 325 

were presented with 8-second-long spoken auditory stimuli of Mandinka infant-directed speech. Two 326 

versions of this stimulus were recorded, one spoken by a male and one by a female speaker. Stimuli 327 

were recorded at a sampling rate of 48Khz and edited using Audacity software v2.2.1 to normalise to 328 

a peak amplitude of -1dB SPL and converted from stereo to mono. This study was part of a larger 329 

fNIRS protocol, which was presented using customised Matlab routines (Task Engine, 330 

sites.google.com/site/taskenginedoc) and Psychtoolbox (Brainard, 1997; Kleiner et al., 2007; Pelli, 331 
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1997). Stimuli were presented from an Apple Macintosh computer connected via Logitech Z130 332 

speakers. Sound levels were adjusted to a mean of 60db SPL at the position of the infant’s head 333 

(ranging from 60.1-61.4dB). Preceding each stimulus was a 10 second silent period which was used as 334 

a baseline for the NIRS analyses. A total of 25 trials were presented: 15 trial repetitions of the female 335 

speaker, 5 repetitions of the male speaker, and another 5 trials of the female speaker. Trials were 336 

then grouped into the following: Trials 1-5 (Familiarisation1NIRS – Fam1NIRS), Trials 6-10 337 

(Familiarisation2NIRS – Fam2NIRS), Trials 11-15 (Familiarisation3NIRS – Fam3NIRS), Trials 16-10 (Novelty 338 

Trials), Trials 21-25 (Post-test Trials). The task design is illustrated in Figure 2.  339 

340 
Figure 2. Schematic of stimulus presentation in fNIRS paradigm. Stimuli consisted of 8-second-long sentences of 341 
infant directed speech, presented for 25 trials. For the first 15 familiarisation trials (Trials 1-5 = Fam1NIRS, Trials 6-342 
10 = Fam2NIRS, Trials 11-15 Fam3NIRS), the sentence was spoken by a female speaker, followed by 5 trials spoken 343 
by a male speaker (Trials 16-20 – Novelty Trials). The final 5 trials were spoken by the same female speaker as for 344 
the Familiarisation trials (Post-test Trials). Between each trial, a 10 second silent baseline was presented. Image 345 
copyright: Ian Farrell (right hand side photo).  346 

2.3.2 Apparatus and Procedure 347 

The fNIRS habituation and novelty detection study was administered at 1-, 5-, 8-, 12-, 18- and 24-348 

months of infant age. In reference to the age points at which the EEG study was administered, we 349 

here present data from the 1-, 5- and 18-month age points. Data were recorded using the Gowerlabs 350 

NTS system (Gowerlabs Ltd. London, UK), which emits near infrared light at wavelengths of 780 and 351 

850nm. Recordings were obtained from 18 channels (9 per hemisphere) at 1 month, and 34 channels 352 

(17 per hemisphere) at 5- and 18 months. Source-detector arrays were placed to span the inferior 353 

frontal to posterior temporal cortices (Figure 3). At the 1-month age point, infants were assessed 354 

while asleep and being held by one of the researchers. At 5- and 18 months infants were assessed 355 

while awake, while sitting on their parent’s lap with a researcher holding their attention through quiet 356 

presentation of toys or bubbles. Sessions were video recorded to allow for offline identification of 357 

excessive movement or social interactions with the parent or the experimenters during the session.  358 
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 359 

Figure 3. fNIRS channel configuration at the 1-, 5- and 18-month age points. Highlighted are channels contributing 360 
to the ROI’s at each point as identified by cluster permutation analyses. At the 1-month age point (top panel), a 361 
significant ROI based on the Fam1NIRS trials was found over bilateral middle temporal regions (yellow). At the 5-362 
month age point (middle panel), a significant ROI spanning middle to posterior temporal regions was found for 363 
the Fam1NIRS trials (orange) and Novelty trials (light green). At the 18-month age point (bottom panel) ROI’s were 364 
found over middle to posterior temporal regions for the Fam1NIRS (red) and Novelty (dark green) trials.  365 

2.2.3 Data Processing and Analysis 366 

Epochs (Fam1NIRS, Fam2 NIRS, Fam3 NIRS, Novelty Trials, Post-test Trials) with less than three valid trials 367 

per infant were disregarded from group-level analyses. Datasets with one or more non-valid 368 

familiarisation epochs were excluded from further analysis.  369 
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Light attenuation measures for each source-detector pair were converted into changes in oxy-370 

haemoglobin (HbO2) and deoxy-haemoglobin (HHb) in µM to obtain a measure of neural activity 371 

(Kocsis et al., 2006). Data were pre-processed using customised Matlab routines in an analysis 372 

pipeline similar to other infant studies (Gervain et al., 2011; Lloyd-Fox et al., 2010). First, channels 373 

with readings of less than 3e-4 were excluded. This value was chosen based on previous experience 374 

with the NTS system, and ensures the exclusion of channels for which insufficient NIR light is reaching 375 

a detector (e.g., due to the detector being blocked, or unclipped from the array). Secondly, channels 376 

exceeding the maximum acceptable difference of 0.2 between the coefficients of variation in the 377 

attenuation readings for the 780 and 850nm wavelengths per channel were discarded, to prevent 378 

inclusion of channels in which noise differently affected the two wavelength readings. Lastly, power 379 

spectrum density analyses of the raw signal were used to discard channels which showed strong 380 

activation in frequencies unrelated to neural activity. Raw intensity data were then inspected 381 

according to the above criteria for each infant, using automated quality control scripts. Infants with 382 

fewer than 60% of valid channels were excluded. Data were divided into blocks consisting of 4 383 

seconds preceding the auditory stimulus (baseline), the auditory stimulus itself and the following 384 

baseline trial. For each block, attenuation data were then detrended using a linear fit between the 385 

first and the last 4 seconds of the block.   386 

Following preprocessing, attenuation data were converted into changes in concentration of HbO2 and 387 

HHb (µM) using the modified Beer Lambert law (Delpy et al. 1988). The conversion assumed an age-388 

dependent differential pathlength factor (DPF) calculated from Duncan et al. (1995). After the 389 

conversion, a second round of artifact rejection was conducted on a trial-by-trial basis (per channel), 390 

to identify motion artifact (concentration changes of a predefined threshold of +/- 3.5µM during the 391 

baseline or +/- 5µM during the experimental trial were excluded).  392 

Offline coding of infant behaviours such as active interaction with the parent or the experimenter, 393 

fussiness or distress were coded as invalid sections of the session. For each trial, if such behaviours 394 

exceeded 40%, the trial was marked as invalid. This is in line with previous infant studies using a 395 

different protocol involving visual and auditory stimulation, where the rejection threshold was set to 396 

40% of the stimulation period (for an example see Lloyd-Fox et al., 2014).  397 

Trials and channels surviving the rejection were retained for further analyses. Overall the numbers of 398 

trials retained across the five epochs per age point were Fam1NIRS: X̄1month = 4.89 (SD1month = .41), X̄5month 399 

= 4.96 (SD5month = .22) X̄18month = 4.73 (SD18month = .58), Fam2NIRS: X̄1month = 4.90 (SD1month = .37), X̄5month = 400 

4.99 (SD5month = .09) X̄18month = 4.81 (SD18month = .46), Fam3NIRS: X̄1month = 4.88 (SD1month = .44), X̄5month = 401 

4.99 (SD5month = .12) X̄18month = 4.68 (SD18month = .70), Novelty Trials: X̄1month = 4.82 (SD1month = .61), X̄5month 402 

= 4.93 (SD5month = .41) X̄18month = 4.49 (SD18month = 1.04), Post test: X̄1month = 4.72 (SD1month = .78), X̄5month = 403 
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4.93 (SD5month = .42) X̄18month = 4.42 (SD18month = 1.01). Trials were then averaged across each epoch and 404 

infants, yielding a time course of the mean concentration change in HbO2 and HHb per channel. While 405 

based on pair-wise comparison the trial numbers differed between age points (due to generally 406 

higher noise levels in older infants), these differences were not sufficient to lead to a violation of the 407 

model assumptions: for example, our RM-ANOVA’s sphericity, which could be affected by differences 408 

in trial number via differences in magnitude of the standard deviation, was not violated. To not 409 

further reduce the amount of available data, we therefore did not even out differences in trials 410 

numbers across age points.  411 

2.2.4 Definition of fNIRS Habituation and Novelty Detection Indices 412 

For each averaged epoch, a temporal window of 8-12 seconds from stimulus onset was selected, in 413 

order to include the range of maximum concentration changes observed across all infants for the 414 

HbO2 and HHb responses.  This window is consistent with the previously published analysis on a 415 

subset of the NIRS data presented here (Lloyd-Fox, Blasi, et al., 2019). The averaged time course of 416 

the signals within this window were then compared to responses across the average of the final four 417 

seconds preceding the auditory stimulus (baseline). Either a significant increase in HbO2 or a 418 

significant decrease in HHb (but not a simultaneous significant increase or decrease of both signals) 419 

was accepted as an indicator of neural activity, in line with prior research (Lloyd-Fox et al., 2010). 420 

Two-tailed t-tests of the HbO2 and HHb change averaged across the time window of interest were 421 

used to identify active channels. False-discovery rate (FDR, Benjamini & Hochberg, 1995) correction 422 

was implemented to resolve multiple comparisons issues.  423 

For a more data-driven approach, resulting t-values were then entered into a cluster-based 424 

permutation analysis (Maris & Oostenveld, 2007). This nonparametric approach was used to select 425 

the region of interest (ROI) by adopting anatomically informed conditions on the clusters being 426 

considered (i.e. three non-aligned channels per cluster). Selection of this method provided a path to 427 

finding ROIs from a paradigm and age ranges not previously documented in the literature. 428 

Furthermore, it also helped confirm results from the t-tests, as this method offers a solution to the 429 

multiple comparisons issue, which appears when data is collected simultaneously from multiple 430 

points (Maris & Oostenveld, 2007). The cluster-based permutation analysis had been used on a subset 431 

of the NIRS data presented here and included in a previous publication (Lloyd-Fox, Blasi et al., 2019) 432 

and has also been applied to infant data in other works (Abboub, Nazzi & Gervain, 2016; Benavides-433 

Varela & Gervain, 2017; Ferry et al., 2016). First, channels on each array were arranged in 434 

triangulated clusters, each containing three nearest-neighbouring channels. This resulted in 58 pre-435 

defined clusters in total. Each cluster was assigned a t-value, calculated by adding the individual t-436 

values of its channel components, as computed in the step described above for the Fam1NIRS condition 437 
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(relative to baseline) within a window of 8-12 seconds post stimulus onset. Then, the mean signal 438 

change was randomized by participant and channel, and new t-values were calculated per channel 439 

and summed within each cluster to obtain the new cluster t-value. This randomisation and calculation 440 

of cluster t-values was repeated 1,000 times to generate a cluster probability curve of t-values. In 441 

total, N = 1,000 permutations was chosen based on previous fNIRS research groups using this method 442 

(Abboub et al., 2016; Benavides-Varela & Gervain, 2017). The t-value of each cluster candidate was 443 

then tested to see whether it was significantly different from chance by calculating its p-value as the 444 

area under its probability distribution to the right of the cluster t-value. The process was repeated for 445 

all candidate clusters. At each time point, the cluster within each array (left and right) with the most 446 

significant p-value was selected.  447 

Given that the clusters identified in each hemisphere were over similar regions, and there were no a-448 

priori hypotheses about differential hemispheric habituation and novelty effects (as responses were 449 

found in both hemispheres in previous research; Benavides-Varela et al., 2011, Nakano et al., 2009), 450 

these were then combined across hemispheres to generate a primary bilateral ROI for the main 451 

analyses. Cluster-based permutation analyses were repeated for the Novelty condition, to investigate 452 

whether the location of the Novelty response (compared to baseline) was in a similar region to the 453 

response to Fam1. At the 1-month age point, no channels showed any significant activation to the 454 

Novelty response; at the 5-month age point Fam1NIRS and Novelty ROIs differed by one channel only; 455 

and at 18 months, ROIs or both conditions were identical.   456 

Signals from each of the channels included in the ROIs were inspected for meaningful neuronal 457 

response was based on both HbO2 and HHb (i.e., significant increase in HbO2, significant decrease in 458 

HHb or both). Once we identified which ROI showed meaningful neuronal activation based on both 459 

chromophores, we focussed our statistical analyses of habituation, novelty detection and comparison 460 

with the EEG signal on HbO2 responses. This was done as HbO2 has been found to be the more robust 461 

measure in our past work (Blasi et al., 2014). To examine habituation, we obtained the differences 462 

HbO2 responses between Fam1NIRS and Fam3NIRS, normalised by Fam1NIRS (i.e., HabituationNIRS = 463 

(Fam1NIRS – Fam3NIRS)/Fam1NIRS). Novelty detection was assessed via subtracting Fam3NIRS from Novelty 464 

trials and dividing this by Fam3NIRS (i.e., NoveltyNIRS = (Novelty – Fam3NIRS)/Fam3NIRS).  465 

2.3 Statistical Analyses 466 

First, we examined time-course responses for our fNIRS and EEG measures. We then modelled mean 467 

amplitudes for the ERP P3 component by condition (Frequent / Infrequent / Trial Unique) and age (1 468 

month / 5 months / 18 months) longitudinally in a repeated measures ANOVA. For the fNIRS 469 

responses, we modelled the mean haemodynamic change during the 8-12 second time window post 470 
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stimulus onset by epoch (Fam 1 / Fam3 / Novelty / Post test) and age (1 month / 5 month / 18 471 

months) in a repeated measures ANOVA. Significant main effects were followed up by paired t-tests, 472 

resulting p-values were FDR corrected. We hereby included all three age points in a joint analysis, 473 

even though infants at 1 month were assessed asleep, in contrast to both other age points. This 474 

decision was taken to be able to model longitudinal trends in these neural responses, and in part 475 

justified by previous analyses into the effect of state changes by our group. In a previous analysis 476 

(Katus et al., 2020), we found that neural responses did not differ significantly between infants tested 477 

asleep vs awake at 5 months of age. We further found that the developmental change between 1 and 478 

5 months did not differ for those who changed state between age points and those who were 479 

assessed asleep both times. While this is not to negate the impact of state, we found that for the 480 

specific metrics observed state did not seem to have a statistically significant effect. As no such 481 

analyses could be conducted for the NIRS data, we opted to model the effect of condition in a 482 

repeated measures ANOVA per age point, to not conflate possible developmental effects with the 483 

effect in state change between 1 month and the other age points.  484 

Second, we examined developmental changes in infants’ habituation and novelty detection responses 485 

per imaging modality. To assess habituation, we separately modelled our habituation indices 486 

(HabituationEEG and HabituationNIRS) and novelty indices (NoveltyEEG and NoveltyNIRS) in a repeated 487 

measures ANOVA by age (1 month / 5 month / 18 month).  488 

Third, we examined one-tailed Pearson correlations to investigate associations between the EEG and 489 

NIRS metrics of habituation and novelty detection per age point. Last, we assessed whether infants 490 

who show strong habituation responses also show strong novelty responses, by stratifying 491 

habituation correlations by novelty responses and vice versa. To this end, infants’ habituation and 492 

novelty responses were dichotomised (Habituation < 0 coded as 0, Habituation > 0 coded as 1, and 493 

likewise for Novelty responses): infants could score 0 (no habituation/novelty detection in either NIRS 494 

or EEG), 1 (habituation/novelty detection in either NIRS or EEG or 2 (habituation/novelty detection in 495 

both NIRS and EEG). We then examined what proportion of infants scoring high on novelty detection 496 

also showed high scores in habituation and vice versa.  497 

3 Results 498 

Prior to the main analyses examining correlations across our fNIRS and EEG paraidgm (section 3.3), 499 

we conducted checks on data retention and quality, as well as examinations of within-modality 500 

developmental changes. For a proportion of infants, data were missing for one of the following 501 

reasons (Figure 4): 1) infants passing away, discontinuing the study or missing a study visit, 2) infants 502 

not tolerating placement of the fNIRS or EEG cap or being too fussy to record sufficient data, 3) 503 
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improper headgear placement, 4) data were found to be too noisy, for example due to motion 504 

artifact, 5) technical or experimenter error.  505 

  506 

Figure 4. Rates of data exclusion / retention at the 1-, 5- and 18-month age point and reasons for exclusion.  507 

Descriptive statistics can be found in Table 1. No differences were observed between those infants 508 

included vs excluded in the present analyses with regard to their sex, age, weight, head circumference 509 

and length (p > .172).  510 
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Table 1. Descriptive statistics of infant age, sex, and anthropometric measures for infants included and excluded in further analyses. 

 EEG fNIRS 

 1-month 5-months 18-months 1-month 5-months 18-months 
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Characteristics 

Sex (m/f) 87/85 17/15 76/77 22/21 67/59 26/37 76/60 27/40 72/66 29/32 54/60 39/36 

 x ̄± SD x ̄± SD x ̄± SD x ̄± SD x ̄± SD x ̄± SD x ̄± SD x ̄± SD x ̄± SD x ̄± SD x ̄± SD x ̄± SD 

Age (days) 44.31± 
28.01 

42.72 ± 
26.40 

161.108 ± 
10.52 

158.79 ± 
10.43 

573.61 ± 
39.01 

564.39 ± 
38.91 

42.01 ± 
29.14 

44.91 ± 
28.96  

158.91 ± 
9.89 

162.86 ± 
11.42 

561.97 ± 
39.56 

571.72 ± 
39.65 

Weight 
(kg) 

4.391 ± 
0.624 

4.274 ± 
0.573 

6.821 ± 
0.814 

6.791 ± 
0.717 

9.52 ± 0.921 9.49 ± 
1.031 

4.221 ± 
0.471 

4.467 ± 
0.615 

6.792 ± 
0.783 

6.924 ± 
0.835 

9.63 ± 
1.052 

9.39 ± 
0.891 

Length 
(cm) 

54.132 ± 
1.912 

52.912 ± 
2.811 

63.972 ± 
1.967 

64.092 ± 
2.245 

79.413 ± 
3.12 

78.201 ± 
2.92 

51.917 ± 
2.275 

55.395 ± 
1.984 

65.392 ± 
2.192 

60.214 ± 
2.423 

79.912 ± 
3.01 

78.261 ± 
3.29 

Head 
circumfere
nce (cm) 

36.411 ± 
2.113 

37.121 ± 
1.981 

42.351 ± 
1.425 

41.663 ± 
1.342 

46.831 ± 
1.653 

47.318 ± 
1.583 

37.204 ± 
1.211 

36.123 ± 
1.922 

42.938 ± 
1.623 

40.916 ± 
1.562 

48.391 ± 
1.284 

45.326 ± 
1.572 

Anthropometric z-scores 

WAZ 
-0.498 ± 
0.871 

-0.531 ± 
0.918 

-0.653 ± 
0.892 

-0.625 ± 
0.916 

-0.971 ± 
0.921 

-1.051 ± 
0.957 

-0.521 ± 
0.973 

-0.491 ± 
0.981 

-0.692 ± 
0.928 

-0.651 ± 
0.914 

-1.0821 ± 
1.027 

-1.0271 ± 
1.205 

LAZ 
-0.913 ± 
0.915 

-0.832 ± 
0.899 

-0.5986 ± 
0.983  

-0.641 ± 
0.893 

-1.112 ± 
0.792 

-1.372 ± 
1.392 

-0.877 ± 
0.941 

-0.824 ± 
0.951 

-0.611 ± 
0.951 

-0.613 ± 
0.941 

-1.148 ± 
0.810 

-1.319 ± 
1.124 

HCZ 
-0.614 ± 
0.798 

-0.579 ± 
0.893 

-0.712 ± 
0.974 

-0.761 ± 
0.951 

-0.942 ± 
0.9752 

-0.892 ± 
0.891 

-0.528 ± 
0.913 

-0.519 ± 
0.893 

-0.749 ± 
0.897 

-0.751 ± 
0.956 

- 1.021 ± 
1.129 

-0.823 ± 
0.975 

WLZ 
0.427 ± 
0.980 

0.341 ± 
1.126 

-0.261 ± 
0.981 

-0.245 ± 
1.021 

-0.812 ± 
1.072 

-0.741 ± 
0.985 

0.386 ± 
1.314 

0.321 ± 
0.986 

-0.26 ± 
1.21 

-0.269 ± 
0.983 

-0892 ± 
1.042 

-0.856 ± 
1.032 

Note. No differences between infants included and excluded in analyses were seen regarding sex, age, weight, length, head circumference, WAZ = weight-for-age z-scores, LAZ 
= length-for-age z-scores, HCZ = head circumference-for-age z scores or WLZ = weight-for-length z scores. (all p>.172). 
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3.1 Developmental change in EEG and fNIRS response 1-18 months 508 

3.1.1 Longitudinal ERP results 1-18 months 509 

The ERPs for all infants contributing valid data at the 1-, 5- and 18-month age point are displayed in 510 

Figure 5.  511 

 512 

Figure 5. ERP responses at 1-month (a), 5-months (b) and 18-months (c) of age for Frequent (blue), Infrequent 513 
(red) and Trial Unique (yellow) sounds. Here, time courses of all infants contributing valid data for each cross-514 
sectional age point are included. Figures including only infants contributing EEG data to all three age points (N=74) 515 
can be found in Supplementary Figure 1. 516 

The repeated measures ANOVA showed significant main effects for condition (F2,146 = 14.266, p 517 

<0.001, np
2 = 0.163), but not age (F2,146 = 2.436, p = 0.091, np

2 = 0.032). We also found an age* 518 

condition interaction effect (F4,292 = 3.753, p = 0.006, np
2 = 0.049), which was followed up by post-hoc 519 

comparisons: 1-month-old infants showed a large ERP P3 component in response to Infrequent, white 520 

noise sounds compared to Frequent (t171 = 8.204, pFDR <0.001, d = 0.626) and Trial Unique (t171 = 3.929, 521 

pFDR  <0.001, d = 0.3) stimuli, indicating the absence of a novelty-based response at group level. At 5 522 

months, infants showed larger P3 responses to Infrequent compared to Frequent (t152 = 3.556, pFDR = 523 

0.001, d = 0.287) and Trial Unique compared to Frequent sounds (t152 = 3.722, pFDR <0.001, d = 0.301), 524 

but responses did not differ between Infrequent and Trial Unique sounds, indicating that at group 525 

level infants did not show a consistent novelty response. At 18 months, infants showed a novelty 526 

response on group level, indicated by higher P3 amplitudes to Trial Unique compared to Frequent (t125 527 

= 2.436, pFDR = 0.016, d = 0.217) and Infrequent sounds (t125 = 2.385, pFDR = 0.019, d = 0.212).  528 

3.1.2 fNIRS results 1-18 months 529 

ROI’s for each age point and hemisphere are displayed in Figure 3. For all three age points, responses 530 

were localised at bilateral middle temporal structures. fNIRS time courses per age point (including all 531 

infants contributing valid data for each individual age point) are represented in Figure 6.  532 
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 533 

Figure 6. fNIRS time courses at 1 month (light orange), 5 months (orange) and 18 months (dark orange) across 534 
Fam1NIRS (a), Fam2NIRS (b), Fam3NIRS (c), Novelty (d) and Post-test (e) epochs. Here, time courses of all infants 535 
contributing valid data for each cross-sectional age point are shown. Figures including only infants contributing 536 
fNIRS data to all three age points (N=60) can be found in Supplementary Figure 2. 537 

For this paradigm, we anticipated a response pattern of: (i) large amplitude change in the fNIRS 538 

signals at Fam1NIRS; (ii) diminishing amplitude change at Fam2 NIRS and Fam3 NIRS (trials 6 to 10 and 11 539 

to 15); (iii) increased amplitude response at Novelty (trials 16 to 20) compared to Fam3 NIRS; and (iv) 540 

diminished response at Post test (trials 21 to 25) compared to Novelty NIRS trials (Lloyd-Fox et al. 2019; 541 

Nakano et al., 2009). Sleeping 1-month-olds presented smaller amplitude HbO2 change in the 542 

posterior temporal ROI during Fam1NIRS, (trials 1 to 5) compared to the 5-month and 18-month age 543 

points. At the 1-month age point, significant increases in oxyhaemoglobin to Fam1NIRS trials were 544 

detected on channels spanning both hemispheres; however, none of the channels showed significant 545 

activation to the Novelty trials at this time point. A repeated measures ANOVA analysis did not reveal 546 

an epoch effect. 547 

At the 5-month age point, we found a significant epoch effect (F4,500 = 2.887, p = 0.022 and np
2 = 548 

0.023), driven by a significantly larger response to Fam1NIRS compared to NoveltyNIRS trials (t132 = 2.533, 549 

pFDR = 0.012, d = 0.27); and a significantly larger response to Fam2NIRS compared to Novelty trials (t132 = 550 

1.923, pFDR = 0.035, d = 0.184). This indicates that instead of a novelty response to the change in 551 

speaker, infants at this age showed a continued habituation response spanning all trials regardless of 552 

stimulus condition.  553 

At 18 months, there was a strong epoch effect (F4,372 = 5.974, p < 0.001 and np
2 = 0.060), driven by a 554 

significantly larger response for Fam1NIRS compared to Fam2NIRS trials (t113 = 3.765, pFDR < 0.001, d = 555 

0.353) and Fam3NIRS (t112 = 4.727, pFDR <0.001, d = 0.445), indicating the emergence of a habituation 556 

response. We also found a significant Fam1NIRS > Novelty effect (t103 = 3.552, pFDR = 0.001, d = 0.37) 557 

indicating the emergence of a novelty response; and a significant Fam1NIRS > Post test effect (t97 = 558 

3.678, pFDR < 0.001, d = 0.41).  559 

As the response to Novelty at 18 months of age appears stronger and with a different time profile 560 

than at 5 months, post-hoc analyses were performed. Paired t-test (FDR corrected) with the subset of 561 
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72 infants with valid data at 5 and 18 months reveal no significant difference between the Novelty 562 

response at 5 and 18 months within the 8 to 12 sec post stimulus onset time window (t71 = 0.766, pFDR  563 

= 0.446). However, at a slightly later time window from 10 to 14 seconds post stimulus onset, the 564 

Novelty response at 18 months remained significantly larger (t71 = 2.019, pFDR = 0.047, d = 0.31) 565 

indicating a more protracted and sustained response overall.  566 

3.2 Longitudinal habituation and novelty responses from 1 to 18 months 567 

Habituation profiles for the NIRS and EEG paradigm are displayed in Figure 7.  568 

 569 

Figure 7. Longitudinal EEG and fNIRS responses across repeated trials per age point. Here, only infants 570 

contributing data at all age points are included. 571 

To statistically assess developmental changes in the EEG habituation response, we modelled the 572 

HabituationEEG index in a repeated measured ANOVA by age (1 month / 5 month / 18 months) , 573 

showing a main effect (F2,146 = 3.167, p = 0.045, p
2= 0.042). Post hoc tests showed that this was 574 

driven by an increase in stronger habituation responses as 5 months compared to 1 month (t112 = 575 

2.408, pFDR = 0.018, d = 0.217). We also modelled the HabituationNIRS index by age, showing a main 576 

effect (F2,118 = 3.878, p = 0.023, p
2= 0.062), driven by an increase in habituation response between 1 577 

month and 5 months (t88 = 3.106, pFDR = 0.003, d = 0.329) and between 1 month and 18 months (t82 = 578 

4.809, pFDR <0.001, d = 0.528). Results from the EEG and fNIRS habituation analysis are displayed in 579 

Figure 8 (top row). 580 
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 581 

Figure 8. Longitudinal Habituation (top row) and Novelty (bottom row) responses during the EEG (left) and fNIRS 582 
(right) paradigm across the 1-, 5- and 18-month age points. Here, only infants contributing data at all age points 583 
are included. 584 

As for the developmental change in novelty detection, we modelled the NoveltyEEG and NoveltyNIRS 585 

indices in two separate repeated measures ANOVAs with within factor age (1 month / 5 month / 18 586 

month). For the EEG, we found a main effect for age (F2,146 = 3.359, p = 0.037, p
2= 0.044), driven by 587 

larger novelty responses at 5 months compared to 1 month (t112 = 3.103, pFDR = 0.002, d = 0.28) and at 588 

18 months compared to 1 month (t94 = 2.472, pFDR = 0.015, d = 0.254).  For the fNIRS, we found a main 589 

effect (F2,104 = 14.5, p < 0.001, p
2= 0.218), driven by a trend towards larger novelty responses at 5 590 

months compared to 1 month (t83 = 1.954, pFDR = 0.054, d = 0.213) and significantly larger responses 591 

at 18 months compared to 5 months (t70 = 2.204, pFDR = 0.031, d = 0.262). Results from the EEG and 592 

fNIRS novelty analysis are displayed in Figure 8. 593 

3.3 Cross-sectional correlations of EEG and fNIRS responses at 1, 5 and 18 months 594 

To assess the hypothesized positive correlations between habituation and novelty responses on the 595 

EEG and fNIRS paradigm, one-tailed Pearson correlations between the corresponding indices were 596 

run per age point, results of which were corrected for multiple comparisons via FDR corrections. For 597 

the habituation indices, significant positive correlations were observed at the 1 month and the 5 598 

month age points (1 month: N = 116, r = 0.169, pFDR =0.035, R2 = 0.029; 5 months: N = 106, r =0.239, 599 

pFDR = 0.007, R2 = 0.057), but not at the 18 months age point (18 months: N = 95, r = -0.080, pFDR = 600 

0.219, R2 = 0.001). For the novelty indices, a positive correlation was found for the 5 month and the 601 

18 month age points (5 months: N = 103, r = 0.173, pFDR = 0.040, R2 = 0.029; 18 months: N = 88, r = 602 



 23 

0.325, pFDR =0.001, R2 = 0.106), but not for the 1-month age point (1 month: N = 113, r = 0.091, pFDR = 603 

0.169, R2 = 0.008). All correlations are visualised in Figure 9. 604 

 605 

 606 

Figure 9. Correlations between EEG (y-axis) and fNIRS (x-axis) habituation (top row) and novelty 607 

(bottom row) metric for the 1-, 5-, and 18-month age points. Each data point represents an individual 608 

participant’s neural response on the EEG and fNIRS paradigm. 609 

3.4 Cross sectional associations between habituation and novelty responses at 1, 5 and 18 months 610 

We lastly explored whether participants’ habituation responses were associated with their novelty 611 

detection responses in either imaging modality. Infant’s responses were dichotomised for their 612 

habituation and novelty responses, where responses < 0 was allocated a score of 0, and responses > 0 613 

was allocated a score of 1. A sum scores was obtained, where infants could score either: 0 – indicating 614 

the absence of novelty responses in both EEG and fNIRS; 1 – indicating a novelty response in either 615 

modality; or 2 – indicating a novelty response in both modalities. Correlation analyses were then 616 

stratified by the novelty detection sum score (for the habituation analysis) and the habituation sum 617 

score (for the novelty analysis).  618 



 24 

 619 

Figure 10. Correlations between EEG (y-axis) and fNIRS (x-axis) novelty metric stratified by habituation 620 
responses for the 1-, 5-, and 18-month age points. Each data point represents an individual participant’s 621 
neural response on the EEG and fNIRS paradigm. A larger number of infants who show a habituation 622 
response in either NIRS or EEG (yellow triangles) or both NIRS and EEG (green square) also show a  623 
novelty response in both NIRS and EEG (top right quadrant) at the 5 and the 18 month age points. 624 

As can be seen in Figure 10, a larger proportion of infants who scored 1 or 2 on their habituation sum 625 

score also obtained higher novelty values for both NIRS and EEG. Across the three age points, the 626 

proportion of infants who showed a habituation and novelty response in both EEG and fNIRS 627 

increased, whereas the proportion not showing any novelty or habituation responses decreased. A 628 

full breakdown of the percentages of infants’ novelty responses relative to their habituation 629 

responses per EEG and fNIRS can be found in Figure 11.  630 

 631 

Figure 11. Breakdown of infants showing novelty or habituation responses per modality (NIRS/EEG) and age point 632 
(1, 5, 18 months). As can be seen, the proportion of infants showing robust novelty and habituation responses in 633 
both NIRS and EEG increases with age. The proportion of infants who show a habituation or novelty response in 634 
only NIRS or EEG decreases with age, as does the proportion who shows no novelty or habituation response in 635 
either modality. 636 
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4 Discussion 637 

The current study is the first to present correlations in two habituation and novelty detection 638 

paradigms measured across two neuroimaging modalities (EEG auditory oddball and fNIRS infant-639 

directed speech processing paradigm) across a longitudinal sample spanning the transition from the 640 

neonatal period to toddlerhood. As such, the study provides a first demonstration of the benefits of 641 

longitudinal, cross-modal protocols to define robust metrics of early neural specialisation. The study 642 

adds to our previous work by 1) describing positive correlations between habituation and novelty 643 

detection at three longitudinal age points from 1-18 months of life, thus covering a crucial window of 644 

neurodevelopment, and 2) assessing correlations of neurodevelopmental indices across two 645 

increasingly used assessment modalities. Common developmental trends across both the fNIRS and 646 

the EEG paradigm suggest that our results are not a specific correlate of a single method or paradigm, 647 

but that both methods are measuring the same underlying neuronal response.  648 

4.1 Longitudinal Habituation and Novelty responses in fNIRS and EEG 649 

Across both the EEG and the fNIRS paradigm we found habituation responses increased with age. 650 

Specifically, for the EEG paradigm, neural response decrements were significantly higher at 5 months 651 

compared to 1 month of age.  For the fNIRS paradigm, response decrements were higher at 5 and 18 652 

months, compared to the 1-month age point. The fNIRS responses were consistently localised to 653 

fNIRS channels covering infants’ middle temporal areas, with no developmental change in localisation 654 

seen across the observed age range. In terms of the novelty detection responses, we observed 655 

strikingly similar developmental gains in both modalities: EEG responses increased significantly from 1 656 

to 5 months and from 1 to 18 months, while fNIRS responses significantly increased from 5 to 18 657 

months.   658 

Our findings extend our previous investigations examining habituation and novelty responses within 659 

each modality. For the EEG paradigm, we have previously reported that infants’ novelty responses 660 

increase between 1- and 5-months of age (Katus et al., 2020). Comparing the BRIGHT projects’ UK and 661 

Gambian cohort, we observed a less pronounced increase in this developmental shift towards a 662 

novelty response in the Gambian, compared to the UK infants between 1- and 5 months of age. In line 663 

with past literature (Otte et al., 2013, van den Heuvel et al., 2015, Kushnerenko et al., 2007), 1-664 

month-old infants showed a large ERP P3 component in response to Infrequent, white noise sounds 665 

compared to both other stimulus conditions. This response has been described as a primarily 666 

intensity-driven, rather than a genuinely novelty-based response (Kushnerenko, 2013). Prior literature 667 

has shown that from 2-4 months of age, a robust novelty-based response emerges, as indicated by a 668 

large ERP P3 to Trial Unique, novel sounds (Otte et al., 2013, van den Heuvel et al., 2015, 669 
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Kushnerenko et al., 2007). As discussed in Katus et al., 2020, at the group level this novelty-based 670 

response was not seen at the 5-month age point in the Gambian cohort assessed here. Interestingly, 671 

at the 18-month age point, infants in this group do show a larger ERP P3 to Trial Unique compared to 672 

Frequent and Infrequent sounds. This may indicate that the development of a robust novelty response 673 

occurs on a more prolonged developmental time scale in this cohort, compared to what has been 674 

reported in prior literature. However, the inclusion of an additional age point in the present study 675 

showed that by 18 months of age, infants in the Gambian cohort do show a robust increased neuronal 676 

response to novel stimuli.   677 

Our previous work also compared fNIRS habituation and novelty detection in the Gambian compared 678 

to the UK BRIGHT cohorts at 5 and 8 months of age (Lloyd-Fox et al., 2019). We found that in contrast 679 

to the UK cohort, infants in the Gambian cohort did not show evidence for novelty detection at either 680 

of these age points, but rather showed a continued pattern of response decrements across both 681 

familiarisation and novelty trials. However, inclusion of the 18-month age point in the current study 682 

showed significant developmental gains in novelty detection between the 5 and the 18 month age 683 

points as well as more rapid habituation within the familiarisation phase at 18 months of age, which in 684 

contrast to 5 and 8 months occurred within the first 10 stimulus repetitions.  685 

4.2 Cross-modal correlations of Habituation and Novelty Detection indices 686 

We further examined correlations between indices of habituation and novelty detection across the 687 

two assessment modalities. Such analyses are not usually feasible in neurodevelopmental research: 688 

reliance on high-quality neuroimaging data of infants across two assessment modalities and several 689 

age points requires large sample sizes in order to be able to draw meaningful conclusions. For this 690 

reason, a cohort comparison between our Gambian and UK cohort was not conducted as part of the 691 

current study. We found several positive correlations for both habituation and novelty detection 692 

across the three age points: correlations for habituation were found at the 1- and 5-month age point, 693 

whereas novelty detection responses only showed a significant correlation at the 5- and 18-month 694 

age point. Across domains, we found consistent correlations at the 5 months age point. This could 695 

indicate that even though not yet apparent at a group level, individual differences in habituation and 696 

novelty detection are more representative of the rapid underlying neurodevelopmental change 697 

accompanying this period. Once established, neural metrics of these processes might not capture 698 

individual developmental patterns as consistently, leading to notable group-level differences, but less 699 

meaningful individual differences. Previous research has suggested that the first months of life could 700 

be critical for the development of the fundamental processes we studied here (Otte et al., 2013, van 701 

den Heuvel et al., 2015, Kushnerenko et al., 2013), therefore warranting increased attention 1) in the 702 



 27 

context of association with risk and environmental factors, and 2) in terms of its predictive validity for 703 

later neurodevelopmental outcomes (Katus et al., 2022).  704 

Despite the consistent cross-modal correlations, a substantial amount of variance remains 705 

unexplained. While this is likely to be partially driven by measurement noise in each modality, we also 706 

need to consider what unique aspects of habituation and novelty detection may be captured by each 707 

measure. While the EEG measure provides insight into basic sensory processes, the fNIRS paradigm 708 

examines a much more subtle process, namely a change in a speaker’s sex. Given the different levels 709 

at which these two processes operate, it is interesting to see that the two measures do share some 710 

overlap. While sensory discrimination as measured by the EEG paradigm undoubtedly represents an 711 

important building block for detecting the speaker change used in the NIRS paradigm, other factors, 712 

such as infants’ early social interactions and exposure to infant-directed speech come into play when 713 

detecting a speaker change. One reason this association may have become apparent between the 714 

very different paradigms, lies in the specific ERP indices we extracted: by examining the P3, which 715 

indexes selective attention, information processing and working memory updating, we may have 716 

tapped higher order cognitive processes, which were more similar to the underlying processes 717 

required during the fNIRS paradigm. 718 

Our current results do not support the assumption that across the first 18 months of infancy there is a 719 

shift in the underlying neural structures supporting habituation and novelty detection. While both 720 

fNIRS and EEG showed functional changes, with a robust novelty response emerging at around 18 721 

months of age, we did not find evidence on the basis of the fNIRS paradigm that cortical areas 722 

associated with this functional change were localised to different regions at 18 compared to 1- and 5 723 

months of age. While some primate evidence suggest that the involvement of the frontal lobes might 724 

increase with age, it might be that this shift occurs later on in humans, who are known to have a very 725 

protracted time course for frontal lobe maturation.  726 

4.3 Robustness of individual responses in Habituation and Novelty Detection  727 

Our study also explored whether the robustness of infants’ novelty responses was associated with 728 

their habituation patterns on an individual level. We found that this was indeed the case, with a larger 729 

proportion of the infants showing habituation responses also showing novelty responses. The 730 

congruence was similar across all age points with around 90% of infants who showed a robust novelty 731 

response in both EEG and fNIRS also showing a habituation response in at least one of the modalities. 732 

This finding bears special relevance, as it highlights how common developmental trends can be 733 

captured by two vastly different measures: not only do fNIRS and EEG measure different underlying 734 

neural processes, but also the different paradigm set ups used in both modalities assess the 735 
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underlying neurocognitive processes in different ways. Whereas the EEG paradigm measured 736 

habituation to simple, auditory input presented with intermittent interruptions of other sounds, the 737 

fNIRS paradigm presented complex verbal input with a relatively subtle speaker change. Our data 738 

however suggest that despite the differences in paradigm design, similar developmental trends can 739 

be measured. It also shows, that on an individual level, there is a correlation between habituation and 740 

novelty detection processes across development.  741 

4.4 Limitations and future directions 742 

Results from this study need to be regarded in the context of some limitations. First, while we do 743 

present positive correlations between fNIRS and EEG for several age points, the magnitude of these 744 

associations is small. This may be in part driven by the multiple differences in study design and 745 

stimulus type. The timescales of EEG and fNIRS responses (i.e., rapid neural response versus slower 746 

haemodynamic response) necessitate different approaches with regard to stimulus presentation, 747 

however the difference in the kind of auditory input presented in our respective paradigms (e.g, basic 748 

sensory auditory discrimination in EEG, higher level speech sound discrimination in fNIRS) may have 749 

contributed to the small size of the correlations. In this context, it is also important two note that 750 

correlations were found for two specific assessment modalities, and two specific paradigms, and 751 

further research will be required to assess if these findings apply more broadly. Furthermore, the 752 

auditory discrimination measured in our EEG paradigm may emerge earlier than the more subtle 753 

speech sound discrimination measured in our fNIRS paradigm, leading to weaker correlations in the 754 

derived neural metrics.  Secondly, the need for infants to complete both the EEG and the fNIRS 755 

assessments in order to enter analyses may lead to a biased sample, where more vulnerable infants 756 

unable to tolerate headgear or long recording periods are missed. While this possibility cannot be 757 

ruled out, infants included and excluded in analyses did not differ with regard to their anthropometric 758 

indicators, sex or age. Having demonstrated that there is some correspondence between 759 

neurodevelopmental metrics across EEG and fNIRS, this might enable a higher degree of confidence in 760 

unimodal investigations in the future. In this context, it is also important to note that with a 761 

simultaneous recording of both EEG and fNIRS, data retention might have been higher as such an 762 

approach would only require the application of one headgear, and potentially a shorter 763 

administration time. However, in addition to the paradigm optimisation differences for EEG and fNIRS 764 

outlined above, as the hardware to support parallel EEG-fNIRS recordings is still being developed. At 765 

the time this project began collecting data in 2016 we were therefore confined to recording fNIRS and 766 

EEG separately. It also needs to be noted that EEG and fNIRS may be regarded as complementary 767 

measures, that differ in key domains such as 1) the underlying physiological processes of brain 768 

functioning that they measure, 2) the requirements they pose to stimulus design and presentation, 769 



 29 

and 3) coverage and location of sensors required to obtain meaningful data. Therefore, while parallel 770 

recordings have benefits, each method might lend itself more readily to specific research questions. 771 

Further, a limitation was that for both the fNIRS and the EEG studies infants were assessed asleep at 772 

the 1-month age point, while they were tested awake in both other ages. While we have partially 773 

addressed this issue in the context of the EEG studies, by comparing subsets of infants tested asleep 774 

at 5 months to a random subset of the same size of infants tested awake (see Katus et al., 2020), we 775 

cannot fully rule out that the state change from 1- to 5 months also affected the age-related changes 776 

we observed. While we wish to investigate this issue further in the future, a core limitation within the 777 

field of research is that data on awake newborns is extremely limited, and difficult to collect. 778 

However, as the focus of the present study was in comparing responses across modalities, and state 779 

was kept constant within age points, conclusions about the cross-modal correlations can still be 780 

drawn. Lastly, we need to note that the infants in the West Kiang region in The Gambia are not 781 

routinely offered hearing screenings, which in context of auditory studies needs to be considered as a 782 

potential source of bias arising from undetected hearing impairments. While neonatal hearing 783 

screening is not part of the standard postnatal care in West Kiang, we drew on data from two auditory 784 

and social orientation items from the Neonatal Behavioural Assessment Scale (NBAS, Brazelton & 785 

Nugent, 1995), which was administered when children were 7-14 days of age. All 152 infants who 786 

were administered the NBAS showed a response to at least one of these items. In absence of clinical 787 

auditory assessments, these data provide some indication that close to birth infants showed 788 

responses on a behavioural level to auditory stimuli. 789 

 790 
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Our findings provide the basis for a number of follow-up investigations. First, we have highlighted that 791 

responses at the 5 month age point seem to be holding some significance in terms of understanding 792 

current developmental changes. It would therefore be of interest to investigate infants’ neural 793 

response patterns across both modalities in the context of environmental risk factors. Secondly, we 794 

observed slightly different developmental profiles across EEG and fNIRS, with habituation responses 795 

being apparent from the 1-month age point onwards in the EEG, but only becoming fully apparent in 796 

the fNIRS paradigm at 18 months of age. Through further investigation of fNIRS responses - within this 797 

paradigm across our other longitudinal age points, and across other paradigms (targeting social, 798 

functional connectivity and working memory indices) within the BRIGHT study - we plan to further 799 

understand the developmental trajectories of responses associated with habituation, attention and 800 

novelty. While complementary, there may be some differences between fNIRS and EEG with regard to 801 

their sensitivity and specificity in prediction and classification of long-term developmental outcomes. 802 

While the current study focussed exclusively on examining between-measure correlations, future 803 

analyses will be able to build on this work by assessing each measures utility to indicate which infants 804 

may go on to experience neurodevelopmental issues in the long term and to measure potential 805 

effects of early interventions. Lastly, it needs to be noted that environmental factors, such as access 806 

to education and resources, nutrition, and exposure to infectious diseases, may contribute to 807 

developmental differences between children in low-income countries like The Gambia compared to 808 

children growing up in high-income countries. As neurodevelopmental studies are conducted in larger 809 

samples and a wider longitudinal scope around the world, it would be beneficial to assess analyses 810 

such as the one presented in other contrasting settings as well. 811 

5 Conclusion 812 

Our study shows that both fNIRS and EEG neuroimaging modalities elucidate common features of 813 

habituation and novelty detection over the first 18 months of life. Correlations between both 814 

assessment modalities appears to be strongest for the 5-month age point, highlighting that 815 

correlations might be greatest at times of most rapid neurodevelopmental change. These findings 816 

warrant further investigations into the correlation of the development of habituation and novelty 817 

responses and environmental factors such as poverty-associated risk, specifically at the 5-month age 818 

point where robust correlations across modalities and processes were found. Additionally, an in-819 

depth analysis of the fNIRS response patterns across additional longitudinal age points and paradigms 820 

will enable a better understanding of the developmental trajectories of these responses in the 821 

context of environmental factors within this rural Gambian population. Our findings suggest that 822 

cross-modal investigations of infants in low-resource settings, while challenging, can help advance our 823 

understanding of neurodevelopmental processes in previously understudied populations, and 824 
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increase confidence of future studies in the robustness and meaning of the extracted 825 

neurodevelopmental metrics.  826 
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