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The first years of life are a sensitive period of rapid neural and immune system development vulnerable to the
impact of adverse experiences. Several studies support inflammation as a consequence of various adversities and
an exposure negatively associated with developmental outcomes. The mechanism by which systemic inflam-
mation may affect brain development and later cognitive outcomes remains unclear. In this longitudinal cohort
study, we examine the associations between recurrent systemic inflammation, defined as C-reactive protein
elevation on > 2 of 4 measurements across the first year of life, electroencephalography (EEG) functional con-
nectivity (FC) at 36 months, and composite cognitive outcomes at 3, 4, and 5 years among 122 children living in
a limited-resource setting in Dhaka, Bangladesh. Recurrent systemic inflammation during the first year of life is
significantly negatively associated with cognitive outcomes at 3, 4, and 5 years, after accounting for stunting and
family care indicators (a measure of stimulation in the home environment). Recurrent systemic inflammation is
significantly positively associated with parietal-occipital FC in the Beta band at 36 months, which in turn is
significantly negatively associated with composite cognitive scores at 3 and 4 years. However, FC does not
mediate the relationship between recurrent systemic inflammation and cognitive outcomes.

1. Introduction

Millions of children worldwide are exposed to early biological and
psychosocial hazards that may limit their ability to reach their full
developmental potential (McCoy et al., 2016). The first years of life
represent a sensitive period of rapid development of neural, neuroen-
docrine, and immune systems that are vulnerable to adverse experiences
that can alter biology with long-term influence on health and

development (Wachs et al., 2014; Nelson, 2017; Walker et al., 2011;
Jensen et al., 2017). This vulnerability is due, in part, to critical period
closure, which can lead to a consolidation of effects. As a result, expo-
sure to adverse experiences during critical periods of brain development
are far more likely to have enduring rather than transient effects on
children’s outcomes (Early Adversity and Critical Periods, 2021). Chil-
dren in low-resource environments are at heightened risk of exposure to
compounding biological, environmental, and psychosocial adversities
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including food insecurity, infectious disease, polluted environments,
and psychosocial stressors, which together and separately may adversely
impact neurodevelopment (Johnson et al., 2016; Council on Community
Pediatrics, 2016; John et al., 2017; Kutlesic et al., 2017). The mecha-
nism by which these exposures impact development remains unclear.
One hypothesis is that inflammation is a common biological conse-
quence of various adversities and involved in their negative effect on
development.

Inflammation is defined as the physiologic response to infections,
tissue injury, psychological stress, and other insults (Calder et al., 2009;
Black, 2002). It may impact brain development directly, as in central
nervous system infections, or indirectly, via systemic inflammation in
response to an environmental exposure (Bilbo, 2009). Acute inflam-
mation is a rapid, innate reaction to a variety of stressors that is
short-lived and usually protective as it fights a pathogen or initiates
healing of damaged tissue (Raiten et al., 2015). Chronic inflammation,
by contrast, is an inflammatory response that fails to resolve and may be
detrimental to the host. Chronic inflammation is characterized by
persistent elevation in systemic plasma concentrations of several cyto-
kines, including C-reactive protein (CRP), and may contribute to
immunosuppression, oxidative stress, and cytotoxicity (Raiten et al.,
2015; Kanterman et al., 2012).

Chronic inflammation may be caused by a variety of early adversities
including recurrent infection, environmental exposures, and psychoso-
cial stressors, with negative long-term health consequences (Danese
et al., 2009; Shonkoff et al., 2012; Slopen et al., 2013). Persistent sys-
temic inflammation has been associated with structural remodeling of
multiple organ systems that increases risk for impaired long-term
physical and mental health (Boyce et al., 2021). For example, early
life adversity has been associated with elevated biomarkers of systemic
inflammation, including CRP, that increase risk for later depression and
cardiovascular and autoimmune disease (Danese and McEwen, 2012;
Dube et al., 2009; Baumeister et al., 2016; Slopen et al., 2018).

Several aspects of brain development, including changes in synapse
number and myelin integrity, extend from mid-fetal development
through middle and late childhood and are subject to environmental
influences including inflammation (John et al., 2017). Jiang et al.
(2018) have described how the nature and timing of inflammatory in-
sults may influence early brain development. During fetal development,
maternal and/or fetal immune activation may negatively affect brain
development if the inflammation occurs during a major neuro-
developmental process such as cell migration or dendritic sprouting
(Marques et al., 2013). Maternal inflammation during pregnancy is
associated with increased likelihood of neurodevelopmental and psy-
chiatric disorders in children (Estes and McAllister, 2016). Inflammation
and cytokine elevations due to infection in early postnatal life are
associated with impaired neurodevelopment (Jiang et al., 2014; O’Shea
et al.,, 2012; Dickson, 2000), and early life inflammation has been
associated with a variety of neurodevelopmental disorders (Jiang et al.,
2018). Among children enrolled in the Bangladesh Early Adversity
Neuroimaging (BEAN) study, elevated inflammatory biomarkers in in-
fancy are negatively associated with cognitive outcomes at 1, 2 and 5
years of age (Jiang et al., 2014; Jiang et al., 2017; Jensen et al., 2019).

Despite the many potential causes of early childhood adversity and
inflammation in low-resource settings, there are few studies to date that
examine the association of early postnatal inflammation with neuro-
development among children in low- and middle-income countries.
Even fewer utilize neuroimaging, which may help elucidate the mech-
anism by which systemic inflammation affects the developing brain. The
present study examines the associations between inflammation, elec-
troencephalogram (EEG) functional connectivity (FC), and cognitive
outcomes among children living in a low-resource environment in
Bangladesh to determine whether early life inflammation, a potential
consequence of a variety of adversities, impacts cognitive outcomes, and
whether changes in EEG FC mediate the impact of inflammation on the
developing brain.
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We assess changes in EEG FC based upon prior literature implicating
changes in white matter and brain connectivity after exposure to
inflammation (Rudolph et al., 2018; Gianaros et al., 2013). A previous
study in this population reported associations of inflammation with
event-related potentials to social stimuli and cognitive outcomes (Xie
et al., 2019). Our analysis of EEG FC builds upon this by assessing the
association of inflammation with brain network connectivity in multiple
regions. EEG FC has been used to investigate the efficiency and orga-
nization of brain networks among typically developing children (Xie
et al., 2019). Variation in FC is often attributed to changes in the or-
ganization and functioning of brain networks, and abnormal FC patterns
associated with early exposure to systemic inflammation have been
linked to deficits in later cognitive performance (Rudolph et al., 2018;
Orekhova et al., 2014). It is therefore plausible that inflammation during
early childhood disrupts communication between cortical areas through
neural oscillations in different frequency bands, which in turn may lead
to altered cognitive outcomes. Because there is no evidence of a single
brain region or frequency band most affected by early exposure to
inflammation, we adopt an exploratory approach to examining the as-
sociations of early life inflammation with EEG FC in multiple regions to
better understand how and where early systemic inflammation may
exert an effect on the developing brain. Specifically, we test the hy-
potheses that 1) recurrent systemic inflammation during the first year of
life is associated with worse cognitive outcomes; 2) recurrent systemic
inflammation is associated with changes in FC; and 3) these changes in
FC mediate the effect of recurrent systemic inflammation on cognitive
outcomes.

2. Methods

We examined the relationships between inflammation, EEG FC, and
cognitive outcomes among children enrolled in a longitudinal prospec-
tive cohort in the BEAN study.

2.1. Participants and measurement of inflammation

Children in Dhaka, Bangladesh enrolled in the BEAN study within a
week of birth (Median: 5d, Range: 1-7d) after voluntary informed
consent was obtained from parents following a protocol approved by the
International Centre for Diarrhoeal Disease Research, Bangladesh
Institutional Review Board and the Boston Children’s Hospital Institu-
tional Review Board (Storrs, 2017). All children were born > 34 gesta-
tional weeks and had no known history of neurological abnormalities,
genetic disorders, or visual or auditory impairments. Other de-
mographics are described in previous studies of this cohort (Jensen
etal., 2019; Xie et al., 2019). Of 130 children in the cohort, the 122 with
serum CRP concentration (mg/L) measured at 6, 18, 40, and 53 weeks of
age using an enzyme linked immunosorbent assay (Immunidiagnostik
AG) were included in the analysis. Samples from all subjects were
analyzed simultaneously for each timepoint. CRP was selected as the
inflammatory biomarker of interest because of its availability at multiple
timepoints in this cohort, its use in previous studies of adversity expo-
sure, chronic inflammation, and long-term outcomes (Slopen et al.,
2018; Danese et al., 2007), and its association with childhood adversity
greater than that of other inflammatory markers (Baumeister et al.,
2016). All children received biweekly home visits for documentation of
fever and recent illness. All data was collected by trained local research
staff.

Recurrent systemic inflammation was defined as top-quartile CRP for
age in this population on two or more occasions during the first year of
life. The choice of top quartile for assigning status of protein elevation
was made for the following reasons: 1) serum CRP varies according to
postnatal age in our population (Supplemental Fig. 1); 2) normative data
for serum CRP in this population of infants in Bangladesh are not
available; and 3) serum CRP values do not conform to a normal distri-
bution. Other investigators have defined sustained inflammation using
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inflammatory proteins in the top quartile across multiple timepoints due
to similar observations and limitations in their populations of interest
(Kuban et al., 2019; O’Shea et al., 2013). CRP was defined as a dichot-
omous rather than a continuous variable to assess associations with
recurrent CRP elevation rather than with the full range of CRP variation
or with absolute frequency of CRP elevation.

2.2. EEG data collection and processing

EEG was recorded at age 36 months (Mean: 36.2, SD: 0.45) from a
128-channel HydroCel Geodesic Senso Net connected to a NetAmps 300
amplifier (Electrical Geodesic Inc., Eugene, OR) while children watched
a screensaver with abstract shapes and soothing sounds for 2 min.

EEG recordings were preprocessed using EEGLAB (Delorme and
Makeig, 2004) and ERPLAB (Lopez-Calderon and Luck, 2014) toolboxes
in MATLAB (R2017a, the Mathworks, Inc.). The continuous EEG data
were filtered with an 8th order Butterworth band-pass filter with a pass
band of 1 — 50 Hz. The filtered data was then segmented into 1 s epochs.
The EEG epochs were inspected for artifacts using both absolute (voltage
> 100pV or EEG < —100pV) and stepwise (voltage change > 100pV
within a 100 ms moving window with a 50 ms window step) algorithms.
Channel interpolation was conducted using a spherical spline interpo-
lation with the EEGLAB function “eeg_interp” if there were fewer than
18 (15%) electrodes that were missing or had bad data. Independent
component analysis (ICA) was also conducted to remove components
related to eye movements, blinks, and focal activity. Each child must
have had at least 60 clean epochs (50%) to have been included in further
analyses. For the participants included in the final samples, the mean
number of clean epochs was 103.59 (SD = 16.64).

2.3. EEG FC analysis

EEG FC was estimated from the processed EEG recordings. The
processing stream for the source-space FC analysis used is the same as
described in previous studies of this population (Xie et al., 2019; Xie
et al., 2019). Cortical source reconstruction was conducted for the scalp
EEG data using realistic head models created using age-appropriate
average MRI templates (Richards et al., 2016). Distributed source
reconstruction of the EEG time-series was conducted, and reconstructed
source activities were segmented into 48 cortical regions of interest
(ROIs) using the LPBAA40 brain atlas (Shattuck et al., 2008). FC between
the 48 cortical ROIs was estimated using the weighted phase lag index
(Vinck et al., 2011), a widely used measure of “phase-to-phase syn-
chrony” for different frequency bands at 36 months: theta (3-7 Hz),
alpha (7-10 Hz), beta (11-20 Hz), and gamma (20-40 Hz) (Develop-
ment of infant sustained attention and its relation to EEG oscillations,
2020; Thorpe et al., 2016). The 48 ROIs were further categorized into
frontal (F), temporal (T), parietal (P), and occipital (O) lobes, and the FC
within and between them were calculated (Supplemental Fig. 2).

2.4. Cognitive outcomes

The Mullen Scales of Early Learning (MSEL) was used to measure
outcomes at 3 years (Mullen, 1995). The Wechsler Preschool and Pri-
mary Scale of Intelligence (WPPSI) was used to measure outcomes at 4
and 5 years, to avoid potential ceiling effects on the MSEL. Both are
interactive assessments that provide global and subscale assessments of
children’s cognitive development (Supplemental Table 1).

The MSEL and WPPSI were developed and normed in the United
States. Both have previously been used in low-income country settings
(Koura et al., 2013; Bornman et al., 2018; Milosavljevic et al., 2019), and
the WPPSI has been used to assess cognitive outcomes in 5-year-old
children in Bangladesh (Wasserman et al., 2007; Kippler et al., 2012).
To ensure that both were culturally-appropriate assessment tools, local
staff translated and adapted them by substituting unfamiliar images and
questions with objects and examples that Bangladeshi children would
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recognize. Both assessments were administered by local psychologists
and research assistants. Given the absence of local norms for these as-
sessments, we standardized raw scores within our sample for each time
point to obtain age-appropriate Z-scores in this population. MSEL
composite scores were calculated as the Z-score of the summed subscale
raw scores as in previous studies of this population (Xie et al., 2019;
Jensen et al., 2019). WPPSI full-scale intelligence quotient (IQ) scores
were standardized as Z-scores.

2.5. Covariates

Measures of stunting and environmental stimulation were included
as covariates given their impact on neurodevelopment. Height was ob-
tained at 36, 48, and 54 months of age. Children’s height-for-age (HAZ)
scores were calculated based upon World Health Organization (WHO)
standards. Stunting, which is associated with worse cognitive outcomes,
was defined as HAZ > 2 SD below the mean of the WHO reference
(Perkins et al., 2017). Family care indicators (FCI), a survey measure of
stimulation in the home environment, were assessed through oral in-
terviews with caregivers conducted by local, native staff. Interviews
took place at the time of a child’s first cognitive assessment. The FCI uses
items from UNICEF’s Multiple Indictor Cluster Survey to assess stimu-
lating activities that a caregiver engaged in with the child within the
preceding 30 days (Jensen et al., 2019). The FCI measure has been
widely used in low- in middle-income countries, including Bangladesh
(Hamadani et al., 2010), and in previous studies of this population (Xie
et al., 2019; Jensen et al., 2019). After controlling for socioeconomic
factors, FCI is predictive of developmental outcomes, with higher score
indicating greater stimulation associated with better outcomes (Hama-
dani et al., 2010).

2.6. Statistical analysis

Baseline characteristics were compared between children with and
without exposure to recurrent systemic inflammation using the Kruskal-
Wallis or Student t-test for continuous variables, and the ¥? or Fisher
exact test for categorical variables. Descriptive statistics and multiple
linear regression were conducted in Stata (version 16.1) to assess asso-
ciations between inflammation, EEG FC, and cognitive outcomes. In this
exploratory analysis, linear regression models were used to examine the
association of inflammation with FC in each frequency band within and
between the four lobes. Multiple comparison is a limitation of this
exploratory approach. To reduce risk of Type I error, p-values were
adjusted using a false discovery rate (FDR) of 0.05 using the Benjamini &
Yekutieli method by brain region (Benjamini and Yekutieli, 2001). Only
the region significantly associated with inflammation was further eval-
uated for association with cognitive outcomes and in the longitudinal
path analysis, controlling for covariates. Path analysis was used to assess
indirect effects of inflammation on cognitive outcomes via EEG FC.

3. Results
3.1. Participant characteristics

Of 130 children in the cohort, 122 had serum CRP collected at 6, 18,
40, and 53 weeks of age (Supplemental Fig. 1) and received bi-weekly
home visits and temperature measurements. Presence of fever (>38 C)
in the 3 days before and after CRP measurement was identified. Only 4
of 122 children had a fever within 3 days of CRP collection.

Among these 122 children, 35 met criteria for recurrent systemic
inflammation (two or more top-quartile CRP values), and 87 did not.
There was no significant difference in prevalence of stunting nor FCI
between those children with and without exposure to recurrent systemic
inflammation (Table 1). 110 (90%) children had available parietal-
occipital EEG FC data obtained at 36 months. 119 (98%) children un-
derwent cognitive evaluation with MSEL at 36 months (Mean: 36.1
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Table 1
Baseline Characteristics.
Recurrent No recurrent P-
inflammation (N = inflammation (N = Value
35) 87)
Gestational age + SD 37.7 £1.41 37.2+1.35 0.08
(weeks)
Male (%) 20 (57%) 46 (53%) 0.67
Age atenrollment +SD 5+ 1.80 5.1+ 1.73 0.79
(days)
Weight at time of 2.82 +0.38 2.79 £ 0.41 0.71
enrollment =+ SD (kg)
Age at EEG, median 36 (36-37) 36 (36-36) 0.09
months (IQR)
Family Care Indicators, 8 (5-10) 8 (6-11) 0.42
median points (IQR)
Stunting (%) at 3 years 14 (40%) 27 (31%) 0.34
Stunting (%) at 4 years 9 (26%) 26 (30%) 0.62
Stunting (%) at 5 years 8 (23%) 20 (23%) 0.96
Age at MSEL + SD 36.1 + 0.08 36.1 + 0.11 0.48
(months)
Age at 4-year WPPSI + 48.5 + 0.20 48.5 £ 0.21 0.80
SD (months)
Age at 5-year WPPSI + 60.3 £ 0.26 60.4 £ 0.21 0.38

SD (months)

SD: Standard Deviation. IQR: Interquartile Range. EEG: Electroencephalogram.
MSEL: Mullen Scales of Early Learning. WPPSI: Wechsler Preschool and Primary
Scale of Intelligence.

months, SD: 0.10). 118 (97%) and 116 (95%) children underwent
cognitive evaluation with WPPSI at 48 months (Mean: 48.5 months, SD:
0.20) and 60 months of age (Mean: 60.4 months, SD: 0.23), respectively.
There was no difference in timing of EEG or cognitive evaluations
among children with and without exposure to recurrent systemic
inflammation.

3.2. Inflammation and cognitive outcome

Recurrent systemic inflammation during the first year of life was
negatively associated with MSEL Sum Z-score (Coefficient: —0.46, p =
0.01) at 3 years, after controlling for FCI and stunting (Table 2; Sup-
plemental Table 2). Similarly, recurrent systemic inflammation was
negatively associated with WPPSI Full-Scale IQ at 4 years (Coefficient:
—0.47, p = 0.02) and 5 years (Coefficient: —0.69, p < 0.01), after con-
trolling for FCI and stunting. The predicted probability of composite
cognitive outcome more than 1 SD below the population mean varied by
inflammation exposure and stunting in a similar pattern across 3, 4 and
5-year outcomes (Fig. 1).

3.3. Inflammation, EEG FC, and cognitive outcome

Recurrent systemic inflammation was associated with increased
parietal-occipital EEG FC in the Beta band (Coefficient: 0.59, p < 0.01)
before and after adjusting for FCI and stunting (Table 3; Supplemental
Table 3). This association remained significant after correction for
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multiple testing using a false discovery rate (FDR) of 0.05 using the
Benjamini & Yekutieli method by brain region (adjusted p-value=0.032)
(Benjamini and Yekutieli, 2001). Parietal-occipital FC in the Beta band
was negatively associated with cognitive outcomes at 3 years (Coeffi-
cient: —0.21, p = 0.01) and 4 years (Coefficient: —0.24, p < 0.01), after
adjusting for FCI and stunting at 36 and 48 months, respectively
(Table 4; Supplemental Table 4).

The associations of recurrent systemic inflammation with cognitive
outcomes at 3, 4, and 5 years were all decreased in magnitude and no
longer significant for 3- and 4-year outcomes after adjustment for
parietal-occipital FC (Table 2). Longitudinal path analysis was per-
formed to test the hypothesized multivariate mediation model, wherein
brain FC mediates the association of recurrent systemic inflammation
with cognitive outcomes (Fig. 2). We found no significant indirect effects
of recurrent systemic inflammation on composite cognitive outcomes
via parietal-occipital FC in the Beta band at 3 years (Coefficient: —0.10;
p = 0.09), 4 years (Coefficient: —0.16; p = 0.05), or 5 years (Coefficient:
—0.07; p = 0.28).

Indirect effect of inflammation on cognitive outcomes via Beta-band parietal-
occipital functional connectivity*

B P-value 95% CI
a) Inflammation — 3 y Sum Z-Score -0.10 0.09 -0.22 - 0.02
b) Inflammation — 4y Full Scale IQ Z-Score -0.16 0.05 -0.31 - 0.00
c) Inflammation — 5 y Full Scale IQ Z-Score -0.07 0.28 -0.21 - 0.06

*Adjusted for family care indictors and stunting at 36 months, 48 months, or 54
months for 3, 4, and 5-year outcomes, respectively

FC: Functional Connectivity. MSEL: Mullen Scales of Early Learning. WPPSL:
Wechsler Preschool and Primary Scales of Intelligence. IQ: Intelligence Quotient.

4. Discussion

Our results demonstrate that recurrent systemic inflammation, as
measured by two or more instances of elevated CRP across the first year
of life, is associated with lower cognitive scores at 3, 4, and 5 years of age
and increased parietal-occipital brain FC in the Beta band, after con-
trolling for stunting and family care indicators. Increased parietal-
occipital FC is associated with lower composite cognitive scores, but
does not mediate the relationship between recurrent systemic inflam-
mation and cognitive outcomes.

Our first finding that recurrent systemic inflammation is associated
with lower cognitive scores supports previous literature (Jiang et al.,
2014; Jiang et al., 2017; Jensen et al., 2019), and adds that the associ-
ation persists at 3-5 years of age in this at-risk population of children in
Bangladesh. Our consistent findings across three timepoints using both
the MSEL and WPPSI strengthen the evidence for this association. The
mechanism by which systemic inflammation may affect neuro-
development remains unclear, but animal and human studies implicate
changes in white matter and brain structure and connectivity. Fetal
exposure to elevated maternal cytokines is associated with morpholog-
ical brain abnormalities that adversely affect neurodevelopment

Table 2
Univariate and multivariate regression for the association of recurrent systemic inflammation with composite cognitive outcomes at 3, 4, and 5 years.

Model 1 Model 2* Model 3"

B P-value 95% CI B P-value 95% CI B P-value 95% CI
3-year MSEL Sum Z-score -0.51 0.01 -0.87 - -0.15 -0.46 0.01 -0.80 - —-0.11 -0.27 0.17 -0.65-0.11
4-year WPPSI FSIQ Z-score -0.46 0.02 -0.86 - —0.06 -0.47 0.02 -0.84 - —0.09 -0.20 0.35 -0.62 - 0.22
5-year WPPSI FSIQ Z-score -0.71 <0.01 -1.09 - —0.33 -0.69 <0.01 -1.07 - —0.32 -0.52 0.02 -0.96 - —0.09

MSEL: Mullen Scales of Early Learning. WPPSI: Wechsler Preschool and Primary Scale of Intelligence. FSIQ: Full Scale Intelligence Quotient. CI: Confidence Interval.

FCL: Family Care Indicators.

@ Adjusted for FCI and stunting at 36, 48, or 54 months for 3-year, 4-year, and 5-year outcomes, respectively.
b Adjusted for parietal-occipital functional connectivity in the Beta band, FCI, and stunting at 36, 48, or 54 months for 3-year, 4-year, and 5-year outcomes,

respectively.
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Fig. 1. Predicted probability of cognitive outcome greater than one standard deviation below population mean by stunting status and exposure to recurrent systemic

inflammation* .

*Probability of cognitive outcome greater than one standard deviation below the population mean predicted by the full regression model, which is adjusted for
stunting and family care indicators. Boxplots represent standard values (median, interquartile range, 1.5 times the interquartile range above the 75th percentile and
below the 25th percentile). SD: Standard Deviation. CRP: C-reactive protein. MSEL: Mullen Scales of Early Learning. WPPSI: Wechsler Preschool and Primary Scale of

Intelligence. 1Q: Intelligence Quotient.

Table 3
Univariate and multivariate regression for the association of recurrent systemic
inflammation with electroencephalogram functional connectivity.

Model 1 Model 2°
i P- 95% CI i P- 95% CI
value value
Parietal-occipital 0.59 <0.01 0.16 - 0.59 <0.01 0.17 -
Beta-band FC (Z- 1.02 1.02

score)

FC: Functional Connectivity.
# Adjusted for FCI and stunting at 36 months.

(Marques et al., 2013; O’Shea et al., 2012). Fetal mice exposed to
exogenous inflammatory cytokine IL-1b have long-lasting myelination
defects, reduced white matter fractional anisotropy and associated
memory deficits (Favrais et al., 2011). Animal models of systemic
postnatal inflammation have reduced hippocampal volume and behav-
ioral deficits in hippocampus-dependent working memory (Malaeb
et al., 2014), disruption of brain resting-state activity, and reduced
connectivity in the motor and cingulate networks (Guevara et al., 2017).
In humans, maternal systemic inflammation is associated with brain FC
on neonatal fMRI and working memory at age 2 (Rudolph et al., 2018).
Among preterm newborns, recurrent elevation of inflammatory

Table 4

Univariate and multivariate regression for the association of Beta-band parietal-
occipital electroencephalogram functional connectivity with composite cogni-
tive outcomes at 3, 4, and 5 years.

Model 1 Model 2°
B P- 95% CI [} P- 95% CI
value value
3yMSELSum -0.23 < 0.01 -0.40 - -0.21  0.01 -0.38 -
(Z-score) - 0.07 —0.05
4y WPPSI -0.23  0.01 -0.40 - -0.24 <0.01 -0.41 -
FSIQ (Z- —0.05 —0.07
score)
5y WPPSI -0.16  0.09 -0.34 - -0.17  0.06 -0.36-0.01
FSIQ (Z- 0.02
score)

MSEL: Mullen Scales of Early Learning. WPPSI: Wechsler Preschool and Primary
Scale of Intelligence. FSIQ: Full Scale Intelligence Quotient.

@ Adjusted for FCI and stunting at 36, 48, or 54 months for 3-year, 4-year, and
5-year outcomes, respectively.

biomarkers including CRP, defined as biomarkers in the top quartile on
two occasions in the early postnatal period, informs risk of poor cogni-
tive outcomes at 2 years (O’Shea et al., 2012). Similarly, recurrent
elevation of circulating inflammatory biomarkers in preterm newborns,
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Fig. 2. Multivariate mediation models between recurrent systemic inflammation, Beta-band parietal-occipital functional connectivity, and cognitive outcomes at 3,

4, and 5 years tested with longitudinal path analysis.

defined as inflammatory proteins in the top quartile on two or more
samples, is associated with brain volume on MRI and cognitive function
at 10 years of age (Kuban et al., 2019). Nutrition and inflammation
together impact myelination into early and middle childhood (John
et al.,, 2017). To investigate the mechanism for the association of
recurrent systemic inflammation with cognitive outcomes in our popu-
lation, we next assessed the relationship between inflammation and
brain connectivity.

Our second finding is that recurrent systemic inflammation is asso-
ciated with increased parietal-occipital EEG FC in the Beta frequency
band, after accounting for stunting and home care environment. Few
studies to date have assessed the specific association of inflammation
with EEG measures. The positive association of inflammation with FC
reported here is consistent with a prior study reporting increased FC in
association with stunting, another exposure associated with worse
cognitive outcomes (Xie et al., 2019). A possible explanation for
increased FC after exposure to recurrent systemic inflammation is
disruption of the typical synaptic pruning process, which begins in in-
fancy and eliminates unnecessary connections to develop robust and
efficient neural networks (Zhan et al., 2014). Inflammatory cells in the
brain, including microglia, are critical regulators of synaptic structure
and elimination (Mottahedin et al., 2017). Immune activation during a
critical period such as the first year of life may result in persistently

elevated FC. Alternatively, increased FC may reflect an adaptive
response to lower efficiency of neural communications as a result of
inflammation exposure (Spann et al., 2018). Neural oscillations in the
Beta band are associated with cognitive functions including attention
and working memory (Xie et al., 2018; Kopell et al., 2011; Gola et al.,
2013). Changes in Beta-band FC have been associated with stunting,
most prominently for connections involving the occipital lobe (Xie et al.,
2019). Recurrent systemic inflammation during the first year of life may
disrupt the progressive occipital-to-frontal myelination process that
extends from in utero to age two. Parietal-occipital FC may be particu-
larly affected as parietal and occipital myelination occurs at 4-6 post-
natal months, after myelination of deeper brain structures but before
myelination of the temporal and frontal cortex at 6-8 months (Deoni
etal., 2011). Event related potentials in response to visual stimuli, which
involve optic radiations (myelinated at 3-4 months) and the occipital
region, have also been associated with inflammation exposure in this
population (Xie et al., 2019), highlighting the potentially greater
vulnerability of younger brains to inflammatory exposures. Further
studies are needed to investigate the time-course of this vulnerability to
inform critical windows for protection from inflammatory exposures.
Third, we found that increased parietal-occipital FC in the Beta band
is negatively associated with cognitive scores at 3 and 4 years but does
not significantly mediate the association of recurrent systemic
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inflammation with cognitive outcomes. The directionality of this asso-
ciation is consistent with the hypothesis that increased FC is a mal-
adaptive response to recurrent systemic inflammation during a critical
period with negative consequences for cognitive outcomes. Several prior
studies report associations of EEG measures with cognitive outcomes.
Resting EEG power at birth is correlated with later memory and lan-
guage skills at age 15 months (Brito et al., 2016). Regional and
band-specific EEG power in early childhood is associated with language
outcomes (Wilkinson et al., 2019), and longitudinal EEG measures
across the first 1-2 years of life may estimate language development
(Wilkinson et al., 2020). Several studies support that verbal and cogni-
tive outcomes are correlated with changes in higher frequency
(13-30 Hz) EEG measures (Brito et al., 2016; Gou et al., 2011; Tomalski
et al.,, 2013). In a cohort of one-and-a-half to three-year-old children,
Gamma power was associated with concurrent language skills and later
language and cognition (Gou et al., 2011; Early Cognitive and Language
Skills are Linked to Resting Frontal Gamma Power Across the First Three
Years, 2020). However, there are few studies on EEG FC and outcomes
(Orekhova et al., 2014), and none that report an association specific to
parietal-occipital FC in the Beta band. EEG activity in the Beta band has
been associated with cognitive functions (Xie et al., 2018; Kopell et al.,
2011; Gola et al., 2013), but it is unclear why parietal-occipital FC
specifically is associated with composite cognitive outcomes in our
population, apart from that both parietal and occipital lobes are
involved in many processes that contribute to a composite cognitive
score. EEG measures may mediate the effect of exposures on outcomes
(Xie et al., 2019; Cantiani et al., 2019), but our data do not support a
significant mediation effect of EEG FC as there were no significant in-
direct effects of recurrent systemic inflammation on outcomes via FC. It
is possible that our study is underpowered to detect such an effect, that
EEG is not the appropriate neuroimaging modality to detect changes
related to recurrent systemic inflammation, or that the timing of EEG did
not capture changes related to prior recurrent systemic inflammation
exposure or later cognitive function.

There are several limitations to our study, including the possibility of
unmeasured confounders that affect the apparent associations we
report. The disparate timing of inflammation exposure, EEG FC, and
cognitive outcome measurement in this longitudinal cohort allows
ample opportunity for influence of other variables that may also affect
neurodevelopment. Chronic illness, family income and educational
status are a few such possible confounders. FCI reflect these variables in
part, and is included in our analysis as a more proximate measure of the
environment that shapes a child’s development. Although standardized
assessments of cognition were adapted to the local context and admin-
istered by trained local research staff, the reliability of assessment was
not specifically assessed and is thus a limitation of our study. Our
exploratory approach to assessing the association of inflammation with
brain FC carries risk of multiple testing, and is a limitation of this study.
To address this limitation, we applied a FDR correction for multiple
testing by brain region, and found that the association of inflammation
with parietal-occipital FC in the Beta band remained significant. There
was some loss to follow-up in our cohort such that EEG and cognitive
outcome data were not available for all children, contributing to po-
tential selection bias. Finally, our definition of recurrent systemic
inflammation is limited by the type and frequency of available inflam-
matory biomarker data. CRP is a non-specific marker of acute inflam-
mation, though large-scale prospective studies support its association
with chronic inflammation and chronic inflammatory and neurodegen-
erative disease (Luan and Yao, 2018). It is possible that CRP elevations
detected were secondary to acute infections. We evaluated presence of
fever > 38 C on biweekly temperatures and found that only 4 children
had documented fever within 3 days of CRP collection, making it less
likely that all CRP elevations were due to acute febrile illnesses alone.
Though we modeled our definition of recurrent systemic inflammation
after other studies, it is difficult to reliably assess the chronicity of sys-
temic inflammation with only 4 serum samples across the span of 1 year.
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Future investigations with more frequent inflammatory data collection
and correlation with other inflammatory markers may better define
sustained exposure to systemic inflammation.

In summary, this study strengthens the evidence that exposure to
recurrent systemic inflammation during infancy is negatively associated
with neurodevelopmental outcomes in early-to-middle childhood
among at-risk children in a low-resource setting. Our results support
growing evidence that recurrent systemic inflammation during early
development is associated with changes to the developing brain with
enduring effects. We identify relationships between early inflammation
exposure, EEG FC, and cognitive outcomes that may begin to inform the
definition of a critical window of time during which minimization of
systemic inflammation may improve development. Further studies are
needed to investigate how to best measure sustained systemic inflam-
mation and evaluate the specific neurological changes that mediate the
relationship between inflammation and developmental outcomes.
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