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Abstract: Over the past 25 years, functional near-infrared spectroscopy (fNIRS) has emerged as a
valuable tool to study brain function, and it is in younger participants where it has found, arguably,
its most successful application. Thanks to its infant-friendly features, the technology has helped shape
research in the neurocognitive development field by contributing to our understanding of the neural
underpinnings of sensory perception and socio-cognitive skills. Furthermore, it has provided avenues
of exploration for markers of compromised brain development. Advances in fNIRS instrumentation
and methods have enabled the next step in the evolution of its applications including the investigation
of the effects of complex and interacting socio-economic and environmental adversities on brain
development. To do this, it is necessary to take fNIRS out of well-resourced research labs (the majority
located in high-income countries) to study at-risk populations in resource-poor settings in low- and
middle-income countries (LMICs). Here we review the use of this technology in global health studies,
we discuss the implementation of fNIRS studies in LMICs with a particular emphasis on the Brain
Imaging for Global Health (BRIGHT) project, and we consider its potential in this emerging field.
Keywords: fNIRS; global health; infant brain development

1. Introduction
Over the past 25 years functional near-infrared spectroscopy (fNIRS) has become a valuable
non-invasive technology to study brain function. One of the most useful features of fNIRS for
neurocognitive research is its capacity to measure brain function in naturalistic settings. fNIRS offers
remarkable flexibility for protocols designed to investigate the role of cortical brain networks in
processing a wide range of stimuli with different levels of complexity and with participants of different
ages [1]. It is in the younger-aged cohorts where fNIRS has seen, arguably, its most successful
application, as its ease of use, portability, safety and, in particular, its tolerance of motion, make it an
ideal technique to study neurodevelopment [2,3].
As the number of fNIRS publications on neurodevelopment continues to grow, so does the range
of topics it is being used to investigate. For example, the past year has seen the publication of fNIRS
infant studies focusing on speech processing [4,5], social perception and interaction [6], and face
perception [7,8], alongside studies investigating more complex processing networks such as mimicry
and self-perception [9,10], touch [11–14] and live interaction [15,16].
Over the last decade, researchers have also begun to use fNIRS to focus their investigations on early
neural indicators of atypical development [17]. There is an increasing number of fNIRS studies collecting
neuroimaging data from infants with increased familial likelihood for later diagnosis of a disorder
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such as autism spectrum disorder [18–20], or with other risk factors such as prematurity [21] or Down
syndrome [22]. Importantly, by following the same participants longitudinally [23], researchers can
begin to explore markers that help identify discrepancies between typical and atypical developmental
trajectories before the onset of behavioral traits. Furthermore, this research pathway could allow the
identification and implementation of protective factors that enable some infants to follow a more typical
developmental trajectory despite the presence of risk factors. A myriad of factors can compromise child
development, from genetic and/or environmental to complex psychosocial disadvantage. This concept
of “risk” has been used interchangeably with “childhood adversity”, which Jensen et al. [24] defined
as a set of “experiences or exposures that can disrupt a child’s healthy neural development and affect
the achievement of early developmental milestones, language development, and cognitive capacities
( . . . ) (e.g., attention, working memory, problem solving) and intelligence”. These exposures can have
complex interactions and their effects on brain development are not clearly understood.
The experience accumulated by developmental scientists with fNIRS on studying brain
development of typical and atypical infants, in combination with the advances in instrumentation and
methods, have enabled the next step in the evolution of its applications including the investigation of
the effects of childhood adversity on brain development. To do this, it is necessary to collect data from
infants who are exposed to these risk factors and take fNIRS to them, out of well-resourced research
labs (the majority located in high-income countries), as most of the affected populations are living in
resource-poor settings in low- and middle-income countries (LMICs).
Here we review the use of fNIRS in global health studies with a particular emphasis on the Brain
Imaging for Global Health (BRIGHT) project (described in more detail in Section 3). We refer to the
findings from the three studies published to date to discuss the potential for this technology in this
emerging field.
2. fNIRS to Study Effects of Early Childhood Adversity
Exposure to economic and environmental adversity has a strong impact on infant development.
In 2016 McCoy and colleagues [25] estimated that almost one-third of children living in LMICs were
not meeting basic milestones of cognitive and/or socio-emotional development, and that an additional
16.7% experienced delayed physical growth (stunting). The largest proportion of affected infants are
living in sub-Saharan Africa.
Economic adversity, beyond restricted access to financial resources, exposes children to a complex
combination of biological risks in a context of psychosocial disadvantage, forming a barrage of
interactions that are difficult to disentangle [24]. One of the proposed methods to begin to understand
the effect of this complex combination of factors relies on the use of biomarker data to define typical and
atypical developmental pathways and measure the effectiveness of interventions [24,26]. This biomarker
data can come from different modalities. Long before the emergence of neuroimaging, infant research
relied mainly on observation of behavior. The use of behavioral measures in conjunction with imaging
not only relates newer results with previous research, it also allows us to connect brain function with
the acquisition of specific skills [27]. The majority of behavioral assessment tools have been designed
and applied in U.S. or European research but work has been ongoing to adapt them for use in a
much wider range of cultural contexts [28–31]. In line with this, a toolkit prepared for the Strategic
Impact Evaluation Fund of the World Bank [32] offers guidelines for selection and adaptation of child
development measures for use in low- and middle-income countries, and mentions fNIRS as one of the
developing technologies creating new possibilities for assessing children in these settings. These new
possibilities may include the combination of behavior and imaging data to disentangle the complex
cause and effect pathways that link economic and environmental adversity with developmental
outcome. Moreover, it is important to note that the concept of childhood adversity is not constrained
to a specific set of risk factors. For example, related to the effects of under-nutrition, it is possible
that infants from two different populations may have been exposed to under-nutrition of different
origin, such as food with poor nutritional value or, in a different population, exposure to illness and
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inflammation. Therefore, to gain understanding of the effects of under-nutrition, it is essential to assess
infants exposed to adversities of different origin, and therefore, it is essential to establish collaborative
projects that collect data in different populations.
In 2013, one of the authors (Elwell) established Globalfnirs (www:globalfnirs.org) as a
multidisciplinary platform to provide information and advice on the use of fNIRS to supplement
current methods for assessing cognitive function of the developing brain in global health projects.
This initiative was prompted by the successful piloting of fNIRS to study infant brain function in a
field station in a rural village, Keneba, part of the Medical Research Council Unit The Gambia at the
London School for Hygiene and Tropical Medicine (MRCG at LSHTM). This study delivered the first
functional brain imaging of infants in Africa. Data were successfully collected from a cohort of 24
4 to 8-month old infants and the results replicated the same patterns of activation observed at similar
ages in the UK with the same experimental protocol [33]. These encouraging results helped unlock
the potential for fNIRS research in resource-poor communities: the technology can be packed and
transported, it is easy and quick to set up, and, with basic training of research assistants, data can be
readily collected and quality checks can be performed almost immediately. In a follow-up study, the
team returned to the same community and collected more data, some from the same participants at 9
to 13 months and at 12 to 18 months longitudinally, plus two additional cohorts at 0 to 2 months and at
18 to 24 months. Results showed robust developmental patterns of the infant responses to social cues
and further proved the validity and prospective use of fNIRS in these contexts [34]. The success of
these proof-of-concept studies (see also [35,36]) demonstrated the feasibility of moving fNIRS beyond
highly resourced settings to assess the impact of adversity within a global health context.
3. Current Studies Implementing fNIRS in Low- and Middle-Income Countries (LMICs)
Following on from these initial studies in The Gambia, funding was secured to launch the Brain
Imaging for Global Health (BRIGHT) Project with the aim to establish brain function-for-age curves in
infants from high- (the UK) and low-resource (The Gambia) settings in order to gain an insight into the
effects that issues related to living in a low-resource context may have on infant development. This is a
longitudinal study with families recruited antenatally and studied until the infant’s second birthday.
Protocols are being run in parallel in the UK (with n = 62 families studied at the Rosie Hospital,
Cambridge University Hospitals National Health Service Foundation Trust) and in The Gambia (with a
postnatal cohort of n = 214 families studied at MRCG at LSHTM: note a further 8 families contributed
antenatal data but experienced a stillbirth). The partnership between the Gambian government and
the MRCG was established over 70 years ago to investigate the relationship between under-nutrition
and poverty, and growth. Therefore, the interest in conducting the study there is to be able to recruit
some of the affected infants into the fNIRS protocol. The project collects neuroimaging measurements,
including fNIRS and electroencephalography (EEG); eye tracking; population-specific neurocognitive
developmental measures (i.e., Mullen Scales of Early Learning (MSEL) and the Communicative
Development Inventory (CDI)); as well as family-caregiving assessments (i.e., caregiver–infant
interaction videos and questionnaires), measures of physical growth, and biological, socioeconomic,
parental health and nutritional data at both sites. Although the study is still ongoing, the first results
are starting to delineate distinct patterns of brain response within each population. A novel culturally
appropriate paradigm tests habituation in the neural responses to repeated stimuli presentation and
detection of novelty at 5 and 8 months. In the UK, a signature of habituation is reported and, with
the presentation of a novel condition, a recovery response is detected. In the Gambian cohort, the
habituation phase presents a similar pattern, however, at 5 and 8 months of age, the recovery phase is
not yet evident [37].
Globalfnirs studies have also recently been reported from Bangladesh and India. Perdue et al.
report results from the fNIRS component of the Bangladesh Early Adversity Neuroimaging Project [38]
(BEAN, www.lcn-bean.org), another initiative that shares with the BRIGHT project the objective of
studying the association between exposure to early adversities and brain development. Infants recruited
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4. Implementing fNIRS in LMICs
Several recent reviews underline challenges specifically related to infants that need to be considered
when running studies or analyzing data [42,43]. For instance, positioning the headgear can be tricky,
as there is usually a very limited time window of participant tolerance for adjustments. This, on
the other hand, serves as incentive for improvement of the headgear design. Further, the brain
undergoes a rapid transformation within the first few years of life. This transformation is not only
reflected in an increase in size, but also in a structural adjustment of the relative position of the
lobes. Therefore, to identify the brain regions where the activation originates, it is necessary to
co-register the headgear onto age-appropriate anatomical atlases [44,45]. More sophisticated analyses,
such as image reconstruction of the data into 3D models of activation (similarly to functional MRI),
require information about the underlying tissue composition, which further highlights the need for
population specific and age-appropriate atlases. Work in this direction has begun, with head models
now available at the neonatal stage [46]. Models covering later developmental stages across the first
two years of life are under development in our group [47]. Finally, although fNIRS does tolerate some
movement from participants, when this is excessive, it can interfere with the data acquisition. There are
currently a number of options for processing motion artifacts, which have been thoroughly tested with
semi-simulated and real adult data [48,49]. However, the parameters used in these analysis pipelines
need to be adjusted to the characteristics of infant data. Guidelines on how to fine-tune algorithms and
assess their performance are a useful resource [50,51].
fNIRS offers considerable adaptability to a variety of environmental conditions, participant needs
and characteristics, and data acquisition protocols. However, as it is starting to be used outside the
fully resourced laboratory set-ups in high-resource settings, additional issues need to be taken into
consideration for successful data collection. The intricacies of setting up a novel study to investigate
language and reading in children of rural Côte d’Ivoire are summarized in a recently published
article [52]. Although it is very specific to the study described, its recommendations can be adapted for
other low-resource environments. In fact, many of these resonate with methods being implemented
within the framework of the BRIGHT project with younger participants [53]. This section summarizes
the most relevant ones.
4.1. Equipment
Global health studies typically involve large numbers of participants often studied longitudinally,
hence imposing intensive schedules for system usage. In the BRIGHT project, testing schedules have
required studying up to four infants a day, seven days a week for over two years. To minimize data
loss, research assistants and field workers were trained to monitor the system’s performance and detect
potential problems with the acquisition, and were also instructed to implement basic repairs.
Extreme heat and humidity can modify the performance of certain materials. In the BRIGHT
project, the 3D-printed fNIRS sensor arrays have experienced more failures during testing in The
Gambia than in the UK. Training research assistants and field workers to repair the arrays and ensuring
a steady supply of array materials has helped avoid interruptions to the testing schedule.
4.2. Site Infrastructure
Testing in LMICs may require travelling to remote areas that can be difficult to reach due to an
under-developed transport infrastructure. In the case of the BRIGHT project, the equipment was
transported to the rural village of Keneba, about 3 h away from the more developed coastal region of
The Gambia, partly on an un-paved road. The fNIRS system was packed into flight cases with cutout
foam to cushion it for protection during the journey. In the same cases extra fiber bundles and spare
parts for emergency repairs were also safely transported.
Air conditioning (a/c) units may be less available in LMIC settings. With no a/c, heat and humidity
may increase discomfort on the participants, who can become restless and diminish their willingness
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to participate in the study. In turn, an increase in sweating can affect the contact between the optodes
and the skin, making the skin more slippery and hence increasing the likelihood of a shift in the
source/detector array position during data acquisition. This can considerably increase the presence of
motion artifacts in the data. Where a/c units are not available, shortened or sequential fNIRS sessions
can mitigate these effects.
In addition, in regions with strong weather seasonality, excessive dust during the dry season
necessitates systematic cleaning of the testing areas and the use of dust covers to prevent damage to
the equipment.
Instability and unreliability of the electrical supply can be an issue in resource-poor settings and
this can damage the electronics of fNIRS systems. Installing uninterrupted power supply (UPS) units
that protect against power fluctuations and outages can be used to mitigate these issues.
Unreliable internet communication between the sites where data are acquired and the centers
where the protocols are developed requires careful planning of protocol updates. On the one hand,
software and stimuli files need to be shipped from the development sites; on the other hand, pilot
data need to be checked and feedback sent back to the testing teams (in circumstances when the team
acquiring the data is unable to conduct quality control checks). Moreover, if datasets are analyzed
away from the collection sites, files need to be transferred from collection to analysis sites. All these
can be difficult processes as internet bandwidth may struggle with large files. The fNIRS tasks of the
BRIGHT project, for example, involve acquiring over 160 files in total across all time points for each
participant. This requires an average of 450 MB of data (including NIRS data, infant photos, and videos
for behavioral coding) to be transferred per participant at each of the six time points at which fNIRS
is performed. A dual protocol has been designed to ensure the integrity of the data transfer. As a
standard procedure, a Secured File Transfer Protocol (SFTP) server functions as a bridge between sites.
Alternatively, whenever there is unreliable internet coverage, the data can be shipped in batches on
portable encrypted hard drives that travel between sites. In addition, the data is stored and backed-up
locally on site in a separate location to the acquisition computers.
Running infant fNIRS studies in LMICs requires no greater number of staff per session than it
would in Western labs. However we strongly encourage anyone running studies in remote locations
to, in addition, create and maintain the post of “site supervisor”; this should be someone with fNIRS
experience that can oversee the running of the sessions and liaise with the principal investigators in
the project to make adjustments to the protocol to streamline testing. Moreover, this site supervisor
could organize and run on-site training sessions for other, less experienced testers. In addition, the site
supervisor could perform, and train others in, basic repairs.
4.3. Experimental Protocols
Similar to other imaging modalities and behavioral assessments [31], experimental protocols
need to be culturally appropriate. This means that any stimuli—including images, videos or spoken
language—need to be presented by actors representative of the ethnicity and language of the participants,
and toys and other objects need to characterize those of their familiar context (see Figure 1 and details of
the adaptations for the fNIRS protocols in [53]). It is worth noting that adaptations for neuroimaging are
substantially quicker to apply than for behavioral studies, interviews or questionnaires: neuroimaging
protocols may only need minor modifications of either visual or auditory stimuli (for an example of a
behavioral adaptation see [31]). Nevertheless, all adaptations need to be designed with the objective of
eliciting the same type of response in all populations.
4.4. Engagement of the Local Community
Part of the success of any study with infants resides in establishing and maintaining communication
and engagement with the local community from which the participants are drawn. Transparency in
the objective of the project and its methods (technology and experimental protocols) helps build trust
and cooperation with participating families. Relaxed and trusting parents and/or family members
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bringing infants for an fNIRS session are a first step to acquiring good data. To achieve this, families
in any context need to be reassured about the safety of the technology, and understand fully what is
expected from them and what they can expect to happen during the sessions. Hiring and training
local research assistants to explain the study, give instructions, and reassure the families using their
own language, fills the potential gap that could open between the project and the community due to
language and cultural barriers.
An intensive testing regime requires teams of research assistants trained in running the sessions,
maintaining the systems and ensuring the quality of the data collected. At the start of the BRIGHT
project, researchers from UCL and Birkbeck travelled to The Gambia to conduct training sessions with
the NIRS system, and the first studies were run under supervision. Training was mainly done on site,
and, occasionally, via remote connection. The local teams were also trained to monitor data quality in
collaboration with researchers based in the UK. This has helped build capacity in the local community,
where studies can now be run without the need for continuous supervision.
5. Conclusions
In summary, results from recent fNIRS studies in resource-poor regions demonstrate that (i) the
technology can be used to study cognitive development in a range of settings; (ii) paradigms can be
adapted to provide cross-cultural comparisons; (iii) markers of brain function previously identified
in high-income infant populations can also help understand development in LMICs; and (iv) fNIRS
has the potential to help disentangle the complex interactions between multiple poverty-driven risk
factors on children’s developmental outcomes.
These studies also highlight where future innovations could further propel the use of fNIRS in
global health studies. Firstly, although the three studies with data from LMICs mentioned here [37,38,41]
present three different approaches to the anatomical identification of the active brain regions, all three
methods are based on age-matched MRI templates from the Neurodevelopmental MRI Database [54]
(which provides age-specific reference data from 2 weeks to 89 years of age, compiled at the University
of South Carolina, USA). One of the challenges faced by longitudinal studies is the accurate calculation
of the sensitivity maps for photon distribution in the tissue types probed by the fNIRS sensors for
different head sizes. Image reconstruction methods based on models of light propagation models
require tissue-identification templates to resolve the forward model (as shown in [41]). The method
would benefit from the use of the most appropriate source of anatomical information. Future work
should investigate whether population-matched templates in co-registration and image-reconstruction
methods would provide more accurate results. In 2015, the first comprehensive template for Chinese
children (7 to 16 years of age) was published [55], which represents a first step in this direction.
Secondly, the use of shared protocols (as in the case of the BRIGHT and BEAN projects) facilitates
direct comparison of brain function markers across populations. Replicating protocols in a variety of
populations affected by different risk factors may elucidate which are the most robust biomarkers of
adversity and targets for intervention.
Finally, ongoing technological developments in the usability of fNIRS hardware and software
align with further applications in global health projects. One of the most promising steps forward has
been the development of miniaturized, fibreless wearable systems that enable data collection under
very naturalistic circumstances [56]. This is a highly desirable feature for infant and toddler studies
and will extend ambitions for how developmental changes in brain function, both typical and atypical,
can be assessed in low-resource settings.
Author Contributions: C.E.E. is the principal investigator of the BRIGHT project and together with S.L.-F. secured
funding for it. S.L.-F. designed many of the tasks for the BRIGHT project studies and, with C.E.E., has overseen
the project; S.L.-F., L.K. and A.B. have designed and implemented experimental set ups and have run training
sessions for field workers in The Gambia and in the UK; A.B. and L.K. have collected, curated and analyzed data.
All authors have been involved in writing and editing the manuscript.

Photonics 2019, 6, 89

8 of 10

Funding: The BRIGHT research project is funded by the Bill and Melinda Gates Foundation Grants OPP1061089
and OPP1127625. MRCG Keneba is supported by the MRC & the Department for International Development
(DFID) under the MRC/DFID Concordat agreement (MRC Programme MC-A760-5QX00).
Conflicts of Interest: The authors declare no conflict of interest.

References
1.
2.
3.

4.
5.

6.

7.
8.
9.
10.
11.

12.
13.

14.
15.
16.
17.
18.
19.

20.

Boas, D.A.; Elwell, C.E.; Ferrari, M.; Taga, G. Twenty years of functional near-infrared spectroscopy:
Introduction for the special issue. NeuroImage 2014, 85, 1–5. [CrossRef]
Wilcox, T.; Biondi, M. fNIRS in the developmental sciences: fNIRS in the developmental sciences. Wiley
Interdiscip. Rev. Cogn. Sci. 2015, 6, 263–283. [CrossRef]
Soltanlou, M.; Sitnikova, M.A.; Nuerk, H.-C.; Dresler, T. Applications of Functional Near-Infrared
Spectroscopy (fNIRS) in Studying Cognitive Development: The Case of Mathematics and Language.
Front. Psychol. 2018, 9, 277. [CrossRef]
Altvater-Mackensen, N.; Grossmann, T. Modality-independent recruitment of inferior frontal cortex during
speech processing in human infants. Cogn. Neurosci. 2018, 34, 130–138. [CrossRef]
Arimitsu, T.; Minagawa, Y.; Yagihashi, T.; Uchida, M.O.; Matsuzaki, A.; Ikeda, K.; Takahashi, T. The cerebral
hemodynamic response to phonetic changes of speech in preterm and term infants: The impact of
postmenstrual age. NeuroImage Clin. 2018, 19, 599–606. [CrossRef]
Van der Kant, A.; Biro, S.; Levelt, C.; Huijbregts, S. Negative affect is related to reduced differential
neural responses to social and non-social stimuli in 5-to-8-month-old infants: A functional near-infrared
spectroscopy-study. Cogn. Neurosci. 2018, 30, 23–30. [CrossRef]
Kelsey, C.M.; Krol, K.M.; Kret, M.E.; Grossmann, T. Infants’ brain responses to pupillary changes in others
are affected by race. Sci. Rep. 2019, 9, 4317. [CrossRef]
Timeo, S.; Brigadoi, S.; Farroni, T. Perception of Caucasian and African faces in 5- to 9-month-old Caucasian
infants: A functional near-infrared spectroscopy study. Neuropsychologia 2019, 126, 3–9. [CrossRef]
De Klerk, C.C.J.M.; Hamilton, A.F.D.; Southgate, V. Eye contact modulates facial mimicry in 4-month-old
infants: An EMG and fNIRS study. Cortex 2018, 106, 93–103. [CrossRef]
De Klerk, C.C.J.M.; Bulgarelli, C.; Hamilton, A.; Southgate, V. Selective facial mimicry of native over foreign
speakers in preverbal infants. J. Exp. Child Psychol. 2019, 183, 33–47. [CrossRef]
Tuulari, J.J.; Scheinin, N.M.; Lehtola, S.; Merisaari, H.; Saunavaara, J.; Parkkola, R.; Sehlstedt, I.; Karlsson, L.;
Karlsson, H.; Björnsdotter, M. Neural correlates of gentle skin stroking in early infancy. Cogn. Neurosci. 2019,
35, 36–41. [CrossRef]
Miguel, H.O.; Lisboa, I.C.; Gonçalves, Ó.F.; Sampaio, A. Brain mechanisms for processing discriminative and
affective touch in 7-month-old infants. Dev. Cogn. Neurosci. 2019, 35, 20–27. [CrossRef]
Jönsson, E.H.; Kotilahti, K.; Heiskala, J.; Wasling, H.B.; Olausson, H.; Croy, I.; Mustaniemi, H.; Hiltunen, P.;
Tuulari, J.J.; Scheinin, N.M.; et al. Affective and non-affective touch evoke differential brain responses in
2-month-old infants’. NeuroImage 2018, 169, 162–171.
Pirazzoli, L.; Lloyd-Fox, S.; Braukmann, R.; Johnson, M.H.; Gliga, T. Hand or spoon? Exploring the neural
basis of affective touch in 5-month-old infants. Cogn. Neurosci. 2019, 35, 28–35. [CrossRef]
Hakuno, L.Y.; Pirazzoli, A.; Blasi, M.; Johnson, H.; Lloyd-Fox, S. Optical imaging during toddlerhood: Brain
responses during naturalistic social interactions. Neurophotonics 2018, 5, 011020. [CrossRef]
McDonald, N.M.; Perdue, K.L. The infant brain in the social world: Moving toward interactive social
neuroscience with functional near-infrared spectroscopy. Neurosci. Biobehav. Rev. 2018, 87, 38–49. [CrossRef]
Vanderwert, R.E.; Nelson, C.A. The use of near-infrared spectroscopy in the study of typical and atypical
development. NeuroImage 2014, 85, 264–271. [CrossRef]
Fox, S.E.; Wagner, J.B.; Shrock, C.L.; Flusberg, H.T.; Nelson, C.A. Neural Processing of Facial Identity and
Emotion in Infants at High-Risk for Autism Spectrum Disorders. Front. Hum. Neurosci. 2013, 7, 89. [CrossRef]
Edwards, L.A.; Wagner, J.B.; Tager-Flusberg, H.; Nelson, C.A. Differences in Neural Correlates of Speech
Perception in 3 Month Olds at High and Low Risk for Autism Spectrum Disorder. J. Autism Dev. Disord.
2017, 47, 3125–3138. [CrossRef]
Lloyd-Fox, S.; Blasi, A.; Elwell, C.E.; Charman, T.; Murphy, D.; Johnson, M.H. Reduced neural sensitivity to
social stimuli in infants at risk for autism. Proc. R. Soc. B Biol. Sci. 2013, 280, 20123026. [CrossRef]

Photonics 2019, 6, 89

21.
22.

23.

24.
25.

26.
27.
28.

29.

30.

31.

32.
33.

34.

35.

36.

37.

38.

39.
40.

9 of 10

Emberson, L.L.; Boldin, A.M.; Riccio, J.E.; Guillet, R.; Aslin, R.N. Deficits in Top-Down Sensory Prediction in
Infants at Risk due to Premature Birth. Curr. Biol. 2017, 27, 431–436. [CrossRef]
Imai, M.; Watanabe, H.; Yasui, K.; Kimura, Y.; Shitara, Y.; Tsuchida, S.; Takahashi, N.; Taga, G. Functional
connectivity of the cortex of term and preterm infants and infants with Down’s syndrome. NeuroImage 2014,
85, 272–278. [CrossRef]
Lloyd-Fox, S.; Blasi, A.; Pasco, G.; Gliga, T.; Jones, E.J.; Murphy, D.G.; Elwell, C.E.; Charman, T.; Johnson, M.H.;
BASIS Team; et al. Cortical responses before 6 months of life associate with later autism. Eur. J. Neurosci.
2018, 47, 736–749. [CrossRef]
Jensen, S.K.G.; Berens, A.E.; Nelson, A.C. Effects of poverty on interacting biological systems underlying
child development. Lancet Child Adolesc. Health 2017, 1, 225–239. [CrossRef]
McCoy, D.C.; Peet, E.D.; Ezzati, M.; Danaei, G.; Black, M.M.; Sudfeld, C.R.; Fawzi, W.; Fink, G. Early
Childhood Developmental Status in Low- and Middle-Income Countries: National, Regional, and Global
Prevalence Estimates Using Predictive Modeling. PLoS Med. 2016, 13, e1002034. [CrossRef]
Pavlakis, A.E.; Noble, K.; Pavlakis, S.G.; Ali, N.; Frank, Y. Brain Imaging and Electrophysiology Biomarkers:
Is There a Role in Poverty and Education Outcome Research? Pediatr. Neurol. 2015, 52, 383–388. [CrossRef]
Lloyd-Fox, S.; Wu, R.; Richards, J.E.; Elwell, C.E.; Johnson, M.H. Cortical Activation to Action Perception is
Associated with Action Production Abilities in Young Infants, Cereb. Cortex 2013, 25, 289–297. [CrossRef]
Abubakar, A.; Holding, P.; van Baar, A.; Newton, C.R.J.C.; van de Vijver, F.J.R. Monitoring psychomotor
development in a resourcelimited setting: An evaluation of the Kilifi Developmental Inventory. Ann. Trop.
Paediatr. 2008, 28, 217–226. [CrossRef]
Semrud-Clikeman, M.; Romero, R.A.A.; Prado, E.L.; Shapiro, E.G.; Bangirana, P.; John, C.C. Selecting
measures for the neurodevelopmental assessment of children in low- and middle-income countries. Child
Neuropsychol. 2016, 23, 1–42. [CrossRef]
Azari, N.; Soleimani, F.; Vameghi, R.; Sajedi, F.; Shahshahani, S.; Karimi, H.; Kraskian, A.; Shahrokhi, A.;
Teymouri, R.; Gharib, M. A Psychometric Study of the Bayley Scales of Infant and Toddler Development in
Persian Language Children. Iran. J. Child Neurol. 2017, 11, 50–56.
Milosavljevic, B.; Vellekoop, P.; Maris, H.; Halliday, D.; Drammeh, S.; Sanyang, L.; Darboe, M.K.; Elwell, C.;
Moore, S.E.; Lloyd-Fox, S. Adaptation of the Mullen Scales of Early Learning for use among infants aged 5to 24-months in rural Gambia. Dev. Sci. 2019, e12808. [CrossRef]
Fernald, L.C.H.; Prado, E.; Kariger, P.; Raikes, A. A Toolkit for Measuring Early Childhood Development in Lowand Middle-Income Countries; The World Bank: Washington, DC, USA, 2017; p. 128.
Lloyd-Fox, S.; Papademetriou, M.; Darboe, M.K.; Everdell, N.L.; Wegmuller, R.; Prentice, A.M.; Moore, S.E.;
Elwell, C.E. Functional near infrared spectroscopy (fNIRS) to assess cognitive function in infants in rural
Africa. Sci. Rep. 2014, 4, 4740. [CrossRef]
Lloyd-Fox, S.; Begus, K.; Halliday, D.; Pirazzoli, L.; Blasi, A.; Papademetriou, M.; Darboe, M.K.; Prentice, A.M.;
Johnson, M.H.; Moore, S.E.; et al. Cortical specialisation to social stimuli from the first days to the second
year of life: A rural Gambian cohort. Cogn. Neurosci. 2017, 25, 92–104. [CrossRef]
Papademetriou, M.D.; Lloyd-Fox, S.; Everdell, N.L.; Darboe, M.K.; Moore, S.E.; Prentice, A.M.; Elwell, C.E.
Optical Imaging of Brain Activation in Gambian Infants. In Complement Therapeutics; Springer Science and
Business Media LLC: Berlin/Heidelberg, Germany, 2014; Volume 812, pp. 263–269.
Begus, K.; Lloyd-Fox, S.; Halliday, D.; Papademetriou, M.; Darboe, M.K.; Prentice, A.M.; Moore, S.E.;
Elwell, C.E. Using fNIRS to Study Working Memory of Infants in Rural Africa. In Complement Therapeutics;
Springer Science and Business Media LLC: Berlin/Heidelberg, Germany, 2016; Volume 876, pp. 273–279.
Lloyd-Fox, S.; Blasi, A.; McCann, S.; Rozhko, M.; Katus, L.; Mason, L.; Austin, T.; Moore, S.E.; Elwell, C.E.;
BRIGHT project team. Habituation and novelty detection fNIRS brain responses in 5- and 8-month-old
infants: The Gambia and UK. Dev. Sci. 2019, e12817. [CrossRef]
Perdue, K.L.; Jensen, S.K.; Kumar, S.; Richards, J.E.; Kakon, S.H.; Haque, R.; Petri, W.A., Jr.; Lloyd-Fox, S.;
Elwell, C.; Nelson, C.A. Using functional near-infrared spectroscopy to assess social information processing
in poor urban Bangladeshi infants and toddlers. Dev. Sci. 2019, e12839. [CrossRef]
Lloyd-Fox, S.; Blasi, A.; Volein, A.; Everdell, N.; Elwell, C.E.; Johnson, M.H. Social Perception in Infancy: A
Near Infrared Spectroscopy Study. Child Dev. 2009, 80, 986–999. [CrossRef]
Lloyd-Fox, S.; Blasi, A.; Mercure, E.; Elwell, C.E.; Johnson, M.H. The emergence of cerebral specialization for
the human voice over the first months of life. Soc. Neurosci. 2012, 7, 317–330. [CrossRef]

Photonics 2019, 6, 89

41.
42.
43.
44.
45.
46.
47.

48.

49.

50.
51.
52.

53.

54.
55.
56.

10 of 10

Wijeakumar, S.; Kumar, A.; Reyes, L.M.D.; Tiwari, M.; Spencer, J.P. Early adversity in rural India impacts the
brain networks underlying visual working memory. Dev. Sci. 2019, e12822. [CrossRef]
Yücel, M.A.; Selb, J.J.; Huppert, T.J.; Franceschini, M.A.; Boas, D.A. Functional Near Infrared Spectroscopy:
Enabling routine functional brain imaging. Curr. Opin. Biomed. Eng. 2017, 4, 78–86. [CrossRef]
Issard, C.; Gervain, J. Variability of the hemodynamic response in infants: Influence of experimental design
and stimulus complexity. Cogn. Neurosci. 2018, 33, 182–193. [CrossRef]
Sanchez, C.E.; Richards, J.E.; Almli, C.R. Neurodevelopmental MRI brain templates for children from 2
weeks to 4 years of age. Dev. Psychobiol. 2012, 54, 77–91. [CrossRef]
Lloyd-Fox, S.; Richards, J.E.; Blasi, A.; Murphy, D.G.M.; Elwell, C.E.; Johnson, M.H. Coregistering functional
near-infrared spectroscopy with underlying cortical areas in infants. Neurophotonics 2014, 1, 025006. [CrossRef]
Brigadoi, S.; Aljabar, P.; Kuklisova-Murgasova, M.; Arridge, S.R.; Cooper, R.J. A 4D neonatal head model for
diffuse optical imaging of pre-term to term infants. NeuroImage 2014, 100, 385–394. [CrossRef]
Collins-Jones, L.; Cooper, R.; Blasi, A.; Lloyd-Fox, S.; Kischkel, L.; McCann, S.; Mason, L.; Moore, S.; Arichi, T.;
Hebden, J. Advancing Optical Methods to Reconstruct the first Images of Infant Functional Activation in
Africa. In Proceedings of the 2019 OHBM Annual Meeting, Rome, Italy, 9–13 June 2019.
Cooper, R.J.; Selb, J.; Gagnon, L.; Phillip, D.; Schytz, H.W.; Iversen, H.K.; Ashina, M.; Boas, D.A. A Systematic
Comparison of Motion Artifact Correction Techniques for Functional Near-Infrared Spectroscopy. Front.
Mol. Neurosci. 2012, 6, 147. [CrossRef]
Brigadoi, S.; Ceccherini, L.; Cutini, S.; Scarpa, F.; Scatturin, P.; Selb, J.; Gagnon, L.; Boas, D.A.; Cooper, R.J.
Motion artifacts in functional near-infrared spectroscopy: A comparison of motion correction techniques
applied to real cognitive data. NeuroImage 2014, 85, 181–191. [CrossRef]
Behrendt, H.F.; Firk, C.; Nelson, C.A.; Perdue, K.L. Motion correction for infant functional near-infrared
spectroscopy with an application to live interaction data. Neurophotonics 2018, 5, 015004. [CrossRef]
Reyes, L.M.D.; Bohache, K.; Wijeakumar, S.; Spencer, J.P. Evaluating motion processing algorithms for use
with functional near-infrared spectroscopy data from young children. Neurophotonics 2018, 5, 025008.
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