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Shortly after birth, human infants demonstrate behavioral selectivity to social stimuli. However, the
neural underpinnings of this selectivity are largely unknown. Here, we examine patterns of functional
connectivity to determine how regions of the brain interact while processing social stimuli and how
these interactions change during the first 2 years of life. Using functional near-infrared spectroscopy
(fNIRS), we measured functional connectivity at 6 (n= 147) and 24 (n= 111) months of age in
infants from Bangladesh who were exposed to varying levels of environmental adversity (i.e., low-
and middle-income cohorts). We employed a background functional connectivity approach that
regresses out the effects of stimulus-specific univariate responses that are believed to affect functional
connectivity. At 6 months, the two cohorts had similar fNIRS patterns, with moderate connectivity
estimates for regions within and between hemispheres. At 24 months, the patterns diverged for the
two cohorts. Global (brain-wide) connectivity estimates increased from 6 to 24 months for the
low-income cohort and decreased for the middle-income (MI) cohort. In particular, connectivity esti-
mates among regions of interest within the right hemisphere decreased for the MI cohort, providing
evidence of neural specialization by 2 years of age. These findings provide insights into the impact of
early environmental influences on functional brain development relevant to the processing of social
stimuli.
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Public Significance Statement
We investigated patterns of brain connectivity during a social cognition task for two cohorts of infants
(low income andmiddle income) from Bangladesh at 6 and 24 months of age.We found similar patterns
of connectivity at 6 months, but at 24 months substantial differences were observed between the two
cohorts, such that only the middle-income cohort showed evidence of specialization. Our findings reveal
developmental differences in the networks engaged in social perception and the manner in which early
life experiences impact these networks.

Keywords: functional near-infrared spectroscopy, social processing, infancy, functional connectivity, early
adversity

Supplemental materials: https://doi.org/10.1037/xge0001531.supp

In the first months of life, infants show evidence of sensitivity to
social stimuli (Farroni et al., 2002; Johnson et al., 1991). Availability
of social input during the early years plays an important role in
human development; deprivation of social input during infancy
and toddlerhood can lead to both cognitive and social dysfunctions
(e.g., Nelson et al., 2007, 2009). Research on adults shows that there
is a distinct network of cortical and subcortical structures that are
active when we process social information, including areas such as
the medial prefrontal cortex (mPFC), the anterior cingulate cortex
(ACC), the inferior frontal gyrus (IFG), the superior temporal sulcus
(STS), the amygdala, and the anterior insula (Frith & Frith, 2007).
However, how this network emerges during the dramatic changes
in social processing during infancy warrants further exploration.
Neuroimaging studies are frequently used to record the magnitude

of the hemodynamic response in either individual channels or
regions of interest (ROIs, i.e., groups of channels) when infants
are presented with social and nonsocial stimuli, with the goal of pro-
viding information about the localization and selectivity/sensitivity
of the responses in the infant’s brain to this social versus nonsocial
contrast. Beginning as early as the first day of life, newborns show
selective responses of the bilateral posterior temporal cortex (relative
to dynamic nonsocial stimuli) to facial, but not hand, motion
(Farroni et al., 2013). At 5 months of age, the superior temporal cor-
tex is active during perception of dynamic social stimuli relative to
static nonsocial stimuli (Lloyd-Fox et al., 2009; Tsurumi et al.,
2019; van der Kant et al., 2018), whereas responses of the frontotem-
poral cortex are dependent on the type of social motion (i.e., eye,
mouth, hand movements) relative to nonsocial motion (Lloyd-Fox
et al., 2009). Cross-sectional studies have found that the bilateral
frontotemporal cortex is active to dynamic social stimuli relative to
nonsocial stimuli at both 6 and 36 months of age (Perdue et al.,
2019). Moreover, between 4 and 24 months of age, the right poste-
rior superior temporal cortex shows sensitivity to visual social stim-
uli relative to static nonsocial stimuli, such as images of toys (Lloyd-
Fox et al., 2017). Finally, data from the sample we draw on in the
present study showed that, for 6-, 24-, and 36-month-old infants,
social selectivity is found in the left and right IFG and posterior
superior temporal sulcus/temporoparietal junction (pSTS-TPJ;
Pirazzoli et al., 2022).
Reliably, it has been reported that specific brain regions show con-

sistent patterns of responses to social versus nonsocial stimuli, in
both high-income and low-income samples, and across numerous
geographic subpopulations of infants being raised in different cul-
tures, for example, the United Kingdom (Farroni et al., 2013;

Hakuno et al., 2018, 2020; Lloyd-Fox et al., 2009), the Netherlands
(Braukmann et al., 2018), the Gambia (Lloyd-Fox et al., 2014,
2017), Bangladesh (Perdue et al., 2019; Pirazzoli et al., 2022),
Japan (Kobayashi et al., 2011; Nakato et al., 2011), and the United
States (Fava et al., 2014). Importantly, these studies provide evidence
of focal activation within specific regions of the brain that appear to be
engaged during the processing of social stimuli.

In the current study, we expand this past work to investigate the
neural networks engaged during a well-established social cognition
task in infancy and how these networks change longitudinally and
across cohorts who have different levels of exposure to adversity.
Neural connectivity patterns provide insights into the networks in
the brain that are structurally and functionally interconnected (He
& Evans, 2010; Sporns, 2013). In particular, functional connectivity
provides information about the functional integration of, and the
temporally coherent activity patterns among, brain regions
(Damoiseaux et al., 2006; Fox & Raichle, 2007). By identifying
which brain regions form networks and how the strength or profile
of connectivity within these networks changes across development,
we can better understand the protracted developmental trajectory of
long-range neural networks that support the processing of different
types of environmental information. Johnson (2001) hypothesizes
that these neural networks undergo developmental reorganization,
and that this reorganization is related to typical and atypical develop-
mental processes. Much of this reorganization is thought to occur
early in life, with the structure (e.g., Matsuzawa et al., 2001) and
function (e.g., Gao et al., 2015) of the brain developing rapidly dur-
ing the first 2 years. Thus, investigating long-range neural networks
in infancy, using functional connectivity approaches, is crucial.

Using Task-Based Functional Connectivity to Investigate
Social Cognitive Development

Task-based functional connectivity analyses capture the tempo-
rally dynamic interactions between brain regions when humans are
engaged in a task. Assessments of task-based functional connectiv-
ity identify changes to network connectivity and organization that
map onto distinct cognitive processes (Stevens, 2016). In their
review, Gonzalez-Castillo and Bandettini (2018) note that studies
of task-based functional connectivity find variations in patterns of
connectivity across development, with higher internetwork connec-
tivity for younger subjects during tasks compared to higher internet-
work connectivity for older subjects during rest. Task-based
functional connectivity analyses have shown the development and
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maturation of cognitive control, motor control, language processing,
and social information processing neural networks in adolescence
(see Stevens, 2016 for review).
To date, there have been few studies investigating the develop-

ment of functional networks engaged during cognitive or social
tasks in infancy and early childhood (cf., Baek et al., 2022;
Colomer et al., 2022; Jasińska et al., 2021). Whereas for resting-state
studies infants are often tested while asleep, for task-based studies,
infants need to be awake and engaged, and thus functional magnetic
resonance imaging (fMRI) is a challenging neuroimaging methodol-
ogy (though see Ellis & Turk-Browne, 2018; Ellis et al., 2020). In
contrast, with its robust resistance to motion artifacts (Brigadoi
et al., 2014; Nishiyori, 2016; Wilcox & Biondi, 2015), functional
near-infrared spectroscopy (fNIRS) is an effective neuroimaging
method for task-based functional connectivity (Azhari et al.,
2020). Moreover, data can be easily recorded in specified ROIs
and subsequently standardized through spatial registration methods
(Tsuzuki & Dan, 2014) so that they are anatomically colocalized
across participants (Ferradal et al., 2014).
In the present study, we analyzed fNIRS data collected from a

large sample of 6- and 24-month Bangladeshi infants from low-
and middle-income cohorts (Pirazzoli et al., 2022). Notably,
Pirazzoli et al. also include a sample of infants at 36 months of
age; these infants were from a different cohort and thus were not
included in the present study. Univariate analyses with samples
from low- and middle-income countries mirror findings from high-
income samples, with social selectivity (i.e., differences in activation
between social vs. nonsocial stimuli) present at 6 months but more
localized as infants get older (see Blasi et al., 2019 for review).
Moreover, data from the sample we draw on in the present study con-
firm that infants at 6, 24, and 36 months show specialization to social
stimuli in cortical regions (Pirazzoli et al., 2022). However, how pat-
terns of connectivity in this task change with age remains unknown.
In the present study, extending previous work, we take a task-based
functional connectivity approach to understand the neural networks
underlying social processing in infancy and how these networks
change across the first 2 years of life.

The Effect of Socioeconomic Status on Brain
Development

There is substantial evidence for the relation between neurocogni-
tive development and socioeconomic status (see reviews by Blair &
Raver, 2016; Ursache & Noble, 2016). The impact of low socioeco-
nomic status and closely related factors, such as parental education
and neighborhood disadvantage, on the development of several
brain networks in childhood and adolescence, has been found in
fMRI resting-state connectivity studies (e.g., Barch et al., 2016;
Brody et al., 2019; Marshall et al., 2018; Sripada et al., 2014; Su
et al., 2021). In infancy, the literature is sparser, and the findings
are mixed. For example, using fMRI, the rate of infant brain growth,
including the frontal lobe which is involved in social information
processing, was found to be associated with family poverty
(Hanson et al., 2013). Moreover, electroencephalogram (EEG)
work with toddlers shows that height for age (Xie et al., 2019) and
inflammation (Bach et al., 2022) are negatively associated with
resting-state functional connectivity in the theta and beta frequency
bands, suggesting a broad deleterious effect of early exposure to
malnutrition and inflammation on infant brain development. In

contrast, using fNIRS, at 5 months of age, no relation was found
between socioeconomic status and resting-state functional connec-
tivity in higher-order brain networks (e.g., frontoparietal network,
default mode network, network of homologous-interhemispheric
connections; Chajes et al., 2022). Similarly, at 6 months, relations
between baseline connectivity in sensorimotor and default mode
networks and parental income and education did not survive multi-
ple comparisons (Gao et al., 2015).

With respect to social cognitive development in infancy, few stud-
ies have investigated the link between the development of networks
linked to social processing and socioeconomic status. Pirazzoli et al.
(2022) note that much of the literature examining socioeconomic sta-
tus and brain development has focused on networks and behavioral
outcomes that are linked to later academic achievement; they argue
that additional research is needed to determine which risk factors
impact social cognitive development and when the impact of such fac-
tors manifest. In their fNIRS study, Pirazzoli et al. found that social
selectivity was associated with psychosocial risk factors (i.e., intimate
partner violence, verbal abuse, family conflict, maternal depression)
but only for toddlers (i.e., 24 and 36 months), not young infants
(i.e., 6 months). With respect to connectivity, in a social versus non-
social task, lower interhemispheric EEG coherence at 12 months of
age was found from the frontal to the central, parietal, temporal, and
occipital regions during the social condition, but only for infants
from higher-income families; EEG coherence did not differ for the
two conditions for infants from economically strained families
(Lopera-Perez et al., 2022). In the present study, we build upon
these prior studies, examining developmental patterns of task-based
connectivity from early infancy (i.e., 6 months) to toddlerhood (i.e.,
24 months) and whether these patterns are impacted by differing lev-
els of exposure to adversity.

The Present Study

As there are so few studies looking at the development of task-
based functional networks in infancy, it is difficult to have an
informed hypothesis for this study, and thus we chose a descriptive
approach. However, some insights are provided by a large cross-
sectional cohort of children (n= 157) between 6 and 20 years of
age by Sanchez-Alonso et al. (2021). They assessed whole-brain
functional connectivity from fMRI data obtained while participants
were either in a resting state or while viewing a movie. The connec-
tivity patterns were reliably different in these two contexts.
Moreover, across age, the relative engagement of subnetworks
(e.g., language vs. posterior multimodal) was also different, with
some networks increasing and others decreasing with age. Thus,
on the one hand, in the present study, there may be increases in func-
tional connectivity with age, mirroring the general findings from the
resting-state functional connectivity literature (Bulgarelli et al.,
2020). This would be evidenced by greater number of connections,
greater strength of connections across the brain and/or a selective
increase in the number of long-range connections, and an accompa-
nying decrease in connectivity in number and/or strength of short-
range connectivity. On the other hand, given that the univariate func-
tional response to social processing shows localization to smaller
cortical areas, it could be that the task-based functional networks
show decreases in connectivity reflecting a specialization process.
These could be evidenced by a general decrease in the strength of
connectivity, both for short- and long-range connections.
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Furthermore, it is not clear whether we will find differences in this
network across the two cohorts. On one hand, there is a high level of
similarity in the localization of these responses across study popula-
tions internationally and across cohorts from similar environments
(Pirazzoli et al., 2022). On the other hand, it is well established that dif-
ferential exposure to adversity early in life affects brain development in
many ways (Lopera-Perez et al., 2022; Pirazzoli et al., 2022; Xie et al.,
2019). Thus, we do not test specific hypotheses in this study—instead,
we aim to descriptively investigate the task-based functional networks
in this sample using established methods applied to other infant fNIRS
data sets and compare the outcomes to the above possibilities. To this
end, we examined connectivity across six ROIs spanning frontal to
posterior temporal areas (i.e., inferior frontal gyrus [IFG], anterior mid-
dle temporal gyrus/superior temporal gyrus [aMTG-STG], and poste-
rior superior temporal sulcus/temporoparietal junction [pSTS-TPJ]),
as well as global connectivity (i.e., whole-brain connectivity) and con-
nectivity between individual fNIRS channels separately in each cohort
and at each age (see the online supplemental materials).
Notably, the current approach builds from established methods

for using background functional connectivity with infants (see
Background Connectivity for details) in which connectivity analyses
are completed over several blocks using data collected with the exper-
imental paradigm developed by Lloyd-Fox and colleagues which
employed an active baseline approach of using social stimuli compared
to a baseline of nonsocial stimuli (Lloyd-Fox et al., 2009). Based on the
constraints of this paradigm, our analytic approach provides a measure
of the functional networks that are significantly modulated or engaged
during the overall task, without the explicit comparison of functional
networks to social versus nonsocial stimuli. Nonetheless, given that
the stimuli in the task vary along the dimensions of social to nonsocial
stimuli, this work makes the assumption that the functional networks
engaged will be the ones that are sensitive to this contrast.

Method

Transparency and Openness

We report where the data sets were collected, criteria for data
exclusion, all manipulations, and all measures in this study, and
we follow the Journal Article Reporting Standards (Kazak, 2018)
as recommended in the American Psychological Association guide-
lines. The data reported in this article were collected as part of
the Bangladesh Early Adversity Neuroimaging (BEAN) project
(https://www.lcn-bean.org; see Perdue et al., 2019 for details). In
brief, the BEAN project aims to investigate the relations among
early risk factors and neurodevelopmental outcomes, using various
methodologies including physiological measures, eye tracking, neu-
roimaging (magnetic resonance imaging [MRI] at 2 and 60 months;
fNIRS and EEG at 6, 24, 36, and 60months1), and behavioral assess-
ments. Data were analyzed using MATLAB 2021b (MATLAB,
2021) and R, Version 4.2.1 (R Core Team, 2022). The following
R packages were used for data analysis and visualization: tidyverse
(Wickham et al., 2019), data.table (Dowle & Srinivasan, 2021),
lme4 (Bates et al., 2015), and ggplot2 (Wickham, 2016). This
study’s design and its analysis were not preregistered.

Participants

The sample consisted of infants who were recruited for the BEAN
project (see the online supplemental materials for additional

demographic information). This project was approved by the
Institutional Review Board of Boston’s Children’s Hospital and the
Ethical Review Committee of the International Centre for Diarrheal
Disease Research, Bangladesh. Ethics approval was also received by
the University of British Columbia’s Behavioural Research Ethics
Board. Parents provided informed consent before enrollment in the
fNIRS study. The BEAN project is comprised of participants recruited
in two cohorts: low income (LI; n= 130) andmiddle income (MI; n=
104) from an urban district in Dhaka, Bangladesh. Notably, while the
two cohorts came from the same neighborhood, the MI cohort had
higher household income, t(231)= 14.91, p, .001, and higher mater-
nal education, t(232)= 9.38, p, .001, than the LI cohort. In the pre-
sent study, for both cohorts, we use longitudinal fNIRS data from
infants at 6 and 24 months of age. Inclusion criteria included no
known neurological conditions, hearing impairments, or visual impair-
ments. All infants were born full-term (. 37-week gestation). The final
sample, used for all subsequent analyses, included 147 infants at 6
months (nLI= 83; nMI= 64) and 111 infants at 24 months (nLI= 52,
nMI= 59) who provided usable fNIRS data after preprocessing and
behavioral coding analyses (see fNIRS Data Collection and
Preprocessing for details).

Stimuli and Task Procedure

The stimuli and experimental design used in the present study,
also known as the peek-a-boo task, are described in detail in
Lloyd-Fox et al. (2012, 2014, 2017). Visual social stimuli and visual
nonsocial stimuli were presented in full color on a screen with a
viewing distance of approximately 100 cm. The visual social stimuli
consisted of short movie clips of women performing nursery rhyme
gestures. The visual nonsocial stimuli consisted of photos of meth-
ods of transportation. Social sounds, nonsocial sounds, and silence
each accompanied one third of the visual social trials.2 The stimuli
were adapted to be familiar to the study population, such that the
women in the social videos were of South Asian descent and the
modes of transportation were typical for Bangladesh (Perdue
et al., 2019). Both social and nonsocial trials were 9–12 s in length.
Each experimental trial was followed by a baseline trial. The maxi-
mum time for the task was approximately 10 min for 24-month-olds
and 6 min for 6-month-olds.

Throughout the social cognition task, infants were seated on a par-
ent’s lap approximately 100 cm away from a video screen (1,920×
1,080; 21.5 cm). Parents were instructed to only interact with their
infant if they became fussy or sought their attention. The experi-
menter was to remain out of view from the parent and infant, stand-
ing behind them during the trials and only interacting with the infant
when necessary (i.e., redirecting the infant’s attention toward the

1 In the present study, longitudinal fNIRS data for both cohorts were only
available at 6 and 24 months. The ages selected for the BEAN project were
predetermined from another project being conducted by the International
Centre for Diarrhoeal Disease Research, Bangladesh focusing on vaccine
response. The LI cohort was part of this vaccine efficacy trial. The MI cohort
was recruited specifically for the BEAN project to act as a middle income
control group.

2 Notably, while the type of stimuli presented differed for social and non-
social conditions (i.e., video vs. photograph; social audio vs. nonsocial audio
vs. silence), in the present study we use a background functional connectivity
approach in which the impulse response window accounted for 10 s of stim-
ulus and 10 s of baseline. See Background Connectivity section for details.

SOCIAL PERCEPTION CONNECTIVITY 801

T
hi
s
do
cu
m
en
ti
s
co
py
ri
gh
te
d
by

th
e
A
m
er
ic
an

P
sy
ch
ol
og
ic
al
A
ss
oc
ia
tio

n
or

on
e
of

its
al
lie
d
pu
bl
is
he
rs
.

T
hi
s
ar
tic
le
is
in
te
nd
ed

so
le
ly

fo
r
th
e
pe
rs
on
al
us
e
of

th
e
in
di
vi
du
al
us
er

an
d
is
no
t
to

be
di
ss
em

in
at
ed

br
oa
dl
y.

https://doi.org/10.1037/xge0001531.supp
https://www.lcn-bean.org
https://www.lcn-bean.org
https://www.lcn-bean.org
https://www.lcn-bean.org
https://doi.org/10.1037/xge0001531.supp
https://doi.org/10.1037/xge0001531.supp


screen). If the infant was fussy or too distracted, the stimulus presen-
tation was paused, and the infant was able to take a short break. The
experiment ended when the maximum number of experimental trials
was reached (10 trials per experimental condition at 6 months; six
trials per experimental condition at 24 months) or when the infant
became too fussy to continue. A video camera, placed above the
screen, was used to record each session. These recordings were
used later to code infant behavior and potential experimenter
interference.

fNIRS Data Collection and Preprocessing

Oxygenated (HbO) and deoxygenated (HbR) hemoglobin levels
were measured using the Gowerlabs NTS optical topography system
(Everdell et al., 2005). Two continuous wavelengths of source light
at 780 and 850 nm were used. At 6 months, custom-built headbands
were used. These headbands consisted of 12 sources and 12 detec-
tors arranged into 32 channels. At 24 months, either custom-built
headbands or the EasyCaps were used. Both headgears had the
same configuration, consisting of 14 sources and 14 detectors
arranged into 38 channels. Optical locations were consistent across
both headgears and 32 of the optical locations were identical across
the two ages. The six additional channels present at 24 months were
excluded from all analyses so that direct comparisons could be made
between the two ages. At both ages and for both types of headgear,
source-detector separation was 2 cm, with channels arranged in two
bilateral arrays covering the inferior frontal, mid- to posterior tempo-
ral, and inferior parieto-occipital regions (Figure 1). To assess head-
gear placement quality, photographs were taken before the social
cognition task from the front, left, and right sides. Infants’ data
were excluded from analyses if the headgear shifted more than
1 cm relative to optimal placement.
fNIRS data were preprocessed in MATLAB 2021b (MATLAB,

2021) using the HomeR2 toolbox (Huppert et al., 2009) following
the pipeline described and validated in Di Lorenzo et al. (2019).
Channels with very low optical density readings (M, 0.003 V)
were considered not valid and were excluded; infants who had less
than 2/3 valid channels were excluded from further analyses. Raw
intensity data were then converted to optical density. Motion arti-
facts were identified and corrected using spline interpolation
(Scholkmann et al., 2010) and wavelet filtering (Molavi &
Dumont, 2012). A motion artifact was defined as a portion of signal
that exceeded a threshold in change of amplitude (0.40) and standard
deviation (15) within a predefined time window of 1 s. These por-
tions and the data points around them (1 s) were marked. Next,
spline interpolation was applied channel-by-channel to remove
these artifacts (p= .99), followed by wavelet motion correction
(IQR= 0.80). Following motion correction, any trials that still con-
tained motion artifacts (detected using the same parameters detailed
above) between −2 and 16 s relative to trial onset were discarded.3

In addition, behavioral coding was conducted to determine when
an infant did not attend to at least 60% of the trial and when the
experimenter or parent and child interacted (i.e., social interference)
during the experimental trial or the baseline trial prior to the exper-
imental trial. Data were rejected if infants were not looking or
social interference occurred for over 50% of the task. To be included
in the analyses, infants had to have at least three valid experimental
trials. The average number of valid experimental trials for each group
were as follows: M6LI= 20.25, M6MI= 15.16, M24LI= 15.29,

M24MI= 14.10. Overall, 211 infants had fNIRS recordings at 6
months (n6= 119, n24= 92) and 168 infants (n6= 90, n24= 78)
had fNIRS recordings at 24 months. Of those infants, 64 infants at
6 months and 57 infants at 24 months were excluded as a result of
not completing the NIRS experiment (n6= 4, n24= 2), not attending

Figure 1
Schematic View of Channel Locations at 6 and 24 Months

Note. Panel (A) shows schematic view at 6 months: 12 sources and 12 detec-
tors arranged into 32 channels.AverageROIs for each channel are shown in light
green/light gray (IFG), green/gray (aMTG-STG), and dark green/dark gray
(pSTS-TPJ). Panel (B) shows schematic view at 24 months: 14 sources and
14 detectors arranged into 38 channels. Six channels, shown in black, were
excluded from all analyses to match the configuration at 6 months. Average
ROIs for each channel are shown in light green/light gray (IFG), green/gray
(aMTG-STG), and dark green/dark gray (pSTS-TPJ). Panel (C) shows head-
band (left) and EasyCap (right) headgears. ROIs= regions of interest; IFG=
inferior frontal gyrus; aMTG-STG= anterior middle temporal gyrus/superior
temporal gyrus; pSTS-TPJ= posterior superior temporal sulcus/temporoparie-
tal junction. See the online article for the color version of this figure.

3 To confirm that connectivity patterns were not driven by motion artifacts
a 2 (age: 6 months, 24 months)× 2 (cohort: LI, MI) between-subjects
analysis of variance (ANOVA) was conducted on the percentage of data
excluded due to motion. There was a significant main effect of age,
F(1, 254)= 17.72, p, .001, ηp

2= .07. A greater percentage of trials were
excluded at 6 months (M= 1.42, SE= 0.15) than at 24 months (M= 0.46,
SE= 0.17). Because there was no significant main effect of cohort and no
significant interaction, we are confident that the patterns of development in
our connectivity analyses are not being driven by motion artifacts.
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to the screen for at least 50% of the task (n6= 31, n24= 12), poor cap
placement (n6= 9, n24= 3), less than 2/3 valid channels (n6= 5,
n24= 3), less than three trials (n6= 5, n24= 2), less than 90 s of
data (n6= 4, n24= 2), or not having any behavioral coding (n6=
6, n24= 33). The attrition rates for both ages are consistent with
the average attrition rate reported in infant fNIRS research (34%;
see meta-analysis by Baek et al., 2021).
Finally, a bandpass filter from 0.03 to 1 Hz was applied to reduce

slow drifts and high-frequency noise. Data were converted from
optical density to HbO and HbR hemoglobin concentrations using
the modified Beer–Lambert Law (6-month partial path factor [ppf]
= 5.1; 24-month ppf= 6.0).

Anatomical Localization

For each infant, an anatomical localization of the optode locations
was performed to account for variations in head size and array posi-
tions. Age and head measurements (i.e., circumference, ear-to-ear
over forehead, and over top of head), were used to match each infant
to an individual MRI scan from the Neurodevelopmental database
(Richards et al., 2016; Sanchez et al., 2012). A virtual array was
placed on the MRI head model, based on the algorithm developed
by Lloyd-Fox et al. (2014). Array placement was checked for each
infant and any inaccuracies were adjusted to align with the photos
taken during the experiment. Diffuse optical tomography (DOT)
sensitivity functions for each source-detector pair comprising a
channel were estimated using photon propagation modeling (Fang,
2010; Fu & Richards, 2021a, 2021b). For this study, we generated
an atlas for three ROIs, for both the left and right hemispheres:
IFG, aMTG-STG, and pSTS-TPJ. The peek-a-boo task has been
shown to elicit activations over these regions (Lloyd-Fox et al.,
2009, 2013, 2017; Pirazzoli et al., 2022). The sensitivity of each
channel to each ROI was estimated using DOT data: channels
with.10% sensitivity to an ROI relative to the brain were selected.
If a channel exceeded the 10% threshold for more than one ROI, the
ROI with the highest value was selected so that each channel could
only be assigned to one ROI. See Figure 1 for the average location of
the channels for each ROI at 6 and 24 months.

Background Connectivity

A background connectivity approach was used to assess task-
based functional connectivity (i.e., connectivity during the social
cognition task) at 6 and 24 months (see Figure S1 in the online sup-
plemental materials). This analytic approach reveals functional con-
nectivity without the potential confounding effect of the temporal
structure of the stimulus presentation. Failure to control for
task-evoked responses may lead to overinflated correlation estimates
because hemodynamic responses in different neural areas are corre-
lated not only because of the connectivity between the areas but also
due to these synchronized task-evoked responses (Cole et al., 2019).
Using the background connectivity approach, stimulus-evoked
responses were modeled and linearly regressed from the data prior
to measuring correlations in residual spontaneous fluctuations (Al-
Aidroos et al., 2012; Baek et al., 2022; Jaffe-Dax et al., under
review).
Specifically, using custom MATLAB (MATLAB, 2021) scripts,

task-evoked activations were modeled by fitting a generalized linear
model (GLM) using a finite impulse responses (FIR) approach to

approximate the hemodynamic response (Santosa et al., 2018).
This approach was chosen because the hemodynamic responses in
infants are not definitively known and using an FIR model gives
the most flexibility in modeling the response. In the present study,
the impulse response window was 20 s starting at stimulus onset,
thereby accounting for 10 s of stimulus and 10 s of baseline.
Twenty FIR regressors (one per second) were used to model the neu-
ral response. The shape of the hemodynamic response, which we
subsequently used as a measure of task-evoked cortical activity,
was then estimated using the weighted sums of those impulses.
After the model was fit, the residuals from the model were used to
measure functional connectivity. For each subject, Pearson correla-
tions over the residuals were used to determine the measures of con-
nectivity. Three estimates of background connectivity were
calculated: global background connectivity, connectivity patterns
across neuroanatomically defined ROIs, and connectivity patterns
across channels. To obtain a single global measure of functional con-
nectivity, we averaged the estimates of connectivity between each
pair of channels for each infant. For connectivity patterns across
ROIs, we averaged the fNIRS data into six ROIs (left and right
inferior frontal, mid- to posterior temporal, and inferior parieto-
occipital) before estimating background connectivity. Averaging
within ROIs has been shown to increase the quality of the fNIRS sig-
nals (Jaffe-Dax et al., under review). For channel-wise connectivity,
we estimated the pairwise connectivity between all channels (i.e.,
496 estimates of connectivity at 6 and 24months). In all calculations,
Pearson’s r values were Fisher transformed to z values to aggregate
across subjects, and then Fisher transformed back to Pearson’s r val-
ues. To better understand the patterns of connectivity at both ages
and for both cohorts, for all three measures, we analyzed both
HbO and HbR (e.g., Lloyd-Fox et al., 2011).

Results

Global Background Functional Connectivity

Figure 2 presents spaghetti plots of the change in global connec-
tivity for each infant from 6 months to 24 months. The patterns of
global connectivity were quantified in a linear mixed-effects
model with age (6 months, 24 months), cohort (LI, MI), and chro-
mophore (HbO, HbR) as fixed effects and subject as a random effect.
All post hoc comparisons were Bonferroni corrected.

There was a significant main effect of cohort, F(1, 72)= 5.48,
p= .02, ηp

2= .07. Infants in the LI cohort had greater global connec-
tivity (M= 0.14, SE= 0.008) than infants in the MI cohort (M=
0.11, SE= 0.007). There was also a significant main effect of chro-
mophore, F(1, 216)= 121.88, p, .001, ηp

2= .36. Consistent with
the infant literature in which effects are often found for HbO, but
not HbR (e.g., Cristia et al., 2014) and in part due to surface vascular
noise in HbO data (Noah et al., 2021), there was greater connectivity
for HbO (M= 0.16, SE= 0.006) than HbR (M= 0.09, SE= 0.006)
concentrations. There was no significant main effect of age.

There was a significant Age×Cohort interaction, F(1, 216)=
143.69, p, .001, ηp

2= .40. Global connectivity increased from
6 to 24 months for the LI cohort, whereas it decreased from 6 to
24 months for the MI cohort (see Figure 2). Moreover, compared
to the MI cohort, at 6 months the LI cohort had lower estimates of
connectivity whereas at 24 months the LI cohort had greater esti-
mates of connectivity. There were no other significant interactions.
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Importantly, the patterns of connectivity were similar for the two
chromophores with the LI cohort showing an increase and the MI
cohort showing a decrease in both HbO and HbR from 6 to 24
months. Thus, for subsequent analyses, we only present HbO results
in text and include HbR results in the online supplemental materials.

ROI Functional Connectivity

We considered three ROIs on each of the two hemispheres (six
ROIs total): IFG, aMTG-STG, and pSTS-TPJ. Functional connec-
tivity was estimated for each pair of ROIs (15 total; six within hemi-
sphere; nine between hemisphere) at 6 and 24 months for the LI and
MI cohorts. Figure 3 shows the patterns of connectivity for 6 and
24 months of age for each cohort. T-tests were conducted for each
pair of regions to determine if there was a significant change in func-
tional connectivity between regions from 6 to 24 months of age (see
Table 1), and if there were significant differences in functional con-
nectivity within a region between the LI and MI cohorts (see
Table 2). For all analyses, we corrected for multiple comparisons
using the Benjamini–Hochberg false discovery rate (FDR) proce-
dure (Benjamini & Hochberg, 1995).
For the LI cohort, there was a significant increase in connectivity

for seven pairs of ROIs (two within hemisphere, five between hemi-
spheres) from 6 to 24 months. Much of the increase in connectivity
was observed between hemispheres, suggesting that over time,

infants in the LI cohort were forming stronger long-range neural net-
works that were recruited for the social cognition task. For the MI
cohort, there was a significant decrease in connectivity for three
pairs of ROIs within the right hemisphere and a significant increase
in connectivity for one pair of ROIs within the left hemisphere and
one pair of ROIs between hemispheres.

Next, we compared connectivity between cohorts at each age.
There were no significant differences between the two cohorts at
6 months of age. Both cohorts had similar patterns, showing moder-
ate estimates of connectivity between ROIs. At 24 months, the dif-
ferences between the cohorts are much more pronounced. The MI
cohort had significantly lower connectivity between eight pairs of
ROIs (three within the right hemisphere, five between hemispheres)
than the LI cohort. Although there were differences in the strength of
estimates of connectivity for ROIs between hemispheres for the LI
and MI cohorts, these differences were less pronounced than the
within-hemisphere differences (Figure 3).

In summary, the ROI analyses revealed that at 6 months of age
connectivity among ROI pairs was similar for both cohorts, with
moderate estimates of connectivity between the IFG, aMTG-
STG, and pSTS-TPJ (rs= .19–.48). Just as for global connectivity,
the two cohorts diverged at 24 months. In the LI cohort, all ROI
pairs both between and within hemispheres had estimates of connec-
tivity that either increased or remained stable (rs= .29−.52),
while in the MI cohort, all ROI pairs within the right hemisphere

Figure 2
Estimates of Global Connectivity

Note. Spaghetti plots of functional connectivity (HbO and HbR) were separated by age and cohort for
infants with data at both 6 and 24 months (n= 74). Black dots represent means and black lines connect
means at 6 months to means at 24 months. These visualizations show that, on average, for both HbO and
HbR the LI andMI cohorts had opposite patterns of global connectivity development, with the LI cohort
experiencing an increase and the MI cohort experiencing a decrease in global connectivity from 6 to 24
months. HbO= oxygenated hemoglobin; HbR= deoxygenated hemoglobin; LI= low-income; MI=
middle-income; mo=months. See the online article for the color version of this figure.
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had estimates of connectivity that decreased (rs= .08–.10). Again,
significant differences in ROI connectivity between the two cohorts
were observed only at 24 months.

Channel-Wise Functional Connectivity

All reported significant results with channel-wise functional con-
nectivity were significant after correcting for multiple comparisons
with FDR. There were 496 estimates of connectivity among the 32
channels (256 between hemispheres, 120 within the left hemisphere,
120 within the right hemisphere; see Figure 4). To compare 6 versus
24 months, t-tests were conducted for each pair of channels to

determine if therewas a significant change in functional connectivity
over time. For the LI cohort, 214 channel pairs were significantly
different, with 195 of those pairs showing greater connectivity at
24 months. For the MI cohort, 249 channel pairs were significantly
different, with 201 of those pairs showing less connectivity at
24 months. Overall, estimates of connectivity at the channel level
changed from 6 to 24 months such that 43% and 50% of channel
pairs for the LI andMI cohort, respectively, were significantly differ-
ent. Of the channel pairs that significantly differed at 6 and
24 months, 91% showed greater connectivity at 24 months for the
LI cohort whereas 81% showed less connectivity at 24 months for
the MI cohort.

Figure 3
Functional Connectivity for ROIs

Note. Functional connectivity (HbO) between six ROIs–left and right IFG, aMTG-STG, and pSTS-TPJ. The top row shows functional connectivity estimates
at 6 months of age for each cohort. The middle row shows functional connectivity estimates at 24 months of age for each cohort. Colored bars represent cor-
relation coefficients (ranging from −.50 to .50). For illustrative purposes, the rightmost column shows the differences in connectivity at each age between the
two cohorts (i.e., LI connectivity estimates–MI connectivity estimates) and the bottom row shows the differences in connectivity from 6 to 24 months for each
cohort. This figure shows that at 6 months, on average the MI cohort had slightly higher estimates of connectivity than the LI cohort both within hemispheres
and between hemispheres. At 24 months, the LI cohort had slightly higher estimates of connectivity between hemispheres, whereas the MI cohort had slightly
higher estimates of connectivity in the left hemisphere but much lower estimates of connectivity in the right hemisphere. These patterns suggest only the MI
cohort is showing evidence of decreased connectivity at 24 months of age. ROIs= regions of interest; HbO= oxygenated hemoglobin; IFG= inferior frontal
gyrus; aMTG-STG= anterior middle temporal gyrus/superior temporal gyrus; pSTS-TPJ= posterior superior temporal sulcus/temporoparietal junction; LI=
low-income; MI=middle-income; L-IFG= left inferior frontal gyrus, L-aMTG-STG= left anterior middle temporal gyrus/superior temporal gyrus;
L-pSTS-TPJ= posterior superior temporal sulcus/temporoparietal junction; R-IFG= right inferior frontal gyrus; R-aMTG-STG= right anterior middle tem-
poral gyrus/superior temporal gyrus; R-pSTS-TPJ= right posterior superior temporal sulcus/temporoparietal junction. See the online article for the color ver-
sion of this figure.
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Finally, we compared channel-wise connectivity between the two
cohorts at 6 and 24months. At 6months, therewere 42 pairs of chan-
nels that significantly differed, with the MI cohort showing greater
connectivity for 41 of those pairs than the LI cohort. By contrast,
at 24 months, there were 318 pairs of channels that significantly dif-
fered, with the MI cohort showing less connectivity for 262 of those
pairs than the LI cohort. Overall, estimates of connectivity at the

channel level were similar for both groups at 6 months of age. In con-
trast, by 24 months, 64% of estimates of connectivity differed at the
channel level, with over 80% of those differences revealing less con-
nectivity for the MI cohort compared to the LI cohort.

In summary, consistent with both global and ROI analyses, with
the channel-wise analyses we observed similar patterns of connec-
tivity in both cohorts at 6 months and a diverging picture at 24

Table 1
Connectivity Between ROIs: Comparisons at 6 and 24 Months Within Cohorts

ROIs LI: 6 months versus 24 months MI: 6 months versus 24 months

Within hemisphere
R-IFG, R-aMTG-STG t(32)=−3.14, p= .004* t(40)= 4.92, p, .001*
R-IFG, R-pSTS-TPJ t(33)= 0.07, p= .945 t(41)= 7.03, p, .001*
R-aMTG-STG, R-pSTS-TPJ t(32)=−1.38, p= .177 t(48)= 6.69, p, .001*
L-IFG, L-aMTG-STG t(33)=−2.24, p= .032 t(45)=−3.15, p= .003*
L-IFG, L-pSTS-TPJ t(33)=−1.43, p= .163 t(45)=−0.86, p= .395
L-aMTG-STG, L-pSTS-TPJ t(33)=−4.15, p, .001* t(49)=−1.52, p= .135

Between hemisphere
R-IFG, L-IFG t(33)=−0.57, p= .571 t(39)= 0.51, p= .61
R-IFG, L-aMTG-STG t(33)=−3.36, p= .002* t(41)=−2.56, p= .014*
R-IFG, L-pSTS-TPJ t(33)=−3.58, p= .001* t(41)= 0.58, p= .568
R-aMTG-STG, L-IFG t(32)=−2.64, p= .013* t(44)= 0.41, p= .685
R-aMTG-STG, L-aMTG-STG t(32)=−1.34, p= .190 t(48)=−0.42, p= .674
R-aMTG-STG, L-pSTS-TPJ t(32)=−5.33, p, .001* t(48)=−0.52, p= .602
R-pSTS-TPJ, L-IFG t(33)= 1.00, p= .324 t(45)= 0.09, p= .926
R-pSTS-TPJ, L-aMTG-STG t(33)=−1.57, p= .126 t(49)=−0.18, p= .861
R-pSTS-TPJ, L-pSTS-TPJ t(33)=−3.12, p= .004* t(49)= 1.63, p= .109

Note. ROIs= regions of interest; LI= low-income; MI=middle-income; R-IFG= right inferior frontal gyrus;
R-aMTG-STG= right anterior middle temporal gyrus/superior temporal gyrus; R-pSTS-TPJ= right posterior
superior temporal sulcus/temporoparietal junction; L-IFG= left inferior frontal gyrus, L-aMTG-STG= left
anterior middle temporal gyrus/superior temporal gyrus; L-pSTS-TPJ= posterior superior temporal sulcus/
temporoparietal junction.
* Significant at the p, .05 level after Benjamini–Hochberg corrections for false detection rates.

Table 2
Connectivity Between ROIs: Comparisons Between Low- and Middle-Income Cohorts at 6 and 24
Months

ROIs 6 months: LI versus MI 24 months: LI versus MI

Within hemisphere
R-IFG, R-aMTG-STG t(147)=−0.66, p= .511 t(104)= 7.67, p, .001*
R-IFG, R-pSTS-TPJ t(147)= 0.08, p= .938 t(106)= 4.40, p, .001*
R-aMTG-STG, R-pSTS-TPJ t(157)=−0.98, p= .331 t(104)= 8.60, p, .001*
L-IFG, L-aMTG-STG t(151)=−2.41, p= .017 t(107)=−2.03, p= .045
L-IFG, L-pSTS-TPJ t(152)=−1.54, p= .125 t(107)=−0.53, p= .598
L-aMTG-STG, L-pSTS-TPJ t(156)=−2.29, p= .023 t(108)= 0.89, p= .373

Between hemisphere
R-IFG, L-IFG t(144)=−0.18, p= .855 t(106)=−0.17, p= .865
R-IFG, L-aMTG-STG t(146)=−1.04, p= .302 t(107)= 0.02, p= .985
R-IFG, L-pSTS-TPJ t(147)=−0.64, p= .521 t(107)= 3.23, p= .002*
R-aMTG-STG, L-IFG t(152)=−1.88, p= .062 t(104)= 3.24, p= .002*
R-aMTG-STG, L-aMTG-STG t(156)=−1.99, p= .049 t(105)=−0.24, p= .810
R-aMTG-STG, L-pSTS-TPJ t(157)=−1.24, p= .217 t(105)= 3.57, p= .001*
R-pSTS-TPJ, L-IFG t(152)= 0.26, p= .795 t(106)=−0.16, p= .869
R-pSTS-TPJ, L-aMTG-STG t(156)= 0.03, p= .978 t(107)= 2.96, p= .004*
R-pSTS-TPJ, L-pSTS-TPJ t(157)=−0.69, p= .493 t(107)= 4.40, p, .001*

Note. ROIs= regions of interest; LI= low-income; MI=middle-income; R-IFG= right inferior frontal gyrus;
R-aMTG-STG= right anterior middle temporal gyrus/superior temporal gyrus; R-pSTS-TPJ= right posterior
superior temporal sulcus/temporoparietal junction; L-IFG= left inferior frontal gyrus, L-aMTG-STG= left
anterior middle temporal gyrus/superior temporal gyrus; L-pSTS-TPJ= posterior superior temporal sulcus/
temporoparietal junction.
* Significant at the p, .05 level after Benjamini–Hochberg corrections for false detection rates.
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Figure 4
Channel-Wise Functional Connectivity

A.

B.

Note. (A) Average functional connectivity between each pair of channels separated by age and cohort. Channels 1–16 are in the left
hemisphere and 17–32 are in the right hemisphere. Colored bars represent correlation coefficients (ranging from −.50 to .50). (B) The
distribution of connectivity estimates (correlation coefficients, r) for channel pairs with connections that were between hemisphere (dark
green/dark gray), within the left hemisphere (green/gray), and within the right hemisphere (light green/light gray). LI= low-income;
MI=middle-income. See the online article for the color version of this figure.
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months (see Figure 4A). While the LI cohort predominantly showed
increases in connectivity from 6 to 24 months, theMI cohort showed
decreases in connectivity.

Discussion

In recent years, there has been growing interest in investigating the
neural regions supporting social perception during the first two post-
natal years using fNIRS. Participants in these studies were recruited
from both high-income and low- and middle-income countries or
populations (Braukmann et al., 2018; Farroni et al., 2013; Lloyd-
Fox et al., 2009, 2011, 2014, 2017; Perdue et al., 2019; Pirazzoli
et al., 2022). Consistently, these studies find an early cortical special-
ization for social perception in the superior temporal cortex, which
develops over the first several years. The present study used back-
ground functional connectivity analyses (at the global, ROI, and
channel levels) to investigate the task-based functional connectivity
networks supporting social perception and their development in a
large sample of infants from Dhaka, Bangladesh. This work extends
previous findings to consider not only individual fNIRS channels
and brain regions, but also the communication between channels
and regions to identify the networks responsible for social percep-
tion and the development of these networks longitudinally in
infancy. Overall, all analytic approaches used for assessing func-
tional connectivity show that the development of neural networks
engaged during social processing (the observed developmental/
age-related increases and decreases) differ for low-income (LI) ver-
sus middle-income (MI) cohorts, with only the latter showing evi-
dence of specialization.

Social Perception Development and Differential Exposure
to Adversity

We found that the two cohorts—LI and MI—showed divergent
developmental patterns in functional connectivity during a social
perception task. At 6 months of age, for both cohorts, short- and
long-range connections, which we classify as within- and between-
hemisphere connections, respectively, were engaged during the
social versus nonsocial task. At this age, Baek et al. (2022) similarly
found evidence of long-range functional connectivity in the fronto-
parietal network when infants were engaged in a temporal predict-
ability task. Consistent with the interactive specialization
hypothesis (Johnson, 2011), Baek et al. speculated that the func-
tional engagement of the network may act as a catalyst for the ana-
tomical development of the more sophisticated network we would
expect to form during development. Moreover, in the current
study, estimates of connectivity were similar for the two cohorts
regardless of the scale at which task-based connectivity was evalu-
ated. Thus, while there may be differences in functional connectivity
at this earlier age, it was not possible to see them with our analyses.
These findings are consistent with several studies that have investi-
gated the impact of adversity on neural development, finding small
or nonsignificant effects during the first few months of life
(Pirazzoli et al., 2022; Walker et al., 2011; Xie et al., 2019).
At 24 months of age, the two cohorts had different patterns of

functional connectivity. In particular, for the LI cohort, increased
estimates of connectivity were evident both within- and between-
hemispheres. These results are only partially consistent with the
resting-state literature. In particular, while there was evidence for

the expected increase in long-range connectivity, there was no
expected decrease in short-range connectivity (Damaraju et al.,
2014). Xie et al. (2019) found that higher functional connectivity
was negatively associated with child growth. One possibility is
that consistent with this finding, the LI cohort has delayed synaptic
pruning potentially reflecting malnutrition. Differences in family
income may have meant that fewer resources (e.g., food) were
available to the LI cohort and thus under/delayed synaptic pruning
may be reflective of malnutrition. As a result, the connections
within the networks may be less organized and unessential path-
ways may fail to be eliminated with development (Hulshoff Pol
et al., 2000; Zhan et al., 2014).

Distinct from the LI cohort and the resting-state literature, the MI
cohort exhibited a sharp decrease in connectivity in the right hemi-
sphere between 6 and 24 months. Previous research has suggested
that the right hemisphere is selectively involved in social and emo-
tional processing later in development and in adulthood (Schore,
1998). Moreover, studies using the peek-a-boo task report increases
in specialization with age (Lloyd-Fox et al., 2017). Thus, the
decreased connectivity of the right hemisphere network involved
in social processing may reflect increasing cortical specialization
for social cognition (Changeux & Dehaene, 1989) or a type of prun-
ing of this network (Homae et al., 2010).

The relation between connectivity and socioeconomic status has
been found previously in the resting-state fMRI literature. Poverty
in school-aged children and adolescents has been linked to reduced
connectivity in the default mode network, between the hippocampus
and amygdala and other regions (i.e., superior frontal cortex, lingual
gyrus, posterior cingulate, and putamen), and between networks that
support cognition and emotion regulation (Barch et al., 2016; Brody
et al., 2019; Sripada et al., 2014). Moreover, factors closely related to
socioeconomic status, such as parent education and neighborhood
disadvantage, are also associated with connectivity. Language-
related resting-state connectivity in adolescence was positively
related to parental education and reading skills in childhood (Su
et al., 2021). In childhood and adolescence, community-level socio-
economic disadvantage was associated with reduced connectivity in
systems that modulate affective processing, goal-directed behavior,
and reward evaluation (Marshall et al., 2018). With respect to the
development of social networks in infancy, similar to the findings
from the present study, Lopera-Perez et al. (2022) found connectiv-
ity differences related to family income. Specifically, lower inter-
hemispheric coherence was found during social compared to
nonsocial conditions from the frontal to the central, parietal, tempo-
ral, and occipital regions for infants from higher-income, but not
lower-income, families (Lopera-Perez et al., 2022).

Implications for the Development of Social Cognition

While there is strong prior evidence (see the introductory part of
this article) that infants have early preferences for social stimuli, our
findings show dramatic developmental changes in the neural systems
that are supporting social processing throughout infancy. Thus,
while these early preferences are important in showing the emer-
gence of social cognition in infancy, the neural processes that sup-
port social cognition also show a substantial amount of
developmental change. Furthermore, our findings also suggest that
these developmental changes are sensitive to an infant’s early life
experiences.
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While the analyses we conducted did not reveal notable differ-
ences between LI andMI cohorts at 6 months, the two groups exhibit
virtually opposite patterns of development by 24 months of age with
regard to functional connectivity. This is striking for a number of
reasons including that these two groups were recruited from the
same urban neighborhood in Bangladesh. Recent work looking at
the impacts of socioeconomic status on development in the USA
has shown persistent effects of neighborhood over even individual
family socioeconomic status (Aikens & Barbarin, 2008; Chen &
Paterson, 2006). Moreover, studies of the magnitude of responses
in individual brain regions showed some sensitivity to early life
experiences (Pirazzoli et al., 2022) but it was more modest than
the findings reported here. Thus, a major implication of our findings
is that a metric of functional connections supporting social cognition
may provide a more sensitive measure of experiential and develop-
mental changes than the magnitude of responses within individual
brain regions.

Constraints on Generality

Our findings provide insights into the neural development of
infants from a developing nation. Our large sample, well-established
infant paradigm (i.e., peek-a-boo task) that has been used in both
developed and developing nations (e.g., Lloyd-Fox et al., 2009,
2017) and use of established infant neuroimaging methodologies
and pipelines (Di Lorenzo et al., 2019) lead us to expect that the
results would generalize to other infants from similar populations.
However, we do not have evidence that our findings will generalize
to high-income populations, nor do we have evidence that differ-
ences in connectivity patterns would be evident for other experimen-
tal paradigms. Similarly, when studies are conducted with
high-income populations, it is not clear if they will generalize to
other populations. Additional research (see Future Research section)
is necessary to further comment on the generality of our findings.
Overall, we have no reason to believe that our results depend on
other characteristics of the participants, materials, or context.
In addition, given the constraints of the experimental paradigm,

our analytic approach relied on the assumption that the functional
networks detected are the networks that are modulated by the con-
trast of social and nonsocial stimuli and thus are reflective of
social processing. However, future work can be designed to fur-
ther test the specificity of these networks to social stimuli. In par-
ticular, a background connectivity approach can be applied to
several blocks of social stimuli compared to baseline as well as
several blocks of nonsocial stimuli compared to the same base-
line. Moreover, future methods development will be beneficial
to be able to investigate networks engaged in specific trials or
conditions (e.g., with psychophysiological interaction techniques;
Jasińska et al., 2021) but to date, these techniques have not been
successfully applied to infant fNIRS and were not attempted on
the current data set.

Future Research

Going forward, it would be useful to longitudinally investigate the
development of social perception networks in a high-income sample
to determine whether there is a similar longitudinal reduction in con-
nectivity as seen in the MI cohort. Moreover, a more in-depth look at
the differences between cohorts would provide insights into the

driving forces behind the different developmental patterns found
in this study. For example, it is possible that the cohort effect
observed is mediated (or moderated) by other variables that coincide
with SES (e.g., malnourishment, maternal education, inflammation).

Second, we found differences in estimates of connectivity for LI
and MI cohorts at 24 months. However, with only two time points,
spanning a large developmental period (18 months), we cannot
determine if the heightened functional connectivity among infants
in the LI cohort is evidence of a delay in the reduction of functional
connectivity seen in the MI cohort (i.e., they would start to show
similar patterns to the MI cohort at an older age) or if there are endur-
ing differences between the cohorts. Moreover, because we did not
have data between 6 and 24 months (e.g., at 12 or 18 months) we
cannot conclude when the networks first began to diverge for the
two cohorts.

Third, we cannot say for certain what the developmental implica-
tions are for the changes in connectivity and corresponding cognitive
states. For example, it is possible that more connectivity is equated
with more engagement in a task and thus increases in connectivity
would be evidence for the development of the networks. However,
it is also possible that more connectivity is indicative of a
less-efficient network or less specialization and thus decreases in
connectivity would be evidence for the development of the net-
works. Future work that ties changes in task-based functional con-
nectivity to key developmental changes and milestones in social
cognition (or simply behavioral measures in a social cognition
task) will provide more context to both the cohort differences and
the developmental changes that we report here. Moreover, future
research will be beneficial in determining whether differences in
connectivity between the two cohorts are predictive of nonneural
outcomes, whether these differences in connectivity are specific to
social processing or if they are reflective of general differences in
neural network development (and thus would be seen in other net-
works such as attention, motor, and sensorimotor networks), and
whether these differences are meaningfully related to, or predictive
of, developmental outcomes.

Limitations

This study demonstrates the utility of background functional con-
nectivity analyses in investigating the development of long-range
neural networks during infancy. However, the study is not
without limitations. First, both cohorts were living in impoverished
environments. Thus, the effects we report, which are based on
income-to-needs, may not truly capture the driving force behind
the differences found (e.g., malnutrition, maternal education, inflam-
mation). For example, other studies with infants from the BEAN pro-
ject did not split the two cohorts (e.g., Bach et al., 2022; Pirazzoli
et al., 2022; Xie et al., 2019). Instead, they show that continuous var-
iables such as exposure to psychosocial adversity, malnutrition, and
inflammation are associated with neural responses. Notably, how-
ever, the large differences across relatively similar groups of infants
observed in the present study suggest that task-based functional con-
nectivity is a sensitive measure, revealing distinct patterns of neural
responses and developmental change from univariate analyses.

Second, we only measure activity in the frontotemporal regions of
the brain. These are regions that have previously been found to be
selectively responsive to social processing, as measured in this
task. Thus, our estimates of global connectivity do not take the
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whole brain into account, nor can we compare the networks of
regions that are selective for social perception to those that are not.
Third, the coregistration was imperfect because our atlas consisted

of MRI images from U.S. infants who, on average, have larger head
and brain sizes than Bangladeshi infants. At present, there is no
usable set of MRI images from Bangladeshi infants.
Fourth, our data were only obtained from a social cognition task.

As a result, we cannot determine whether our findings are specific to
social cognitive development or whether the development of other
networks may also be affected by different levels of exposure to
adversity. Given that associations between socioeconomic status
and resting-state connectivity have been found in several networks
(e.g., somatosensory, motor, frontal cognition) and that exposure
to adversity, more generally, has been linked to widespread alter-
ations in neurodevelopment (Rakesh, Kelly, et al., 2021; Rakesh,
Zalesky, & Whittle, 2021), we speculate that our findings are not
specific to social cognitive development, but additional task-based
connectivity research with infants from different levels of exposure
to adversity is needed to draw any definitive conclusions.

Conclusion

The current study is the first to investigate longitudinal changes in
task-based functional connectivity during the first 2 years of life. We
find that at 6 months of age infants already have substantial long-
range connections engaged during social processing, with virtually
no differences between the cohorts (low income and middle
income). Our findings indicate that substantial changes occur from
6 to 24 months in the networks responsible for social perception,
and we find substantial differences in connectivity between low-
and middle-income populations at 24 months. More specifically,
for infants in our middle-income cohort, right-hemisphere connec-
tivity decreased over time, suggesting a process of specialization
or synaptic pruning for social processing during the first 2 years of
life. In contrast, for infants in our low-income cohort, there were
increases in interhemispheric connectivity, which could signal
delays in the reductions of connectivity seen in the middle-income
cohort or possibly enduring differences in the networks responsible
for social perception. We conclude that task-based functional con-
nectivity is a sensitive measure that reveals developmental differ-
ences in the neural networks engaged in social perception, as well
as the manner in which these networks are impacted by early life
experiences.
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