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Previous evidence on cortisol output and socioeconomic status (SES) has been mixed, with studies finding that
lower SES can be associated with higher or lower cortisol output, and null associations have also been reported.
We hypothesized that these inconsistencies may be due to an underlying curvilinear, inverted-U pattern of as-
sociation, such that low income is related to increased likelihood of both low and high cortisol output. We tested
these curvilinear links among family income and cortisol indices in the Avon Longitudinal Study of Parents and
Children (N = 803). Maternal reports of family income when the study children were 33 and 47 months of age
were averaged to estimate early-childhood family income. Three cortisol indices were derived from samples
collected in adolescence (15.5 years of age): the cortisol awakening response (CAR), area under the curve (AUC)
cortisol, and the diurnal cortisol slope. As hypothesized, the CAR exhibited a curvilinear, inverted-U relation with
childhood income, with low childhood income being associated with both the lowest and the highest CARs.
These findings suggest that discrepancies in prior findings on low SES and the CAR may be due to curvilinear
patterns of association. However, childhood income was not significantly associated with adolescent cortisol
diurnal slope or AUC. Future work should clarify the factors that might predispose to high versus low CAR given

equivalent low SES in childhood.

Low socioeconomic status (SES), operationalized as low income,
education, or occupational status, has been consistently associated with
poor health during childhood and across the lifespan (Adler and
Rehkopf, 2008; Alexeeff et al., 2019; Chen et al., 2006; Stringhini et al.,
2017; Zell et al., 2018). One proposed mechanism contributing to this
gradient is the biological embedding of early experiences during the first
five years of life (Lupien et al., 2009; Miller et al., 2011). Early-life ex-
periences can alter the neurobiological substrates of stress detection,
reactivity, and recovery in ways that program later stress physiology and
shape life-long health (Lupien et al., 2009; Meaney and Szyf, 2005).
Consistent with this proposal, differences in the diurnal activity of stress
neurobiology systems, such as the hypothalamic-pituitary-adrenal
(HPA) axis, have been linked to an increased likelihood of suffering
from later stress-related mental and physical health disorders, such as
depression and various immune disorders (Adam et al., 2017; Shields
and Slavich, 2017).

However, research examining links between SES and indices of
diurnal HPA activity has been mixed, and the vast majority of studies
examine concurrent associations among SES and diurnal HPA activity

(Dowd et al., 2009), rather than long-term associations between early
experience and later diurnal HPA activity. Three of the most commonly
used indices of diurnal HPA functioning are the cortisol awakening
response, the spike in cortisol 30 min after awakening (CAR; Fries et al.,
2009), the total output over the course of the day known as area under
the curve (AUG; Pruessner et al., 2003), and the difference between peak
morning and nadir evening cortisol levels known as the diurnal slope
(Kirschbaum and Hellhammer, 1989). In an early review of this litera-
ture, Dowd et al. (2009) found there was no overall linear association
between SES and cortisol among studies examining these concurrent
associations, but rather that patterns of both HPA hypo- and hyperac-
tivity had been observed. More recent research using each of the three
main indices of diurnal cortisol production continued to demonstrate
this. For example, lower SES has been linked to a lower CAR in children
(Raffington et al., 2018) and adults (Hajat et al., 2015; Karlamangla
et al., 2013), higher CAR in infants (Saridjan et al., 2010), and other
studies have found no association in children (Evans et al., 2020), ad-
olescents (Deer et al., 2018), or adults (Adler et al., 1994; Bann et al.,
2015; Zilioli et al., 2017). Similarly, low SES has been associated with
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lower cortisol area under the curve (AUC) in adults (Hajat et al., 2015),
higher cortisol AUC in infants (Clearfield et al., 2014; Saridjan et al.,
2010), children (Roubinov et al., 2018) and adolescents (Deer et al.,
2018), or not significantly correlated with cortisol AUC in either chil-
dren (Evans et al., 2020) or adults (Cohen et al., 2006; Garcia et al.,
2017; Karlamangla et al., 2013). Lastly, diurnal cortisol slopes have been
more consistently linked to SES, with most studies finding low SES
linked to flatter slopes in adults (Cohen et al., 2006; Garcia et al., 2017;
Groffen et al., 2015; Hajat et al., 2015; Karlamangla et al., 2013) and
adolescents (Deer et al., 2018), but there were also non-significant as-
sociations reported in studies of infants (Clearfield et al., 2014; Saridjan
et al., 2010) and children (Evans et al., 2020).

Fewer studies have examined long-term associations between SES
during early childhood and later diurnal HPA activity. Two studies
found that SES in early childhood predicted adult diurnal HPA axis ac-
tivity, even when accounting for current SES (Franz et al., 2013; Miller
et al., 2009), though this finding is also somewhat inconsistent and may
depend on the HPA outcome. Desantis and colleagues (2015), found that
cumulative stress was a greater predictor of diurnal cortisol outcomes
than any one developmental period, while Li et al. (2007) found that the
predictive power of childhood and adulthood SES varied by cortisol
outcome, and McFarland and Hayward (2014) found that low SES in
infancy and adolescence (but not childhood) was related to lower CAR in
adolescence.

In sum, the existing literature on the links between SES and HPA
functioning is complex and inconsistent, including both contradictory
findings and null results. One possible explanation for these in-
consistencies is that the relation between SES and diurnal HPA func-
tioning may be curvilinear, such that living in low-SES contexts may be
associated with having either a hypoactive or hyperactive HPA axis. This
pattern would be predicted by allostatic load theory, which posits that
high chronic stress, which is frequently associated with low-SES envi-
ronments, can lead to dysregulation of homeostatic physiological sys-
tems, which can manifest as either failure of negative feedback
mechanisms leading to HPA hyperactivity or inadequate, down-
regulated HPA hypoactivity (McEwen, 1998). The subsequent associa-
tion between diurnal HPA axis activity and both physical and mental
well-being also exhibits an inverse U-shaped curve, such that both
hypo- and hypercortisolism are associated with increased risk for disease
manifestation (McEwen and Akil, 2020). Associations between higher
SES and better health may therefore be explained by relations between
higher childhood SES and more moderate cortisol activity.

The determinants of whether individuals exposed to early adversity
exhibit HPA hypo- or hyperactivity are still largely unknown. Theoret-
ical models and empirical evidence suggest that differential effects of
adversity on HPA functioning may depend on type of adverse experience
(e.g., threat vs. deprivation; McLaughlin and Sheridan, 2016). For
example, certain types of adverse experiences, such as abuse, may be
more likely to lead to hypocortisolism, whereas other types of adver-
sities, such as exposure to maternal depression, may be more likely to
result in hypercortisolism (Lupien et al., 2009).

The relation between SES and diurnal HPA activity may therefore be
curvilinear because low SES is associated with exposure to a diversity of
stressful experiences, such as negative life events or neighborhood
stressors (Blair and Raver, 2012; Clearfield et al., 2014; Roubinov et al.,
2018). This heterogeneity in low SES environments may have led to
weak or inconsistent results in previous studies testing linear models. We
are not aware of any previous study that tested whether low SES was
associated with both hypo- and hypercortisolism simultaneously within
the same sample. However, a similar pattern was observed in a recent
study of post-institutionalized adolescents, who exhibited either lower
or higher morning cortisol compared to controls, with youth who had
experienced the most severe early-life neglect exhibiting hypoactivity
(Shirtcliff et al., 2021).
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1. The present study

The current study aimed to test the hypothesized curvilinear re-
lations between SES in early life (parental income from birth to age five)
and diurnal HPA axis activity in adolescence (15.5 years of age), which
was the assessment available in a large sample from the United
Kingdom. These ages were chosen based on theoretical expectations that
birth to age five is a period of sensitivity to adverse experience. Addi-
tionally, adolescence is a period of dynamic changes in the HPA axis,
and endocrine function during this period predicts later health outcomes
(Dorn et al., 2019). In the current study, we examined the three main
indices of basal HPA functioning, the CAR, AUC, and diurnal slope.
Based on the literature described previously, we tested the hypothesis
that there would be a curvilinear association between early SES and
diurnal HPA axis activity in adolescence, such that low SES in early
childhood would be related to both hypo- and hyperactivity of the HPA
axis in adolescence. We tested curvilinear patterns for all three cortisol
indices for consistency. The hypothesized quadratic patterns for CAR
and AUC are based on prior literature linking lower SES to both lower
and higher cortisol output on these metrics. However, we recognize that
most prior studies on diurnal cortisol slopes reported unidirectional
associations of low SES with flatter diurnal slopes, though the null
findings involving diurnal slopes raise the possibility that linear models
may not adequately capture the association, justifying our choice to test
curvilinear models for all three cortisol indices. Due to the heteroge-
neous nature of experiences that low SES children encounter, we also
conducted exploratory analyses to examine whether specific features of
the environment could explain the association between low childhood
SES and cortisol outcomes, including the following features: (a) financial
difficulties, (b) negative life events (e.g., separation from parents, sexual
abuse), and (c) neighborhood quality.

2. Method
2.1. Participants

Participants in this analysis were participants from the Avon Longi-
tudinal Study of Parents and Children who had data available on any of
our measures of interest. ALSPAC is an ongoing birth cohort study that
aims to follow more than 14,000 participants from birth into adulthood
to understand the role of environmental and genetic factors in shaping a
wide range of developmental and health outcomes. Mothers were
recruited if they had an expected delivery date between April 1, 1991
and December 31, 1992 and lived in the former county of Avon in the
United Kingdom. The total sample size is 15,454 pregnancies, resulting
in 15,589 foetuses. Of these 14,901 were alive at 1 year of age. Of these
participants, 803 (435 female) had usable childhood income data and
usable cortisol data, and were thus included in this study. Most partic-
ipants—91.5%—identified as White (n = 735); 1.2% identified as
nonwhite, and race/ethnicity data was not reported for 7.2% of the
study sample. This rich dataset includes many waves of data collection,
including questionnaires completed by children, parents, and teachers;
administrative records; observational data; clinical assessments; and
biological samples. Please note that the study website contains details of
all the data that are available through a fully searchable data dictionary
and variable search tool: http://www.bristol.ac.uk/alspac/researchers/
our-data/. For further information regarding sample enrollment,
participant characteristics, and general study methodology, we refer the
reader to publications from the ALSPAC team that have profiled this
cohort (Boyd et al., 2013; Fraser et al., 2013; Golding et al., 2001).
Ethical approval for the study was obtained from the ALSPAC Ethics and
Law Committee and the Local Research Ethics Committees. Informed
consent for the use of the data collected via questionnaires and clinics
was obtained from participants following the recommendations of the
ALSPAC Ethics and Law Committee at the time.
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2.2. Measures

2.2.1. Family income

Mothers reported their family’s weekly take-home income at two
time points before the child was five years old: when the child was 33
months and 47 months of age. When the study children were less than
five years of age, mothers reported whether their weekly family income
was less than £ 100, £ 100-199, £ 200-299, £ 300-399, or more than £
400. The values at the two time points were averaged to create a com-
posite variable because of their high correlation (r = 0.80) and our
theoretically motivated expectation that SES prior to age five would be
most influential in shaping HPA axis function. In order to control for
later family income, maternal report of family income when the child
was 11 years of age was used. When the study children were 11 years of
age, mothers reported whether their weekly family income was less than
£ 120, £ 120-189, £ 190-239, £ 240-289, £ 290-359, £ 360-429, £
430-479, £ 480-559, £ 560-799, or more than £ 800.

2.2.2. Parental education

Parental education level was assessed when the child was five years
of age and was assessed through maternal report. Education level was an
ordinal variable indexing the highest level reached within the British
education system and the prestige of their degree, ranging from 1
(having no educational qualifications) to 13 (obtaining a university
degree). The highest level achieved by the mother or the father at this
time point was used.

2.2.3. Financial difficulties

Report of family financial difficulties was available at two instances
before the child was five years of age: when the child was 21 months and
33 months of age (rs > 0.66). Mothers completed a self-report ques-
tionnaire inquiring about difficulty affording food, clothing, heating,
rent, and other necessities for their child. Responses were given on a
four-point scale ranging from “not difficult” to “very difficult”. If they
received social security that helped them afford heating and rent this
was coded as “bit difficult” (3), as suggested by ALSPAC. The composite
scores at each time point had high internal consistency (Cronbach’s as >
0.84). Higher scores on this scale indicate that the family had more
financial difficulties. The values at the two time points were averaged to
create a composite variable for the same reasons described under the
family income section.

2.2.4. Life events score

Mothers reported on life events that their child experienced four
times before the child was five years of age: when the child was 18
months, 30 months, 42 months, and 57 months of age (rs >0.13; auto-
correlation rs >0.25). Mothers completed a self-report questionnaire
where they were asked about the following 15 life events at each time
point: the child was taken into care, a pet died, they had a shock or
fright, they were physically hurt by someone, they were sexually abused,
they were separated from their mother, they were separated from their
father, they were admitted to hospital, they changed care taker, or they
were separated from someone else. Mothers reported whether their child
experienced this event and how impacted they were by it on a four-point
scale that ranged from the child being quite upset to not being upset. For
the current analyses we used a count variable of the number of parent-
reported life events the child had experienced in each time period; we
summed the total number of negative life events experienced up to age
five to provide a total count of negative life events up to age five, with
higher scores indicating more negative life events.

2.2.5. Neighborhood quality

Mothers reported the quality of the neighborhood in which they
lived at two points before the child was five years of age: when the child
was 21 months and 33 months of age (r = 0.62). Mothers completed a
self-report questionnaire inquiring about the extent to which the
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following issues were a problem for the family: noise from other homes,
noise from outside, rubbish dumped in the streets, dog dirt on the
pavement, vandalism, burglaries, attacks, and disturbance from youth.
Response options for each item were that the issue was a serious problem
(1), the issue was a minor problem (2), the issue was not a problem (3),
or no opinion (3). To make a composite score at each time point, answers
that stated “not a problem” or “no opinion” were equated and the re-
sponses for the items were reversed and then summed. The composite
scores at each time point had high reliability (Cronbach’s a = 0.82 and
0.80, respectively). Higher scores on this scale indicate that the family
had more severe problems in their neighborhood. The values at the two
time points were averaged to create a more reliable composite variable.

2.2.6. Diurnal cortisol

As outlined in O’ Donnell et al. (2013), the cortisol assessment in this
study included four samples per day that were taken on three typical
school days. There was some planned missingness, such that 3020 par-
ticipants were invited to provide saliva samples out of the full sample.
Some participants chose not to participate, with n = 1845 consenting to
participate. Of these, n = 1033 returned saliva sampling packs, and n =
899 provided at least one complete day of samples (O’Donnell et al.,
2013). The four collection time points were at waking (immediately
after waking and before getting out of bed), 30 min after waking, in the
afternoon and before bedtime. Adolescents were shown how to collect
saliva by a research assistant and were given detailed instructions at the
15-year clinic visit that they participated in. In order to capture various
aspects of diurnal HPA axis activity, the cortisol awakening response
(CAR; the spike in cortisol approximately 30 min after waking), total
daily cortisol output (area under the curve, AUC), and the diurnal
cortisol slope (the slope from the first morning wake-up sample sub-
tracted from the evening sample, and divided by the time elapsed be-
tween these samples) were calculated using standard formulas
(Pruessner et al., 2003). Individuals whose second cortisol sample (i.e.,
the sample used to index the post-wakening increase in cortisol) was
taken less than 15 min after the first cortisol sample or more than 45 min
after the first cortisol sample were excluded from CAR analyses. Because
of extreme outliers present in the cortisol data, each cortisol variable
was winsorized at the equivalent of 2.5 standard deviations in normally
distributed data, such that 1.2% of the data at extreme values were
replaced with the values at the trimmed quantile. Each measure of
diurnal HPA axis function (i.e., CAR, AUC, slope) was averaged across
the three days of assessment in order to create a more reliable
composite.

2.3. Data analysis

Results include frequentist statistics, which were produced by gen-
eral linear models, and Bayes factors, which were derived from Bayesian
regression analyses using priors described by Rouder and Morey (2012).
All analyses were conducted using R, version 4.0.4. Bayes factors were
derived using a leave-one-out approach for each coefficient, and these
Bayesian models were fit with the BayesFactor package, version
0.9.12-4.2, using the functions ImBF() and regressionBF(). The Bayes-
Factor package does not output regression coefficients, so regression
coefficients and their corresponding p values were derived using the
standard general linear model function Im(). The criterion for signifi-
cance was set at the standard a = 0.05, though we also report whether a
significant coefficient met the criterion for significance with Bonferroni
correction (with three cortisol indices, the Bonferroni criterion for sig-
nificance is 0.05/3 = 0.017). For each analysis, we examined linear and
quadratic coefficients and report Bayes factors, standardized co-
efficients, and p values for each.

Bayes factors (BF1o) presented are Bayes factors that quantify the
evidence in favor of including a given coefficient in the model, using a
leave-one-out approach comparing the full model to the model sans that
coefficient. A Bayes factor quantifies the evidence in favor of the model
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of interest versus another model, such that a Bayes factor greater than 1
indicates that the data were more likely to be observed in the model of
interest than an alternative model (e.g., a Bayes factor of 2.5 indicates
that the data are 2.5 times as likely to have occurred given the model of
interest than the model it is being tested against, such as a null model),
whereas a Bayes factor BFjq less than 1 indicates evidence against the
data occurring under that model. A Bayes factor BF;o of 3.16 or greater
indicates substantial evidence in favor of the data being observed in the
model of interest (Jeffreys, 1961)—in this case, that the regression co-
efficient is an important contributor to explaining the data explained by
the model. Models using frequentist statistics were compared with the
Akaike information criterion (AIC); AAIC values > 2 are considered to
indicate notably better model fit (Burnham and Anderson, 2004).

Analyses including covariates controlled for participant sex, race/
ethnicity, and more recent indices of socioeconomic status (i.e., income
at the most recent time point prior to cortisol collection, namely, 11
years 2 months of age). Sex recorded on the child’s birth certificate was
used as the sex variable in the present analyses. Race/ethnicity was
indexed through self-report when the study child was 9 years old.
Missing data were excluded listwise across analyses.

3. Results
3.1. Preliminary analyses

We first tested whether participants with any cortisol data differed
significantly from the broader ALSPAC sample. In these analyses, we
found that participants with any cortisol data had significantly higher
childhood income (M = 3.56, SE = 0.04) than participants without
cortisol data (M = 3.36, SE = 0.01), t(9997) = 4.76,p < 0.001,d = 0.17.
Similarly, participants with any cortisol data had significantly higher
childhood parental educational attainment (M = 8.44, SE = 0.14) than
participants without cortisol data (M = 7.78, SE = 0.05), t(8882) = 4.47,
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p < 0.001,d = 0.16.
Descriptive statistics and bivariate correlations for all variables
considered in this manuscript are presented in Table 1.

3.2. Primary analyses

We examined whether the CAR, cortisol AUC, or cortisol slopes were
related to indices of socioeconomic status in a quadratic func-
tion—hypothesizing that low socioeconomic status would be related to
either hypo- or hyperactivity of the HPA axis.

3.2.1. CAR

As hypothesized, we found that the CAR exhibited an inverted-U
relation with childhood income, with low childhood income being
associated with both hypo- and hyperactivity of the HPA axis (see
Fig. 1), Plinear = 0.093, Plinear = 0.087, BF1g.inear = 0.52, Bquadratic =
~0.152, pquadratic = 0-005, BF10.quadratic = 6.01, R? = 0.011 (Table 2).
The significant results for the quadratic association between the CAR
and childhood income held when applying a Bonferroni correction (p <
0.017) to account for testing multiple diurnal cortisol measures. Model
fit statistics also showed that the quadratic model (AIC = 2270.01) was a
better fit to the data than the linear model (AIC = 2275.96), AAIC =
—5.95. This result was robust to outliers: excluding cases with |DFBE-
TAS]| in either the quadratic coefficient or the whole model greater than
2/5qrt(N) (linear ps > 0.062, quadratic ps < 0.006), excluding cases with
studentized residuals greater or less than 2 or 3 (linear ps > 0.086,
quadratic ps < 0.010), and manual exclusion of cases when the CAR was
greater than 20 or less than —10 (linear p = 0.081, quadratic p = 0.020)
produced identical results (all linear fs > 0.089 and <0.105, all
quadratic s > —0.160 and < —0.140).

Controlling for participant sex, race/ethnicity, and recent income did
not alter the quadratic association between childhood income and the
CAR. In particular, the CAR continued to exhibit an inverted-U relation

Table 1
Descriptive Statistics for and Correlations among Variables Considered in this Study.
Variable Possible Range n Mean (SD) Range 1 2 3 4 5 6 7 8 9 10
1. CAR 736 3.75 (4.64), -17.7 -26.8
2. AUC 776 57.94 8.9 - 259.8 -.08*
(28.75)
3. Cortisol Slope 788 -0.44 (0.27) -1.7 -0.7 25%** -.62%**
4. Weekly Family Income Upto Age5 803  3.58 (1.13) 1-5 -.02 -.05 .00
(Range 1-5)
5. Weekly Family Income at Age 11 656  7.15(2.42) 1-10 .02 .00 -.02
(Range 1-10)
6. Parent Education Up to Age 5 763 8.52 (3.91) 1-13 .05 -.03 .05
(Range 1-13)
7. Negative Life Events Up to Age 5 802  0.66 (0.58) 0-3 -.03 -.00 .06 .06 -.05 .07*
(Range 1-15)
8. Neighborhood Quality Up to Age 5 796 3.01 (2.45) 0-135 -.08* .01 -.01 - 15%** - 17%%* -.03 145
(Range 1-23)
9. Financial Diff. Up to Age 5 791 2.84 (3.32) 0-17.3 -.00 -.00 .03 - 54 - 42k - 247 .05 2]
(Range 1-23)
10. Child Sex 803 - 19%%* - 15%%* A1 .02 .04 .02 -.00 .07 .00
Male: 368 (45.8%)
Female: 435 (54.2%)
11. Child Race/Ethnicity 803 -.00 -.05 .06 -.02 .03 .06 .02 .02 .04 -.00

White: 753 (91.5%)
Minority: 10 (1.2%)
Unreported: 58 (7.2%)

Note: *p <.05, **p <.01,

**p <.001. CAR = Cortisol Awakening Response; AUC = Cortisol Area Under the Curve. This table is based on people who have at least one of

the three cortisol summary scores and family income data. Family income at ages 0-5 was an ordinal variable ranging from 1 to 5 and representing weekly income in
pounds: 1 = <100; 2 = 100-199; 3 = 200-299; 4 = 300-399; 5 = >400. Family income at age 11 was an ordinal variable ranging from 1 to 10 and representing weekly
income in pounds: 1 < 120; 2 = 120-189; 3 = 190-239; 4 = 240-289; 5 = 290-359; 6 = 360-429; 7 = 430-479; 8 = 480-559; 9 = 560-799; 10 > 800. Parental education
was an ordinal variable ranging from 1-13 with the following levels: 1 = no educational qualifications; 2 = has CSE/GCSE (D, E, F, G); 3 = has O-level/GCSE (A, B, C); 4
= has A-levels; 5 = has vocational qualification; 6 = has done apprenticeship; 7 = is a state enrolled nurse; 8 = is a state registered nurse; 9 = has city and guilds
intermediate technical qualification; 10 = has city and guilds final technical qualification; 11 = has city and guilds full technical qualification; 12 = has a teaching
qualification; 13 = has university degree. Correlations between sex and ethnicity with other variables are Spearman correlations.
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Fig. 1. Quadratic association between childhood income and the cortisol awakening response. Lower childhood income predicted both hypo- and hyperactive
cortisol awakening responses. The probability density function of the cortisol awakening response is represented on the top of the scatterplot and the probability
density function of childhood income is represented on the right side of the scatterplot.

Table 2
Association of childhood income with adolescent indices of HPA axis function.

Outcome: family income at age 5

Predictor B i p
Model 1

Intercept 3.603 <0.001
CAR - linear 0.023 0.093 0.087
CAR — quadratic -0.003 -0.152 0.005
Model 2

Intercept 3.871 <0.001
AUC — linear -0.007 -0.186 0.063
AUC — quadratic <0.001 0.147 0.143
Model 3

Intercept 3.464 <0.001
Cortisol slope — linear -0.517 -0.122 0.129
Cortisol slope — quadratic -0.463 -0.141 0.078

Note: Significant § coefficients are represented with boldface font. Family in-
come at age 5 is modeled from cortisol measures to assess quadratic associations
with cortisol.

with childhood income, Bjinear = 0.036, Plinear = 0.411, BFig.inear
=0.13, ﬁquadratic = —0.119, Pquadratic = 0.011, BFIO-quadratic =3.11, ARZ
= 0.009 (Table 3). In short, the CAR exhibited a reliable inverted-U
relation with childhood income.

3.2.2. AUC and slopes

We also assessed whether AUC and slopes related to childhood in-
come in an inverted-U function. Although these variables tended to
show the same directions of estimates, none of the quadratic terms
reached statistical significance or achieved a Bayes factor greater than 1
(ps > 0.078, BFq0s < 0.56; see Tables 2 and 3). None of these terms
reached significance when statistical outliers were removed from the
models (using the same criteria as the CAR analyses above) or when
covariates were included in the models. Therefore, cortisol AUC and
slopes were not associated with early childhood income in the same way
as the CAR.

Table 3
Association of childhood income (age 0-5) and adolescent indices of HPA axis
function, including covariates.

Outcome: family income at age 5

Predictor B B p
Model 1
Intercept 1.635 <0.001
CAR — linear 0.009 0.036 0.439
CAR — quadratic -0.002 -0.119 0.011
Family Income at Age 11 0.282 0.601 <0.001
Sex (female) 0.019 0.009 0.800
Race/Ethnicity (minority) 0.200 0.018 0.585
Model 2
Intercept 1.579 <0.001
AUC - linear -0.014 <0.001 0.990
AUC — quadratic -1.545 -0.042 0.193
Family income at age 11 0.287 0.615 <0.001
Sex (female) -0.061 -0.027 0.396
Race/Ethnicity (minority) 0.229 0.020 0.527
Model 3
Intercept 1.567 <0.001
Slope — linear -0.872 -0.027 0.407
Slope — quadratic 0.555 0.018 0.580
Family income at age 11 0.288 0.614 <0.001
Sex (female) -0.051 -0.023 0.488
Race/Ethnicity (minority) 0.209 0.019 0.566

Note: Significant f coefficients are represented with boldface font. Family in-
come at age 0-5 is modeled from cortisol measures to assess quadratic associ-
ations with cortisol.

3.3. Sensitivity analyses

We also examined potential associations with parental education up
to child age five to determine if diurnal HPA axis function exhibited a
quadratic association with other indices of childhood socioeconomic
status. We found the same general pattern of results with parent
educational attainment at child age five used instead of childhood in-
come. In particular, low parent educational attainment was associated
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Fig. 2. Quadratic association between parental education and the cortisol awakening response. Lower parental education in early childhood predicted both hypo-
and hyperactive cortisol awakening responses. The probability density function of the cortisol awakening response is represented on the top of the scatterplot and the
probability density function of parental education is represented on the right side of the scatterplot.

with CAR hypo- and hyperactivity (see Fig. 2), Blinear = 0.165, Dlinear
= 0.002, BF10.linear = 12.28, Bquadratic = —0.166, Pquadratic = 0.002, BF1o.
quadratic = 12.89, R? = 0.015. This analysis was also robust to outliers:
excluding cases using the same criteria as in the primary analyses pro-
duced identical results (linear s >0.154 and <0.179, linear ps < 0.004;
quadratic ps > —0.167 and < —0.158, quadratic ps < 0.008). Again,
similar to childhood income, cortisol AUC and cortisol slopes were not
related to childhood parental education in a quadratic function,
ps > 0.083, BF1ps < 0.87.

To test the possibility that the inclusion of covariates on the predictor
side of the regression equations may not fully parse out variance from
the linear and quadratic terms, we conducted sensitivity analyses in
which cortisol indices and childhood income were each regressed onto
the covariates in separate models, residuals were saved and residualized
income was regressed onto residualized cortisol metrics (linear and
squared terms). All statistical inferences were identical in these analyses,
significant findings remained significant and null results remained null.

Finally, we conducted exploratory analyses to assess potential ex-
planations of the quadratic association between the CAR and childhood
income. First, we assessed associations between the CAR and mother-
reported financial difficulties up to child age five, mother-reported
child negative life events up to age five, and mother-reported neigh-
borhood quality up to age 5. Surprisingly, however, the CAR was not
associated with any of these variables in a quadratic function, quadratic
ps > 0.086. Lastly, we tested whether there was an interaction between
early childhood and late adolescence income that might explain the
finding of both low and high CAR in low-SES youth. Separate models
testing an interaction term between early and later income found the
interaction was not significantly associated with the CAR (p = 0.848), so
these interaction terms were dropped from the models for the sake of
parsimony. Therefore, none of these variables or an interaction between
early and late income could explain the quadratic association between
the CAR and childhood income.

4. Discussion

A longstanding finding in the socioeconomic status literature is that
there is a gradient of health along the socioeconomic spectrum (Adler

etal., 1994). One proposed mechanism of this gradient is the embedding
of experience in physiological stress-response systems such as the HPA
axis (Lupien et al., 2009). In support of the idea that the HPA axis might
play a role in the link between socioeconomic status (SES) and health,
much work has found links between SES and diurnal HPA axis activity
(e.g., Cohen et al., 2006; Hajat et al., 2015). However, much of this
literature is mixed (reviewed in Dowd et al., 2009). We hypothesized
that these inconsistencies may be due to a curvilinear pattern of asso-
ciation. In the current study, we assessed potential linear and curvilinear
relations between SES in early childhood and diurnal HPA axis activity
in adolescence in a large sample of youth from the United Kingdom.

Partially consistent with hypotheses, we observed a quadratic rela-
tion between childhood SES and the CAR, such that low childhood SES
was related to both low and high CARs. Notably, this quadratic associ-
ation held even when we controlled for sex, race/ethnicity, and income
at 11 years of age, and it also emerged when we assessed the association
between the CAR and maternal education instead of income. Contrary to
hypotheses, however, we found no associations between childhood SES
and indicators of other aspects of diurnal HPA axis function (i.e., cortisol
AUC and cortisol slopes). Somewhat surprisingly, we also found that the
CAR results were not explained by any of the explored variables, such as
mother-reported child negative life events. We discuss these results in
turn.

The finding that low SES was related to both the lowest and highest
CAR suggests the possibility that previous studies, which only tested
linear models, may have masked an underlying curvilinear pattern. This
could explain why some studies have found that low SES is linked to
lower CAR (Hajat et al., 2015; Karlamangla et al., 2013; Raffington
et al., 2018), whereas others have linked low SES to higher CAR (Sar-
idjan et al., 2010), and still others have found no link (Bann et al., 2015;
Cohen et al., 2006; Deer et al., 2018; Evans et al., 2020; Zilioli et al.,
2017). In particular, our results suggest that the reason for these mixed
and null findings in prior studies is that the relation between these two
variables appears to be quadratic. We can only speculate on why
childhood SES may confer both CAR hypoactivity and hyperactivity.
Current theoretical perspectives, supported by empirical evidence,
suggest that duration and timing of adversity exposure may determine
whether alterations to HPA axis functioning result in hyper- vs.
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hypocortisolism (Fries et al., 2005; Miller et al., 2007). Specifically,
more recent stress exposure is associated with hypercortisolism,
whereas more distal (e.g., early childhood) or enduring (e.g., lifelong)
exposure to adversity is associated with hypocortisolism (Miller et al.,
2007., 2017). The current study was unable to address potential effects
of timing or duration of low SES or other types of adversities across
childhood and adolescence due to difficulties with participant retention
and missing data. Future research could benefit from repeated mea-
surements of both SES and HPA activity across childhood and adoles-
cence in order to test these theories in youth samples. It is also possible
that genetic or epigenetic factors are responsible for this divergent
relation to the same experience (e.g., Armbruster et al., 2012). Alter-
natively, low SES may entail different environmental conditions for
different children, including variation along dimensions of harshness
and unpredictability that may lead to different physiological outcomes
(Belsky et al., 2012). Individual differences have been proposed as an
important determinant of whether an individual exhibits hyperreactive
or blunted responses to an adverse event (Sapolsky, 2015; Smith and
Pollak, 2021). Lastly, it is possible that pre-existing differences in HPA
functioning prenatally and at birth may interact with low early-life SES
to lead to these divergent outcomes, a possibility we cannot examine in
this study due to lack of HPA assessment in infancy. Future research
should aim to address these and other possibilities in order to determine
why childhood SES is associated with both low and high CARs.

As for why we observed a selective association with the CAR, prior
work has shown that the CAR is not strongly related to other measures of
diurnal HPA axis activity, such as diurnal cortisol slopes or cortisol AUC
(Golden et al., 2013). Further, the CAR appears to serve a distinct
function—namely, anticipation of the day ahead (Powell and Schlotz,
2012). Together, these findings suggest that the CAR seems to index
diurnal HPA axis function in a relatively unique way, and with this
uniqueness comes potentially distinct associations with stress and
health-related outcomes. As for the relevance of distinct CAR patterns to
health, previous research has found that both hypo- and hyper-reactivity
of the CAR appear to be risk factors for the development of physical and
mental health disorders (Boggero et al., 2017; Steptoe and Serwinski,
2016). Thus, examining the mechanisms that might explain these
curvilinear patterns should be further explored in future research.

As mentioned, contrary to our hypotheses, we found no significant
linear or non-linear relations between childhood SES and adolescent
cortisol AUC or diurnal slopes. These null associations persisted when
we controlled for relevant covariates. Although no association between
cortisol AUCs and socioeconomic status is the consistent finding in most
studies assessing this relation in older children or adults (Cohen et al.,
2006; Evans et al., 2020; Garcia et al., 2017; Karlamangla et al., 2013),
most studies with very young children and infants have found associa-
tions between SES and cortisol AUC (Clearfield et al., 2014; Roubinov
et al., 2018; Saridjan et al., 2010), indicating age of cortisol measure-
ment may be an important moderator in how childhood SES relates to
cortisol AUC. The pubertal recalibration hypothesis (Gunnar et al.,
2019) proposes that the HPA axis may reorganize around puberty,
weakening links between early-life experiences and adolescent cortisol
output. This hypothesis may explain why links between childhood SES
and concurrent cortisol AUC have been observed in the literature, but
the long-range association of childhood SES with adolescent cortisol
AUC and diurnal slopes were not significant in our study. With respect to
the slope findings, most studies examining the relation between current
SES and diurnal slopes in childhood have found no association between
these variables (Clearfield et al., 2014; Evans et al., 2020; Saridjan et al.,
2010), but studies assessing this relation in adulthood (Cohen et al.,
2006; Garcia et al., 2017; Groffen et al., 2015; Hajat et al., 2015; Kar-
lamangla et al., 2013; Zilioli et al., 2017) or adolescence (Deer et al.,
2018) generally report that low current SES is linked to flatter diurnal
slopes. Age of assessment for socioeconomic status may therefore be an
important moderator of links between cortisol slopes and socioeconomic
status.
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It is also possible that the limited range and variability of cortisol
slope levels observed in the current study prevented us from finding
significant results. However, it should be noted that comparable cortisol
slope ranges have been reported in other adolescent samples (e.g.,
DeSantis et al., 2007; Drake et al., 2016). National differences in so-
cioeconomic health gradients may also contribute to these results. This
sample is from the United Kingdom, which has a stronger social safety
net (e.g., National Health Service) than the United States and may have
less steep socioeconomic gradients in biological outcomes, whereas most
(but not all) of these other studies were conducted in the United States.
Future work should explore all of these factors as potential moderators
of the links between socioeconomic status, cortisol AUC, and cortisol
slopes. In addition to these considerations, the null associations of
childhood SES with adolescent cortisol AUC and diurnal slopes also raise
the possibility that these aspects of HPA activity may not be primary
mediators of adolescent health disparities related to low childhood SES,
given their lack of association with SES.

4.1. Strengths and limitations

Strengths of this study include a large sample, longitudinal assess-
ment of parent-reported childhood socioeconomic status and subsequent
assessment of child diurnal HPA axis function, and various sensitivity
analyses converging on the same conclusions. The large sample size and
long developmental time span covered allowed an extended window for
detecting associations with early-life family income independently of
later income. Furthermore, the availability of measures capturing mul-
tiple aspects of socioeconomic status and related experiences early in
childhood in the dataset allowed us to explore whether income is a
unique predictor of later diurnal HPA axis output.

However, the present study is not without limitations. First, this
study is correlational. Although the longitudinal design of this study
does permit inferences of temporal precedence, its non-experimental
design prohibits causal inferences about the role of childhood SES in
HPA axis development and function. Second, income and maternal ed-
ucation are proxies for socioeconomic status, which includes a large
number of different heterogeneous experiences at different levels, and it
is possible that any one of these experiences may drive the relation
between these constructs and diurnal HPA axis activity. Third, an earlier
measure of diurnal HPA axis activity that was more proximal to the age
0-5 income measure was not collected. Finally, the subset of partici-
pants who took part in the cortisol sampling were of higher SES than the
rest of the sample. This bias may have resulted in an underestimation of
the true magnitude of the associations for cortisol slopes and AUC, since
the sample was missing many low-SES participants and therefore the
range was restricted.

5. Conclusion

In conclusion, this study supports the idea that the relation between
early life income and the cortisol awakening response in adolescence is
curvilinear in nature, as we found that childhood socioeconomic status
predicted both the lowest and the highest cortisol awakening responses
in adolescence. It is possible that differing predispositions or differing
experiences in conditions of low income may explain this divergence,
and future research should examine mechanisms that may explain the
observed inverted U-shaped relation between childhood socioeconomic
status and the cortisol awakening response in adolescence. At a broader
level, our results highlight the intricacies and nuances in links between
low SES and biological outcomes, and they suggest that low childhood
SES may interact with a variety of factors to produce distinct health-
related phenotypes in adulthood. Low SES is associated with
numerous types of difficulties and adversities, and our results call for
future research to clarify their unique associations with diurnal HPA
functioning.
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