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1 | INTRODUCTION

| JennaE.Finch? | Saima Siyal® | Aisha K. Yousafzai* |

Abstract

Many young children in low- and middle-income countries (LMICs) face heightened
risk for experiencing environmental adversity, which is linked with poorer develop-
mental outcomes. Children's stress physiology can shed light on why children are
differentially susceptible to adversity. However, no known studies have examined
whether links between adversity and children's development are moderated by chil-
dren's stress physiology in LMICs. The present study revealed significant interactive
effects of hair cortisol concentrations, an index of chronic physiological stress regula-
tion, and family wealth on preschoolers’ cognitive skills in rural Pakistan. In a sample
of 535 4-year-old children (n = 342 girls), we found significant associations between
family wealth and direct assessments of verbal intelligence, pre-academic skills, and
executive functions only in girls with lower hair cortisol concentrations. Specifically,
girls with lower cortisol concentrations displayed greater cognitive skills if they came
from relatively wealthier families, but lower cognitive skills if they came from very
poor families. There were no significant associations among boys. Results provide
evidence of biological sensitivity to context among young girls in a LMIC, perhaps

reflecting, in part, sex differences in daily experiences of environmental adversity.
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have only been tested in a few studies of children from high-income

Children's stress physiology can shed light on which children are
more or less susceptible to contextual experiences (Obradovic,
2016). Over the last decade, researchers have identified concentra-
tions of the stress hormone cortisol in the hair shaft as a promising
biomarker indexing the long-term, chronic impact of adversity on
functioning of the hypothalamic-pituitary-adrenal (HPA) axis (Bates,

Salsberry, & Ford, 2017). However, links between hair cortisol

countries. The goal of the present study was to examine whether
HCCs were related to cognitive development in preschoolers from
rural Pakistan, a lower middle-income country. Furthermore, we ex-
amined whether HCCs served as a marker of biological sensitivity
to children's family contexts by moderating the effects of family so-
cioeconomic resources at birth on preschoolers’ verbal intelligence,

pre-academic skills, and executive functions (EFs).
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1.1 | Hair cortisol and family resources

HCCs are multidetermined (Bates et al., 2017), but provide some
insight into chronic levels of cortisol exposure that is partially influ-
enced by ongoing environmental circumstances (Bates et al., 2017;
Gerber et al., 2017; Simmons et al., 2019). As such, HCCs represent
cumulative cortisol exposure over the 3 months prior to collection and
long-term activity of the HPA axis (Bates et al., 2017). Research from
high-income countries has revealed significant associations between
children's HCCs and their families’ socioeconomic status, typically
examined using measures of maternal education and family income
(Rippe et al., 2016; Ursache, Merz, Melvin, Meyer, & Noble, 2017;
Vaghri et al., 2013; Vliegenthart et al., 2016). Specifically, higher HCCs
have been linked to lower family income in children at age 6 (Rippe
et al., 2016) and to lower parental education at ages 4 to 18 (Vaghri
et al.,, 2013; Vliegenthart et al., 2016). Additionally, elevated HCCs
have been associated with less family access to social and economic
resources at age 4 (Simmons et al., 2019), and greater food insecurity
from ages 2 to 5 (Ling, Robbins, & Xu, 2019). However, several studies
have also found null results. For example, HCCs were not related to pa-
rental education in infants and 7-year-olds (Gerber et al., 2017; Karlen
et al.,, 2015; Liu, Snidman, Leonard, Meyer, & Tronick, 2016; Palmer
et al., 2013), family income in 5- to 7-year-olds (Ursache et al., 2017), or
a composite of parental education and family income in infants (Flom,
St. John, Meyer, & Tarullo, 2017). These mixed results call into question
which aspect of family socioeconomic resources best captures early
childhood experiences that affect chronic functioning of HPA axis.
Current research linking HCCs and family socioeconomic re-
sources has only been conducted in high-income countries with
relatively restricted income ranges, representing a small fraction of
children's early experiences worldwide (Rippe et al., 2016; Vaghri
et al., 2013; Vliegenthart et al., 2016). We know very little about
the interplay between family socioeconomic resources and HCCs in
low- and middle-income countries (LMICs). Although there is con-
siderable variation across LMICs, communities, and families, many
children experience numerous, co-occurring forms of adversity that
hinder cognitive development, including poverty, nutritional defi-
ciencies, environmental toxins, and inadequate cognitive stimulation
(Black et al., 2013; Obradovi¢ & Willoughby, 2019; Walker et al.,
2007). In this context, parental education is a poor proxy for family
socioeconomic status, because most women are likely to never com-
plete primary education (UNICEF, 2013). Instead, family environ-
mental socioeconomic status is better represented by family wealth
and resources that reflect tangible household assets and dwelling
characteristics, such as access to drinking water and home sanitation
facilities (Vyas & Kumaranayake, 2006), that show considerable vari-

ability across families in LMICs.

1.2 | Hair cortisol and child development

Hyper- and hypo-secretion of stress hormones have been hypoth-

esized to undermine child development (Blair & Raver, 2012; Gunnar

& Vasquez, 2001). While a large body of work links dysregulated
salivary cortisol responses to children's maladaptive outcomes (Blair,
Granger, & Razza, 2005; Bruce, Davis, & Gunnar, 2002; Gunnar &
Vazquez, 2001; Shirtcliff, Granger, Booth, & Johnson, 2005), there
is limited empirical evidence of associations between HCCs and
children's development (Bates et al., 2017; Gray et al., 2018). A few
recent studies demonstrated that HCCs is related to adult reports of
children's behavior. In community samples, higher HCCs have been
linked with more maternal-reported socio-emotional problems in
infants (Palmer et al., 2013) and greater teacher-reported behavio-
ral problems in elementary and middle school-aged children (Fuchs
et al.,, 2018), but there have also been null results (Kao, Doan, St.
John, Meyer, & Tarullo, 2018). Conversely, lower HCCs have also
been linked with more ADHD symptoms in one sample of kinder-
garten boys (Pauli-Pott et al., 2017; SchloR et al., 2018). This asso-
ciation was most pronounced among boys with relatively greater
psychosocial risk, suggesting that potential links between HCCs and
child development may be stronger in contexts of elevated adversity
(Pauli-Pott et al., 2017).

Acute cortisol response to environmental events is related to
cognition in an inverted U-shape function, such that moderate levels
of salivary cortisol response are associated with optimal cognitive
performance, while too little or too much cortisol tends to under-
mine cognitive performance (Lupien, Maheu, Tu, Fiocco, & Schramek,
2007; Willoughby, Blair, Wirth, & Greenberg, 2010; Obradovi¢,
2016). Limited studies have examined links between chronic corti-
sol response, indexed by HCCs, and children's cognitive skills. These
have shown mixed results. Lower HCCs at age 5 were linked with
higher levels of directly assessed working memory and inhibitory
control, in a sample of middle-class expatriate families in the United
Arab Emirates (von Suchodoletz & Barza, 2015). In contrast, two
more studies did not find links between HCCs and a direct assess-
ment of cognitive development in 1-year-olds (Palmer et al., 2013)
or direct assessments of 1Q and EFs in 7-year-olds (Chau, Cepeda,
Devlin, Weinberg, & Grunau, 2017). Given the paucity of evidence,
more research is needed to understand how children's HCCs, a cu-
mulative measure of HPA axis’ activation, are related to cognition. It
is particularly important to examine if there are associations during
preschool age, a sensitive period for cognitive development (Jensen,
Berens, & Nelson, 2017).

1.3 | Stress response as a measure of differential
susceptibility

Physiological stress response has long been identified as impor-
tant moderator of associations between children's environmen-
tal experiences and development. This has been observed both
cross-sectionally and longitudinally (e.g., Essex, Armstrong, Burk,
Goldsmith, & Boyce, 2011; Obradovic et al., 2016). Two theories,
Differential Susceptibility (Pluess & Belsky, 2007) and Biological
Sensitivity to Context (BSC; Blair, 2002; Boyce, 2007; Ellis, Essex,
& Boyce, 2005; Klein Velderman, Bakermans-Kranenburg, Juffer,
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& van ljizendoorn, 2006), have advanced our understanding of how
individual differences in physiological response help to identify
children who are more or less susceptible to contextual influences.
Consistent with BSC theory which originally identified children with
higher reactivity as more sensitive to their environments, numerous
studies have shown that children who exhibit heighted salivary corti-
sol response to laboratory challenges show better adaptation if they
are exposed to more advantageous experiences, and worse adapta-
tion if exposed to greater adversity. For example, cortisol response
moderated the effect of family income on children's performance on
EF tasks (Obradovi¢, Portilla, & Ballard, 2016), and cortisol response
moderated the effect of contextual influences on multi-informant
ratings of child behaviors (Obradovié, Bush, Stamperdahl, Adler, &
Boyce, 2010) and mental health (Essex et al., 2011).

Empirical work has also demonstrated that the specific biological
profile marking greater sensitivity may differ by biological system,
context, timing, and measure. For example, several studies have also
found that lower physiological reactivity can mark heightened sensi-
tivity. Children who displayed low physiological reactivity in response
to hearing adults argue were more susceptible to the detrimental
effects of marital conflict compared to children who displayed high
physiological reactivity (EI-Sheikh & Whitson, 2006; Katz, Hessler, &
Annest, 2007). Thus, while theory and empirical work indicate that
some children are more or less biologically susceptible to contextual
influences, whether a pattern of low or high reactivity marks greater
sensitivity depends substantially on the biological marker and envi-
ronment context. It is important to note that all of this research has
come from children in high-income countries with restricted ranges
of experiences of family adversity. There is a need to extend this
work by examining whether HCCs—at either higher or lower levels—
can also mark biological sensitivity in contexts of greater adversity.

1.4 | Sex differences in hair cortisol and cognitive
development

In LMICs, such as India, Kenya, Tanzania, Ethiopia, and Cambodia,
there are significant disparities in boys’ and girls’ daily experiences,
ranging from household chores to family responsibilities and expec-
tations of vocation and differential investments in boys and girls
education (Escueta, Whetten, Ostermann, & O’'Donnell, 2014). Boys
and girls coming from families of similar wealth may have very differ-
ent day-to-day experiences, with girls on average being more disad-
vantaged than boys (Escueta et al., 2014). Similarly, in rural Pakistan,
although progress has been made, considerable sex disparities re-
main (Najam & Bari, 2017). Just 15% of poor rural 10-year-old girls
complete primary education, compared to 40% of their male peers
(Najam & Bari, 2017), and girls tend to receive a smaller share of
scarce household resources (UNDP, 2014).

It is feasible that these differential experiences may put girls in
LMICs at greater developmental risk, in that they are impacted more
strongly by adverse contextual influences. Supporting this notion, girls

have been shown to exhibit lower cognitive performance compared to
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boys in LMICs (Escueta et al., 2014). Indeed, a recent study from the
current sample suggests that in rural Pakistan, girls’ and boys’ expe-
rience may also be differentially biologically embedded. Specifically,
EEG gamma power, a marker of neural maturity, was related to higher
verbal 1Q for girls, but not for boys (Tarullo et al., 2017).

Furthermore, studies from high-income samples have found both
mean-level sex differences in HCCs and some sex-specific links be-
tween HCCs and measures of children's development. Specifically,
young boys have higher HCCs compared to girls (Dettenborn, Tietze,
Kirschbaum, & Stalder, 2012; Gerber et al., 2017; Grunau et al.,
2013; Maurer et al., 2016; Rippe et al., 2016; Simmons et al., 2019).
One recent sample has revealed that sex moderated the association
between HCCs and attention, in that HCCs were associated with at-
tention problems in kindergarten boys, but not in girls (Pauli-Pott
etal., 2017; SchloR et al., 2018). Together, these studies suggest that
contextual experiences of boys and girls differ, and HCCs may oper-
ate differently among boys compared to girls. Rather than studying
sex as a moderator, contextual experiences should be examined sep-
arately in boys and girls to avoid conflating these many differences
in experiences and biological processes.

1.5 | Current study

The goals of the present study were to examine (a) whether HCCs
are uniquely related to children's early cognitive skills in the context
of rural Pakistan, and (b) whether HCCs are a marker of children's
biological sensitivity to context, by moderating the relation between
family wealth and cognitive skills. We examined these associations
separately in boys and girls for four reasons. First, in LMICs, boys
and girls have differently daily experiences of resource allocation,
home activities, and educational opportunities. A girl and a boy from
homes with identical levels of socioeconomic status may experience
very different home experiences, due to their sexes. Second, sex-
specific disparities in experiences and resources in LMICs (Escueta
et al., 2014) may be differentially embedded in boys’ and girls’ stress
physiology (Tarullo et al., 2017). Third, previous studies showed sex
differences in mean levels of HCCs, and these differences could con-
found observed associations between HCCs and cognitive develop-
ment (Gerber et al., 2017; Simmons et al., 2019). Finally, associations
between HCCs and children's development have been observed to
vary by sex (Pauli-Pott et al., 2017; Schlof3 et al., 2018). In light of this
theoretical and empirical evidence that the interplay between family
resources, HCCs and cognitive skills may differ between boys and
girls, we split the sample by sex, a priori, for analysis. Moreover, we
decided this was the most effective approach because as our sample
included more girls than boys (discussed further in the Section 7).
Given that there is a paucity of research investigating HCCs among
LMIC children, we did not have a hypothesis for the direction of ef-
fects, and our research questions were exploratory.

We employed HCC as a biomarker of stress physiology. Although
multidetermined, HCCs partially capture the physiological impact of

long-term, chronic adversity in children (Vanaelst et al., 2013). To
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assess cognitive skills, we employed developmentally appropriate
and culturally adapted direct assessments of verbal intelligence,
pre-academic skills, and EFs. We used a culturally relevant index
of family wealth via the mother or head of household's report of
tangible household assets and dwelling characteristics. Our multi-
method approach, which included biological samples, parent report,
and direct assessments, minimized potential shared-method bias.
Furthermore, our longitudinal design enabled us to measure family
wealth at child's birth, capturing the socioeconomic resources avail-
able during the child's early life. To increase robustness of our find-
ings, we controlled for salient child and family characteristics that

have been shown to relate to early cognitive development in LMICs.

2 | METHOD
2.1 | Participants

Study participants came from the largely agricultural Naushero
Feroze District of Sindh province, Pakistan. The sample was drawn
from a larger study of 1,302 children (46% girls) and primary caregiv-
ers (99% mothers) who had previously participated in the Pakistan
Early Child Development Scale-Up (PEDS) Trial, a community-based,
cluster-randomized controlled trial with a 2 x 2 factorial design
(Yousafzai, Rasheed, Rizvi, Armstrong, & Bhutta, 2014).

The cohort was recruited at birth from local community centers
and every infant born in the study area between April 1, 2009, and
March 31, 2010, was eligible for enrollment. Children were screened
for signs of severe cognitive impairments during the first 2 to
5 months of life, and if they did not show signs of impairment, were
considered eligible and participated in the PEDS Trial during their
first 2 years of life (Yousafzai et al., 2014, 2016).

The PEDS Trial consisted of two intervention arms designed to
promote healthy child development. The responsive stimulation in-
tervention promoted positive and responsive parenting practices via
individualized coaching, support, and feedback during monthly home
visits and community group meetings. The enhanced nutrition inter-
vention provided additional education in health, hygiene, and nutri-
tion, and also delivered micronutrient supplements for the children.
There was an additional control group who received routine health
and nutrition services. Families were randomly assigned to the control
condition (n = 368), the responsive stimulation intervention (n = 383),
the enhanced nutrition intervention (n = 364), or both the responsive
stimulation and enhanced nutrition interventions (n = 374). More de-
tails on the intervention design and its effects are reported elsewhere
(see Yousafzai et al., 2014, 2016). As reported previously, the respon-
sive stimulation intervention was found to improve children's EFs, 1Q,
pre-academic skills and prosocial behavior, while enhanced nutrition
improved children's motor development (Yousafzai et al., 2016).

The current study analytic sample was limited to 535 boys and girls
who had valid hair cortisol data collected at age 4 (Mage =402 years,
SD = 0.03 years, range 3.92-4.27 years). This was a convenience sub-

sample of children. We collected hair samples until we had reached

40% of children in each of the intervention groups. Boys with valid
HCC data had higher maternal education, height for age, school read-
iness, and verbal 1Q, compared to boys without valid HCC data, but
did not differ based on any other study variables (ps = .09-.72). Girls
with valid HCC data did not differ on any analysis variables, com-
pared to girls without valid HCC data (ps = .28-.89).

On average, the participants in the full study were exposed to
high levels of poverty and adversity (Yousafzai et al., 2014, 2016),
and the current analytic sample was largely reflective of the larger
cohort. In the current analytic sample and larger cohort, average
monthly household income was approximately $100 USD (PKR 9,821;
SD = PKR 14,283, range PKR 0-200,000). In the current analytical
sample, 30% of families experienced food insecurity, compared
to 32% in the full cohort (Yousafzai et al., 2014, 2016) and 60% in
Pakistan nationally (USAID, 2019). Ten percent of children in the cur-
rent analytic sample were underweight, compared to 11% in the full
cohort and 32% of children under age 5 nationally (USAID, 2019). In
addition, 14% of children in the current analytic sample were stunted,
compared to 16% in the full cohort and 44% of children under age 5
in Pakistan nationally (Asim & Nawaz, 2018; UNICEF, 2013). Similarly,
6% of children in the current analytic sample were wasted com-
pared to 5% in the full cohort and 15% in Pakistan nationally (Asim &
Nawaz, 2018; UNICEF, 2013). Primary school attendance in the area
was low and 67% of mothers in the current analytic sample were illit-
erate, compared to 68% in the full cohort and 45% national average
(Unesco, 2017). Differences between our study and national aver-

ages may partially be due to differences in measures.

2.2 | Procedures

This longitudinal study employed data collected at three time points:
at the child's birth (within O to 2 months), at 2 years, and at 4 years
of age. All data were collected by a group of Community-based Child
Development Assessors who were specifically trained to interact
with families and administer the assessments in the local language,
Sindhi. At the child's birth, the mother or head of household reported
maternal educational attainment, family wealth, and family structure
including number of children. When the child was 2 years old, moth-
ers reported their family's experience of food insecurity and a study
team member directly measured children's height to capture children's
early nutrition and growth. At age 4 years, children participated in a
longitudinal follow-up study that consisted of a 3-hr home visit and a
3-hr center visit (Yousafzai et al., 2016). Most of these visits (98.6%)
occurred within a month of the child's fourth birthday. At this time,
the study staff collected children's hair samples to assay for HCCs
and directly assessed cognitive performance: verbal intelligence, pre-
academic skills, and EFs. A multidisciplinary team of experts and local
staff spent 6 months adapting all measures for administration in the
Pakistani context (Yousafzai et al., 2016). Family income and chil-
dren's pre-academic skills were recorded at home. Children's growth
measurements, hair collection, and assessments of EFs and verbal

1Q took place at a community-based assessment center. This space
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was free of distraction and was specially setup for child assessments
close to the villages of families. All mothers gave written informed
consent (or a thumb print for consent) and could decline or decide
not to participate at any time. Ethics approval for this study was ob-
tained from the ethical review committee of the Aga Khan University
in Pakistan (Protocol 2265-Ped-ERC-12) and from the institutional
review board at Stanford University (Protocol ID 26174; study title:
Early Childhood Cognitive Stimulation and Successful Transition to

Preschool in a Disadvantaged Population in Rural Pakistan).

2.3 | Measures
2.3.1 | Family wealth

To assess family wealth, the mother or head of household reported
on 44 items that indicate the presence or absence of various assets,
including ownership of property, livestock, and household assets (e.g.,
car, bike, TV); living conditions (e.g., access to water, sanitation facili-
ties, type of flooring material); and number of bedrooms in the home at
the time of the child's birth. A binary score was assigned to individual
items as O (absent) and 1 (present). We used an established procedure
(Vyas & Kumaranayake, 2006) that employs principal components
analysis to weigh various assets according to their relative importance
in this population and calculate a single standardized composite fac-
tor score that represented a comprehensive measure of family wealth.

2.3.2 | Hair cortisol concentrations

HCCs indexed children's stress physiology. Hair cortisol offers a
major advantage for examining chronic stress and adversity, as it
reflects cumulative cortisol output rather than daily fluctuations
like salivary or urinary concentrations (Russell, Koren, Rieder, & Van
Uum, 2012; Sauvé, Koren, Walsh, Tokmakejian, & Uum, 2007; Stalder
& Kirschbaum, 2012). Hair strands of a diameter of approximately
3 mm were extracted as close as possible to the scalp from a poste-
rior vertex position (back of the head) using fine, steel scissors. Two
samples of hair (each containing multiple hair strands) were collected
from the back of the head from each child. This ensured that there
was enough hair to assay and minimized the noticeability of missing
hair. Following extraction, hair samples were carefully placed on foil,
and were not folded to avoid damage or breakage. They were stored
at room temperature until analysis.

Biological assays were conducted in the Kirschbaum laboratory
in Dresden, Germany. Cortisol concentrations were determined from
the first 3 cm hair segment proximal to the scalp and 50 mg of hair
was considered sufficient for cortisol assay. This hair segment reflects
hair growth over the 3-month period prior to hair sampling, based
on a hair growth rate of approximately 1 cm/month (Wennig, 2000).
During analysis, washing and steroid extraction followed the pro-
tocol described in detail in Stalder and Kirschbaum (2012, study )

with 7.5 mg of whole, non-pulverized hair being incubated in 1,800 ml
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methanol for 18 hr at room temperature. Cortisol concentrations
were determined using a commercially available immunoassay with
chemiluminescence detection (CLIA, IBL-International). The intra-
and inter-assay coefficients of variation of this assay were below 8%.
HCC values were log-transformed to adjust for positive skew.

When collecting hair samples, several challenges emerged. Many
of the children in the original full sample, particularly boys, had hair
that was too short to collect the necessary 3 cm sample close to the
scalp. Thus, we were unable to collect HCCs in equal number of boys
and girls. Some families also shaved their children's heads in the sum-
mer. In addition, some families chose not to provide hair samples be-
cause they did not want to cut the child's hair, or children were afraid
of the scissors. When children did choose to provide hair samples, two
assessors aided with the hair cortisol collection to reduce fear and
make the child more comfortable. One assessor distracted the child

with conversation while the other gently extracted the hair sample.

2.4 | Cognitive skills

2.41 | VerballQ

To assess children's verbal ability, we used the Wechsler Preschool and
Primary Scale of Intelligence-Ill (WPPSI-1II; Wechsler, 2012) after cul-
turally adapting the measure for the Pakistani context (see Rasheed
et al., 2018). A verbal 1Q composite (VIQ) was calculated from scale
scores from Information, Vocabulary, and Word Reasoning subtests
(Cronbach's « = 0.88, M = 77.47, SD = 9.95), each of which required
spoken responses to the presentation of pictures or information. Items
were scored as correct (1) or incorrect (0). The subtest was assigned a
raw score by summing the scores on all items and then converted to a
t-score using normed tables provided in the WPPSI-III manual.

2.4.2 | Pre-academic skills

To assess pre-academic skills, we used the Bracken School Readiness
Assessment mastery score, a standardized measure of school readi-
ness (BSRA-3; Bracken, 2007). The BSRA-3 is nonverbal and was
administered as a table-top task during a home visit. Children were
asked to respond to the assessor's questions by selecting a correct
picture response from four or more options. The pre-academic skills
measure was a composite of the five dimensions of emergent pre-lit-
eracy (i.e., letters) and mathematical knowledge (i.e., numbers, sizes,
shapes). The BSRA is normed for 3-6-year-old children (Bracken,
2007), and has been reported to be a reliable measure of school read-

iness in young children living in India (Shah, Schaefer, & Clark, 2013).

2.4.3 | Executive functions

To assess EFs, we used a composite measure of six developmentally

and culturally appropriate tasks which have undergone extensive
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cultural adaptation and have been successfully validated on this
sample (see Obradovi¢ et al., 2019). The tasks assessed children's
inhibitory control (ability to suppress a dominant response in favor
of a subdominant response), short-term memory (ability to hold,
update, and manipulate information in the mind over short periods
of time), and cognitive flexibility (ability to switch flexibly between
two different dimensions). Specifically, the Fruit Stroop (inhibitory
control task) assessed the child's ability to focus on a subdominant
perceptual feature of an image, rather than on a dominant feature
(Carlson, 2005). The Knock-Tap Game (inhibitory control task) as-
sessed children's ability to implement a set of rules and suppress an
imitation of the assessor's actions (Molfese et al., 2010). The Big/
Little Game (inhibitory control task) assessed children's ability to
state a contradictory rather than a salient perceptual feature of an
image (Carlson, 2005). The Go/NoGo Game (inhibitory control task)
assessed children's ability to perform an action following a frequent
“go” stimulus and to inhibit that same action following a less frequent
“no-go” stimulus (Willoughby et al., 2010). The Forward Word Span
(short-term memory task) measured children's ability to repeat ver-
bally presented word sequences of increasing length (Noél, 2009).
The Separated Dimensional Change Card Sort (cognitive flexibility
task) measured children's ability to switch attention between two
different dimensions, using a set of colored cards (green or yellow)
featuring the black silhouette of a common shape (e.g., star or truck;
Carlson, 2005). Comprehension of task rules was determined by
performance on practice trials. Children who did not pass task-spe-
cific comprehension criteria did not receive a valid test score. A final
Executive Functions composite score (EF) was calculated as an aver-
age of valid scores across the six tasks (Cronbach's a = 0.60). The EF
composite included scores for children who passed comprehension
criteria for three or more tasks (89% of children), since a three-task
battery is considered acceptable to measure children's overall EF
(Willoughby, Pek, & Blair, 2013). Please see Obradovic et al. (2018)
for more information regarding the reliability and descriptive statis-
tics for each task, as well as details on the comprehension criteria

used for each task.

2.4.4 | Covariates

We controlled for child and family characteristics that have been
shown to covary with family wealth and to predict early cognitive
development (Black et al., 2013) and have been previously used
in numerous publications of this study (e.g., Obradovié, Yousafzai,
Finch, & Rasheed, 2016; Yousafzai et al., 2014, 2016). Specifically,
maternal education indexed the number of years mothers attended
formal school (M = 2.48, SD = 3.79) and was included as extant re-
search demonstrates that maternal education is linked with improved
child-care practices related to health and nutrition and reduced odds
of stunting which both impact cognitive development (Black et al.,
2013). Children's number of older siblings (M = 2.55, SD = 2.43) was
included as a covariate since it has been previously linked with cogni-
tion in this sample (Obradovi¢ et al., 2018).

Consistent with previous work, we employed two binary vari-
ables to control for the published effects of the responsive stim-
ulation (1 = responsive stimulation intervention exposure) and the
enhanced nutrition interventions (1 = enhanced nutrition interven-
tion exposure) on children's Verbal 1Q, pre-academic skills and EFs
(Obradovi¢, Yousafzai, et al., 2016; Yousafzai et al., 2016).

Food insecurity and height for age enabled us to control for chil-
dren's access to adequate nutrition in the first 2 years of life. Family
food insecurity (Coates, Swindale, & Bilinsky, 2007) was assessed
using a binary measure of whether the family had access to safe and
nutritionally adequate food (0 = food secure, 1 = food insecure). Food
security is an important predictor of children's growth and develop-
ment (Black et al., 2013). Children's height for age reflected nutrition
during the first 2 years of a child's life, which has been shown to
represent a longitudinal risk factor for poor cognitive development
(Black et al., 2017; Grantham-McGregor et al., 2007). Trained asses-
sors measured children's height to the nearest 0.1 cm in accordance
with standardized guidelines (Cogill, 2003). Height was converted
into a standardized height-for-age index (M = -2.33, SD = 1.12) using
WHO Anthro software V3.2.2. All these variables were included as

covariates in the models.

2.5 | Data and analysis

The percentage of missing data was small, ranging from 1% to 4%,
except for the child EF composite (10%), which was largely due to
children's inability to understand task rules. Other reasons for miss-
ing data included external disruptions that caused the assessment
to be cut short (e.g., no electricity in the room), lack of permission
from the head of household to stay for the full duration, challeng-
ing behavior, and obvious disabilities (e.g., unable to walk or speak).
Missing data on all predictors were multiply imputed using chained
equations with 20 datasets. Imputation models included a robust set
of covariates: all demographic variables used in analyses, as well as
all other covariates collected as a part of the larger study including
measures of children's cognition, language, and motor skills, proso-
cial behavior, socio-emotional behaviors, inhibition, positive and
negative affect, maternal engagement, and home environment. All
continuous variables were standardized on the full, larger sample of
children in the longitudinal follow-up of the PEDS trial. All variables
exceeding = 4 SD in the full sample were considered outliers and
were truncated to 4 SD (HCCs: Npoys = 2, N
n

girls = 0 wealth:n, =1,

= 0, cognitive skills, NSpoys = 0-2, ns_... = 0-2). Variables were

girls girls

then re-standardized on the smaller subsample of children in the
current study to make coefficients interpretable as effect sizes.
Analyses were conducted in Stata Version 13.1 (StataCorp, 2013).
We used multiple regression models to examine whether HCCs
were directly or interactively associated with boys’ and girls’ cog-
nitive skills (verbal 1Q, pre-academic skills, EFs), after controlling
for demographic covariates. Model 1 examined direct associations
of HCCs with cognitive skills, controlling for factors at birth (family

wealth, maternal education, number of older siblings), at 2 years (food
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insecurity and height for age), and exposure to the responsive stim-
ulation and enhanced nutrition interventions during the first 2 years
of the child's life. Model 2 additionally examined how an interaction
between HCCs and family wealth was related to cognitive skills. The
regression models accounted for the clustering of data within the
80 community-based team members who administered the original
intervention trial (Yousafzai et al., 2014) with robust clustered stan-
dard errors. Significant interactions were further probed using the
simple slopes technique (Aiken, West, & Reno, 1991) by testing the
associations between family wealth and cognitive skills for girls with
high (1 SD above the mean) and low (1 SD below the mean) HCC.

3 | RESULTS

Table 1 provides descriptive statistics for key study variables for
the full sample and separately by sex. Boys and girls did not dif-
fer significantly from each other on study variables (ps = .06-.84).
Importantly, boys had similar levels of HCCs (M = 9.01 pg/mg,
SD = 10.56) compared to girls (M = 11.34 pg/mg, SD = 25.53),
t(533) = 1.52, p = .126). On average for boys and girls together in our
sample, HCCs (M = 9.55 pg/mg, SD = 10.68) were lower than aver-
age levels reported in children of similar age ranges from previous
studies in high-income countries, in which average HCCs range from
12.22 to 29.55 pg/mg (e.g., Gerber et al., 2017; Ursache et al., 2017,
Vaghri et al., 2013) and even in low-income samples in the United
States and Australia, in which average HCCs range from 32.02 to
46.00 pg/mg (Ling et al., 2019; Simmons et al., 2019). However, mean
levels cannot be definitively compared due to variable measurement
error across different laboratories and assays, as well as potential
ethnic differences in mean levels of HCCs (Ling et al., 2019; Rippe
et al., 2016). We elaborate on this further in the discussion.

TABLE 1 Descriptive statistics for all
study variables

Covariates
Number of siblings
Food insecurity

Maternal education
(years)

Height for age
Predictors
HCCs (pg/mg)
Family wealth
Cognitive skills
Verbal 1Q
Pre-academic skills
EF composite
N
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3.1 | Bivariate correlations

Bivariate correlations among all study variables are presented in
Table 2, separately for girls (below diagonal) and boys (above diago-
nal). Family wealth and maternal education were positively associ-
ated with boys’ and girls’ verbal IQ and pre-academic skills. Maternal
education was also linked with higher EFs for girls only. Furthermore,
higher HCCs were associated with higher levels of maternal educa-
tion, family wealth, and pre-academic skills for girls only. Exposure
to the responsive stimulation and enhanced nutrition interventions
in first 2 years of life were not significantly linked with HCCs for girls

or boys.

3.2 | Regressions

Regression results are presented for boys in Table 3 and for girls in
Table 4. Significant covariate effects on children's cognitive skills
are largely consistent with previously published studies (Obradovic,
Yousafzai, et al., 2016; Tarullo et al., 2017; Yousafzai et al., 2016);
minor deviations are likely due to smaller sample size of children with
valid HCC data.

As shown in Table 3, we found no direct (Model 1) or inter-
active (Model 2) associations between HCCs and cognitive skills
for boys. However, as shown in Table 4, HCCs were associated
with cognitive skills for girls. Model 1 demonstrated that HCCs
were positively associated with girls’ pre-academic skills (g = 0.19,
p = .002), but were not significantly associated with girls’ verbal
1Q or EFs. Model 2 revealed that HCCs and wealth were signifi-
cantly and interactively associated with girl's verbal 1Q (s = -0.09,
p =.04), pre-academic skills (8 = -0.09, p = .03) and EFs ($ = -0.10,
p =.03).

Full sample Boys Girls
M/% (SD) M/% (SD) M/% (SD) Range
2.55(2.43) 2.51(2.30) 2.49(2.31) Oto 11
0.30(0.46) 0.34(0.48) 0.31(0.4¢) Oto1l
2.48(3.79) 2.24(3.79) 2.13(3.56) Oto 16
-0.82(1.10) -0.76 (1.11) -0.85(1.09) -3.88to0 3.06
9.55(10.68) 9.01 (10.56) 11.34 (25.53) 0.10 to 96.06
0.02 (0.96) -0.05 (0.94) 0.06 (0.97) -1.02 to 4.25
77.22 (9.81) 77.41(10.02) 77.11 (9.70) 55 to 137
12.93 (7.54) 12.08 (6.23) 13.42 (8.25) Oto 48
-0.05(0.62) -0.08 (0.58) -0.03(0.64) -2.61t02.76
535 193 (36%) 342 (64%)

Abbreviations: EF, executive function; HCCs, hair cortisol concentrations; pg/mg, picogram/

milligram.
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TABLE 2 Bivariate correlations among girls (below diagonal, n = 342) and boys (above diagonal, n = 193)

1 2 8 4
1 HCCs 0.17* -0.04 0.02
2 Number of -0.14* 0.10 -0.23**
siblings
Food insecurity ~ -0.07 0.10 -0.26***
4 Maternal 0.19*** -0.15** -0.20***
education
5  Family wealth 0.17**  -0.09 -0.25*** 0.34***
6  Height for age 0.05 -0.05 -0.20*** 0.13*
7 Verbal IQ 0.03 -0.03 -0.13* 0.11*
8  Pre-academic 0.17** -0.11* -0.06 0.18***
skills
9  EF composite -0.03 -0.02 -0.09 0.20***
10 InterventionRS  -0.05 0.02 -0.07 -0.04
11  Intervention EN  -0.08 -0.11* -0.15** 0.06

5 6 7 8 9 10 11
-0.09 -0.16* -0.04 0.05 0.08 0.03 -0.05
-0.17* -0.16* -0.03 0.02 0.14 0.13 0.08
-0.19**  -0.11 -0.12 -0.13 -0.12 -0.09 0.01
0.30***  0.24***  0.25"**  0.29*** 0.13 0.04 0.01
0.13 0.28*** 0.23** 0.08 -0.03 -0.05
0.18*** 0.23** 0.15* 0.08 -0.01 -0.08
0.13* 0.21*** 0.41*** 046 0.20** -0.11
0.17** 0.13* 0.29*** 0.23** 0.09 -0.06
0.09 0.17** 0.54***  0.30*** 0.15* 0.01
0.05 0.01 0.09 0.14** 0.09 0.08
-0.03 0.01 0.05 0.18*** 0.09 -0.03

Abbreviations: EF, executive functions; EN, enhanced nutrition intervention; HCCs, hair cortisol concentrations; RS, responsive stimulation

intervention.
***p <.001,
**p < .01,

*p < .05.

Probing these significant interactions revealed that greater fam-
ily wealth was significantly associated with greater verbal 1Q and
pre-academic skills only for girls with low HCCs (verbal 1Q: g = 0.17,
p = .02; pre-academic skills: § = 0.20, p = .02), and not for girls
with high HCCs (verbal 1Q: g = -0.03, p = .66; pre-academic skills:
$=0.03,p =.72). Figures 1 and 2 demonstrate disordinal interactions
between wealth and HCCs, such that girls with low HCCs displayed
higher verbal 1Q and pre-academic skills if they came from relatively
wealthier families, but lower verbal IQ and pre-academic skills if they
came from poorer families. As shown in Figure 3, a similar pattern
was found for EFs, however, the simple slopes were not significant
(p = 0.09, p = .26 for girls with low HCCs and 8 = - 0.08, p = .28 for
girls with high HCCs).

4 | DISCUSSION

The goal of the present study was to understand how young chil-
dren's hair cortisol concentrations (HCCs), which partially reflect
chronic activation of the HPA axis, are associated with cognitive
development in the context of rural Pakistan. In a large sample of
preschoolers, we first examined whether HCCs were related to di-
rect assessments of children's verbal 1Q, pre-academic skills, and
EFs, after controlling for salient individual and family characteris-
tics. Second, we explored whether the associations between fam-
ily wealth and young children's cognitive skills varied by the level
of children's HCCs. We separately analyzed subsamples of boys and
girls for a priori reasons discussed above. Our results revealed diver-
gent patterns of HCC associations. Namely, there were no signifi-

cant direct or interactive associations between HCCs and cognitive

skills for boys. In girls, HCCs were directly associated with children's
pre-academic skills. HCCs also moderated the association between
family wealth and all three measures of cognitive development, in
that girls with low HCCs showed higher cognitive skills if they came
from relatively wealthier families and lower cognitive skills if they
came from very poor families. In contrast, family wealth was not as-
sociated with cognitive skills among young girls who had high HCCs.
These findings indicate that HCCs may be a marker of heightened
biologically sensitivity to family socioeconomic status for young girls
from a rural LMIC setting, such that the cognitive skills of girls who
had lower levels of HCC were more sensitive to variability in family

environmental resources.

4.1 | Hair cortisol concentrations and cognitive
development

Bivariate correlations revealed that girls’ HCCs were positively as-
sociated with pre-academic skills, indexing greater knowledge of
colors, shapes, and sizes. In contrast, HCCs were not directly cor-
related with verbal intelligence or EFs. Although our study cannot
address the mechanisms behind this divergent finding, it is feasible
that the association between HCC and cognitive skills may differ
for crystallized knowledge, deduced from exposure to information
and facts, versus fluid cognitive skills, which reflect children's capac-
ity to process and integrate information (Obradovi¢ & Willoughby,
2019). Future research should continue to investigate the associa-
tions between stress hormones and different aspects of early cog-
nitive development in children from LMIC settings. Alternatively,

this discrepancy may have been driven by the assessment-specific
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FIGURE 1 Family wealth and hair cortisol concentrations (HCCs) were interactively associated with girls’ verbal intelligence
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FIGURE 2 Family wealth and hair cortisol concentrations (HCCs) were interactively associated with girls’ pre-academic skills

differences (e.g., distribution of scores), highlighting the need to em-
ploy multiple cognitive assessments. While in our study these dis-
crepant bivariate correlations were further qualified by significant
interactions with family wealth in our regression models, future re-
search should consider how the link between HCCs and cognitive
skills may vary by the specific type or measure of cognitive skill.
Most importantly, our findings revealed the associations of fam-
ily wealth with all three types of cognitive skills were significantly
moderated by HCCs in girls. For pre-academic skills and verbal 1Q,
the association between family wealth and cognitive skills was sig-

nificant only for girls with lower HCCs. Specifically, a cross-over

interaction pattern indicated that girls with lower HCCs displayed
lower levels of pre-academic skills and verbal IQ if they came from
poorer families, but higher levels of these skills if they came from
relatively wealthier families. In contrast, girls who had higher HCCs
did not differ in levels of pre-academic skills and verbal IQ across
the spectrum of family wealth. For EF, the significant interaction
revealed an analogous pattern, despite the non-significant simple
slopes. Girls with lower HCCs displayed higher average EFs than
those with higher HCC at high levels of family wealth.

Lower HCCs appear to mark young girls’ biological sensitivity

to family resources. This finding contributes to a growing body of



ARMSTRONG-CARTER ET AL.

il—Wl LEY—Developmental Psychobiology

EF Composite
0
1

B=-0.08,p=.28

-1 0 1

2 3 4

Family Wealth

——— High HCCs

————— Low HCCs

FIGURE 3 Family wealth and hair cortisol concentrations (HCCs) were interactively associated with girls’ executive functions

evidence that markers of biological sensitivity vary across differ-
ent biological systems, contextual experiences, and studied popu-
lations (Obradovi¢, 2016). For example, while some previous work
has shown that higher physiological reactivity marks greater biolog-
ical sensitivity to family resources (Ellis, & Boyce, 2011; Essex et al.,
2011; Obradovi¢ et al., 2010; Obradovi¢, Yousafzai, et al., 2016),
others have shown that children who displayed low physiological
reactivity were more susceptible to detrimental effects of family
conflict (EI-Sheikh & Whitson, 2006; Katz et al., 2007). Among our
sample of rural Pakistani girls, lower levels of HCCs seem to iden-
tify girls whose cognitive skills are linked with family resources “for
better and for worse,” as differential susceptibility hypothesis posits
(Pluess & Belsky, 2007).

Our study does not indicate how, or why, low HCCs indexes
greater susceptibility to family wealth for cognitive development
only in girls, and not in boys, in rural Pakistan. However, next, we
discuss these findings in the context of other secondary results in
order to offer future research directions that could advance under-
standing of how and why the chronic activation of HPA axis mod-
erates the link between family socioeconomic resources and early

cognitive development in similar settings.

4.2 | Possible mechanisms

Although boys and girls did not differ in their average levels of HCCs,
statistical comparison of bivariate correlations of HCCs with other
child and family measures revealed divergent patterns of findings.

First, in girls but not in boys, HCCs were positively associated with

family wealth and maternal education. We need more research to
understand why the level of girls’ HCCs increases as their family
socioeconomic resources increase. This association is in contrast
with the findings from high-income countries that reveal higher lev-
els of young children's HCCs are associated with higher exposure
to socioeconomic risks and adversity (Rippe et al., 2016; Ursache
etal., 2017; Vaghri et al., 2013). This discrepancy raises a question of
what levels of HCCs are sufficient or optimal.

Average levels of both boys’ and girls’ HCCs in the current sam-
ple are lower than average levels of HCCs reported in other studies
of preschool children from high-income countries (e.g., Groeneveld
et al., 2013; Ursache et al., 2017; Vaghri et al., 2013), even in those
from socioeconomic disadvantaged communities in high-income
countries (Ling et al., 2019; Simmons et al., 2019). Although we
cannot determine statistical significance of these mean-level dif-
ferences because cross-assay and cross-ethnic comparisons can be
methodologically biased (Ling et al., 2019; Rippe et al., 2016; Stalder
& Kirschbaum, 2012), our findings suggest a potential chronic hy-
po-responsivity of the HPA axis among children growing up in
rural Pakistan. Blunted HCCs response in our sample is consistent
with prior work showing blunted or down-regulated acute salivary
measures of HPA axis activity among children who have experi-
enced chronic neglect (Gunnar & Vazquez, 2001; Koss, Hostinar,
Donzella, & Gunnar, 2014; Zalewski, Lengua, Kiff, & Fisher, 2012).
Given that moderate levels of salivary cortisol are considered op-
timal for cognitive performance (Blair & Raver, 2012; Gunnar &
Vazquez, 2001; Lupien et al. 2007), it is possible that higher HCCs
in our sample may represent more optimal HPA axis functioning. If

this assumption is true, lower HCCs in our sample may be seen as a
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physiological vulnerability for cognitive development in context of
poverty. Future studies should investigate non-linear associations of
HCCs and cognitive development in socioeconomically diverse sam-
ples to determine if indeed there are sufficient or optimal levels of
HCCs for emerging cognitive skills if those levels vary as a function
of contextual resources.

Future research should also address how these distal SES mea-
sures are translated into daily experiences that are linked to HCCs
in girls, but not in boys. In our sample, we found that having more
siblings was associated with significantly lower HCCs in girls, but
significantly higher HCCs in boys. Does this divergent link between
HCCs and family size among boys and girls reflect inequalities in
how family resources are allocated? Relative to boys, girls in impov-
erished families may shoulder more of the daily burden of poverty
by taking on more household responsibilities (i.e., domestic labor)
or receiving a smaller share of scant resources (Escueta et al., 2014;
UNICEF, 2013). Thus, daily experiences of extreme poverty may
be more stressful for young girls compared to boys. At the same
time, girls may also benefit more than boys in conditions of rela-
tively greater family wealth. Boys’ daily experiences of stressors
and challenges that could affect chronic HPA axis functioning may
not vary as much as a function of family wealth, as they may receive
larger share of scant resources. Future studies of young children
in LMICs should also examine how HCCs, a chronic stress marker,
relates to salivary cortisol, which fluctuates daily, in order to under-
stand how stress and adversity becomes biologically embedded.

Alternatively, HCCs may reflect different biological processes in
boys and girls. For example, HCCs were related to physical growth
(i.e., standardized height-for-age index) in boys, but not in girls, despite
no significant differences in boys’ and girls’ physical growth. Similar
sex differences have been found in a previous study finding examining
links between EEG power and cognitive skills in a smaller subsample
of 105 preschoolers drawn from the same PEDS study as current sam-
ple. Namely, higher gamma power, an index of temporal integration
of sensory input with higher-level cognitive processes, was related to
greater verbal ability only among girls (Tarullo et al., 2017).

The reasons why low HCCs marks heightened biological sensi-
tivity to family wealth only among girls still remain to be addressed.
Sex differences in susceptibility to environmental influences have
been observed in nutritional interventions across LMICs, which
were found to be more protective against girls’ risk of anemia
compared to boys (Balarajan, Ramakrishnan, Ozaltin, Shankar, &
Subramanian, 2011). Understanding both biological and social mech-
anisms underlying differences in how stress physiology moderates
the link between family resources and emerging cognitive skills is im-
portant next step for addressing boys’ and girls’ inequalities in early

educational outcomes i'n rural LMICs settings.

4.3 | Limitations and future directions

We acknowledge several limitations and highlight future direc-

tions for study. Our sample included more girls than boys because
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of the difficulties of collecting hair samples from boys with very
short hair. It is possible that the observed sex differences may be
in part explained by greater statistical power to detect potential ef-
fects among girls. This is unlikely, however, as our sample includes
almost 200 boys and over 300 girls, and is larger than many prior
studies examining cortisol in children. New advances in science
may allow smaller amounts of hair to be used for assay (Stalder &
Kirschbaum, 2012) and allow for increased sample sizes of boys. Our
study is also limited in that we measure children's stress physiology
concurrently with children's cognitive skills. However, since HCCs
are believed to reflect cumulative HPA axis functioning over the pre-
vious 3 months, HCCs can partially be understood as a marker of
stress-physiological response indexed before cognitive skills were
tested. Finally, sociocultural elements that are unique to Pakistan
may limit the generalizability of the findings to other LMIC settings;
future research should investigate generalizability. By demonstrat-
ing the feasibility and relevance of measuring hair cortisol in this
highly disadvantaged context, we hope to encourage researchers to
probe associations between children's stress physiology and devel-
opment in other LMICs.

5 | CONCLUSION

The current study examined cortisol extracted from hair as a
measure partially reflecting chronic exposure to adversity, in a
population of children from a rural Pakistan where many children
experience heightened risk of adversity. The handful of prior stud-
ies examining links between children's HCCs and development
have revealed mostly null results, but these have only included
children high-income contexts who have a restricted range of fam-
ily incomes and experiences. We extend this work to highlight how
HCCs operate among boys and girls in rural Pakistan, where, al-
though there is considerable variation across families and regions,
children on average are more economically disadvantaged com-
pared to relatively wealthier countries. Our results suggest that
girls with lower HCCs may be biologically more sensitive to con-
textual influences on cognitive development. This work highlights
the complex interplay between stress physiology, socioeconomic

status, and sex for preschoolers’ cognitive development in LMICs.
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