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ABSTRACT

Over three hundred million children live in environments of extreme poverty, and the biological
and psychosocial hazards endemic to these environments often expose these children to
infection, disease, and inflammatory responses. Chronic inflammation in early childhood has been
associated with diminished cognitive outcomes, and despite this established relationship, the
mechanisms explaining how inflammation affects brain development are not well known.
Importantly, the prevalence of chronic inflammation in areas of extreme poverty raises the
possibility that it may serve as a mechanism explaining the known relationship between low
socioeconomic status (SES) and altered brain development. To examine these potential
pathways, seventy-nine children growing up in an extremely poor, urban area of Bangladesh
underwent MRI scanning at six years of age. Structural brain images were submitted to
Mindboggle software, a Docker-compliant and high-reproducibility tool for regional estimations of
volume, surface area, cortical thickness, sulcal depth, and mean curvature. C-reactive protein
was assayed at eight time points between infancy and five years of age and the frequency with
which children had elevated concentrations of inflammatory marker represented the measure of
chronic inflammation. Childhood SES was measured with maternal education and income-to-
needs (i.e., monthly household income divided by the number of household members). Chronic
inflammation predicted volume in bilateral basal ganglia structures and mediated the link between
maternal education and bilateral putamen volumes. These findings suggest that chronic
inflammation is associated with brain morphometry in the basal ganglia, predominantly the
putamen, and further offers inflammation as a potential mechanism linking SES to brain

development.

Keywords: adversity, brain, inflammation, morphometry, MRI, poverty


https://doi.org/10.1101/2021.12.26.474220
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.26.474220; this version posted September 6, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

INTRODUCTION
Roughly one in six children worldwide grow up in extreme poverty (UNICEF;

https://www.unicef.org/social-policy/child-poverty), where biological and psychosocial hazards

put them at heightened risk for infection, disease, and consequent inflammatory responses.
Inflammation early in life can have a profound impact on neurodevelopment and has been
associated with diminished cognitive outcomes (Jiang et al., 2018). For instance, higher
concentrations of inflammatory markers in 6-month-old infants have been associated with
subsequent lower cognitive, language, motor, and socio-emotional outcomes at age two years
(Jiang et al., 2014, 2017). Chronic or sustained inflammation, measured as the number or
frequency of times a child has elevated concentrations of inflammatory markers, has also been
examined in the context of neurodevelopment (Jiang et al., 2017; Donowitz et al., 2018). Rather
than focus on specific inflammatory markers, this approach has instead employed examining the
inflammatory marker C-reactive protein (CRP): more specifically, the frequency of CRP elevations
in the first two years of life was associated with lower neurocognitive outcomes at age two years
(Jiang et al., 2017) and mediated the relationship between poverty and verbal and performance

IQ at age five years (Jensen et al., 2019a).

This relationship between inflammation and neurocognitive outcomes has strong mechanistic
support in studies examining the effects of inflammation on brain anatomy and physiology in non-
human animal models. This body of evidence has shown that, first, inflammatory markers need
to penetrate the central nervous system (CNS), which occurs through increased permeability of
the blood-brain barrier (BBB) during conditions of systemic inflammation (Sharshar et al., 2005;
Diamond et al., 2013; Sankowski et al., 2015; Varatharaj and Galea, 2017). Evidence suggests
that circumventricular organs and dural venous sinuses could also serve as fenestrations for
inflammatory markers into the CNS (Popescu et al., 2011; Fitzpatrick et al., 2020). The

translocation of inflammatory markers into the CNS can then alter the action of glial cells, which
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ordinarily serve as mediators of neuroinflammation. In particular, microglia, as the macrophages
of the brain, are responsible for local responses to injury and infection. Inflammatory markers
have been shown to activate microglia (Sankowski et al., 2015) and potentially in a region-specific
manner; e.g., greater numbers of activated microglia were detected in the putamen,
hippocampus, and cerebellum in post-mortem tissue from individuals with sepsis compared with
controls (Westhoff et al., 2019). This has important implications as activated microglia can trigger
neuronal death (Bessis et al., 2007), which may in turn reduce gray and white matter tissue.
Bolstering this, activation of microglia by administering inflammatory markers has been shown to
selectively degenerate dopaminergic neurons in the basal ganglia (Gao et al., 2002). Additionally,
during sustained inflammation, astrocytes have been shown to upregulate inflammatory
processes and inhibit neuronal repair and axonal growth (Jerry Silver et al., 2006). Lastly, early
exposure to systemic inflammatory cytokine has been shown to disrupt oligodendrocyte
maturation, reducing white matter myelination and consequently estimates of fractional anisotropy
(Favrais et al., 2011). Taken together, inflammation may alter brain structure and function by

increasing translocating into the CNS and altering glia interactions.

Inflammation has also been linked with brain structure and function in humans. For example,
white matter damage was more common in infants with elevated concentrations of inflammatory
markers in umbilical blood (Duggan et al., 2001; Hansen-Pupp et al., 2005) and amniotic fluid
(Yoon et al., 1997). In addition, higher maternal inflammatory marker concentration during
pregnancy related to greater volume in the right amygdala (Graham et al., 2018) as well as
alterations in functional connectivity in multiple brain networks/regions in infants (Rudolph et al.,
2018), and even in adults 45 years later (Goldstein et al., 2021). In adults, greater concentrations
of inflammatory markers were cross-sectionally associated with less total intracranial volume

(Jefferson et al., 2007), less hippocampal volume (Marsland et al., 2008), less mean white matter
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fractional anisotropy (Gianaros et al., 2013), and weaker functional connectivity in neural networks

associated with emotion regulation and executive functioning (Nusslock et al., 2019).

Structural and functional brain alterations have also been observed in diseases and conditions
related to inflammation. For example, multiple sclerosis, a neurodegenerative and inflammatory
disorder (Compston and Coles, 2008), is predominantly characterized by white matter
demyelination, but also by gray matter atrophy (Bg et al., 2003; Tiberio et al., 2005; Vercellino et
al., 2005; Fisher et al., 2008) and reduced volume mainly in left hemisphere cortical regions and
bilateral caudate (Prinster et al., 2006). Also, inflammatory marker concentration has been
associated with white matter fractional anisotropy in adults with major depressive disorder
(Sugimoto et al., 2018). In adults hospitalized with sepsis, which is characterized by a heightened
systemic inflammatory response (Bosmann and Ward, 2013), less cerebral gray and white matter,
and deep gray matter volume has been observed compared with controls (Orhun et al., 2018,
2019). In adults with hepatitis C virus infection and malignant melanomas, administration of
inflammatory marker has been associated with altered dopamine function, glucose metabolism,
and activation assayed with functional MRI in the basal ganglia (Capuron et al., 2007, 2012).
While it is not entirely clear why this inflammation exhibits spatial specificity for the basal ganglia,
there seems to be abundant evidence from a wide range of human and non-human animal
experiments suggesting that dopaminergic systems are particularly susceptible to inflammatory
activity (Shuto et al., 1997; Kamata et al., 2000; Capuron et al., 2007, 2012), which agrees with

the hypothesis that inflammation affects cortico-basal ganglia circuits (Nusslock and Miller, 2016).

To a lesser extent, the relationship between inflammation and the brain has also been studied in
the context of extreme poverty. This is an important field of inquiry to bolster, as hundreds of
millions of children live in impoverished circumstances that may predispose them to inflammation

early in life (Bhutta et al., 2017; John et al., 2017; Kutlesic et al., 2017; Nelson, 2017; Rondo et
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al., 2013). Here, children are exposed to water and air pollution, as well as organic and inorganic
waste. They also experience food scarcity and malnutrition, which when coupled with illness,
prolong elevated inflammatory states (Rytter et al., 2014); e.g., children experience immune
dysfunction when bereft of key nutrients. In turn, elevated inflammatory states are associated with
worsening malnutrition as enteric diseases, which are prevalent in low-resource settings and
accompanied by inflammation, often reduce appetite (Jensen et al., 2017). Additionally, a large
subset of these children experience myriad psychosocial stressors (e.g., family conflict; Nelson
2017), which can also affect inflammatory processes (Chiang et al., 2015). Taken altogether,
these biological and psychosocial hazards predispose children from low-resource settings to

conditions of chronic inflammation.

Neuroimaging studies of chronic, as opposed to acute, inflammation are rare because they
require longitudinal data collection over many years and because chronic inflammation is most
prevalent in parts of the world that often do not have access to brain imaging equipment for
research purposes. Consequently, only two studies examined chronic inflammation in the context
of brain development, both utilizing electroencephalography (EEG) and both conducted in
Bangladesh, where unhygienic conditions imperil child health and safety in a manner that is
extremely hazardous compared with high-resource settings (Nelson, 2017). They found that the
frequency of CRP elevations during the first two years of life predicted brain function at three
years of age, particularly, neural responses to faces (Xie et al., 2019a) and parietal-occipital
functional connectivity (Bach et al., 2022). To summarize, inflammation seems to be associated
with alterations in brain structure and function in widespread brain areas, in gray and white matter,

and with various metrics (e.g., volume and presence/absence of damage).

Further, as chronic inflammation is of major concern in low-resource settings (Bhutta et al., 2017;

John et al., 2017; Kutlesic et al., 2017; Nelson, 2017), it is also important to consider the role that
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socioeconomic status (SES) might play in the relationship between inflammation and brain
development. As with inflammation, SES in general has also been linked to brain structure (Noble
et al., 2012; Hanson et al., 2013; Lawson et al., 2013; Luby et al., 2013; Hair et al., 2015; Mackey
et al., 2015; Noble et al., 2015; McDermott et al., 2019; Spann et al., 2020). However, such links
are inherently distal (Farah, 2017, 2018), as SES does not affect the brain directly, but instead
influences a wide array of biological and psychosocial risk and protective factors, each of which
could affect brain development independently or in combination (Jensen et al., 2017).
Inflammation is one of the more frequently examined biological factors in the context of brain
development (Yoon et al., 1997; Duggan et al., 2001; Hansen-Pupp et al., 2005; Graham et al.,
2018; Rudolph et al., 2018; Goldstein et al., 2021), but others, such as malnutrition (Gunston et
al., 1992; Hazin et al., 2007; Atalabi et al., 2010; El-Sherif et al., 2012; Kumar et al., 2016; Lelijveld
et al., 2019) and air pollution (Calderén-Garciduefas et al., 2011), have also been investigated.
In contrast, psychosocial risk factors, including parental mental health difficulties and deprivation,
have been recurrently associated with brain development (Rao et al., 2010; Tottenham et al.,
2010; Sheridan et al., 2012; McLaughlin et al., 2014; Lebel et al., 2016; Wen et al., 2017; Merz et
al., 2020; VanTieghem et al., 2021) and methodically conceptualized (Sheridan and McLaughlin,
2014; Tooley et al., 2021). Overall, many of the risk factors associated with SES have been linked
with brain development, and it is possible that a subset of these could serve as mechanistic

intermediaries in observed links between SES and brain development.

However, there remains a paucity of formal mediation testing to determine which risk factors
mediate the link between SES and brain development. This is an important gap to address, as
mediation testing is a necessary (though not entirely sufficient) precursor to establish causal
pathways (Farah, 2017). Among these few studies that have conducted formal mediation testing,
stress and caregiving quality have been shown to mediate the relation between SES and

hippocampal volume (Luby et al., 2013). Similarly, cortisol, the canonical stress hormone, has
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been shown to mediate the relation between SES and CA3 and dentate gyrus (hippocampus)
volumes (Merz et al., 2019). Also, the home linguistic environment was found to mediate the
association between SES and left perisylvian cortical surface area (Merz et al., 2020). With regard
to biological hazards, diminished growth, a proxy for malnutrition, mediates the link between SES
and volume mainly in subcortical gray matter and white matter regions (Turesky et al., 2021).
CRP concentration has also been shown to mediate the link between white matter organization
as measured with diffusion imaging, and smoking and adiposity, two hazards themselves linked
with SES, but CRP did not mediate the link between SES and white matter organization directly
(Gianaros et al., 2013). However, CRP concentration here was measured at a single time point
in adulthood and given the mediating role of chronic CRP elevation between poverty and
neurocognitive outcomes (Jensen et al., 2019a), it is more likely that repeated measurements of
CRP across development would, in contrast, represent a mediator to the link between poverty
and brain development. Ultimately, identifying mediating risk factors is an important first step for

preventing or remedying adverse effects of SES disadvantage (Olson et al., 2021).

The goals of the present study were two-fold. First, we examined whether chronic inflammation
was related to global and regional measures of brain morphometry in Bangladeshi children, a
population largely unrepresented in developmental cognitive neuroscience. Chronic inflammation,
collected at eight time points between birth and age five years, was approximated as the
frequency with which children’s CRP levels were elevated during this important time of brain
development; this method for estimating chronic inflammation is well-established (Naylor et al.,
2015; Jiang et al., 2017; Jensen et al., 2019b; Xie et al., 2019b; Bach et al., 2022). Measures of
volume, surface area, cortical thickness, sulcal depth, and mean curvature were estimated by
submitting structural MRI images acquired at six years of age to Mindboggle (Klein et al., 2017),
using a Docker container for reproducibility. Second, we examined whether chronic inflammation

mediated the links between SES and brain morphometry that were observed in a previous study
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(Turesky et al., 2021). Based on past work linking brain volume to inflammation or inflammatory
conditions (Jefferson et al., 2007; Orhun et al., 2018, 2019) and the links that SES shares with
chronic inflammation (Jensen et al., 2019b) and brain volume (Noble et al., 2012; Hanson et al.,
2013; Luby et al., 2013; Hair et al., 2015; Noble et al., 2015; McDermott et al., 2019), we
hypothesized that chronic inflammation would correlate with brain volume and also mediate links
between SES and brain volume. As with earlier neuroscientific reports, we further hypothesized
that these associations would favor subcortical gray matter regions, such as basal ganglia (e.g.,
Capuron et al., 2012, 2007) and medial temporal lobe structures (Graham et al., 2016) and white
matter (Duggan et al., 2001; Hansen-Pupp et al., 2005; Orhun et al., 2018, 2019), as these regions

have been associated with inflammation or inflammatory conditions.

The extant literature does not motivate hypotheses for associations between chronic inflammation
and surface-based measures. However, given associations between inflammatory conditions and
several cortical areas (Prinster et al., 2006; Orhun et al., 2018, 2019), and the sensitivity of
surface-based measures to SES (Lawson et al., 2013; Mackey et al., 2015; Noble et al., 2015;
McDermott et al., 2019) and early developmental injuries (Shimony et al., 2016), it is possible that
these measures would also relate to chronic inflammation. Therefore, we also examined the
relation between chronic inflammation and global and regional surface-based estimates in an

exploratory manner.
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METHODS

Participants

The work presented here is a subset of the Bangladesh Early Adversity Neuroimaging study
(Donowitz et al., 2018; Jensen et al., 2019a, 2019b; Moreau et al., 2019; Turesky et al., 2019,
2020, 2021; Xie et al., 2019a, 2019b; Bach et al., 2022), which examines early brain development
in children exposed to extreme poverty in Dhaka, Bangladesh. Beginning in infancy,
neuroimaging, socioeconomic, anthropometric, behavioral, and biological measures were
collected in 130 children. Of these children, 81 underwent structural MRI between five and seven
years of age. Severe motion artifacts were present in two participants’ datasets, thereby
decreasing the final sample to 79 structural MRI datasets (6.68 + 0.40 years; F/M = 36/43). All
datasets were evaluated by a clinical radiologist in Bangladesh and a pediatric neuroradiologist
in the United States to ensure the absence of malignant brain features. Additionally, no child had
been diagnosed with a neurological disorder or disease. The study was approved by research

and ethics review committees at the institutions affiliated with the authors.

Chronic Inflammation

Inflammation was initially measured as the concentration of serum C-reactive protein (CRP) in
mg/L. Children in this study had CRP assayed at eight time points over the first five years of life:
at 6, 18, 40, 53, 104, 156, 207 and 260 weeks. Inflammation was initially measured as the
concentration of serum C-reactive protein (CRP) in mg/L. Children in this study had CRP assayed
at eight time points over the first five years of life: at 6, 18, 40, 53, 104, 156, 207 and 260 weeks;
only children with CRP estimates at all eight time points were included in the final sample.
Descriptive statistics and histograms for CRP at each time point are provided in Supplementary
Table 1 and Supplementary Figure 1, respectively. Overall, median values reported here are
considerably higher than 50" percentile values reported in previous literature for U.S. (Ford et al.,

2003) and European children (Schlenz et al., 2014), which are roughly 0.3 mg/L.
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In line with previous work with this cohort, chronic inflammation was measured in each child as
the number of times their CRP concentration was elevated across the number of measurements
(Jensen et al., 2019b; Xie et al., 2019b; Bach et al., 2022). At each measurement, a child’s CRP
concentration was designated as elevated when it was greater than the group median (Naylor et
al., 2015; Jiang et al., 2017; Xie et al., 2019a). As such, the CRP index ranges between 0 and 8,
with higher values indicating greater chronic inflammation. It is also important to note that for
consistency with other studies conducted by our lab with other neuroimaging methods, the median
value was based on a larger cohort of 130 children. The children in the current study, who

represent a subset of the larger cohort, had on average 4 + 2 CRP elevations.

Measures of socioeconomic status (SES)

Maternal education and income-to-needs, calculated from years of mother’s formal education,
monthly family income, and number of household members, were used as measures of SES.
Whereas maternal education is more strongly related to parenting, which includes cognitive and
socioemotional stimulation conferred by the home learning environment (Hoff et al., 2002),
income-to-needs is thought to reflect resource availability (Brito and Noble, 2014). Treating these
measures as range, graded variables is consistent with current approaches in neuroimaging
studies (Lawson et al., 2013; Noble et al., 2015; Betancourt et al., 2016; Brito et al., 2016; Merz
et al., 2018) and recommendations for examining SES (Adler et al., 1994; Duncan et al., 2017).
Maternal education was estimated along an ordinal scale, ranging from 0 to 10, in which 0
indicates no formal education, 1-9 indicate number of grades passed, and 10 indicates education
beyond the 9th grade. On average, mothers of infants in the present study had 4.4 + 3.9 years of
education. Income-to-needs was calculated as the monthly family income divided by the number
of household members. On average, these households had an income-to-needs ratio of 3100 +

1700 Tk (Taka; Bangladeshi currency). Importantly, this is below the World Bank international
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standard for extreme poverty of Tk4800 per month per household measure, as computed using

the USD$1.90 per day per person standard (https://data.worldbank.org/) and an exchange rate of

USD$1:Tk85. Individually, 71 children were growing up in extreme poverty. Each SES variable
was measured at 6 months and at 3 years of age by interviewing the children’s parents and no
children were missing data for either variable at either time point. Measures were then averaged
across time points to better capture the measures of SES across childhood. Measures acquired
at 6 and 36 months of age were strongly correlated for maternal education (r=0.94, p =2.4 x 10
%) and income-to-needs (r = 0.67, p = 8.7 x 107'?). Due to a positive skew in the income-to-needs

variable, these data were log (base 10) transformed prior to statistical analyses.

Anthropometry
Height-for-age (HAZ) scores were computed from height (in centimeters), as measured by
trained, local staff, age (in years), and biological sex. Height measures were submitted to the

Anthro Plus software (https://www.who.int/growth ref/tools/en/; Multicenter Growth Reference

Study; de Onis et al., 2004) and compared with standard growth curves derived from 8440 infants
(0—24 months) and children (18-71 months) from Brazil, Ghana, India, Norway, Oman and the
U.S. This produced standardized estimates that quantified age- and sex-referenced height
deviations from the typical growth trajectory. Importantly, the infants and children used to compute
the standard growth curves were raised in environments without severe hazards (e.g., infants
were breastfed and not exposed to smoke). Such environments are ‘“likely to favour the
achievement of their full genetic growth potential” (de Onis et al., 2006). Accordingly, deviations
from standard growth curves can imply the presence of environmental hazards during upbringing.
HAZ estimates from 21, 30, and 36 months were averaged across developmental stages to
ensure stability of these measures, though there was already high consistency among these
estimates as indicated by intercorrelations among the three combinations of pairwise

comparisons (ravg = 0.93, pavg = 2.8 x 107%?). On average, children in the present study were slightly
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above the HAZ = -2 threshold for stunting (Grantham-McGregor et al., 2007); however, when

examined individually, 24 children qualified as stunted.

MRI data acquisition

The MRI dataset used in the present study is one from a previous publication by our group
(Turesky et al., 2021) and is publicly available at https://openneuro.org/datasets/ds00
3877/versions/1.0.1. All neuroimaging data were collected on a 3T Siemens MAGNETOM Verio
scanner using a 12-channel head coil at the National Institute for Neuroscience in Dhaka,
Bangladesh. Structural T1-weighted magnetization- prepared rapid gradient-echo (MPRAGE)
scans were acquired with the following parameters: Repetition time = 2500 ms, echo time = 3.47
ms, 176 sagittal slices, 1 mm? voxels, field of view = 256 mm. Functional and diffusion scans were
also acquired but are outside of the scope of this report. Consent forms were completed by
parents on the day prior to the scan and head circumference was measured on the day of the

scan.

There were additional considerations for scanning in Dhaka. Local staff, who had not previously
participated in a large-scale pediatric neuroimaging study involving MRI scans, traveled to the
United States for training. In Dhaka, staff escorted participants between their homes and the
scanning facility. Upon arriving at the scanning facility, children were taught about the MRI
machine and the images it can produce. They then practiced remaining motionless inside and
outside a cardboard mock scanner. For further details about the scanning procedure that are

unique to pediatric MRI studies in Dhaka, please see Turesky et al., (2021).

MRI data processing
Data used here were originally processed for our previous study (Turesky et al., 2021), but we

briefly describe the processing steps taken here. Images were visually inspected for artifacts.
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Following the removal of two artifactual datasets, the remaining raw MPRAGE images were
submitted to Mindboggle 1.3.8 and run in a Docker container (Klein et al.,, 2017;
https://Mindboggle.readthedocs.io/en/latest/). This pipeline implements Advanced Normalization
Tools (ANTs) and FreeSurfer (v6.0.0). First, Mindboggle calls antsCorticalThickness, which
includes brain extraction, N4 bias correction, tissue segmentation, and cortical thickness
estimation. Subsequently, Mindboggle submits raw images to FreeSurfer's recon-all, which
segments the brain into different tissue classes, approximates pial surfaces, and labels volumes
and surfaces according to the Aseg (Fischl et al., 2002) and Desikan-Killiany-Tourville (Klein and
Tourville, 2012) atlases for subcortical and cortical regions, respectively. Next, segmentations
from ANTs and FreeSurfer are hybridized to rectify tissue mislabeling common to each tool.
Outputs from Mindboggle include volumetric measures computed for cortical and subcortical brain
regions (including white matter) and surface-based measures such as surface area, cortical
thickness (from FreeSurfer), sulcal (i.e., travel) depth, and mean curvature for each cortical brain
region. For contextualizing the less common morphometric measures, sulcal depth corresponds
to the distance between points on the cortical surface and an outer reference surface that expands
across gyri without dipping into sulci, and mean curvature corresponds to the local folding of gyri
and sulci (van Essen, 2005; Klein et al., 2017). Global measures were computed by summing or
using a weighted average of regional measures to produce total brain volume, total gray matter
volume, total white matter volume, total surface area, average cortical thickness, average sulcal
depth, and average curvature. Importantly, this processing stream was reproducible, as is akin to

other Docker-compliant brain imaging tools (e.g., fMRIPrep; Esteban et al., 2019).

Statistical analyses
Previous reports by our group have reported on associations between measures of SES and

chronic inflammation in a partially overlapping cohort (Jensen et al., 2019a). We also examined
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this relationship in our cohort by testing for Pearson correlations between chronic inflammation

(i.e., frequency of CRP elevations) and maternal education and (log of) income-to-needs.

We addressed our first line of inquiry, whether chronic inflammation relates to brain morphometry,
by submitting total and regional volumetric and surface-based measures to Pearson semi-partial
correlation analyses controlling brain estimates for age at time of scan and biological sex. Head
circumference was also examined for an association with frequency of CRP elevations, but it was
not related (p > 0.1). To control for multiple testing for confirmatory analyses, false-discovery rate
(FDR) was implemented for volumetric measures of a priori selected regions: total brain volume,
cerebral gray matter volume, cerebral white matter volume, nucleus accumbens, caudate,
putamen, pallidum, thalamus, amygdala, and hippocampus (both hemispheres for basal ganglia
and medial temporal lobe regions; Benjamini and Hochberg, 1995). For basal ganglia and medial
temporal lobe regions, left and right hemispheres were examined separately to account for the
possibility of hemispheric-specific findings, as reported in prior brain imaging studies of
inflammation (Graham et al., 2016; Orhun et al., 2018). Consistent with recommendations to
refrain from applying confirmatory statistics to results of exploratory analyses (Flournoy et al.,
2020) and with previous studies conducting exploratory analyses (e.g., Croarkin et al., 2018),
FDR correction was not implemented for exploratory analyses examining surface-based
measures (62 parcels for each of the four measures). All associations between chronic
inflammation and regional brain morphometry were also re-computed with HAZ and total brain
volume added as covariates of no interest. All correlation analyses were computed in Matlab

R2016a.

To address the second line of inquiry, whether chronic inflammation mediated relationships
between measures of SES and brain morphometry, indirect effects were examined whenever

chronic inflammation exhibited a significant (after FDR correction for multiple comparisons;
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Benjamini and Hochberg, 1995) association with measures of SES and brain morphometry.
Mediation models included age at time of scan, biological sex, and HAZ, which has been
previously associated with brain morphometry (Turesky et al., 2021). Indirect effects were
significant when the 95% confidence intervals (based on 10,000 bootstrapped samples) for its
proportion of the total effect did not include 0. Mediation models were implemented using the
Mediation package in R. Brain maps were generated using the ggseg() function in R. All code
used for statistical analyses and visualizations is housed in an openly available repository at

https://github.com/TeddyTuresky/BrainMorphometry_Inflammation_ BEANstudy_2021.

Sensitivity analyses

To determine whether observed brain-inflammation associations were driven by heightened
inflammation at a given timepoint, we re-examined relationships between brain structural
measures identified in the main analysis using absolute CRP concentrations measured at
individual timepoints. As data were non-normally distributed (please see Supplementary Fig. 1),
we first applied a log-transform (log([CRP] + 1)), consistent as is common with inflammatory
marker data (Arfanakis et al., 2013; Chaban et al., 2020; Ford et al., 2003; Jiang et al., 2014;
Wersching et al., 2010; Xie et al., 2019b). We then computed semipartial Spearman correlations
controlling for the age at time of scan and biological sex. Continuous measures of CRP
concentrations, computed by averaging the log-transformed CRP concentrations, were also
submitted to partial correlations to determine whether observed associations were specific to the
method for defining inflammation chronicity. Our final sensitivity analyses utilized an independent
standard for elevated CRP concentrations. Because pediatric inflammation literature offers widely
variable benchmarks for determining elevated CRP concentrations (Jarvisalo et al., 2002;
Tauman et al., 2004; Taylor et al., 2020), we opted to use the sole benchmark provided by the

assay’s manufacturer (i.e., 1 mg/L; Immundiagnostik AG), which reflects medium cardiovascular
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risk (Pearson et al., 2003). Semipartial brain-behavior correlations for basal ganglia structures

were re-computed using this independent benchmark.
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RESULTS

Chronic inflammation is associated with SES

We first examined the relation between chronic inflammation and measures of socioeconomic
status (SES). Frequency of elevations of C-reactive protein (CRP) negatively correlated with
maternal education (r = -0.27, p = 0.014, pror < 0.05), but not income-to-needs (r = -0.19, p =

0.097).

Chronic inflammation relates to brain morphometry

We next examined the association between chronic inflammation and estimates of brain volume
in several regions selected a priori. Frequency of CRP elevations negatively correlated with total
brain volume and cerebral white matter volume, but these effects did not remain significant after
correction for multiple comparisons. Among the subcortical structures examined, however,
frequency of CRP elevations negatively correlated with bilateral caudate, putamen, and pallidum
and these effects remained after FDR-correction for multiple comparisons. Brain-inflammation
associations for putamen volumes, where effects were strongest, are shown in Figure 1. Except
for left pallidum, these effects also remained significant (p < 0.05) when volumes were adjusted
for height-for-age (HAZ), an anthropometric marker that has been linked with biological and

psychosocial adversity and also to brain structure (Turesky et al., 2021), and total brain volume

(Table 1).
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Figure 1. Chronic inflammation predicts bilateral putamen volumes. Chronic
inflammation was measured as the frequency of C-reactive protein (CRP)
elevations from infancy to age five. Relationships were computed using semipartial

correlations with brain measures adjusted for age and biological sex.

Table 1. Associations between brain volume and
chronic inflammation

Brain Region r o]
Total Brain Volume -0.24 0.032
Cerebral gray matter -0.21 0.064
Cerebral white matter -0.23 0.045
L. Caudate*~ -0.31 0.0059
L. Putamen*= -0.41 0.00020
L. Pallidum* -0.27 0.014
L. Nucleus Accumbens -0.13 0.25
L. Thalamus -0.22 0.047
L. Amygdala -0.15 0.18
L. Hippocampus -0.13 0.24
R. Caudate*r -0.35 0.0015
R. Putamen* -0.41 0.00020
R. Pallidum*~ -0.35 0.0016
R. Nucleus Accumbens -0.25 0.028
R. Thalamus -0.22 0.054
R. Amygdala -0.094 0.41
R. Hippocampus -0.17 0.12

*p < 0.05 after FDR-correction
Fp < 0.05 adjusted for HAZ and Total Brain Volume

As an exploratory portion of this study, we next examined whether global and regional surface-
based measures also related to chronic inflammation. Average sulcal depth was the only global
surface-based measure to relate to frequency of CRP elevations (r = -0.24, p = 0.035), but this
was prior to correction for multiple comparisons (please see Methods section). Regionally,

associations between frequency of CRP elevations and surface-based measures were
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predominantly for surface area, with fewer associations for cortical thickness, sulcal depth, and
mean curvature (Table 2). Surface-based measures in several regions remained significant after

controlling for HAZ and total intracranial volume (p < 0.05).

Table 2. Associations between brain surface-based measures and
chronic inflammation

Brain Region r p
Surface Area

L. Entorhinal Cortex -0.29 0.0095
L. Parahippocampal Cortex -0.28 0.013
L. Postcentral Gyrus -0.23 0.038
L. Posterior Cingulate Cortex- -0.33 0.0027
L. Precuneus -0.23  0.037
L. Superior Parietal Cortex -0.26  0.020
L. Supramarginal Gyrus -0.26  0.023
R. Fusiform Gyrus -0.23 0.038
R. Parahippocampal Cortex~ -0.28 0.013
R. Pars Orbitalis -0.24 0.034
R. Pars Triangularis~ -0.29 0.0089
R. Superior Frontal Gyrus -0.22 0.048
R. Insula -0.27 0.016
Cortical Thickness r p
R. Lateral Orbitofrontal Cortex- -0.23  0.045
Sulcal Depth r p
L. Superior Frontal Cortex -0.25 0.025
R. Cuneusr -0.35 0.0014
R. Posterior Cingulate Cortex -0.26  0.020
R. Rostral Middle Frontal Gyrus -0.28 0.011
Mean Curvature r P
L. Paracentral Cortexr -0.22  0.050
L. Posterior Cingulate Cortex- 0.31 0.0048
R. Pericalcarine Cortex -0.25 0.028

Fp < 0.05 adjusted for HAZ and Total Brain Volume (in addition to age and
biological sex already in the model)
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Chronic inflammation mediates the link between maternal education and putamen
volume

Previous reports have demonstrated associations between SES and brain morphometry (Noble
et al., 2012; Hanson et al., 2013; Luby et al., 2013; Hair et al., 2015; Mackey et al., 2015; Noble
etal., 2015; McDermott et al., 2019; Turesky et al., 2021). Our next goal was to determine whether
chronic inflammation mediated these or similar links. As a precondition for mediation, the mediator
(i.e., frequency of CRP elevations) must be associated with both the predictor (i.e., SES) and
outcome (i.e., brain morphometry). Consequently, we examined indirect effects only where
frequency of CRP elevations correlated with a measure of SES and a measure of brain
morphometry (after FDR correction). Indirect effects are reported significant where 95%
confidence intervals (Cl) for proportion mediated, based on 10,000 bootstrapped samples, do not
include 0. Frequency of CRP elevations mediated the link between maternal education and left
(proportion mediated = 0.25, CI [0.0079 0.72], p = 0.044) and right (proportion mediated = 0.21,
CI1[0.0090 0.57], p = 0.042) putamen (Fig. 2). No other region examined exhibited indirect effects
that were significant proportions of their total effect, though right caudate did also exhibit a

significant indirect effect (unstandardized effect size = 7.0794, CI [0.055 17.0], p = 0.048).

Frequency of CRP
Elevations

b, = -73.0**
bg = -73.2**

Maternal
Education

-----------------*
C_L= 36.3** CL’ =27.3*
Cr = 43.2* cg = 34.2*

Figure 2. Chronic inflammation mediates an association between maternal

education and bilateral putamen volumes (green). Models for indirect effects
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included age, sex, and HAZ covariates. Unstandardized path coefficients are
provided for left (L) and right (R) volumes. *p < 0.05, **p < 0.01

Sensitivity analysis

In our first sensitivity analysis, regional volumes identified as significant (after FDR
correction) in the main analysis were submitted to additional analyses to determine
whether effects were driven by heightened CRP levels at a specific time point. Tests of
semipartial correlations between absolute concentrations of CRP at individual timepoints
and bilateral caudate, putamen, and pallidum volumes showed substantially lower effect
sizes overall, with only bilateral putamen and pallidum exhibiting significant (uncorrected)

effects and only for CRP measurements made in infancy (Supplementary Table 2).

In our second sensitivity analysis, we examined whether observed effects were specific to
the manner in which inflammation chronicity was measured with additional tests of
correlation conducted between average (across developmental timepoints)
concentrations of CRP and basal ganglia structures identified in the main analysis.
Overall, effect sizes were substantially lower using absolute measures of CRP

(Supplementary Table 3).

In our third sensitivity analysis, we re-computed semipartial brain-behavior correlations in
using an independent benchmark for elevated CRP (1 mg/L). Effect sizes were highly
similar compared with the main analysis, with slightly higher values for right putamen and
left pallidum and lower values for the other basal ganglia regions (Supplementary Table

4).
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DISCUSSION

Previous work has identified links between inflammation and brain structure and function (Yoon
et al., 1997; Duggan et al., 2001; Bg et al., 2003; Hansen-Pupp et al., 2005; Tiberio et al., 2005;
Vercellino et al., 2005; Prinster et al., 2006; Capuron et al., 2007; Jefferson et al., 2007; Marsland
et al., 2008; Fisher et al., 2008; Capuron et al., 2012; Gianaros et al., 2013; Graham et al., 2018;
Rudolph et al., 2018; Sugimoto et al., 2018; Goldstein et al., 2021), but most studies have
examined inflammation experienced during a narrow window of time, rather than chronic
inflammation (c.f., Xie et al., 2019a). This is an important gap to address as chronic inflammation
is prevalent in low-resource areas (Nelson, 2017). We observed that chronic inflammation,
specifically, C-reactive protein (CRP) collected at eight time points between birth and five years
of age, negatively correlated with gray matter volume in bilateral basal ganglia structures. Further,
chronic inflammation partially mediated the relationship between socioeconomic status (SES) and
bilateral putamen volumes, suggesting one possible pathway by which SES relates to brain

morphometry.

The observed link between chronic inflammation in childhood and volume in basal ganglia
structures has a strong foundation in earlier reports on brain-inflammation interactions in adults
with inflammatory conditions (Prinster et al., 2006; Westhoff et al., 2019) and adults treated for
hepatitis C virus and malignant melanomas with inflammatory cytokines (Capuron et al., 2007,
2012). The specificity to these structures is compelling in light of previous reports showing
reduced activity and altered dopamine function in the caudate and putamen with administration
of inflammatory cytokine (Capuron et al., 2007, 2012). Broadly, proposed mechanisms point to a
disruption in the synthesis and synaptic release of dopamine (Capuron et al., 2012), which
reduces synaptic activity, leading to neuronal death (Fricker et al., 2018), and with it, loss of gray
matter. Indeed, if dopaminergic systems are susceptible to inflammation, then the caudate and

putamen could be particularly affected as they comprise medium spiny neurons with dopamine
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receptors that receive projections along the nigrostriatal pathway (Alexander and Crutcher, 1990),
one of the brain’s chief dopaminergic pathways. Another explanation is that inflammation
activates microglia (Sankowski et al., 2015), which in turn can affect neuronal death (Bessis et
al., 2007). In support of this, greater numbers of activated microglial cells have been found in
putamen, in addition to hippocampus and cerebellum, in individuals with sepsis compared with
controls (Westhoff et al., 2019). As the basal ganglia is thought to subserve simple and complex
movements (Lehéricy et al., 2006), it is possible that alterations in caudate and putamen structure
could also explain the link between chronic inflammation and lower motor performance in early
childhood (Jiang et al., 2017; Jensen et al., 2019a). Ultimately, though, future studies are needed
to clarify the specific mechanism(s) linking chronic inflammation to brain volume in the basal

ganglia.

Associations between chronic inflammation and thalamus, medial temporal lobe structures, and
cerebral white matter volume were also hypothesized, based largely on previous studies in infants
exposed to elevated inflammatory marker concentrations prenatally (Yoon et al., 1997; Duggan
et al., 2001; Hansen-Pupp et al., 2005; Graham et al., 2018) and in clinical populations with
characteristically heightened inflammation, such as multiple sclerosis (Compston and Coles,
2008) and sepsis (Orhun et al., 2020). However, chronic inflammation did not exhibit significant
relations to thalamus or medial temporal lobe volumes, and the relation to cerebral white matter
volume exhibited a markedly lower effect size, which was only significant prior to correction for
multiple comparisons. Interestingly, though, the relatively low effect size is fairly consistent with
reports examining relations between inflammation and mean fractional anisotropy (Gianaros et
al., 2013) and neurodevelopmental outcomes (Jiang et al., 2014, 2017), suggesting that
inflammation may not explain a substantial portion of the variance in global white matter
organization or behavioral measures. It is also worth noting that neither CRP (the inflammatory

marker assayed for the present study) nor any other inflammatory marker related to total white
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matter volume (after controlling for total intracranial volume) in a cross-sectional study in adults
(Jefferson et al., 2007). It is also possible that results observed in the current study diverged from
the literature in these regions because different inflammatory markers do not necessarily relate
to the brain in the same manner; e.g., interleukin 6 and tumor necrosis factor alpha related to total
brain volume, but monocyte chemoattractant protein-1 did not (Jefferson et al., 2007). Similarly,
most studies examining brain-inflammation relationships did so by assaying inflammatory
cytokines (e.g., interleukins), whereas CRP is synthesized downstream in an inflammatory
response. Consequently, it may behoove future developmental cognitive neuroscience studies
examining chronic inflammation to also measure cytokine concentrations across developmental

stages.

We also observed associations between chronic inflammation and surface-based brain
measures. While few spatial consistencies were observed across measures—e.g., left posterior
cingulate cortex was the only brain area related to chronic inflammation on multiple measures
(surface area and sulcal depth)—all correlations that were observed were in the same direction
(i.e., negative). Additionally, global mean sulcal depth was associated with chronic inflammation,
which is consistent with literature showing this measure’s sensitivity to other early adversities,
such as preterm brain injury (Shimony et al., 2016; albeit prior to controlling for total intracranial
volume) and exposure to prenatal alcohol (De Guio et al., 2014). Nevertheless, these results
should be viewed with caution; due to the exploratory approach we implemented for surface-
based measures, we did not tether results here to confirmatory statistics (e.g., with corrections
for multiple comparisons; Flournoy et al., 2020). Consequently, it may behoove future studies with
larger, independent samples to use the surface-based findings presented here as a starting-point

for more hypothesis-driven approaches and more rigorous statistical thresholding.
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In a broader context, the observation that chronic inflammation mediates a significant portion of
the relationship between SES and bilateral putamen volume addresses a consistent gap in the
multitudes of reports linking SES to brain structure and function without intermediate, proximal
factors to explain this association (Farah, 2017). As such, it suggests that chronic inflammation
may join stress (Luby et al., 2013; Merz et al., 2019), caregiving quality (Luby et al., 2013), home
linguistic environment (Merz et al., 2020), and diminished growth (which serves as a proxy for
malnutrition and other biological and psychosocial hazards; Turesky et al., 2021), as another
proximal factor for ‘embedding’ low SES in brain development (Jensen et al., 2017). Future
studies will be needed to identify other candidate risk factors associated with SES (e.g., toxins,

cognitive stimulation; Farah, 2017).

A final contribution of this study is that it does not rely on data from white participants from high-
resource countries, which differentiates it from most other scientific studies (Cell Editorial Team,
2020). In contrast, recruited children from the low-resource country Bangladesh, and in so doing
begins to address the racial and socioeconomic inequity endemic to developmental cognitive

neuroscience.

Nevertheless, this study had four main limitations. The first three stem from the way chronic
inflammation was measured, namely, as the frequency of peripheral CRP concentration
elevations. First, while this method has been previously employed (Naylor et al., 2015; Jiang et
al., 2017; Jensen et al., 2019b; Xie et al., 2019b; Bach et al., 2022), it is an estimate calculated
from only eight measurements of CRP concentration across five years and using a cohort-specific
threshold for separating elevated from normative CRP levels, rather than an independent
standard. While our first sensitivity analysis, showing attenuated effects when inflammation was
measured at individual timepoints, suggests that the observed findings in the main analysis were

not driven by heightened inflammation at any given timepoint(s), our second and third sensitivity
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analyses using average (across developmental time points) CRP concentrations and an
independent CRP concentration benchmark suggest specificity to the particular method of
measuring inflammatory chronicity, but not necessarily the specific benchmark value. Second,
CRP is one of numerous inflammatory markers, which were not examined as part of the
calculation of chronic inflammation in this study. Although other inflammatory markers were
assayed in these children, CRP was measured more frequently than any other marker. As with
prior studies (Jiang et al., 2017; Jensen et al., 2019b; Xie et al., 2019b; Bach et al., 2022), we
opted for frequency of repeated sampling over a comprehensive estimate of inflammation with
fewer repeated measures. Third, while inflammatory markers can penetrate the central nervous
system (Sankowski et al., 2015), CRP was assayed from the periphery. Fourth, the analyses
presented here account for age, biological sex, and anthropometry. However, the low-resource
environment in which the children in this study grow up exposes them to myriad severe biological
and psychosocial risk factors (Jensen et al., 2017; Nelson, 2017), for which the present study
does not control. Future studies with larger sample sizes and gathering more inflammatory marker
data, particularly that which exceeds the independent benchmark, will be needed to address these

limitations.

CONCLUSION

This study examined chronic inflammation and brain morphometry in children reared in an
extremely impoverished area of Bangladesh, a population that is highly underrepresented in
developmental cognitive research. Our findings indicate that chronic inflammation relates to brain
structure and partially mediates an association between socioeconomic status and brain volume
in bilateral putamen in children growing up in extreme poverty in Bangladesh. These findings
suggest that chronic inflammation may represent one proximal factor through which poverty
derails typical brain development. Future intervention studies that reduce chronic inflammation in

children growing up in low-resource settings will be needed to test this potential causality, but this
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study represents an important first step in considering how chronic inflammation might impact

brain development.
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Supplementary Tables

Supplementary Table 1. Descriptive statistics for concentrations
of C-reactive protein

Timepoint Median Minimum Maximum
(weeks) (mg/L) (mg/L) (mg/L)

6 0.085 0 7.37

18 0.5 0 33.42

40 1.725 0 72.58

53 0.82 0 28.88

104 1.2 0 62.87

156 0.55 0.4 110.05

207 0.58 0.04 58.34

260 1.365 0 57.59

Supplementary Table 2. Associations between basal ganglia volumes and inflammation across
developmental time points

Brain Areas Week 6 Week 18 Week40 Week53 Week 104 Week 156 Week 207 Week 260

L. Caudate -0.19 -0.18 -0.15 -0.12 -0.20 -0.16 -0.12 -0.07
L. Putamen 0.00 -0.24 -0.29 -0.26 -0.07 -0.13 -0.15 0.03
L. Pallidum -0.10 -0.13 -0.19 -0.26 -0.21 -0.07 0.04 0.09
R. Caudate -0.18 -0.17 -0.15 -0.17 -0.16 -0.15 -0.12 -0.05
R. Putamen 0.02 -0.20 -0.32 -0.30 -0.06 -0.08 -0.18 -0.11
R. Pallidum -0.09 -0.27 -0.21 -0.23 -0.08 -0.14 -0.04 0.21
Bold indicates

p <0.05

Supplementary Table 3. Associations
between basal ganglia volumes and average
inflammation across developmental time

points

Brain Areas r p
L. Caudate -0.23 4.4E-02
L. Putamen -0.22 5.7E-02
L. Pallidum -0.19 9.7E-02
R. Caudate -0.24 3.2E-02
R. Putamen -0.28 1.2E-02

R. Pallidum -0.19 1.0E-01
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Supplementary Table 4. Associations
between basal ganglia volumes and chronic
inflammation with elevations measured as
[CRP] > 1 mg/L

Brain Areas r p
L. Caudate -0.24 3.3E-02
L. Putamen -0.37 8.6E-04
L. Pallidum -0.29 8.9E-03
R. Caudate -0.29 9.9E-03
R. Putamen -0.42 1.1E-04

R. Pallidum -0.30 7.3E-03
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Supplementary Figure 1. Distribution of C-reactive protein (CRP) concentrations.
Histograms depict the distribution of CRP concentrations across eight
developmental time points.
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