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ABSTRACT

Objective: Few large-scale studies have provided population-based estimates of hair cortisol levels and its de-
terminants. Hair cortisol and potential determinants were measured in children and their mothers in a
population-based sample in a Brazilian city with large variations in socioeconomic conditions.

Methods: We used data from the 4-year follow-up of the 2015 Pelotas (Brazil) Birth Cohort Study. Hair samples
were collected by trained fieldworkers to analyze average levels of cortisol over a 3-month period. Four groups of
variables were tested as potential determinants: hair characteristics (natural color, treatment, type, and fre-
quency of wash), use of corticosteroids and oral contraceptives, sociodemographic factors (sex, age, skin color,
socioeconomic level, maternal relationship, pregnancy, daycare enrollment), maternal perceived stress, and
substance exposure (smoking and illicit drug use). Linear regression with log transformation was used to test
associations.

Results: 3235 children and 3102 mothers were analyzed (80.7% and 77.4% of those interviewed when children
were 4 years of age, respectively), for whom sufficient hair was collected for cortisol analysis. The median of hair
cortisol concentration was 7.8 pg/mg (IQR = 5.6 — 11.0) for children, and 5.6 pg/mg (IQR = 4.2 — 7.8) for
mothers. In adjusted models, sex and socioeconomic level were associated with child cortisol levels. For mothers,
hair cortisol levels were associated with socioeconomic level, skin color, age, hair treatment and hair natural
color.

Conclusion: This study provides estimates of hair cortisol levels in a diverse population in a upper-middle income
country. Although just a few predictors were associated with maternal/child cortisol levels, socioeconomic level
was the key variable that should be incorporated in studies using hair cortisol to measure biological manifes-
tations of stress, but other variables, such as some hair and sociodemographic characteristics are important to
consider when using hair cortisol.

Abbreviations: rpm, rotations per minute.
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1. Introduction

Excess stress is a major challenge in the modern world, linked to
numerous adverse health and social outcomes across the life-course,
including cardiovascular disease, mental illness, skin problems,
obesity, and mortality (Dedovic and Ngiam, 2015; Inoue, 2014; Sinha
and Jastreboff, 2013). The HPA (hypothalamic-pituitary-adrenal) axis is
the fundamental regulator of stress reactivity in humans and other an-
imals, with the hormone cortisol playing a central role in mobilizing
bodily resources to respond to immediate threat (AIS: The American
Institute of Stress, 2020), and then return to homeostasis. Although this
system tends to succeed in adapting the body to acute stressors, dysre-
gulation in the HPA axis can develop following exposure to chronic
stress, with markedly lower or higher cortisol levels produced over an
extended period (Gunnar and Quevedo, 2007; Smith and Vale, 2006).
Until fairly recently, a major difficulty for research has been to measure
chronic stress (over a period of months) effectively in large surveys,
given that only acute cortisol levels (in terms of minutes or hours) could
be measured in humans via saliva, urine, or blood samples. Hair cortisol
is a relatively new biomarker with the key advantage of indicating
average cortisol levels over several months (Stalder and Kirschbaum,
2012; Vanaelst et al., 2012). However, there is a dearth of data on
population-based values and inconclusive findings on even basic cor-
relates of hair cortisol.

Early childhood is a period of particular vulnerability to chronic
stress, given the speed of brain development and creation of new bio-
logical circuits (Blair and Raver, 2016; Gunnar and Quevedo, 2007).
Preschool children living in chronically stressed environments, such as
in severe poverty or contexts of violence, show major delays in language
and cognition, and difficulties with social adjustment (Duque, 2017;
Justice et al., 2019; Schwartz and Proctor, 2000). Evidence suggests
children suffering from chronic stress have modified capacity to adapt to
stress in later life (Young, 2010). Altered child cortisol level, especially
over a prolonged period, is an important potential mechanism for un-
derstanding these relationships (Perkins et al., 2013).

A 2018 systematic review found mixed findings concerning de-
terminants of child hair cortisol across mostly small-scale surveys (Gray
et al., 2018). The largest study (n = 2484), using a population-based
sample of six-year-old children in the Netherlands (Rippe et al., 2016),
found that poverty and more children in the household predicted
elevated child hair cortisol levels. Several other smaller studies sug-
gested that socioeconomic context was also important, however they
mostly highlighted the role of maternal education, and this was not
significant in the large Dutch study. Other correlates of elevated hair
cortisol identified in the review were being a boy, and aspects of
anthropometry, but it was not clear whether several characteristics of
hair were important (which may act as confounders when analyzing
other determinants). The review also highlighted that studies on cortisol
variation across socioeconomic groups have all been conducted in
relatively equal societies. Thus, for this important measure of cortisol in
children, there is a need for new, large, population-based studies, to
identify key contextual and individual determinants, especially in other
societies.

In the context of child development, caregiver stress can have a
major impact on the capacity to provide nurturing care, help children
cope with their own stress and develop to maximum potential. To our
knowledge there are few studies worldwide that have examined hair
cortisol levels among parents. Among 266 Danish mothers, Kristensen
et al. (2017) did not find any hair characteristic to be associated with
hair cortisol, while Ursache et al. (2017) found that higher hair cortisol
levels among 35 parents from the United States were associated with
lower education, lower income, and higher anxiety. The larger literature
on all adults is heavily dominated by studies with very small samples (n
< 100), but a meta-analysis pooling a total of 66 studies with 10,289
individuals found higher hair cortisol among males than females, and
higher at older ages (Stalder et al., 2017). Hair cortisol was also
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associated with several hair characteristics and use of oral contracep-
tives (Abell et al., 2016; Fischer et al., 2017; Garcia-Leon et al., 2018).
Although chronic exposure to stress and some mental disorders were
associated with hair cortisol, there were no consistent association with
perceived stress, depression, or social support (Stalder et al., 2017). As
with children, there is a need for information about population levels
and determinants of hair cortisol for adults, with a particular need to
identify how levels and variations across social groups among young
children’s caregivers.

The overwhelming majority of studies using hair cortisol as a marker
of chronic stress have been conducted in high-income countries, while
84% of the global population live in low- and middle-income countries,
including many of the world’s communities most vulnerable to stress,
and characterized by highly unequal living conditions (Stalder et al.,
2017). Given the lack of studies of hair cortisol in the global south, and
the need for more large population-based studies worldwide, the aim of
this study was to estimate hair cortisol levels in preschool children and
their mothers, and to test for basic correlates to guide future research,
including socioeconomic status, medication/substance use, perceived
stress, and hair characteristics, in a representative sample in a Brazilian
city with varying socioeconomic conditions. We hypothesized that
higher levels of hair cortisol would be found among male children, in-
dividuals in lower socioeconomic conditions, those using corticoste-
roids, participants with black skin color and, for mothers, higher
perceived levels of stress. We also expected the following hair charac-
teristics to be associated with cortisol: hair color, hair washing fre-
quency, recent hair treatment. Given inconsistent results amongst prior
studies, we did not expect significant associations with hair type or
smoking.

2. Methods

We used data from the 2015 Pelotas (Brazil) Birth Cohort Study,
which followed all children born alive in the city of Pelotas in 2015.
Assessments were conducted during pregnancy, at birth, 3 months of
age, 1 year, 2 years and 4 years. The cohort sample size at birth was
4275. More details regarding the cohort methods are described else-
where. (Hallal et al., 2018) At 4 years, when the main outcome data for
the current analyses were collected, 4010 participants were assessed
(mean age = 3.8 + 0.2 years), and 67 participants were identified as
having died (giving a total follow-up rate of 95.3% of the original
cohort). Of the caregivers who brought the child for assessment at age 4,
93.3% were biological mothers, 3.0% biological fathers, 2.2% grand-
mothers, 0.7% adoptive mothers, 0.9% another person. In the current
analyses of caregiver’s cortisol, we included only biological mothers (n
= 3739). Each cohort assessment from age 0-4 was approved by the
Research Ethics Committee of the Federal University of Pelotas School of
Physical Education (at age 4: #26746414.5.0000.531), and a separate
approval was obtained for specific measures including cortisol at age 4
from the Research Ethics Committee from Medical School of the same
University (#03837318.6.0000.5317). Caregivers provided written
informed consent at each study follow-up.

2.1. Hair samples collection and cortisol laboratorial analysis

To obtain hair for cortisol analysis from mothers and children, a
trained fieldworker followed detailed hair-cutting instructions: (a)
sanitize the scissors, (b) if the hair was wet or damp, dry the hair; (c)
identify the posterior vertex of the head and tie approximately 100 hair
strands with a string; (d) place the scissors as near as possible to the
scalp, and cut the hair. Whenever the hair was too short at the vertex
(24.8% of children and 1.8% of mothers), the instruction was to collect
hair from the tuft; if hair was too short at the tuft as well, then hair was
collected from several parts of the head to obtain enough hair strands for
analysis (cortisol levels did not differ comparing hair collected from the
vertex or other parts of the head: p = 0.311 for children and p = 0.243
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for mothers). After this, the fieldworker stored the hair sample inside a
Bristol board with identification of the hair end that came closest to the
scalp, and these materials were sealed inside a Ziploc bag.

After hair collection, a standardized protocol (Claire Buchan et al.,
2021; Ferro and Gonzalez, 2020; Vaghri et al., 2013) was used for hair
washing, grinding, hormone extraction and cortisol quantification at the
laboratory of the Postgraduate Program in Epidemiology of Federal
University of Pelotas. First, the 3 centimeters of the hair cut closest to the
scalp were measured and placed into a Falcon 50 ml Conical Centrifuge
Tube, washed with 12 ml of isopropanol, and shaken by hand for 2
minutes (after which the isopropanol was discarded) - this procedure
was performed twice. When completely dry, the samples were ground
using the mill (Retsch NM400). For cortisol extraction, around 35 mg of
ground hair powder plus 1 ml of ethanol absolute was shaken for 48
hours (Orbit LS Labnet) and then vortexed. Then, the sample was rotated
at 12.000 rpm in the centrifuge (Sigma), and the supernatant was
extracted and kept in a separate tube. Another 1 ml of ethanol absolute
was filled in the original tube and, after more 48 hours of shaking, it was
vortexed and the supernatant was transferred for the tube containing the
first round supernatant. Those tubes were kept drying for 5 days, until
completely dry. Samples were suspended in 150 pl of Assay Diluent for
24 hours and then assayed in duplicate by ELISA using the High Sensi-
tivity Salivary Cortisol Immunoassay Kit (Cat# 1-3002, Salimetrics,
Pennsylvania), as per the manufacturer’s instructions. Cortisol levels
were measured using an ELISA plate reader (Spectramax 190) and were
expressed in pg/mg. Intra- and interassay coefficients of variance were
below 10% in the present study.

2.2. Determinants of cortisol

We analyzed child and maternal cortisol levels in relation to socio-
demographic factors of the participants, substance use, perceived stress
and several hair characteristics that might influence hair cortisol levels.
All potential correlates of cortisol were measured by maternal report
during the 4-year assessment, except for child sex and maternal skin
color °(both measured in the perinatal assessment). In relation to hair
characteristics, these are considered potentially important correlates to
include in multivariate models when examining determinants of cortisol
measured from hair samples. Hair characteristics, such as hair treat-
ment, or hair washing, are factors that may influence hair cortisol, but
not cortisol in other parts of the body. Hence, when using hair samples to
measure levels of cortisol in the organism, such confounders must be
measured and adjusted for when examining other potential de-
terminants, such as socioeconomic conditions.

As potential determinants of child cortisol, we analyzed sex (male/
female), maternal skin color (white, black, brown or other), family in-
come in monthly minimum wages6 (<1,1.1-3.0,3.1-6.0,6.1-10.0 or
>10), maternal schooling when the child was 4 years old (0-4 years, 5-8
years, 9-11 years, 12 or more years of study), overcrowded housing (no
if <3 or yes if >3 individuals per bedroom), maternal relationship
(without or with a partner), nursery/school attendance (none, public, or
private), passive smoking in the house (yes or no), corticosteroid use in
the last 3 months (yes or no), natural hair color (brown, black, blond,
gray or red), any child hair treatment in the last 3 months (yes or no),
type of hair (straight, wavy, curly, kinky), times per week of hair wash
(less than 3 times, 4-6 times, or more than 7 times per week).

For mothers, we analyzed the same cortisol determinants mentioned
above for children (including several variables pertaining directly to the
cohort mother: “maternal schooling”, “maternal skin color” and

5 It is known that skin color is not widely used in some countries; however, in
Brazil it is common to analyze skin color instead of ethnicity as a key variable.

6 Monthly minimum wage in Pelotas during 2019 was BRL1237.15, which
corresponds to US$427.21 Purchasing Power Parities (PPP).(Organisation for
Economic Co-operation and Development, 2021)
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“maternal relationship”), but excluded sex, child nursery/school atten-
dance, and passive smoking. For analyses of mothers, we additionally
examined age (<20 years, 20-34 years and 35 or more years), currently
pregnant (yes or no), smoking (yes, no, or ex-smoker), illicit drug use in
the last 3 months (yes or no), oral contraceptive use (yes or no), and
perceived stress, measured on the Perceived Stress Scale (PSS) (Cohen
et al., 1983), (categorized: low stress, moderate stress, high stress). The
PSS is a 10-item questionnaire that aims to identify to what extent the
respondents evaluate their life as unpredictable, uncontrollable, and
overloaded in the last month. In addition, this questionnaire was tested
in several samples of Brazilians and the confirmatory analysis showed
good results. (Faro, 2015; Luft et al., 2007; Yokokura et al., 2017).

2.3. Statistical analysis

All analyses were conducted in the statistical software Stata 15.1.
Thirty children and 28 mothers for whom hair cortisol concentration
(HCC) were higher than + 4 standard deviations from the mean were
considered outliers and excluded from analyses. As HCC was not nor-
mally distributed for either children or caregivers, descriptive statistics
are presented as medians and interquartile ranges, and comparisons of
exposure categories (e.g., male-female children) were conducted using
the command median.

To examine a combined socioeconomic status (SES) index as a po-
tential determinant of cortisol, three individual variables of family in-
come, maternal education, and household overcrowding were included
in a principal component analysis. A combined SES score based on the
first component, which maximizes the variance of the projected data,
was generated. Using this score, we created SES tertiles that were
included in regression models instead of individual SES variables.

We used linear regression of the log cortisol level to estimate
adjusted coefficients (we back transformed the coefficients to present
final results) between potential determinants and cortisol levels, using
backwards variable selection and p > 0.20 as an exclusion criterion (use
of corticoid medication was maintained in all models regardless of p-
value). The insertion of variables into the regression model used a hi-
erarchical framework (Victora et al., 1997), based on a conceptual
model. The first (or distal) level in the framework included hair-related
variables (natural hair color, hair treatment, type of hair, frequency of
hair wash), corticoid use and contraception use for mothers. The second
level in the model included sociodemographic variables (sex [child
only], age [mother only], skin color, socioeconomic index, maternal
relationship status, mother pregnant [mother only], daycare enrollment
[child only],). The third level for the mother included perceived stress.
And the final level (the fourth for mothers, the third for children) of the
model included substance use variables (smoking, illicit drug use
[mother only]). All models were adjusted for corticosteroid use in the
last three months in order to exclude the potential influence of cortisol
use on the outcome.

Due to small sample sizes of some categories (n < 25), we excluded
the categories “red” and “gray” from the hair color variable, and the
category “other” from the skin color variable.

3. Results

Of the 4010 dyads included in the 4-year follow-up, sufficient hair
could be collected for successful cortisol analysis for 3235 children and
3102 mothers. Tables 1 and 2 show the characteristics of the children
and mothers included in the analyses. The mean age of children and
mothers, respectively, was 3.8 (SD = 0.2) and 31.7 years (SD = 6.5). Just
over a quarter of mothers had very low (0-8 years) levels of education;
11% of families lived in overcrowded housing; most (60%) children
were not in daycare; and around 25% of children had used corticosteroid
medicines in the last 3 months. The median of hair cortisol concentra-
tion for children was 7.8 pg/mg (IQR = 5.6 — 11.0). For mothers, the
median hair cortisol concentration was 5.6 pg/mg (IQR = 4.2 — 7.8).
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Table 1
Description of 4-year children and their hair cortisol concentrations (HCC;
expressed in pg/mg) in the 2015 Pelotas Birth Cohort.
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Table 2
Description of mothers and their hair cortisol concentrations (HCC; expressed in
pg/mg) in the 2015 Pelotas birth cohort.

N (%) Median HCC P N (%) Median HCC P
(IQR) (IQR)
Natural hair color 0.41 Natural hair color 0.06
Brown 2267 (70.6) 7.8 (5.6-11.1) Brown 2276 (73.3) 5.6 (4.2-7.8)
Black 354 (11.0) 8.1 (5.6-11.5) Black 533 (17.2) 5.8 (4.6 - 8.0)
Blond 569 (17.7) 7.6 (5.5-10.7) Blond 269 (8.7) 5.0 (3.7-7.3)
Red 21 (0.7) 6.4 (5.5-8.1) Gray 2(0.1) 6.2 (4.4-7.9)
Hair treatment (last 3 months) 0.61 Red 21 (0.7) 5.1 (3.3-7.1)
No 3181 (98.9) 7.8 (5.6-11.1) Hair treatment (last 3 months) 0.01
Yes 34 (1.1) 7.4 (5.7-9.6) No 1531 (49.5) 5.5 (4.1-7.5)
Hair type 0.81 Yes 1561 (50.5) 5.8 (4.3-8.1)
Straight 1213 (37.7) 7.8 (5.6-11.4) Hair type 0.06
Wavy 933 (29.0) 7.8 (5.7-10.9) Straight 1014 (32.7) 5.5 (4.1-7.6)
Curly 741 (23.1) 8.0 (5.6 -11.0) Wavy 1152 (37.2) 5.8 (4.2-8.1)
Kinky 327 (10.2) 7.7 (5.4-10.9) Curly 507 (16.4) 5.7 (4.2-8.2)
Frequency of hair washing (times per 0.27 Kinky 426 (13.7) 5.3 (4.2-7.5)
week) Frequency of hair washing (times per 0.53
< 3 times 590 (18.4) 7.6 (5.5-10.5) week)
4 — 6 times 771 (24.0) 7.7 (5.6 - 11.0) < 3 times 1084 (35.0) 5.7 (4.3-7.8)
> 7 times 1854 (57.6) 7.9 (5.7-11.2) 4 — 6 times 1128 (36.4) 5.6 (4.2-7.8)
Any corticosteroid use (last 3 months) 0.51 > 7 times 888 (28.6) 5.6 (4.0-7.8)
No 2395 (74.9) 7.8 (5.6-10.9) Any corticosteroid use (last 3 months) 0.29
Yes 803 (25.1) 8.0 (5.5-11.4) No 2720 (88.1) 5.6 (4.2-7.8)
Child sex 0.08 Yes 366 (11.9) 5.7 (4.2-8.2)
Male 1591 (49.2) 7.6 (5.4 -11.0) Use of oral contraceptive 0.62
Female 1644 (50.8) 7.9 (5.8-11.0) No 1194 (46.3) 5.6 (4.1-7.6)
Maternal skin color 0.28 Yes 1383 (53.7) 5.6 (4.3-8.1)
White 2358 (72.9) 7.8 (5.7 - 11.0) Age (in years) 0.22
Black 467 (14.4) 7.5 (5.4-10.8) <20 45 (1.5) 6.7 (4.8-8.1)
Brown 395 (12.2) 7.9 (5.5-11.1) 20-34 2023 (65.2) 5.6 (4.2-7.7)
Other* 14 (0.4) 6.7 (5.1-9.1) > 35 1033 (33.3) 5.7 (4.2-8.2)
Socioeconomic index 0.04 Skin color 0.14
1st (poorest) 970 (30.3) 7.5 (5.6 -10.9) White 2261 (72.9) 5.7 (4.2-7.9)
2nd 1346 (42.1) 8.0(5.7-11.4) Black 447 (14.4) 5.3 (4.1-7.7)
3rd (richest) 884 (27.6) 7.8 (5.6 -10.7) Brown 377 (12.2) 5.6 (4.0-7.7)
Maternal relationship 0.80 Other* 16 (0.5) 6.8 (4.0-7.7)
Without partner 434 (13.4) 7.7 (5.3-11.1) Socioeconomic index 0.42
With partner 2800 (86.6) 7.8 (5.6 -11.0) 1st (poorest) 921 (30.0) 5.6 (4.2-7.8)
Goes to nursery/school 0.32 2nd 1311 (42.7) 5.7 (4.3-8.2)
No 1945 (60.1) 7.9 (5.7-11.2) 3rd (richest) 842 (27.4) 5.5(4.0-7.3)
Yes, public 594 (18.4) 7.7 (5.5-10.8) Relationship 0.56
Yes, private 695 (21.5) 7.6 (5.6-10.7) Without partner 400 (12.9) 5.5 (4.0-7.7)
Passive smoking 0.04 With partner 2701 (87.1) 5.6 (4.2-7.8)
No 2064 (64.3) 8.0 (5.7-11.2) Currently pregnant 0.06
Yes 1144 (35.7) 7.7 (5.6-10.8) No 2963 (95.6) 5.6 (4.2-7.8)
HCC 3235 (100.0) 7.8 (5.6 -11.0) Yes 134 (4.3) 6.1 (4.7-8.7)
N . Currently smokes
Yellow (n = 12); Indigenous (n = 5) No 2369 (76.7) 5.6 (4.2-7.8) 0.42
Yes 545 (17.7) 5.8 (4.2-7.8)
Fig. 1 shows that HCC was not normally distributed, having a long tail to Ex-smoker 172.(5.6) 5.2 (4.0-7.6)
the right; ranges were from 0.5 t(? .118.9 pg/mg. for children, and ;\III;CH drug use (last 3 months) 3002 (96.8) 5.6 (4.2.7.8) 0.36
0.6-55.9 pg/mg for mothers. In addition, a comparison between those Yes 100 (3.2) 6.1 (4.5-8.2)
analyzed and those excluded from analysis of this study is presented in Perceived Stress Scale 0.83
Supplementary Table 1. As several variables showed a difference, for Low 1429 (46.2) 5.6 (4.1-7.5)
both mothers and children, results should be analyzed taking this into Medium 1509 (48.8) 5.6 (4.2-8.1)
High 157 (5.1) 5.5 (4.3-8.1)
account. HCC 3102 (100.0) 5.6 (4.2-7.8)

Table 1 shows that higher levels of cortisol were found for children
with less educated mothers, those not living in an overcrowded house,
and those without passive smoking. Child age was not included in
Table 1 because children were approximately the same age. Neverthe-
less, no variation in cortisol levels were found according to child age
(Supplementary Fig. 1). Among mothers (Table 2) higher levels of hair
cortisol were found among those who treated their hair in the last 3
months. Lower levels of hair cortisol were found among mothers with
higher education, those who washed their hair on the day of interview
and those who never had a haircut. For descriptive purposes, we cate-
gorized hair cortisol of children and mothers as being low (lowest 25%
percentiles), medium (25th to 90th percentiles) and high (top 10%), as
per the categorization of Binz et al. (2018). According to Supplementary
Table 2, HCC values for mothers and child were similar when comparing
low and medium categories; however, the highest category was almost

* Yellow (n = 12); Indigenous (n = 5)

1.5 times higher for children than mothers.

In the adjusted analyses (Table 3), less cortisol was associated with
males and higher SES children. However, considering whether confi-
dence intervals overlapped between categories, blond children showed
less hair cortisol compared to children with black hair. For mothers
(Table 4), higher hair cortisol levels were associated with black natural
hair color (compared with blond and brown), and hair treatment. On the
contrary, less hair cortisol was found among those aged 20-34 years,
with black skin color and higher SES.

We also explored whether the same non-linear pattern found in the
study of Wells et al. (2014) could be reproduced in our sample using the
same cut-points on the perceived stress scale. We did not find evidence
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Fig. 1. Distribution of hair cortisol in children and their caregivers in the 2015 Pelotas (Brazil) Birth Cohort Study.

of an inverse U-shape between perceived stress and cortisol levels, either
in bivariate (p = 0.887) or in adjusted (p = 0.883) analyses.

Due to a high degree of cross-reactivity with dexamethasone (19.2%)
reported for the Salimetrics kit that was used to measure cortisol in our
study, we analyzed the bivariate association between use of dexameth-
asone in the last 3 months and hair cortisol. There was no statistical
significant difference between those who used and those who did not
used dexamethasone and their cortisol concentration (Supplementary
Table 2). In addition, the number of individuals using dexamethasone in
the last 15 days before the interview was 21 (0.5%) and 29 (0.7%) for
children and mothers, respectively. Lastly, we performed sensitivity
analysis (Supplementary Tables 4, 5, 6 and 7) excluding individuals who
used corticosteroid medications and found generally similar results, but
statistical significance was not maintained for the children’s associations
and hair treatment for mothers, and an additional association with hair
color for children and smoking for mothers were found. (Supplementary
Tables 6 and 7).

4. Discussion

The current analysis of hair cortisol in over three thousand Brazilian
children and their mothers presented a description of population levels
and tested various hypothesized correlates in a diverse social setting. In
adjusted analyses, no factors affected children’s cortisol levels. Among
mothers, hair cortisol was associated with socioeconomic index and hair
color. To our knowledge, this is the largest study in the world of cortisol
measured by hair, showing two robust correlates that should be included
in future studies.

A major challenge with hair cortisol research has been the large
variation in estimates, even for participants of similar age, across rela-
tively small studies, that are not population-based. For example, studies
of children (1-9 years) have reported medians ranging from 1.3 pg/mg
to 681.9 pg/mg (Bolhuis et al., 2019; Helfrecht et al., 2018; Leppanen
et al., 2020; Molenaar et al., 2019; Sun et al., 2018), and for adolescents
(10-16 years), medians can range from 1.3 pg/mg to 3.7 pg/mg.
(Michels et al., 2019, 2018; Van Aart et al., 2018; van Dammen et al.,
2020). The largest study of hair cortisol in children published to date
reported medians of 1.55 pg/mg for boys and 1.38 pg/mg for girls of age
6 years in the Netherlands (Rippe et al., 2016). In our Brazilian sample,
4-year-old children had a considerably higher median value of
7.8 pg/mg. These two studies offer some of the first population-based
estimates of child cortisol levels, and possibly indicate differences
across social context, reflecting the generally more deprived environ-
ments experienced by children in Brazil than the Netherlands. An
alternative explanation for the higher cortisol levels in the current study,
compared to the Dutch study, could be biological differences related to
the ages of the study samples: the adrenarche period occurs around 6-8
years (after the age of children in our Brazilian study), and in that

period, the adrenal glands gradually produce more DHEA androgen,
which leads to cortisol suppression (De Peretti and Forest, 1976; Rainey
and Nakamura, 2008). We found a median level of 5.6 pg/mg hair
cortisol for Brazilian mothers, far below the level of 121.0 pg/mg
recorded in the only other study of mothers (n = 266 in Denmark) we
could find (Kristensen et al., 2017). Among adults in general, reported
levels of hair cortisol range from 5.6 pg/mg to 186.9 pg/mg (Fischer
etal., 2017; Manenschijn et al., 2013; Mazgelyte et al., 2019; Oumohand
et al., 2020). The small size of many studies, and variation in ages,
characteristics of samples, methods of hair collection and analysis,
confirm that future studies need to prioritize methodological issues to
assure comparability, and also more projects showing population-based
values for normative reference points.

As a relatively new biomarker, it is important to investigate both
possible substantive determinants of hair cortisol levels (such as socio-
economic conditions and stress), as well as potential confounders such
as hair characteristics. Systematic reviews and meta-analyses pooled
have information from prior studies, but findings are mixed or incon-
clusive, and mostly based on very small-scale studies (Gray et al., 2018;
Stalder et al., 2017). Gray et al. (2018) reviewed 36 studies of children
and observed that higher hair cortisol concentration was associated with
male sex, higher BMI and waist circumference, lower income and lower
caregiver education. Stalder et al. (2017) meta-analyzed 72 studies of
hair cortisol in samples of all ages and found that sex, age, hair washing
frequency, hair treatment and contraceptive use were associated with
hair cortisol.

We found statistically significant higher hair cortisol concentration
in girls compared to boys at age 4 years, although medians were nearly
the same (7.6 pg/mg for boys and 7.9 pg/mg for girls). In contrast, a
systematic review including both children and adolescents found higher
concentrations of hair cortisol levels among boys than girls (Gray et al.,
2018), but all except one study was based on samples over 6 years old.
Possibly sex differences in cortisol emerge later than the preschool
period, relating to an increase of glucocorticoid secretion from child-
hood onwards (Remer et al., 2008) and changes in HPA regulation
during puberty for males and females (Lu et al., 2018).

In theory, poverty and social vulnerability are associated with higher
levels of chronic stress, and as such, higher levels of cortisol in hair.
However, children exposed to severe deprivation, neglect or abuse often
present lower levels of basal cortisol, measured with saliva or urine
(Lupien et al., 2009). Child’s and mother’s higher hair cortisol was
associated with lower socioeconomic status. This is consistent with a
review of previous studies — that socioeconomic indicator is inversely
correlated with cortisol levels in children (Gray et al., 2018). One hy-
pothesis for the association between socioeconomic index and child
cortisol is that lower education is associated with more exposure to other
social disadvantages including violence, as well as less responsive and
harsh parenting, activating the HPA axis more often (Maduro, 2016;
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Table 3
Adjusted linear regression of child HCC according to socioeconomic, substance
use and hair related exposures.
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Table 4
Adjusted linear regression of maternal HCC according to socioeconomic, sub-
stance use, perceived stress and hair related exposures.

P (95%CI) Standardized §  p B (95%CI) Standardized §  p
Block 1: Hair-related variables Block 1: Hair-related variables
Natural hair color” 0.05 Natural hair color < 0.01
Black Ref. Black Ref.
Brown 0.97 (0.91 - 1.04) -0.02 Brown 0.93 (0.88 - 0.98) -0.06
Blond 0.92 (0.85 - 0.99) -0.06 Blond 0.84 (0.77 - 0.91) -0.10
Hair treatment (last 3 months) 1.00 Hair treatment (last 3 months) 0.02
No Ref. No Ref.
Yes 1.00 (0.82 - 1.23) 0.01 Yes 1.05 (1.01 - 1.09) 0.05
Hair type 0.28 Hair type 0.05
Straight Ref. Straight Ref.
Wavy 0.98 (0.93 -1.03) -0.02 Wavy 1.04 (0.99 - 1.09) 0.04
Curly 1.00 (0.95 - 1.06) 0.01 Curly 1.03 (0.97 - 1.10) 0.02
Kinky 0.94 (0.87 - 1.01) -0.03 Kinky 0.96 (0.90 - 1.03) -0.03
Frequency of hair washing (times 0.57 Frequency of hair washing 0.78
per week) (times per week)
< 3 times Ref. < 3 times Ref.
4 — 6 times 1.03 (0.96 - 1.09) 0.02 4 - 6 times 0.98 (0.94 - 1.03) -0.02
> 7 times 1.03 (0.98 - 1.09) 0.03 > 7 times 1.00 (0.94 - 1.04) -0.01
Any corticosteroid use (last 3 0.20 Any corticosteroid use (last 3 0.21
months) months)
No Ref. No Ref.
Yes 1.03 (0.98 - 1.08) 0.02 Yes 1.04 (0.98 -1.11) 0.03
Block 2: Socioeconomic variables Use of oral contraceptive 0.10
Sex 0.01 No Ref.
Male Ref. Yes 1.03 (0.99 - 1.08) 0.03
Female 1.06 (1.01 -1.10)  0.05 Block 2: Socioeconomic variables
Maternal skin color” 0.20 Age (in years) 0.01
White Ref. <20 1.02 (0.84 - 1.22) 0.01
Black 0.95 (0.89 - 1.01) -0.03 20-34 0.94 (0.90 - 0.98) -0.06
Brown 0.99 (0.93 - 1.06) -0.01 >35 Ref.
Socioeconomic index 0.03 Skin color 0.04
1st (poorest) Ref. White Ref.
2nd 1.05 (1.00 - 1.10) 0.04 Black 0.92 (0.85 - 0.99) -0.06
3rd (richest) 0.98 (0.93 - 1.04) -0.02 Brown 0.92 (0.88 - 1.00) -0.04
Maternal relationship 0.94 Socioeconomic index < 0.01
Without partner Ref. 1st (poorest) Ref.
With partner 1.00 (0.94 - 1.07) 0.01 2nd 0.99 (0.94 - 1.04) -0.01
Goes to nursery/school 0.36 3rd (richest) 0.91 (0.86 — 0.96) -0.08
No Ref. Relationship 0.48
Yes, public 0.98 (0.93-1.04) -0.01 Without partner Ref.
Yes, private 0.96 (0.91 - 1.02) -0.03 With partner 1.02 (0.96 - 1.09) 0.01
Block 3: Substance use variables Currently pregnant* -
Passive smoking 0.60 No Ref.
No Ref. Yes - -
Yes 0.99 (0.95 - 1.03) -0.01 Block 3: Stress variable
_ , , _ X Perceived Stress Scale 0.84
*Variables were introduced into the model in three blocks, as follows: In the first Low Ref.
model all hair variables + corticosteroid use were included; in the second model Medium 1.01 (0.97 -1.05)  0.01
significant variables from the first block + all socioeconomic variables were High 1.02 (0.92-1.12)  0.01
included; in the third model significant variables from the first and second Block 4: Substance use variables
blocks + passive smoking. Currently smokes 0.10
#Due to small sample size in some categories (n < 25), we excluded the cate- No Ref.
gories “red” and “other” for natural hair color and maternal skin color variables, Yes 1.05(0.99-1.11)  0.03
respectively Ex-smoker 0.95 (0.87 - 1.04) -0.02
Tllicit drug use (last 3 months) 0.34
No Ref.
Vaghri et al., 2013). Yes 1.06 (0.94 -1.20)  0.02

There was weak evidence that mothers with black skin color had
lower cortisol levels than mothers with white skin color. Black skin color
is associated with pervasive discrimination and profound social disad-
vantage in Brazil (Programa das Nacoes Unidas para o Desenvolvimento,
2018, 2022; Salata, 2020). One potential explanation for lower cortisol
levels in this social group is that early exposure to chronic stress dys-
regulates the HPA axis (Gunnar and Quevedo, 2007), down regulating
adult cortisol levels over time. However, much is still to be learnt about
how cumulative adversities increase or decreases hair cortisol levels
measured by hair samples through the life-course.

It has been hypothesized that use of substances, such as tobacco,
drugs and other medicines, are associate with hair cortisol. We found no
associations with smoking (active for mothers, passive in children),
illicit drug use (for mothers), or use of corticosteroid in the last three

*Variables were introduced into the model in three blocks, as follows: In the first
model all hair variables were included; in the second model significant hair
variables + all socioeconomic variables were included; in the third model sig-
nificant hair and socioeconomic variables were included + stress variable; in the
fourth model significant hair, socioeconomic variables, and stress variable were
included -+ stress variable.

#Due to small sample size in some categories (n < 25), we excluded the cate-
gories “red” and “gray” from the variable natural hair color and “other” for the
variable maternal skin color.

iThis variable was omitted from the model due to collinearity



R.C. Martins et al.

months. The lack of associations with smoking or other medicine use is
consistent with the majority of the studies to date (Fischer et al., 2017;
Dettenborn et al., 2012). For example, Dettenborn et al. (2012) evalu-
ated medication use, contraceptive use, and smoking, among 155 par-
ticipants in Germany and no association was found (Dettenborn et al.,
2012). Another study in England of 139 people aged 20 and over tested
the association between hair cortisol and several categories of medi-
cines, plus smoking and alcohol use. Only painkillers, antidepressants
and contraceptives were significant in their model (Fischer et al., 2017).

We examined associations between hair cortisol with several
possible hair characteristics as confounders. Our findings suggested that
only hair color is important to consider in future studies of adult cortisol
levels measured using hair. This finding is not in line with most previous
studies, which suggested no association between hair cortisol and nat-
ural hair color (Dettenborn et al., 2012; Kirschbaum et al., 2009; Kris-
tensen et al., 2017; Manenschijn et al., 2013; Raul et al., 2004; Sauvé
et al., 2007). On the other hand, a study evaluating older individuals
from an occupational cohort of British civil servants also identified only
hair color as important (Abell et al., 2016). Hair pigment is likely to
match with basic charged molecules, and the molecules prefer to
interact with pigmented versus non-pigmented hair. As glucocorticoids
are neutral, the only way to incorporate with hair pigmentation would
be by weak chemical interactions (Borges et al., 2001). We speculate
that through these weak interactions, cortisol potentially matched more
with pigmented hair (darker colors) than non-pigmented hair (lighter
colors) (Borges et al., 2001), but more studies with great sample size and
good quality is needed.

Interestingly, for mothers, there was no association between hair
cortisol levels and perceived stress either in crude or adjusted analyses.
The literature on this topic is indeed inconsistent, presenting positive,
negative and null associations (Staufenbiel et al., 2013). In one study of
324 adult Canadians, Wells et al. (2014) found that there was a
non-linear association between mean HCC and perceived stress,
measured with the same instrument as in our Brazilian study; cortisol
increased with higher perceived stress scores, but reduced for the most
stressed category (Wells et al., 2014). This association could not be
replicated in our sample. According to a review of 11 studies of the
association between HCC and the Perceived Stress Scale, in which seven
found no association, and two found inverse associations, the main
interpretation of the lack of positive findings has been the difference in
timing of the two measures, with the Perceived Stress Scale referring
only to the last month, while HCC often refers to longer periods (usually
3 months) (Staufenbiel et al., 2013).

The effect sizes for all predictors analysed in our study were small,
even for those which a statistically significant association was found.
Although statistical significance could be influenced by the large sample
size included in our study, there are other examples in the literature that
found statistically significant associations between sociodemographic
predictors and hair cortisol concentration in different populations, still
with small effect sizes [samples sizes ranging from 625 to 949] (Braig
et al., 2015; de Kruijff et al., 2020; Rippe et al., 2016). In order to better
understand the influence of each predictor on hair cortisol concentra-
tion, we also estimated standardized coefficients, which were also small
and in line with a previous study (Feller et al., 2014). These findings,
along with ours, seem to be consistent to describe that behavioral and
sociodemographic characteristics have significant, but little, influence
on hair cortisol concentration.

The key strengths of this study are that it is a large, population-based
cohort, with a high retention rate. Also, our cohort is diverse in terms of
socioeconomic status and health related issues, which might relate to
hair cortisol levels. The following limitations should also be considered.
Although low, a proportion of participants could not be included in the
analyses because of loss to follow-up or failure to obtain sufficient hair
(especially boys) for laboratory analysis. For those individuals that did
not have sufficient hair in the vertex of the head, we distributed the cut
in several mini samples over the head. Although the cohort design is a
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strength for including prospective data on possible determinants of
cortisol from birth onwards, this design also means all children were of
similar same age at assessment, and differences in cortisol by child age
could not be tested. In addition to that, the results should be interpreted
with caution taking into consideration that several variables presented
difference between the analyzed and the excluded individuals of the
cohort. Lastly, skin color for children was not measured in any follow-
up, so this could not be tested as a possible correlate.

5. Conclusion

In this study we assessed hair cortisol in a large, urban, population-
based sample, with varying socioeconomic conditions. Socioeconomic
level was the key variable that should be incorporated in studies using
hair cortisol to measure biological manifestations of stress, but other
variables, such as some hair and sociodemographic characteristics are
important to consider when using hair cortisol.
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