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Abstract

Early chronic stress has enduring implications for physical and mental health outcomes. Hair
cortisol concentration (HCC) has emerged as a marker of cumulative cortisol exposure, yet HCC
in infants is not well understood. We examined how infant HCC relates to widely used basal
salivary cortisol measures, maternal HCC, and environmental context in 111 infants assessed at
6 and 12 months of age. Maternal HCC at 6 and 12 months was correlated with infant HCC at
12 months. At 12 months, infant HCC was positively associated with waking salivary cortisol
concentration (SCC), evening SCC, and area under the curve (AUC), but was independent of
diurnal slope. Breastfeeding was associated with lower HCC, whereas increased sleep
disruption was related to flatter slope. Reduced nighttime sleep duration was related both to
higher HCC and to flatter slope. A person-focused analysis indicated that the combination of
high HCC and flattened slope was associated with more environmental risks, highlighting the
importance of investigating the interplay between HCC and diurnal cortisol slope. Results
support the validity of HCC as a marker of cumulative cortisol exposure in infancy, while
emphasizing the value of including multiple cortisol measures assessing distinct aspects of
hypothalamic-pituitary-adrenal (HPA) function.
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1 | INTRODUCTION

Early life stress has long-term consequences, making children more
vulnerable to physical and mental health problems in adulthood (Anda,
Butchart, Felitti, & Brown, 2010). The HPA axis, of which the end
product is cortisol, is immature at birth and sensitive to early
experiences (Gunnar & Talge, 2008). Caregivers regulate infant
physiological stress and serve as a social buffer, which in turn shapes
the infant's stress regulation capacities for the future (Gunnar &
Donzella, 2002). Infants who experience early life stress are at risk for
abnormal HPA activity. Chronic activation of the stress response
creates wear and tear on the body that, according to the allostatic load
model, leads to multi-systemic physiological dysregulation that
increases the individual's risk for physical and mental health problems
(McEwen, 2006). A better understanding of the mechanisms that
shape HPA axis function in infancy is crucial to inform prevention and

breastfeeding, diurnal cortisol, hair cortisol, infancy, sleep, socioeconomic status

intervention programs to support optimal development of biological
stress systems and promote long-term health.

Thus far, salivary cortisol has been used most extensively to
investigate early physiological stress during this critical maturational
period. Because salivary cortisol only assesses stress at the moment of
saliva collection, it is often used as a biomarker of an infant's acute
stress or diurnal rhythm. Hair cortisol, on the other hand, indexes
cumulative cortisol exposure (i.e., both basal circulating cortisol levels
and physiological reaction to stress over time). As such, it may be more
indicative of allostatic load. Cortisol is deposited in the hair shaft as it
grows, such that, taking into account the rate of growth, a hair sample
can provide a timeline of long-term cortisol exposure (Meyer & Novak,
2012; Russell, Koren, Rieder, & Van Uum, 2012). In recent years, its
relative ease in collection compared to salivary cortisol has led to rapid
adoption of hair cortisol measures in studies of various animal species
and adult humans, and it has potential as a developmental marker of
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HPA function as well. We must first understand the role of HCC in
infancy before deploying it in long-term studies that investigate
lifelong health implications of early physiological stress or allostatic
load. Few studies, however, have used hair cortisol in infants and
young children, so its developmental significance and association with
salivary cortisol are relatively unknown. Given that hair and basal
salivary cortisol represent different aspects of the same rapidly
developing physiological system, they may demonstrate differential
associations with the child's environment and experiences. Discerning
where the two methods converge and diverge is critical in
understanding the infant's immature HPA axis and how early life
stress is best measured and conceptualized. Yet, to our knowledge,
there are no published studies of infant salivary and hair cortisol

studied in conjunction.

1.1 | Hair and salivary cortisol

The few studies of older children and adults that have explored the
overlap between hair and basal salivary cortisol find inconsistent support
for an association between HCC and salivary cortisol. In pregnant women
HCC was related to AUC from waking to bedtime (an estimate of
cumulative exposure across daytime waking hours), but only when
looking at both over the same time frame (D’Anna-Hernandez, Ross,
Natvig, & Laudenslager, 2011). Additionally, morning SCC has been
correlated with HCC in young adults (Xie et al., 2011). Only two studies
have investigated the overlap between salivary cortisol and HCC in
children. Girls' HCC at 7 years of age was correlated with cortisol reactivity
to challenge at 3 years of age (Ouellette et al., 2015). In a different sample
of girls, HCC was related to salivary cortisol AUC calculated from the time
of waking to 60 min later and also to morning SCC, but not to diurnal slope
(Vanaelst et al., 2012). Taken together, these few studies suggest a
possible association between HCC and salivary cortisol. Given that HCCs
in infancy are higher and more variable than those in older children and
adults (e.g., Karlén, Frostell, Theodorsson, Faresjo, & Ludvigsson, 2013),
the relation between HCC and basal salivary cortisol measures may differ
across development. Research is needed to investigate the associations
between different measures of basal salivary cortisol and HCC in infancy,

when the HPA axis is rapidly developing.

1.2 | Maternal and child cortisol

The relation between maternal and child basal salivary cortisol is well
established (e.g., Bright, Granger, & Frick, 2012; Letourneau, Watson,
Duffett-Leger, Hegadoren, & Tryphonopoulos, 2011; Stenius et al.,
2008). Less is known about how a mother's HCC relates to her child's
HCC. Pregnant women's HCC levels in the second and third trimester
were related to their infants’ HCC at one year of age (Karlén et al.,
2013), yet concurrent associations between maternal and infant HCC
were not found at 9 and 12 months of age (Liu, Snidman, Leonard,
Meyer, & Tronick, 2016). Later in childhood, HCC has been positively
correlated in mothers and their 7-year-old daughters (sons were not
included in the study; Ouellette et al., 2015). More research is needed
to better understand the association between mother and offspring
HCC levels, particularly in infancy and early childhood.
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Research Highlights

e We demonstrated maternal-infant synchrony in hair
cortisol concentration (HCC) both concurrently and

across time.

e Infant HCC related to salivary cortisol area under the

curve (AUC) but was independent of diurnal slope.

e Breastfeeding and nighttime sleep duration were both
associated with lower HCC in infants. Person-focused
analyses indicated that the combination of high HCC and
flat diurnal slope was particularly related to environmen-

tal risks.

1.3 | Familial correlates of hair and salivary cortisol

Despite the established importance of caregivers in social buffering of
the infant's HPA axis, only a few studies have examined familial
correlates of infant or childhood HCC. In infancy and childhood, higher
HCC has been related to greater maternal parenting stress, depressive
symptoms, psychological distress (Palmer et al., 2013) and increased
stressful life events (Vanaelst et al., 2013), though other studies have
demonstrated no relation between HCC and maternal perceived stress
or depressive scores in infants and children (Liu et al., 2016; Ouellette
et al., 2015). In infants, the association of SES with HCC has not been
comprehensively examined, though living in an apartment versus a
house has been related to higher HCC (Karlén et al., 2013; Palmer et al.,
2013), whereas maternal education was independent of infant HCC in
several studies (Karlén et al., 2013; Liu et al., 2016; Palmer et al., 2013).
In older children, lower maternal education and lower neighborhood
SES have been related to higher HCC (Vaghri et al., 2013; Vliegenthart
et al., 2016). Taken together, the literature suggests the potential
relevance of familial factors in child cumulative cortisol exposure,
though the particular factors and nature of effect are inconsistent from
study to study and may vary across developmental periods as well as
study population.

Familial factors, including SES, maternal depression, and parent-
ing, have been examined more extensively in relation to salivary
cortisol in infancy and early childhood. Lower SES has been related to
higher basal salivary cortisol in infants and children (e.g., Clearfield,
Carter-Rodriguez, Merali, & Shober, 2014; Lupien, King, Meaney, &
McEwen, 2000). Increased maternal depression has been related to
higher child basal SCC in some cases (Ashman, Dawson, Panagiotides,
Yamada, & Wilkinson, 2002; Brennan et al., 2008; Lupien et al., 2000)
but not in others (Laurent et al., 2013). In infants and young children,
maternal sensitivity has been related to steeper diurnal slope (Ben-Dat
Fisher et al., 2007; Letourneau et al., 2011), lower AUC (Letourneau
et al., 2011; Philbrook et al., 2014) and lower basal SCC (Blair et al.,
2011; Philbrook et al., 2014). Negative parenting has been associated
with higher SCC (Blair et al., 2011; Taylor et al., 2013). Importantly,
however, the conceptualization of maternal sensitivity varies across

studies, and in many studies multiple indices of maternal sensitivity
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were unrelated to basal SCC (e.g., Letourneau et al., 2011; Philbrook
etal., 2014). Despite inconsistencies in measurement and results, basal
salivary cortisol research suggests a general pattern of a) greater
maternal sensitivity relating to smaller AUC, lower basal SCC and
steeper slopes and b) maternal depression as a possible predictor of
child flattened slope and elevated basal SCC.

1.4 | Breastfeeding, sleep, and cortisol

Although we know that infants are exposed to maternal cortisol in
breast milk (Hamosh, 2001), the relation between breastfeeding and
infant cortisol is still not well understood. Breastfeeding has been
related to higher basal SCCs, particularly in boys (Cao et al., 2009;
Forns et al., 2014), and maternal-infant synchrony in evening SCCs
was found for breastfed babies only (Neelon, Stroo, Mayhew, Maselko,
& Hoyo, 2015). Yet the association of breastfeeding with infant HCC
and salivary cortisol is understudied, most likely because of sample-
size constraints in separating out breastfed versus formula-fed infants.

In adults, sleep disruption is related to a higher cortisol awakening
response (CAR), greater AUC and a flatter diurnal slope (Bostock &
Steptoe, 2013). The few studies that have examined sleep and basal
salivary cortisol in infancy support the sensitivity of the infant HPA
axis to sleep. In infants, taking more daytime naps was associated with
higher waking SCC and CAR, and later sleep onset was positively
related to CAR (Stalder et al., 2013). In 2-4-year-olds, forced sleep
restriction resulted in lower waking SCC the next morning, and day-
time naps resulted in a CAR (Gribbin, Watamura, Cairns, Harsh, &
LeBourgeois, 2012). Thus, even after a short time asleep, waking
triggers a cortisol response in infants. It is possible that nighttime
wakings may result in CARs that could affect overall cortisol output,
and thus, infant HCC.

1.5 | Current study

The purpose of the current study was to gain a more comprehensive
understanding of how different aspects of the HPA axis are related
to each other and to environmental influences during infancy, a time
when the HPA axis is rapidly developing. We assessed maternal HCC
and maternal psychosocial factors when infants were 6 months old,
and at 12 months we measured infant HCC and salivary cortisol,
maternal HCC, breastfeeding, sleep, and SES. This is, to our
knowledge, the first study to examine the overlap between hair
and salivary cortisol in infancy, an interplay not well understood
even in later childhood and adulthood. To better understand the
mother's role in her infant's cumulative cortisol exposure, we
examined mother-infant HCC synchrony both concurrently and
across time. To advance our understanding of how maternal
psychosocial factors are related to infant HPA functioning, we
explored how maternal depression and maternal parenting stress
predicted both infant hair and salivary cortisol at 12 months, rather
than one or the other. This study builds on the few existing studies
investigating how breastfeeding and sleep are related to salivary
cortisol in infancy, and is the first to examine how they relate to

infant HCC. By investigating the methodological and developmental
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significance of HCC and the interplay between hair and salivary
cortisol, we aim to pave the way for further research on allostatic
load and the long-term implications of distinct aspects of infant HPA

function for later physiological stress regulation.

2 | METHODS

2.1 | Participants

One hundred twenty-five infants were enrolled in the study, but 14
infants did not provide useable hair cortisol values and were excluded
from analysis. Of these 14 infants, three had mothers who declined
infant hair collection, 10 infants were on medication, and one infant was
breastfed while the mother was on a medication that could affect
cortisol values. This resulted in a final sample of 111 dyads (M =12.18
mos.). Of these 111 infants, 90 had participated in an assessment at
6 monthsas well (M = 6.67 mos.). Allinfants were singletons who had no
known hearing, visual, neurological, or developmental disorders, and
whose mothers were fluent in English. Mothers were mostly college
educated (87.2%). See Table 1 for additional demographic information.
Participants were recruited from a department-maintained database of
families interested in participating in research; from publically available
state birth records; and from online advertising.

2.2 | General procedure

This study was approved by the university institutional review board
and parents gave informed consent prior to participation. Parents were
compensated for their time and infants received a small gift. A subset
of infants participated in a home visit conducted when the infant was
6 months old, which lasted about 1 hr. The visit included maternal
questionnaires, collection of a maternal hair sample, a mother-infant
free play interaction, and infant behavioral assessments.

When infants were approximately 12 months old families were
invited to participate in a laboratory visit that lasted about 90 min. The
visit included maternal questionnaires and collection of both maternal
and infant hair samples, as well as behavioral and electrophysiological
assessments not included in the current analyses. Mothers were
trained on home saliva collection, and research staff picked up the

infant saliva samples upon completion of collection.

2.2.1 | Hair cortisol

Hair cortisol collection procedures followed our validated methods
(Meyer, Novak, Hamel, & Rosenberg, 2014). Maternal hair samples
were collected at the 6-month home visit, and maternal and infant
hair samples were collected at the 12-month lab visit. A small
amount (15-30mg) of hair was collected representing the 3cm
closest to the scalp. Because washing, hair straightening or dyeing,
and styling products may affect HCC, mothers were asked about
their and their infants’ hair history including the frequency that the
hair got wet. Human scalp hair grows at approximately 1 cm per
month (LeBeau, Montgomery, & Brewer, 2011), so the 3 cm sample

indexed cortisol output over the past 3 months. Hair samples were
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TABLE 1 Demographic characteristics of participating families
(12 month visit)

Maternal age (years)

M (SD) 33.42 (4.29)
Infant age (months)

Home visit M (SD) 6.67 (.44)

Lab visit M (SD) 12.18 (.72)
Maternal ethnicity

Caucasian 73.4%

Asian 11.0%

Black 6.4%

Hispanic 3.7%

Native American 9%

Multiracial/Other 4.6%
Infant ethnicity

Caucasian 65.5%

Asian 4.5%

Black 4.5%

Hispanic 1.8%

Native American 0%

Multiracial/Other 23.6%
Income-to-needs ratio

M (SD) 5.59 (3.62)
Maternal education

(% with at least a 4 year college degree) 87.2%
Paternal education

(% with at least a 4 year college degree) 77.4%
Maternal occupational prestige (1-5 scale)

M (SD) 3.89 (1.04)
Paternal occupational prestige (1-5 scale)

M (SD) 3.77 (1.16)

stored in plastic tubes, and were frozen at -20°C until cortisol
analysis. Hair samples were washed twice with isopropanol and
dried and ground to powder. Cortisol was extracted into methanol
and the sample was reconstituted in assay buffer. Reconstituted
extracts were analyzed for cortisol using a sensitive and selective
enzyme immunoassay. Assay readout was converted to pg cortisol
per mg of dry hair weight. Intra- and inter-assay CVs were less than
3% and 5%, respectively. Raw HCC values were log transformed
because the data were not normally distributed. Values were not
winsorized. Most mothers in this sample provided useable HCC
values at the 6-month visit (95.5%) and 12-month visit (92.8%). Of
those without useable HCC at 6 months, one mother did not consent
to collection and three mothers were on medications that could
affect cortisol values. At 12 months, four mothers did not consent to
collection and four were on medication that could affect cortisol
values. Most infants had useable HCC at 12 months (88.8%).

At 6 and 12 months, mothers’ HCC was unrelated to frequency
of washing (6 mos.: Spearman's rho=.011, p=.922; 12 mos.:
Spearman's rho=-.057, p=.572) or to color treatment of hair
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(6 mos.: t(76)=.333, p=.740; 12 mos.: t(101)=1.177, p=.242).
Frequency of washing was also unrelated to the infants’ HCC at
12 months (Spearman's rho = -.084, p =.389). Therefore, it was not

necessary to correct for variation in hair care habits.

2.2.2 | Salivary cortisol

Infant's 12-month salivary cortisol was collected in the home. Mothers
were instructed to collect samples from their infants immediately upon
the infant's waking and at the infant's bedtime (just before the last
feeding, and at least an hour since the infant last napped) on three days
when they spent most of the day together and when the infant was not
sick. This diurnal sampling was repeated across 3 days. Mothers were
instructed to collect the samples when it had been at least an hour
since the infant was last fed. Compliance with these instructions was
assessed via home diaries.

An infant-safe synthetic swab (Salimetrics, State College, PA) was
placed in the infant's mouth for 60 s. Mothers were instructed to keep
samples frozen until the 3 days of sampling were completed, after
which samples were collected by research staff. Salivary samples were
frozen at —20 °C until they were sent to Trier Laboratories in Germany
for assay. Salivary cortisol concentrations were determined employing
a competitive solid phase time-resolved fluorescence immunoassay
with flouromeric end point detection (DELFIA; Dressendorfer,
Kirschbaum, Rohde, Stahl, & Strasburger, 1992).

Two full days of sampling was the required minimum for inclusion
in analyses, and 70 infants (63.1%) met this criterion. Specifically, 47
infants had usable samples for all 3 days and 23 infants had usable
samples for 2 days. Saliva samples were not returned for 27 infants,
nine infants provided fewer than 2 days of usable samples, two infants’
salivary cortisol values were excluded because the mother was
breastfeeding and taking oral steroids or the infant was taking
medication that could affect cortisol levels, and one infant was
excluded due to a collection error. Infants with sufficient salivary
samples did not significantly differ on any demographic variables than
infants without sufficient salivary samples.

Four variables were calculated to assess diurnal cortisol for the
infant, standardized, and averaged across the days of sampling: waking
SCC, bedtime SCC, slope across the day, and area under the curve with
respect to ground (AUC). Prior to averaging across days, statistically
extreme values for these 70 infants that were not explained by illness
or medications were winsorized to three standard deviations from the
mean. Nine infants required winsorizing of wake SCC, bed SCC, slope,
or AUC on at least one of the 3 days of sampling, for a total of 25 values
requiring winsorizing (wake = 2; bed = 5; slope = 10; AUC = 8). Values
were log transformed as necessary to meet the assumptions of
normality. Values across all sampling days were then averaged to form
an aggregate for each of the four variables, and each demonstrated
adequate internal consistency (wake a=.604; bed a=.672; slope
a=.587; AUC a =.602). Slope assessed regulation of cortisol levels
across the day, as a healthy diurnal rhythm is characterized by a
morning spike upon waking followed by a decline throughout the day
(Fries, Dettenborn, & Kirschbaum, 2009). Slopes were computed using
the rise-over-run formula: change across the day in SCC divided by the
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time elapsed from morning to bedtime sample. AUCg was calculated as
an estimate of cumulative cortisol exposure using the trapezoid
formula (Pruessner, Kirschbaum, Meinlschmid, & Hellhammer, 2003).
Given that AUC indexes cumulative cortisol exposure across the day
and that slope is indexing change across the day, it is possible the two
can diverge. For example, flat slope could either reflect levels that stay
high across the day or low across the day, resulting in very different
AUC values. Thus, it is important to include both when looking at the
overlap with HCC.

Although emergent at this age, there is some suggestion that
infants show a CAR (Stalder et al., 2013). Thus, average time since
waking when the morning sample was taken (M =16.38min,
SD =15.92 mins) was used to control for variability in the time of
sampling relative to the CAR, which peaks approximately 30 min after
waking. Infant waking SCC, slope, and AUCg were each regressed on
the square of the time since waking when the morning sample was
taken, and standardized residuals were saved. These standardized
residuals, which represented standardized salivary cortisol values after
correcting for time of sampling, were used as the measures of waking
SCC, slope, and AUCg in all subsequent salivary cortisol analyses.

2.2.3 | Mother-infant free-play interaction

The mother-infant interaction was assessed in the home during the
6-month visit using a 6-min exploratory play paradigm (Feldman, 2007;
Feldman & Eidelman, 2003). Mothers were provided with six age-
appropriate standardized toys and told to play with their infants as
they normally would at home. The video camera was positioned facing
the mother and infant in such a way that the toys, mother's and infant's
faces, and bodies were in view.

Interactions were micro-coded, frame-by-frame, with Noldus 11.0
(Wageningen, the Netherlands), using the methods of Feldman and co-
workers (Atzil, Hendler, & Feldman, 2011; Feldman, Gordon, &
Zagoory-Sharon, 2011). Mother and infant gaze, affect, vocalizations,
and interaction with toys were coded every 30th of a second.
Interrater reliability was calculated for one minute of each interaction
video and vyielded a range of kappas from 84-.97. Maternal positive
dffect indexed the proportion of time the mother demonstrated
positive affect (e.g., smiling, laughter). Motherese indexed the
proportion of time the mother spent using infant-directed speech.
Maternal intrusiveness indexed the proportion of time that the mother
spent taking a toy away from the infant. Maternal negative affect
indexed the proportion of time that the mother displayed any negative
affect.

2.2.4 | Maternal parenting stress

Maternal parenting stress was assessed at the 6-month visit using the
parenting stress index (PSI; Abidin, 1995), 4th edition short form, a 36-
item parent report rated on a 5-point Likert scale. Mothers with less
than a 10 on the defensive responding scale are considered defensive
responders, and their PSI scale scores were not included in subsequent
analyses. The total stress scale was used (possible range = 36-180).
The PSl is validated for use with parents of children aged 1 month to
12 years (Abidin, 1995).
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2.2.5 | Maternal depression

Maternal depression was measured at the 6-month visit with the
Center for Epidemiologic Studies-Depression Scale (CES-D; Radloff,
1977), a 20-item self-report questionnaire. The CES-D has internal,
concurrent, and predictive validity and has been used widely with
mothers of infants (Bureau, Easterbrooks, & Lyons-Ruth, 2009).

Possible scores range from O to 60, with a clinical cutoff of 16.

2.2.6 | Infant sleep

At the 12-month visit, mothers completed the Brief Infant Sleep
Questionnaire (BISQ; Sadeh, 2004). Infant nighttime sleep duration was
defined as the time in hours that the infant typically spends asleep
between 7 pm and 7 am. For the purpose of this study, nighttime sleep
duration was dichotomized as either at least 10 hr per night or less than
10 hr per night. Room sharing was defined as either sleeping in the
parent's bed or the parent's room and number of night wakings was
dichotomized as either two or more wakings per night, or less than two
night wakings. Because room sharing and number of night wakings were
significantly related to one another (x%(103)=27.158, p <.001) and
conceptually similar, they were standardized and averaged to create a
sleep disruption composite (Cronbach's alpha =.679). Although those
sleeping less than 10 hr per night also had more sleep disruption (t = 2.44,
p =.017), nighttime sleep duration had poor internal consistency with the
sleep disruption aggregate (Cronbach's alpha = .078), so sleep disruption

and nighttime sleep duration were kept separate.

2.2.7 | Breastfeeding

At the 12-month visit, mothers reported on breastfeeding history, and
infants were classified based on whether or not the infant had been
breastfed in the past 3 months. This time window was chosen based on
the period indexed by the hair cortisol sample.

2.2.8 | Socioeconomic status

Mothers reported maternal and paternal occupation; the highest
educational level attained by mother and father; household composi-
tion; and household income. Occupational prestige was coded using
the job zone coding scheme from the Occupational Information
Network (O*NET, http://www.onetonline.org/help/online/zones),
which ranks U.S. Census-based occupational categories on a 1-5
scale based on the education, experience, and training required.
Income and household composition were used to compute income-to-
needs ratio based on the 2013 federal poverty level. Parent
occupational prestige, parent education, and income-to-needs ratio

were standardized and averaged to yield an SES composite.

2.3 | Analysis plan

First, SES was correlated with all other variables to determine whether
it needed to be controlled for in subsequent analyses. SES was
included as a covariate in subsequent analyses when it was related to
both the cortisol dependent variable and to at least one of the
independent variables in the analysis. Pearson correlations then
examined concurrent relations of infant HCC to infant waking SCC,
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bedtime SCC, AUCg, and slope across the day at 12 months of age, as
well as predictive and concurrent relations between maternal HCC (at
6 and 12 months) and infant HCC (at 12 months) to better understand
HCC as a marker of infant cumulative cortisol exposure. To assess
maternal psychosocial correlates of infant cortisol, Pearson correla-
tions were conducted on the longitudinal sample relating maternal
parenting stress, mother-infant interaction variables, and maternal
depressive symptoms at 6 months to infant HCC and salivary cortisol
at 12 months. Next, t-tests or correlations were conducted to examine
the association of infant HCC and salivary cortisol with breastfeeding,
nighttime sleep duration, and sleep disruption at 12 months of age.
Step-wise regressions determined which of these uniquely contrib-
uted to variance in infant HCC and salivary cortisol.

3 | RESULTS

3.1 | Preliminary analyses

Table 2 presents means and standard deviations for the raw infant and
maternal cortisol measures. Descriptive statistics for behavioral and
environmental variables are indicated in Table 3. Maternal intrusive-
ness and maternal negative affect hardly ever occurred in our sample,
and thus were not included in subsequent analyses.

Infants from higher SES families had significantly steeper cortisol
slopes (r(70)=.291, p <.05), and SES was significantly higher for
breastfed infants (t(102) = -3.697, Cohen's d =.774, p < .001) and for
infants sleeping 10hr or more a night (t(103)=-2.658, Cohen's
d=.605, p<.01). No other variables were related to SES. SES,
therefore, was included as a covariate in analyses relating breastfeed-
ing and nighttime sleep duration to slope, because it was associated
with both the independent and dependent variables. Other than the

TABLE 2 Raw hair and salivary cortisol values

M (SD)
sample range
Infant
Wake SCC (ug/dl)—12 months 40 (.24)
N=70 .04-1.64
Bed SCC (ug/dl)—12 months .13 (.26)
N=70 .01-2.05
AUCg (ug/dl/hr)—12 months 3.26 (3.12)
N=70 .34-22.79
Diurnal slope (pg/dl/hr)—12 months .020 (.032)
N=70 -.18 to .07
HCC (pg/mg)—12 months 86.26 (183.63)
N=111 3.60-1530.80
Mother
HCC (pg/mg)—6 months 38.60 (87.14)
N=86 .30-641.20
HCC (pg/mg)—12 months 27.33 (30.86)
N=103 3.80-189.70
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TABLE 3 Descriptive statistics of environmental measures

M (SD)
Maternal factors (N = 89) sample range
CESD total score 9.87 (7.01)
0-33
Maternal positive affect 14.3% (14.5%)
1-79%
Maternal motherese 22.5% (18.6%)
0-56%
Maternal negative affect 0% (0%)
0-3%
Maternal intrusiveness 1% (1%)
0-4%
Maternal total parenting stress score (PSI) 71.56 (11.44)
46.00-105.97
Breastfeeding and sleep (N = 106) Frequency
Duration of sleep 2 10 hr/night 81.7%
Room Sharing 35.8%
2 or more nighttime wakings 31.6%
Breastfed in last 3 months 72.8%

Descriptive statistics for maternal psychosocial measures are from the
longitudinal sample at 6 months. Maternal total parenting stress score (PSI)
is the mean and SD excluding defensive responders. Breastfeeding
and sleep descriptive statistics are from the full 12-month sample.
Room sharing and 2 or more nighttime wakings were combined into a
standardized aggregate score of sleep disruption for analyses.

significant association between sleep disruption and nighttime sleep
duration reported in the methods, no other environmental correlates
were related to one another.

3.2 | Infant hair and salivary cortisol at 12 months

As seen in Table 4, higher infant HCC was associated with greater
infant waking SCC, bedtime SCC, and AUCg, but not with diurnal slope.
This suggests that infant cumulative cortisol exposure (i.e., HCC) and
daily rhythms (i.e., slope) are tapping different biological stress
constructs. To explore whether these distinct aspects of HPA function
were differentially related to breastfeeding, sleep, and maternal
factors, both infant HCC and diurnal slope were used as outcome

variables in further analyses.

3.3 | Mother and infant hair cortisol

Higher maternal HCC was strongly related to higher infant HCC
both within and across age (Table 5).

TABLE 4 Correlations between infant hair and salivary cortisol at
12 months

Waking SCC
.304**

Bedtime SCC AUCg Slope

Infant HCC 529 454**  -0.051

*p <.05; **p <.01; ***p <.001.
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TABLE 5 Associations between infant hair cortisol and mother hair
cortisol

Infant HCC—12 Mother HCC—12

months months
Mother HCC—6 months A34%** .283*
Mother HCC—12 months A446***

*p < 05; **p < .01; ***p < .001.

3.4 | Relations between maternal factors at 6 months
and infant cortisol at 12 months

3.4.1 | HCC

Infant HCC was not related to maternal parenting stress, maternal
depressive symptoms, or motherese and maternal positive affect
during the mother-infant interaction.

3.4.2 | Diurnal slope

Infant slope was also not related to any of the maternal factors at
6 months.

3.5 | Concurrent associations of breastfeeding and
sleep with infant cortisol at 12 months

3.5.1 | HCC

Breastfed infants had lower levels of HCC at 12 months (t(103) = 2.305,
Cohen'sd = -0.532, p =.023). Infants who slept 10 hr or more each night
at 12 months had lower HCC than infants who slept less than 10 hr (t
(104) = 2.545, Cohen's d = -0.638, p =.012). Sleep disruption was not
related to infant HCC at 12 months. Infant HCC was regressed on
breastfeeding and nighttime sleep duration using step-wise regression,
and the overall model was significant (F = 5.087,p = .026; Table 6). After
accounting for the variance in infant HCC explained by nighttime sleep
duration, breastfeeding status did not explain additional variance in
infant HCC at 12 months. After correction for false discovery rate, all
associations remained significant. This method controls for the
expected proportion of falsely rejecting the null hypothesis, and is a
more powerful method than the more traditional false positive rate
approach (Benjamini & Hochberg, 1995).

3.5.2 | Diurnal slope

Sleep duration and sleep disruption were related to infant slope at
12 months. Specifically, infants with 10 hr or more nighttime sleep had
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FIGURE 1 Slope across the day by sleep duration classification.

Y-axis indicates SCC value after winsorizing and log transformation.
Standardized SCC values were not used in order to make it easier
to interpret the slope across the day. X-axis indicates the SCC
sample time, showing the decline in basal SCC across the day

steeper slopes across the day (t(66)=-4.239, Cohen's d=1.619,
p <.001) than those with less than 10 hr of nighttime sleep (Figure 1).
Infants with lower sleep disruption had steeper slopes (r=-.295,
p =.016). Breastfeeding was not related to diurnal slope (t(64) = -.601,
Cohen's d=.179, p=.550). Again, these associations remained
significant after correction for false discovery rate. To determine
which factors uniquely contribute to variance in infant diurnal slope at
12 months, nighttime sleep duration, sleep disruption, and SES were
entered into a step-wise regression. As seen in Table 6, only nighttime
sleep duration remained in the model, accounting for about 21% of the
variance in infant diurnal slope (F = 17.966, p < .0001). Sleep disruption
and SES did not uniquely explain variation in infant slope above and

beyond that explained by nighttime sleep duration.

3.6 | Post hoc analyses: interaction between infant
HCC and diurnal slope

To investigate whether the combination of the infant's HCC and diurnal
cortisol slope provides additional information beyond looking at each
separately, we created a person-focused variable that represented four
distinct combinations of HCC and slope. We decided to examine the
interaction between diurnal cortisol slope and HCC for several reasons.
First, there is little known about the emergence of the circadian cortisol
rhythm in infancy. The four studies that have looked at this find a great

TABLE 6 Step-wise regression models predicting infant cortisol from breastfeeding and sleep

Variable B SE
Infant hair cortisol®

12 months sleep duration -.62 271
Infant slope®

12 months sleep duration 1.21 .286

B p Model adjusted R?
-.23 .026 .043
468 <.0001 .207

2Sleep duration and breastfeeding were both entered into the stepwise regression; breastfeeding did not remain in the model.
bSleep duration, sleep disruption, and SES were entered into a stepwise regression; SES and sleep disruption did not remain in the model.
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deal of individual variation in when this emerges in infancy (Antonini,
Jorge, & Moreira, 2000; de Weerth, Zijl, & Buitelaar, 2003; Price, Close,
& Fielding, 1983; Santiago, Jorge, & Moreira, 1996). Because there is no
consensus in the field as to when the circadian cortisol rhythm arises,
slope by itself is hard to interpret at this stage in development. High HCC
combined with flat slope suggest to us the possibility of frequent cortisol
responses to stressors across the day which contribute to overall
elevated levels and a flattened slope. On the other hand, an infant could
have aflat slope because of slower development of the circadian cortisol
rhythm, but elevated HCC would not be expected in this case. Thus,
looking at slope and HCC together may shed more light on our
understanding of the overall HPA functioning in early development.
Secondly, from a more clinical perspective, flatter slopes and elevated
HCC are both considered “at risk” (e.g., Bernard, Butzin-Dozier,
Rittenhouse, & Dozier, 2010; Palmer et al., 2013), yet the two have
never been investigated together to see if the combination of flat slope
and high HCC adds further information. Median splits were performed
on both infant HCC and slope, dichotomizing infant HCC into “low” and
“high” and infant slope into “flat” and “steep.” The four groups were then
created as follows: flat slope/low HCC (14 infants, 20%), steep slope/
low HCC (19 infants, 27.1%), flat slope/high HCC (21 infants, 30%), and
steep slope/high HCC (16 infants, 22.9%). One-way ANOVAs and chi
square difference tests examined differences between these infant
profiles on all environmental factors that were significantly related to
either cortisol measure alone (i.e., SES, breastfeeding, nighttime sleep
duration, and sleep disruption).

There was a significant difference between infant cortisol profiles
on SES as determined by a one-way ANOVA (F(3,66)=5.405,
nzp =.082, p =.002; Figure 2a). A Bonferroni post hoc test revealed
that SES was lower for infants with flat slope/high HCC compared
both to infants with flat slope/low HCC (mean difference = -.808,
p=.022) and to those with steep slope/low HCC (mean differ-
ence = -.875, p=.004). There was a significant difference between
infant cortisol groups on sleep disruption (F(3,65) = 4.370, n?, =.175,
p =.007; Figure 2b), with a Bonferroni post hoc test showing that sleep
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disruption was higher for infants with flat slope/high HCC compared
to infants with a steep slope/high HCC (mean difference =.883,
p =.019), with no statistical differences between the other groups.

Chi square difference tests were performed to determine whether
the infant cortisol profiles differed on sleep duration or breastfeeding
outcomes. There were no significant differences between the four
cortisol profiles on breastfeeding (x¥3(3, 64) = 6.772, p = .080). Indeed,
as can be seen in Figure 3a, there is clearly a main effect of HCC on
breastfeeding, but no interaction with slope. The infant cortisol
profiles did differ on sleep duration (x3(3, 66)=12.321, p =.006).
Figure 3b suggests that it is the combination of flat slope and high
HCC, rather than either flat slope or elevated HCC on their own, that is
associated with less than 10 hr of nighttime sleep.

4 | DISCUSSION

This study investigated the association of HCC and salivary cortisol in
12-month-old infants, environmental correlates of infant HCC and
diurnal cortisol slope, and the interplay between these two distinct
aspects of the infant's HPA axis in predicting environmental risks.
Maternal HCC was related to infant HCC both concurrently and across
time. At 12 months, there was significant overlap between infant basal
salivary cortisol and HCC measures, such that infants with higher HCC
had higher AUCg, waking SCC, and bedtime SCC. Infants’ diurnal slope
was not related to HCC, suggesting that HCC and diurnal slope are
measuring distinct aspects of HPA function: cumulative exposure
versus regulation across the day, respectively. Neither slope nor HCC
at 12 months was related to maternal psychosocial factors at
6 months. Both were sensitive to sleep, such that sleep problems
were related to higher HCC and flatter slope, but only HCC was related
to breastfeeding. Person-focused analyses looking at infant HCC and
diurnal slope together suggests that the interplay between the two is
particularly informative. The combination of high HCC and flat slope

was associated with more risk factors than any other infant cortisol
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FIGURE 2 Socioeconomic status (a) and sleep disruption (b) by infant cortisol profile. The Y-axis indicates mean standardized SES score (2a)
and mean standardized sleep disruption score (2b) for each infant cortisol profile. The X-axis represents all four infant cortisol profiles.

Standard errors are indicated by the error bars
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represents all four infant cortisol profiles

profile. Taken together, these results suggest the validity of using HCC
to assess infant cumulative cortisol exposure, and the importance of
measuring both HCC and diurnal rhythm. Infant HPA function is
complex and multiple measures of infant cortisol are required for a
comprehensive understanding of its environmental correlates and
long-term implications.

The present results are the first to demonstrate an association of
HCC with AUC in infancy, which is consistent with the literature in
children and adults (D’Anna-Hernandez et al., 2011; Ouellette et al.,
2015). Not surprisingly, correlations between the two were moderate.
Both are measuring cumulative exposure, but AUC is calculated only
from waking hours across the day, and averaged across only a few
days. HCC, on the other hand, captures cumulative exposure across
day and night and over a period of several months. As previously seen
in children, HCC was unrelated to diurnal slope (Vanaelst et al., 2012),
demonstrating their measurement of different constructs of the
physiological stress system (cumulative exposure and diurnal rhythm,
respectively). Infant HCC was related to waking and bedtime SCC,
contrary to research that found no association between HCC and
waking levels in older children (Vanaelst et al., 2012). This highlights
the importance of the infant's basal SCC at the start and end of the day
in their cumulative cortisol exposure, and raises the possibility that
HCC and SCC are differentially related in infancy and childhood. The
expected association between hair cortisol and AUC provides support
for the validity of using hair cortisol to assess cumulative cortisol
exposure in infancy.

Mothers with higher HCC at 6 and 12 months had infants with
higher HCC at 12 months. This is contradictory to the only other study
exploring postnatal maternal-infant synchrony of HCC that found no
relation at 9 months or 12 months of age (Liu et al., 2016), but is
consistent with patterns of mother-child synchrony in basal SCC (e.g.,
Bright et al., 2012; Letourneau et al., 2011; Stenius et al., 2008), and in
HCC in older children (Ouellette et al., 2015). Although it is not clear
why contradictory findings were found in infancy, HPA regulation is
emerging during this period and may result in variable associations

across studies that use different populations, collection techniques,
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and ages. There are several possible reasons as to why synchrony
between the mother and infant exists. First, the importance of mothers
in the regulation of their children's HPA axis, such that mothers who
are more stressed may in turn be less able to help their child regulate
their own stress, is likely to contribute to this synchrony (Gunnar &
Talge, 2008). Indeed, research demonstrating a stronger relationship
between maternal and child HCC when there is poor parenting and
high maternal HCC provides support for this mechanism (Ouellette
et al., 2015). Second, mothers and their infants may be exposed to
similar environmental stressors, thus resulting in more similar
cumulative cortisol exposure (Stenius et al., 2008). Third, it is possible
that mother and child have related HCC because HCC is genetically
influenced, and the mother and child share some overlapping genes.
Several twin studies indicating heritability of basal salivary cortisol
(Bartels, de Geus, Kirschbaum, Sluyter, & Boomsma, 2003; Ouellet-
Morin et al., 2008, 2009), as well as the demonstrated heritability of
hair cortisol in monkeys (Fairbanks et al., 2011), suggest that this is
likely partially responsible. No research to date, however, has explored
the heritability of HCC in humans. Lastly, it is also possible that
postnatal mother-infant synchrony may be a result of prenatal
maternal HCC and fetal programming of the HPA axis. Mothers’
prenatal HCC has been shown to predict infant HCC at 1 and 3 years of
age (Karlén et al., 2013), yet that study did not measure mothers’
postnatal HCC to disentangle these associations. Similarly, our results
cannot address this question as we did not collect mothers’ prenatal
HCC. More research is needed to separate prenatal and postnatal
effects of maternal HCC on infant stress physiology. Regardless of the
mechanism, which is likely to be some combination of all four, our
results provide support for the importance of the mother in the infant's
cumulative cortisol exposure, not just acute cortisol levels, and further
support the validity of HCC as an index of infant cumulative cortisol
exposure.

Sleep, characterized as nighttime sleep duration and sleep
disruption, was differentially related to HCC and cortisol diurnal
slope. Slope was related to both duration and disruption, whereas HCC

was only associated with nighttime sleep duration. Infants sleeping
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less than 10 hr a night had higher HCC and flatter slopes (i.e., poorer
regulation of diurnal rhythm). Increased sleep disruption was also
related to flatter slopes. Although lower SES infants were more likely
to sleep less than 10 hr per night, the association of sleep with HCC
and diurnal rhythm was not attributable to SES. Given that our data
indicate an opposite pattern from research on infant cortisol reactivity
that shows room sharing with the parent may serve as a protective
factor against high salivary cortisol reactivity (Beijers, Riksen-
Walraven, & de Weerth, 2013; Tollenaar, Beijers, Jansen, Riksen-
Walraven, & de Weerth, 2012), sleep may be differentially affecting
different aspects of infant HPA function. Additionally, what was
conceptualized as a positive protective buffer may actually be
representative of a more overall flattened, or blunted, physiological
stress system.

While these results suggest that targeting infant sleep may be a
possible avenue for intervention, it is important to note that the
association between the two does not tell us about directions of effect.
For example, having high cortisol at bedtime could delay or disrupt
sleep, and having higher bedtime SCC is consistent with both higher
HCC and flattened slope. Thus, it is possible that these infants may be
more resistant to sleep interventions. Although limited, research on
the emergence of circadian rhythm demonstrates an overall pattern of
the parallel emergence of sleep and diurnal cortisol rhythms, or the
sleep cycle preceding the diurnal cortisol rhythm (Antonini et al., 2000;
de Weerth et al., 2003; Price et al., 1983; Santiago et al., 1996)
However, great individual variation exists in the timing of both sleep
and circadian rhythms, as well as the order of the two, and there is
currently no longitudinal work examining the long-term developmen-
tal significance of the timing of diurnal cortisol rhythm. More research
is needed to better understand the causal relation between infant
cortisol and sleep.

Breastfeeding infants had lower HCC, but did not differ in diurnal
cortisol slope. Although maternal cortisol is transmitted to infants
through breastmilk (Hamosh, 2001), the skin-to-skin contact and co-
regulation associated with the experience of breastfeeding may at the
same time have suppressive effects on infant cortisol production, with
a net effect of cumulatively lower HCC. Diurnal slope did not relate to
breastfeeding status, but mothers were instructed to take the waking
sample prior to feeding and wait 1 hr after feeding before collecting
the evening sample. Thus, any transient effects on infant cortisol levels
might not be reflected in the saliva samples. Notably, the lower HCC of
breastfed infants in our sample is opposite of the two studies
demonstrating higher basal SCC in breastfed infants (Cao et al., 2009;
Forns et al., 2014). Although low SES mothers are less likely to
breastfeed, the association between breastfeeding and HCC in our
sample was not explained by SES. While breastfeeding and non-
breastfeeding infants may differ on other family or maternal
characteristics, these factors are unlikely to explain the lower HCC
in breastfed infants, given that none of the maternal factors in our
study were related to HCC. More research is needed to better
understand the multi-faceted relationship between breastfeeding and
cortisol exposure, both chronic and acute.

Both infant HCC and slope were unrelated to all maternal factors

explored in this study. Contrary to Azak, Murison, Wentzel-Larsen,
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Smith, and Gunnar (2013), mothers with more depressive symptoms
did not have infants with flatter slopes. This inconsistency regarding
the association between maternal depression and maternal perceived
stress with child cortisol levels is, however, not uncommon in the
literature (e.g., Ouellette et al., 2015; Palmer et al., 2013). Thus, the
relation between maternal depression and other psychosocial factors
with child cortisol is still not well understood and warrants further
investigation across development. Unlike previous research demon-
strating no difference in diurnal rhythm for lower SES infants
compared to higher SES infants (Clearfield et al., 2014), we found
that infants from lower SES families had flatter diurnal slopes.

In our study, HCC and diurnal slope were unrelated and
differentially sensitive to breastfeeding and certain aspects of sleep,
demonstrating that they may tap distinct aspects of HPA functioning—
cumulative exposure (HCC) versus regulation across the day (diurnal
slope). Furthermore, research has demonstrated that environmental
risks such as maternal depression, living with birth parents when under
Child Protective Services, and regular foster care, are related to
flattened slope (e.g., Azak et al., 2013; Bernard et al., 2010; Fisher,
Stoolmiller, Gunnar, & Burraston, 2007) and that maternal and familial
risk factors are also associated with elevated HCC (Karlén et al., 2013;
Palmer et al., 2013; Vaghri et al., 2013), but nothing is known about the
interplay between the two. Yet, looking at the interplay between two
distinct aspects of the HPA axis can provide a more comprehensive
understanding of the infant's developing HPA system. Because thereis
a large amount of variation in when circadian cortisol rhythm emerges,
slope on its own is hard to interpret during infancy. An infant with
frequent responses to stressors across the day could, as a result, have
both flattened slope (because levels stay high across the day) and
elevated HCC. On the other hand, an infant may have flat slope
because their circadian cortisol rhythm has not yet emerged, in which
case high HCC would not be expected. Given both our clinical and
physiological reasoning, we anticipated that infants showing a
combination of high HCC and flattened slope might be those
experiencing the most environmental risk. Indeed, our results
indicated just that. Infants were classified as 1) steep slope/high
HCC; 2) steep slope/low HCC; 3) flat slope/high HCC; and 4) flat
slope/low HCC. Infants with flat slope/high HCC, which we
considered a dysregulated cortisol profile, were lower SES than
infants with flat slope/low hair or steep slope/low HCC. These same
flat slope/high HCC infants also had greater sleep disruption than
infants with steep slope/high HCC. Furthermore, infants with flat
slope/high HCC appear to be more likely to sleep less than 10 hr/night
than the other infant cortisol profiles. Thus, considering diurnal slope
or HCC alone does not tell the whole story; it is only by examining the
interplay between the two that a cortisol profile of infants with flat
slope/high HCC emerged as particularly associated with environmen-
tal risk. This suggests that any one cortisol measure may not be linearly
related torisk. Instead, by looking at several aspects of HPA functionin
concert we can identify more complex patterns of dysregulation.
Importantly, the cortisol profile that is the most associated with risk
may change across development. For example, later in childhood and
adulthood the combination of low HCC and flat slope, representing

maladaptive downregulation of the HPA system, may be particularly
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“at risk.” Future work should investigate how the combination of HCC
and diurnal rhythm interact with environmental risk and developmen-

tal outcomes at different points in development.

4.1 | Limitations

The mother-infant interaction in the current study yielded minimal
maternal negativity. Potentially, this lack of maternal negativity
reflected the developmental stage of the infants. Maternal
negativity may increase as infants get older when frustrations and
conflict are more likely to arise in the mother-child interaction.
Assessing mother-child interactions across various ages in relation
to cortisol measures would help address this question. It is also
possible that the task itself, rather than the infant's age, was not
optimal to elicit variability in maternal behavior. The free-play
situation is relatively non-stressful and may not elicit maternal
insensitivity as well as a more stressful situation (e.g., when the
infant is upset, or during a structured task). In fact, one study found
that infant cortisol was related to maternal sensitivity only when
assessed in a nighttime changing routine, not a daytime free-play
interaction (Philbrook et al., 2014). A second limitation of the current
research is the relatively low-risk sample. A great majority of
mothers were college educated and middle class with relatively high
income-to-needs ratios. Yet even in our low-risk sample, we found
that SES was significantly related to infant diurnal slope, emphasiz-
ing the sensitivity of the infant HPA axis to even modest variations in
socioeconomic context. Third, because infant HCC is an emerging
literature, it has not yet been determined if the rate of hair growth in
infants is the same as that observed in adults (1 cm/month), so we
cannot be certain if 3cm of hair indexed precisely 3 months of
cortisol. Lastly, we relied on parent report for waking and sampling
times for salivary cortisol collection, which can introduce error to
“time since waking” measures because parents may not know
exactly when their infant wakes up in the morning, nor accurately

record when the infant's saliva sample was extracted.

5 | CONCLUSIONS

We find support for HCC as a valid marker of cumulative cortisol
exposure in infancy. Furthermore, our results clearly indicate that
infant HCC and diurnal slope are both sensitive to certain aspects of
the environment, but in distinct ways. Investigating the interplay of
these different aspects of the HPA axis suggested that dysregulated
HPA functioning is nuanced even as early as infancy, and likely
dependent on the interaction of various parts of the HPA axis (e.g.,
high HCC and flattened slope). This highlights the importance of using
a more comprehensive approach to our understanding of HPA
functioning. Further research is needed to continue investigating
the interplay of HCC and salivary cortisol in infancy, as well as across
development. Although we provide support for the sensitivity of infant
HCC and diurnal slope to the environment, and the importance of
the interplay between infant HCC and diurnal slope, nothing is known

about the long-term implications of certain cortisol profiles or
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characteristics. More longitudinal research is needed to better
understand various physiological and behavioral outcomes associated
with early cortisol dysregulation in infancy. Longitudinal work can
also begin to tease apart the direction of effect between cortisol
and certain risk factors (e.g., sleep). HPA functioning is nuanced and
complex as early as infancy, and our methodological approach should

reflect that complexity.
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