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HPA AXIS AND CHILD MENTAL HEALTH 1

Abstract

Hypothalamic Pituitary Adrenal (HPA) axis activity may be a mechanism linking early adversity
to child mental health difficulties. However, there is a dearth of longitudinal evidence for the
association between HPA axis activity and mental health among children in low-resource
contexts. The goal of this study is to examine linear and curvilinear associations between HPA
axis activity during infancy and mental health difficulties in early childhood among children in
rural Pakistan. Participants included 104 children (46% male) from the Bachpan study, a
longitudinal cohort embedded within a maternal depression trial in Pakistan. We examined the
associations between hair-derived cortisol and dehydroepiandosterone (DHEA) at 12 months old
and mental health difficulties, measured with the Strengths and Difficulties Questionnaire
(SDQ), at 36 months old. There was a significant quadratic association between hair cortisol and
SDQ scores, with results showing a U-shaped relationship (i.e., having relatively high or low
cortisol predicted increased mental health difficulties). DHEA showed a quadratic association
with SDQ scores with an inverted U-shaped relationship (i.e., high and low DHEA was
associated with decreased mental health difficulties). Results provide evidence of longitudinal
and curvilinear effects of cortisol and DHEA during infancy on mental health difficulties in early
childhood.
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Curvilinear associations between HPA axis activity during infancy and mental health
difficulties during early childhood among children in rural Pakistan

The Hypothalamic Pituitary Adrenal (HPA) axis is one of the body’s main stress response
systems, whose functioning has wide-ranging effects on physical and psychological health across
the lifespan (Adam et al., 2017). Studies have demonstrated that HPA axis hormones, including
cortisol and dehydroepiandosterone (DHEA), are sensitive to environmental influences, with
experiences of early adversity (e.g., poverty, violence exposure) predicting altered HPA axis
activity, including both hyper-activity and hypo-activity, in children (Kamin & Kertes, 2017,
Shakiba, Ellis, Bush, & Boyce, 2020). Functioning of the HPA axis may be a mechanism linking
early stressful experiences to child mental health outcomes. However, more research is needed to
establish the association between HPA axis activity and child mental health early in life, when
mental health difficulties first emerge.

HPA axis dysregulation, especially early in life, may impact developing brain systems through
altering neurogenesis and connectivity among key regions associated with emotion responsivity,
executive function, and memory (McKlveen, Moloney, Scheimann, Myers, & Herman, 2019;
Sapolsky, 2003). Such alterations may longitudinally affect child developmental trajectories in
multiple domains, including mental health (McKlveen et al., 2019). Indeed, longitudinal research
demonstrates an association between HPA axis activity and mental health difficulties; however
there is inconsistency in whether it is lower or higher levels of cortisol and DHEA that are
associated with the negative outcomes (Malisiova et al., 2020; Psarraki et al., 2020; Staufenbiel,
Penninx, Spijker, Elzinga, & van Rossum, 2013; Wesarg, Van Den Akker, Oei, Hoeve, & Wiers,
2020).

Some studies show that high levels of cortisol prospectively predict elevated mental health
difficulties, including anxiety and depression, during childhood (Sandstrom, Daoust, Russell,
Koren, & Hayden, 2020; Saridjan et al., 2014; Smider et al., 2002). Other longitudinal work
suggests that low levels of cortisol longitudinally predict increased mental health symptoms in
children (Laurent, Gilliam, Wright, & Fisher, 2015; Pauli-Pott, Schloss, Skoluda, Nater, &
Becker, 2019; Salis, Bernard, Black, Dougherty, & Klein, 2016). Similarly, although the
literature examining DHEA and mental health is smaller, there is evidence that both high
(Cicchetti & Rogosch, 2007a; Kimonis, Fleming, Wilbur, Groer, & Granger, 2019; Mulligan,
Hajcak, Crisler, & Meyer, 2020) and low (Chen, Raine, & Granger, 2015; Kamin & Kertes,
2017; Michael, Jenaway, Paykel, & Herbert, 2000) DHEA is cross-sectionally associated with
poor child mental health.

The inconsistencies in this literature illustrate the complexity of the relationship between HPA
axis activity and child functioning. One source of complexity may be non-linear associations
between HPA axis indicators and child development. However, very few studies have examined
the possibility of a curvilinear relationship between cortisol or DHEA and child outcomes.
Research examining cortisol and depression has found a U-shaped relationship between cortisol
levels and depressive symptoms in adolescents and older adults, such that both high and low
levels of cortisol predicted elevated depressive symptoms (Bremmer et al., 2007; Ford, Boch, &
Browning, 2019). This suggests that HPA axis dysregulation in either direction (i.e., high or low
hormone levels) may place individuals at higher risk for developing mental health difficulties.
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However, more evidence is needed across age groups, sources of cortisol, and contexts to better
understand the linear and curvilinear associations between HPA axis activity and mental health.

There is a paucity of research examining HPA axis activity and child mental health difficulties in
low-resource settings, such as low- and middle-income countries (LMICs). Children in these
settings are likely to be exposed to a myriad of chronic stressors, such as poverty, disease
exposure, and food insecurity, that can alter both their stress system functioning and their
susceptibility to mental health difficulties. In addition, elucidating the association between HPA
axis activity and child mental health outcomes in LMICs can further our understanding of the
basic processes linking stress system functioning and child development across diverse contexts.
Studies in these settings have demonstrated a link between HPA axis activity and mental health
in adolescents both cross-sectionally (Nicolson & Ponnamperuma, 2019; Schindler et al., 2019;
Shaheen et al., 2020; Zimmerman et al., 2020) and longitudinally (Dajani, Hadfield, van Uum,
Greff, & Panter-Brick, 2018; Panter-Brick, Wiley, Sancilio, Dajani, & Hadfield, 2020) However,
few studies in low or high-resource settings have examined these longitudinal associations from
infancy to early childhood (Frost, Jelinek, Bernard, Lind, & Dozier, 2017; Saridjan et al., 2014).
Given that infancy is a period of high neuroplasticity, and early childhood is when mental health
difficulties may first become recognizable, this early period may offer a promising opportunity
for studying the influence of stress physiology on child socioemotional development.

In the current study, we examine the longitudinal associations between hair-derived HPA axis
markers at 12 months old and mental health difficulties at 36 months old in a sample of children
in rural Pakistan. In an effort to clarify the disparate findings in previous studies, we examine
both linear and curvilinear relationships between HPA axis indicators and child outcomes.

Method
Study design and sample

Data for these analyses were drawn from the Bachpan study, a birth cohort with an embedded
cluster-randomized control trial of a maternal depression intervention in rural Pakistan. Details
of the trial are available elsewhere (Atif et al., 2019; Maselko et al., 2020; Turner et al., 2016).
Briefly, women in their third trimester of pregnancy were recruited from 40 village clusters in
the Kallar Syedan region of Pakistan. Women were screened for depression using the Patient
Health Questionnaire-9 (PHQ-9). Those who scored above the cut-off of 10 were eligible for
enrollment in the trial. Village clusters were randomly assigned to receive the intervention or
enhanced usual care (control). In addition, at baseline, a sample of women who were not
depressed (i.e., scored below a 10 on the PHQ-9) were recruited within each village cluster to
create a population-representative sample (Sikander et al., 2019). Sample sizes and a study
timeline are presented in Supplemental Figure 1. When infants were 12 months old, a randomly
selected sub-sample of 177 (34 in the intervention group, 36 in the control group, and 34 in the
non-depressed group) mother-child dyads were approached for hair data collection (out of a
sample of 889 families interviewed). The subsample was selected to be balanced across
treatment groups. Of the 177 approached for hair sample collection, 158 families consented for
an acceptance rate of 89%. This acceptance rate aligns with the larger sample. Fifty-four infants
did not have enough hair to sample. The final dataset included hair samples from 104 infants.
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Measures
Hair-derived cortisol and DHEA

Approximately 200 strands of hair were collected from infants using standard collection
procedures (Russell, Koren, Rieder, & Uum, 2012). Infants provided 1 to 3 cm of hair. A single
cm of hair approximates one month of hormone secretion, meaning the cortisol and DHEA
values in this sample represent the average hormone secretion from the previous 1 to 3 months
(Kirschbaum, Tietze, Skoluda, & Dettenborn, 2009). Cortisol and DHEA were measured using
liquid chromatography mass spectrometry (LC-MS) by Dresden LabService (Gao et al., 2013;
Kirschbaum et al., 2009). This method involves simultaneously extracting steroid hormones
(including cortisol and DHEA) from whole (i.e., non-pulverized) hair samples by methanol
incubation (for more detail, see Gao et al., 2013). Hair samples were analyzed in a single batch.
Five DHEA values were below the detectable limit and were winsorized to the minimum value.
One DHEA value was identified as an outlier (i.e., over 3 SDs above the mean) and was
winsorized to three standard deviations above the mean. There were no cortisol outliers.

Mental health difficulties

Mothers reported on their children’s mental health difficulties at 36 months using the Strengths
and Difficulties Questionnaire (SDQ) (Finch, Yousafzai, Rasheed, & Obradovi¢, 2018;
Goodman, 2001). The SDQ includes 25 items measuring the frequency of symptoms in the
previous six months on a scale from 0 (not true) to 2 (certainly true). The SDQ provides an
overall Total Difficulties score (SDQ-TD; 20 items, o =.78), as well as five subscales:
Emotional Problems (5 items, a. = .61), Conduct Problems (5 items, o = .73), Hyperactivity
Problems (5 items, a = .50), Peer Problems (5 items, a =.20), and Prosocial Behavior (5 items,
o =.40). The SDQ-TD is the sum of all the scales except for Prosocial Behavior. On the
Emotional, Conduct, Hyperactivity, and Peer Problems subscales, higher scores indicate
increased symptoms. On the Prosocial Behavior scale, higher scores indicate increased positive
social behavior. The SDQ has been translated and validated in Urdu and has been used
extensively in LMICs (Samad, Hollis, Prince, & Goodman, 2005).

Covariates

Covariates included trial arm (depressed intervention, depressed control, non-depressed), child
sex, child age in days at the time of hair sampling, and family socioeconomic status at baseline.
Socioeconomic status was assessed using an index of household assets (Rustein & Johnson,
2004). This index included items such as land/home ownership, ownership of various household
items (e.g., television), type of materials used to build the home, and access to water and
sanitation. A polychoric principal components approach was applied to the asset items
(Kolenikov & Angeles, 2004) and the first principal component derived from this analysis was
used as the SES asset index. For more detail on this approach, see Maselko et al., 2018 and
Kolenikov & Angeles, 2004. Participants were divided into SES levels based on quintiles within
the sample.
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Statistical Analysis

Data was analyzed using Stata 16. Hair cortisol was log-transformed due to positive skew.
DHEA did not show a skewed distribution, so this was untransformed for analysis. In addition,
cortisol and DHEA were standardized prior to analysis. First, preliminary analyses were
conducted to test differences between the HPA axis subsample and the full study sample on
study variables, including demographic characteristics and SDQ scores. Through bivariate
correlations and ANOVAs, we also tested differences in cortisol and DHEA by
sociodemographic characteristics (i.e., child age, child sex, family SES) and trial arm. In main
analyses, we used Generalized Estimating Equations (GEE) with cluster-robust standard errors to
assess the relations between HPA axis markers at 12 months and mental health difficulties at 36
months (Wang, 2014). We ran models with HPA axis hormones predicting the SDQ Total
Difficulties scale. In additional analyses, we tested the associations between HPA axis hormones
and each subscale of the SDQ. For each outcome, linear, quadratic, and cubic models were
tested. Akaike Information Criterion (AIC) and Bayseian Information Criterion (BIC) were used
to assess each model’s fit. The best-fitting model (i.e., the model with the lowest AIC and BIC
values) for each outcome is presented in the results section. In addition, model fits for all models
are presented in Supplemental Table 2.

Results

Sample characteristics are presented in Table 1. In addition, Supplemental Table 1 presents a
comparison between the HPA subsample and the full sample on study variables. The HPA
subsample was similar to the full sample with the exception of having higher scores on the Peer
Problems subscale of the SDQ (t =-2.61, p <.01) compared to the full sample. Bivariate
correlations for key variables of interest are presented in Table 2. DHEA was positively
associated with child age. ANOVAs showed there were no differences in cortisol or DHEA by
child sex or SES quintile. There were no differences in cortisol by study arm, but there was a
significant difference in DHEA across groups (F = 7.26, p<.05). Those in the non-depressed (M
=13.52) and depressed intervention (M = 12.51) groups showed higher DHEA than those in the
depressed control group (M = 8.62).

We first tested the linear and curvilinear associations between hair cortisol and DHEA with the
SDQ Total Difficulties (SDQ-TD) score. Results are presented in Figure 1 and estimates are
described in Supplemental Tables 3 and 4. There was a statistically significant quadratic effect of
hair cortisol on the SDQ-TD score (B = 1.31, 95% ClI: 0.67, 1.95), such that the SDQ-TD score
is elevated when cortisol is relatively low and high, but decreased when cortisol is near the mean
(a U-shaped association). The quadratic model showed a better fit according to the AIC and BIC
compared to the linear model (see Supplemental Table 2). There was also a statistically
significant quadratic effect of DHEA on the SDQ-TD score (B = - 0.73, 95% CI: -1.30, -0.15).
This effect showed that the SDQ-TD was lower when DHEA was relatively high and relatively
low, and elevated when DHEA was near the mean (an inverse U-shaped association). The
guadratic model showed a better fit than the linear model when assessed with the AIC. When
assessed with the BIC, the linear model showed a better fit than the quadratic model.
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To gain further insights into the associations between cortisol, DHEA and specific types of
mental health difficulties, we tested the associations of hair cortisol and DHEA with subscales of
the SDQ. Figure 2 and Supplemental Table 3 show the associations between hair cortisol and
each SDQ subscale. There were statistically significant quadratic effects of cortisol on Emotional
Problems (B = 0.49 95% CI: 0.14, 0.84) and Conduct Problems (B = 0.47, 95% CI: 0.23, 0.71),
indicating a U-shaped association (i.e., emotional and conduct symptoms are elevated when
cortisol is relatively low and relatively high, but decreased when cortisol is around the mean).
For these outcomes, the quadratic models showed a better fit than the linear models on both the
AIC and BIC. There were no statistically significant associations between hair cortisol and any
other SDQ subscale. Figure 3 and Supplemental Table 4 show the associations between DHEA
and each SDQ subscale. There was a statistically significant quadratic effect of DHEA on
Emotional Problems (B =-.30, 95% CI: -0.56, -0.04) showing an inverted U-shaped association.
There was a quadratic effect of DHEA on Conduct problems of a similar magnitude, but this was
not statistically significant (B = -0.33, CI: -0.66, 0.00) Emotional and conduct symptoms were
lower when DHEA was relatively high or low, and higher when DHEA was near the mean. As
with the SDQ-TD, the quadratic models for both the emotional and conduct scales showed better
fits than the linear models when assessed with the AIC, but not the BIC. In addition, DHEA
showed a significant positive linear effect on the Prosocial Behavior scale (B = 0.33, 95% ClI:
0.08, 0.58), suggesting that increased DHEA at 12 months is associated with more prosocial
behaviors at 36 months. There were no other statistically significant associations between DHEA
and the SDQ subscales.

Discussion

The goal of this study was to examine longitudinal relations between hair derived HPA axis
biomarkers at 12 months of age and mental health difficulties at 36 months of age among
children living in rural Pakistan. Results showed that cortisol has a curvilinear relationship with
mental health difficulties, as measured by the Total Difficulties, Emotional Problems, and
Conduct Problems scales on the SDQ. These findings suggest that children show elevated mental
health difficulties when cortisol is both low and high, but not when cortisol is near the log-
transformed mean. Results also suggested a curvilinear association between DHEA and Total
Difficulties, Emotional Problems, and Conduct Problems in the opposing direction, such that
children showed decreased SDQ symptoms when DHEA was both low and high and elevated
SDQ symptoms when DHEA was near the mean. These findings may help explain discrepancies
in the literature relating cortisol and DHEA to psychopathology, which has shown effects of both
high and low hormones on mental health difficulties (Malisiova et al., 2020).

Early alterations in HPA axis activity may impact child psychological functioning through a
variety of mechanisms. First, HPA axis dysregulation may interfere with optimal brain
development early in life. Evidence suggests that excessive cortisol is associated with
suppressed neurogenesis and dendritic atrophy in the limbic system (Sapolsky, 2003). In
addition, animal models demonstrate that early stressful experiences predict heightened cortisol,
which is then associated with reduced connectivity between limbic structures (e.g., the amygdala,
the hippocampus) (Liu, Diorio, Day, Francis, & Meaney, 2000). These alterations in the limbic
system may have protracted effects on children’s self-regulatory capacities as they age,
eventually contributing to emotional and behavioral difficulties (Blair, 2010). The effects of
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HPA axis activity on brain development may be especially important during infancy, when
neural plasticity is high (Gee & Casey, 2015).

HPA axis activity early in life may also contribute to behavioral patterns that place children at
risk for psychological concerns over time. Low cortisol activity is associated with blunted
physiological and behavioral reactivity to acute stress. Blunted stress reactivity has been
associated with risk-taking behavior and externalizing problems in children, possibly as a result
of being less sensitive to dangers in the environment (Ellis, Oldehinkel, & Nederhof, 2017,
Ouellet-Morin et al., 2011). This may explain the U-shaped pattern in the association between
cortisol and later mental health difficulties, with children who show blunted (or low) cortisol also
showing increased emotional and conduct problems.

HPA axis activity may interact with environmental conditions to predict child adjustment. The
biological sensitivity to context theory posits that high or low HPA axis activity alone does not
necessarily predict child outcomes, but the combination of stress system functioning and
environmental factors (e.g., the safety of the child’s environment, the extent to which the child
feels supported, the predictability of the environment, parenting practices) may be more
important (Boyce & Ellis, 2005). For instance, children who show high HPA activity early in life
may be more sensitive to stressful experiences in childhood, and therefore may show more
behavioral and emotional problems if they are raised in a stressful environment. Those who are
low in HPA activity may be less responsive to stressful experiences and show similar levels of
psychological functioning regardless of their environment. This would suggest that future studies
characterizing physiological predictors of child socioemotional development would benefit from
including indicators of environmental stress.

Furthermore, the timing, chronicity, and number of stressors experienced by children may impact
the association between HPA axis activity and mental health. Research on trauma and post-
traumatic stress disorder (PTSD) has demonstrated that trauma exposure is associated with an
initial increase in cortisol, followed by attenuated cortisol over time. Work has also shown that
attenuated cortisol prior to trauma exposure may lead to increased vulnerability to PTSD. This
physiological mechanism may explain the dose-response relationship observed between number
of traumatic events and severity of PTSD symptoms (Steudte-Schmiedgen, Kirschbaum,
Alexander, & Stalder, 2016). In this sample, the occurrence of traumatic events may inform both
participants’ HPA axis activity and their susceptibility to mental health difficulties. However,
this was outside the scope of the current analyses.

The finding that hair cortisol during infancy has a U-shaped association with psychological
symptoms in early childhood suggests that capturing both types of cortisol dysregulation (i.e.,
both high and low cortisol values) may be valuable in identifying children most at risk for
developing psychological symptoms longitudinally. The finding that DHEA has an inverted U-
shaped association with psychological symptoms suggests that those with both high and low
DHEA levels in infancy may be at lower risk for developing mental health concerns in early
childhood. However, there were conflicts in model fit statistics based on the AIC and BIC for the
quadratic DHEA model, suggesting that more research is needed to draw conclusions around
curvilinear associations between DHEA and mental health. These findings provide a broader
view of how physiological stress system functioning may relate to behavior by moving beyond
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linear associations. Given the previous work showing curvilinear associations between early
adversity and HPA axis hormones (Bush, Obradovié, Adler, & Boyce, 2011; Shakiba et al.,
2020), considering the pathways between early stress exposure and child socioemotional
development in terms of non-linear relationships may allow researchers to better capture the
nuances in these associations.

We found that hair-derived DHEA at 12 months predicted increased parent-reported pro-social
behavior at 36 months. Some work suggests that DHEA supports neurodevelopment early in life,
including neurogenesis and plasticity in response to challenge (Greaves et al., 2019; Maninger,
Wolkowitz, Reus, Epel, & Mellon, 2009). It may be that high levels of DHEA in infancy support
optimal development in the brain areas underlying self-regulation, which then supports prosocial
behavior in early childhood. However, given the low reliability of the prosocial scale in this
sample, this finding should be interpreted with caution.

It is notable that DHEA and cortisol showed opposing effects on mental health difficulties, and
that only DHEA showed statistically significant effects on prosocial behavior. It may be that
DHEA and cortisol influence child development through independent pathways. Past research
has shown that DHEA and cortisol have opposing effects on neural development, with excessive
cortisol exerting neurotoxic effects and DHEA offsetting the impact of cortisol (Maninger et al.,
2009). Research also suggests that cortisol and DHEA have different mechanisms of action in
influencing neurotransmitters, different daily secretion patterns, and different regulatory
processes (for instance, cortisol is regulated by a negative feedback loop within the HPA axis,
but DHEA is not) (Kamin & Kertes, 2017). Disentangling the independent effects of cortisol and
DHEA may be a promising next step in understanding the complex associations between HPA
axis regulation and child development.

This study benefitted from a number of strengths, including a longitudinal design and multiple
markers of HPA axis activity (i.e., cortisol and DHEA). In addition, our sample in rural Pakistan
allows us to better understand HPA axis biomarkers and child development in a low-resource
setting. Moreover, the age of our sample meant were able to capture HPA axis activity and child
mental health difficulties during important periods (infancy and early childhood) for both
neurodevelopment and psychological development. There are also several limitations to this
study. First, our sample size was relatively small, which limited our ability to examine
moderators. Studies have shown that a multitude of factors, including environmental context
(e.g., family income, stress exposure), child sex, and child age may moderate the effects of
cortisol and DHEA on child development (Armstrong-Carter, Finch, Siyal, Yousafzai, &
Obradovi¢, 2020; Cicchetti & Rogosch, 2007b; Fuchs et al., 2018; Kimonis et al., 2019; Ouellet-
Morin et al., 2021). We also did not include information on traumatic events (e.g., abuse,
violence exposure) that may inform our results. HPA axis activity likely intersects with multiple
environmental, biological, and behavioral systems to influence child development. Furthermore,
we relied on parent self-report for child mental health difficulties, which may be subject to bias.
In addition, there is evidence to suggest that our measure of child mental health difficulties, the
SDQ, has limited clinical sensitivity and specificity in non-Western, low resource contexts
(Maldonado, Chandna, & Gladstone, 2019). Reliability estimates for the SDQ subscales were
mixed in this sample, with some scales (i.e., Peer Problem, Prosocial Behavior) showing poor
reliability. Future studies may benefit from incorporating a variety of adapted child mental health
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measures that have been validated for this setting, and using multi-informant and/or
observational methods to better understand child psychological functioning. Finally, it should be
noted that two years passed between when cortisol and DHEA were sampled (12 months) and
when outcomes were measured (36 months). It is possible children were exposed to other factors,
including stressful experiences, that may have impacted their socioemotional development
during this time.

This study demonstrated longitudinal and curvilinear associations between hair derived HPA
axis hormones in infancy and mental health difficulties in early childhood. These results point to
cortisol and DHEA as potential markers of risk and resilience among young children living in
rural Pakistan. Future research can expand on this work to understand the mechanisms by which
early experiences are physiologically embedded, and how such alterations in physiological
systems may contribute to child developmental trajectories.
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Table 1

Sample Characteristics

% (n) or Mean (SD) Range

Child characteristics

Child sex (% male) 46.15% (n = 48)
Child BMI (at 12 months) 16.03 (1.68) 11.67 —20.43
Child age in days (at 12 months) 372.22 (16.73) 351 — 466
Household characteristics
SES Quintile
Lowest 23.08% (n = 24)
Lower Middle 24.04% (n = 25)
Middle 19.23% (n = 20)
Upper Middle 16.35% (n = 17)
Upper 17.31% (n = 18)
Child mental health
SDQ Total Difficulties 15.13 (6.24) 4-30
Emotional Problems 3.30 (2.47) 0-10
Conduct Problems 3.51 (2.96) 0-10
Hyperactivity Problems 4.41 (1.84) 0-9
Peer Problems 3.90 (1.38) 1-7
Prosocial Behavior 8.15 (1.64) 3-10
Child hair derived HPA hormones
Cortisol 2.81 (1.03) 0.22-5.28
DHEA 11.53 (6.13) 0.24 —31.48

Notes: SDQ = Strengths and Difficulties Questionnaire. Cortisol values are log-transformed
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Table 2

Bivariate Correlations between Study Variables

15

Variable 1) ) (©), (4) ) (6) @) (8) (©)
(1) Cortisol (12 months) 1.000

(2) DHEA (12 months) 0.156 1.000

(3) Child age (12 months) 0.058  0.275** 1.000

(4) SDQ Total (36 months) -0.131  -0.129  -0.013 1.000

(5) SDQ Emotional Problems -0.197"  -0.028 0.049  0.774*** 1.000

(6) SDQ Conduct Problems -0.045  -0.129 -0.051  0.833***  0.429***  1.000

(7) SDQ Hyperactivity Problems -0.067  -0.193"  -0.023 0.697*** 0.334**  0.551*** 1,000

(8) SDQ Peer Problems -0.055  0.000  -0.002 0.428***  0.349*** 0.123 0.038 1.000

(9) SDQ Prosocial Behavior 0.104 0.2007 0.097  -0.242* 0.064 -0.371*** -0.231*  -0.105 1.000

fp<.10 *p < .05, **p<.01, ***p<.001

SDQ.= Strengths and Difficulties Questionnaire. Cortisol values are log-transformed.
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Figure 1. Quadratic fit plots of the relation between the SDQ Total Difficulties scale and hair cortisol (Panel A) and DHEA (Panel B)
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Figure 2. Quadratic fit plots of the relation between
cortisol and the SDQ Emotional Problems (Panel A)
and Conduct Problems (Panel B) scales. Linear fit
plots of Hyperactivity Problems (Panel C), Peer
Problems (Panel D), and Prosocial Behavior (Panel
E) scales.
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Figure 3. Quadratic fit plots of the relation between
cortisol and the SDQ Emotional Problems (Panel A)
and Conduct Problems (Panel B) scales. Linear fit
plots of Hyperactivity Problems (Panel C), Peer
Problems (Panel D), and Prosocial Behavior (Panel
E) scales.
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Supplemental Table 1

Comparison of Full Sample and HPA Subsample

HPA Subsample Full Sample

(n=104) (n = 836)

Mean (SD) Mean (SD)

Child sex (% male) 0.46 (.50) 0.51 (.50)
Child BMI (at 12 months) 16.03 (1.68) 16.03 (1.74)

Child age in days (at 12 months) 372.22 (16.73) 370.98 (15.21)

Low SES ( % poorest 3 quintiles) 0.59 (0.49) 0.66 (0.47)
SDQ Total Difficulties 15.13 (6.24) 14.01 (6.26)
Emotional Problems 3.30 (2.47) 3.00 (2.46)
Conduct Problems 3.51 (2.96) 3.32 (2.56)
Hyperactivity Problems 4.41 (1.84) 4.23 (1.86)
Peer Problems 3.90 (1.38)** 3.45 (1.59)
Prosocial Behavior 8.15 (1.64) 8.37 (1.69)

*p < .05, **p<.01, ***p<.001. Significance stars indicate t-tests between the full sample and the HPA subsample
SDQ = Strengths and Difficulties Questionnaire
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Supplemental Table 2

Fit Statistics Comparing Linear, Quadratic, and Cubic Models

SDQ Subscales

Emotional Conduct Hyperactivity Prosocial

SDQ Total Problems Problems Problems Peer Problems Behavior

AlC BIC AIC BIC AlIC BIC AlIC BIC AlC BIC AlIC BIC
Cortisol linear 602.47 617.60 429.89 445.02 467.98 483.11 378.60 393.73 329.20 344.33 359.89 375.02
Cortisol quadratic 595.27 612.93 423.14 440.79 464.86 48251 378.47 396.12 329.15 346.81 361.73 379.39
Cortisol cubic 596.99 617.17 425.04 44521 465.69 485.87 380.43 400.60 330.52 350.70 363.73 383.91
DHEA linear 603.97 619.10 434.95 450.08 467.55 482.68 377.01 392.14 329.50 344.63 357.88 373.02
DHEA quad 603.07 620.73 433.97 451.62 466.95 484.60 377.71 395.36 331.35 348.99 359.69 377.34
DHEA cubic 605.06 625.24 435.62 455.80 468.94 489.11 379.07 399.25 330.06 350.24 360.58 380.75

Notes: Bolded AIC and BIC scores correspond to the best fitting model.

20



HPA AXIS AND CHILD MENTAL HEALTH

Supplemental Table 3

Linear And Quadratic Models with Cortisol Predicting Mental Health Difficulties

SDQ Subscales
SDQ Emotional Conduct  Hyperactivity Peer Prosocial
Total Problems Problems Problems Problems  Behavior
Linear Model
Cortisol -0.92 -0.60* -0.08 -0.17 -0.09 0.12
(0.76) (0.26) (0.30) (0.22) (0.16) (0.15)
Quadratic Model
Cortisol (linear) -0.97 -0.60** -0.11 -0.18 -0.10 0.12
(0.50) (0.19) (0.21) (0.19) (0.14) (0.15)
Cortisol (quadratic) ~ 1.31*** 0.50** 0.47*** 0.18 0.14 -0.04
(0.33) (0.18) (0.12) (0.12) (0.09) (0.08)

Notes: Cluster robust standard errors are in parentheses. Models control for study arm (Non-depressed, Intervention, and Enhanced
Usual Care), socioeconomic status, child sex and child age at the time of the hair sampling.
*p <.05, **p<.01, ***p<.001
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Supplemental Table 4

Linear And Quadratic Models with DHEA Predicting Mental Health Difficulties

SDQ Subscales

SDQ Total Emotional Conduct  Hyperactivity Peer Prosoc_ial
Problems Problems Problems Problems Behavior
Linear Model
DHEA -0.60 -0.05 -0.25 -0.33 0.04 0.33**
(0.71) (0.29) (0.28) (0.22) (0.16) (0.13)
Quadratic Model
DHEA (linear) 0.08 0.23 0.06 -0.22 -0.04 0.31
(0.82) (0.33) (0.34) (0.22) (0.18) (0.17)
DHEA -0.73* -0.30* -0.32 -0.13 0.07 0.02
(quadratic) (0.29) (0.14) (0.18) (0.11) (0.10) (0.10)

Notes: Cluster robust standard errors are in parentheses. Models control for study arm (Non-depressed, Intervention, and Enhanced
Usual Care), socioeconomic status, child sex and child age at the time of the hair sampling.
*p <.05, **p<.01, ***p<.001
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Supplemental Figure 1: Timeline and sample size for hair subsample.



