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Abstract
Previous research has assessed the relationship between maternal sensitivity and infant
hypothalamic-pituitary-adrenocortical [HPA] axis function, yet neglected additional stress
systems. Using a multi-system method (HPA measured via cortisol and sympathetic nervous
system via salivary alpha-amylase; SAA), we assessed the relationship between maternal
sensitivity and infant stress system coordination and flexibility in response to acute stress. A
community sample of 125 mother-infant dyads participated in a toy frustration (age 15 months)
and separation procedure (age 16 months). Maternal sensitivity was measured via naturalistic
observation. Multilevel-modeling analyses found that maternal sensitivity moderates the
relationship between infant SAA and cortisol basal activity and reactivity, such that systems were
coordinated at higher, but not lower, levels of sensitivity. SAA output was greater in response to
separation compared to frustration, though sensitivity did not moderate this variability. Findings
suggest that the quality of early caregiving relationships is important for the development of

coordinated stress physiology.
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Chapter 1: Overview of the Problem

The body’s ability to adapt to change, termed allostasis, is central to its physical and
psychological functioning (McEwen & Seeman, 1999). An essential allostatic component for
maintaining homeostasis is the comprehensive stress response, encompassing integrated
processes from the central nervous system, the neuroendocrine system and the immune system
(Danese & McEwen, 2012; McEwen & Wingfield, 2003). While the systems that constitute the
stress response are adaptive in many circumstances, their dysregulation can cause pervasive
health consequences (Chrousos, 2009; Danese & McEwen, 2012; Gunnar & Quevedo, 2007;
McEwen & Gianaros, 2011; Miller, Chen, & Zhou, 2007), including increased rates of
cardiovascular disease (Black & Garbut, 2002; Kendler et al., 2009; Steptoe & Kiviméki, 2012),
depression (O’Keane, Frodl & Dinan, 2012), and impairment of immune system functioning
(Epel et al., 2004). Research shows that maladaptive activation (e.g., prolonged or chronic stress)
that occurs during developmentally-sensitive periods (e.g., infancy) may be particularly
influential in the development of later psychopathology and disease (Gunnar & Quevedo, 2007;
O’Keane et al., 2012; Tarullo & Gunnar, 2006). Thus, it is of crucial importance to determine
what factors positively or negatively influence the stress response during these sensitive periods
(McEwen & Seeman, 1999). Maternal sensitivity, defined as the degree to which a mother
responds warmly, appropriately, and contingently to an infant’s cues (Ainsworth, Belhar, Waters,
& Wall, 1978), is an early relationship factor found to influence infant stress physiology (e.g.,
Atkinson et al., 2013; Blair et al., 2008; Feldman, Singer & Zagoory, 2010). The current study
further examines the relationship between maternal sensitivity and infant stress responsivity in a
community sample of mother-infant dyads, with a particular focus on sympathetic nervous

system (SNS) and hypothalamic-pituitary-adrenocortical (HPA) axis coordination and flexibility.



Chapter 2: The Multisystem Stress Response

When facing internal or external threats to homeostasis (i.e., stressors), specific areas in the
brain initiate responses from the autonomic nervous system (ANS) and the neuroendocrine
system (Ulrich-Lai & Herman, 2009). The ANS, specifically the sympathetic nervous system
(SNS) and the sympathetic-adrenomedullary system, constitute the rapid fight-or-flight response
(Gunnar & Quevedo, 2007; Ulrich-Lai & Herman, 2009). Together, these branches release two
primary catecholamines: norepinephrine and epinephrine. The majority of norepinephrine is
synthesized from neurons located within the locus coeruelus of the central nervous system and is
released upon sympathetic innervation, although some norepinephrine is also produced in the
adrenal glands located above the kidneys. The adrenal glands also synthesize epinephrine, which
is released directly into the bloodstream during the fight-or-flight response. Both catecholamines
exert effects on targeted cells by binding with noradrenergic and adrenergic receptors. The
physiological effects from catecholamines occur rapidly and include increases in metabolic
energy (i.e., greater available blood-glucose), heart rate, blood vessel constriction, blood supply
to the brain, and muscle constriction (Gunnar & Quevedo, 2007).

The neuroendocrine system, or HPA-axis, in comparison, produces a slower, longer-acting
response via the production of glucocorticoids (Gunnar & Quevedo, 2007). Once activated, the
HPA-axis releases corticotrophin-releasing hormone (CRH) and arginine vasopressin (AVP)
from the hypothalamus. These factors then activate the release of adrenocorticotropic hormone
(ACTH) from the pituitary gland into the bloodstream, which targets the production and release
of cortisol from the adrenal glands. Cortisol is the end produce of the hormonal HPA-axis
cascade and produces physiological effects by altering gene expression in targeted cells,

particularly those within the brain (de Kloet, 1991). In addition to its role in the stress response,



cortisol also performs important regulatory functions and is present within the body at all times,
following a diurnal course (Lovallo, 2005).

New research suggests that measuring both systems together provides a more accurate
representation of the stress response and allows for assessment of system coordination (Ali &
Pruessner, 2012). At the neural level, the SNS and HPA-axis share critical input from the central
nervous system, specifically the CRF neurons of the hypothalamus (Engert et al., 2011).
However, following centralized innervation, the molecular cascades of these systems are
dissociative, producing differing and allied allostatic processes (Sapolsky, Romero, & Munck,
2000). Evidence from physiological and pharmacological studies show that these systems
interact and communicate via inhibitory and excitatory feedback loops (Sapolsky et al., 2000).
For example, glucocorticoids can increase the effectiveness of the catecholamines on heart and
muscle tissue by decreasing their re-uptake and increasing the sensitivity of f-adrenergic
receptors located within these tissues (e.g., Gibson, 1981; Sakaue & Hoffman, 1991; for a review
see Sapolsky et al., 2000). Further, when pharmacological agents are administered to impede the
performance of one of these systems, compensatory responses from the non-targeted system are
seen (e.g., Kizildere et al., 2003; Oei et al., 2010; Viru et al., 2007). In addition, the magnitude
and trajectory of each system’s response differs according to the psychological components of a
stressor; specifically, features of uncontrollability or social evaluative threat are known to
generate greater HPA reactivity (Dickerson & Kemeny, 2004), whereas the ANS is sensitive to
effort regardless of valence (Chen, Raine, & Granger, 2015; Frankenhaesuer, 1982; Laurent et
al., 2012; Lundberg & Frankenhaeuser, 1980; Schommer, Hellhammer, & Kirschbaum, 2003;
Ursin, Baade, & Levine, 1978). Thus, the HPA and ANS likely produce interacting as opposed to

summative effects during allostasis (Chen et al., 2015). Delineating the most adaptive patterns in



multisystem interaction (i.e., coordination) remains an area of ongoing investigation. The
available theories and evidence for adaptive coordination will be discussed in detail below.

Non-invasive measurement of these systems has become possible through technological
advances over recent decades. Most prominent in the stress literature is the study of cortisol,
which can be measured directly and reliability from saliva using immunoassay procedures
(Kirschbaum & Hellhammer, 1994). Acute stressors that feature elements of uncontrollability or
social evaluative threat are particularly effective in producing increases in cortisol output,
according to meta-analytic findings (Dickerson & Kemeny, 2004). The direct measurement of
norepinephrine and epinephrine, however, requires invasive measurement techniques (i.e., must
be measured from blood plasma) (Dvorak, Callés-Escandon, & Poehlman, 1998). Sympathetic
activity can also be measured via heart rate variability (e.g., cardiac systolic pre-ejection period;
Newlin & Levenson, 1979) or skin conductance responses (Lazarus, Speisman, & Mordkoff,
1963), however, these methods require electrodes connected to wiring and hardware, which can
be problematic in studies of young children where mobility is required. For this reason, the
majority of developmental stress research (and stress research generally) has focused solely on
understanding how different factors influence the HPA-axis. The investigation of a single-
system, however, neglects the comprehensive, multi-system nature of the stress response.

Fortunately, cortisol is no longer the only stress biomarker that can be reliably measured

in saliva. Salivary alpha-amylase (SAA) has gained recognition as a reliable indicator of ANS
activity. Salivary alpha-amylase is most often cited as a measure of sympathetic activity
(Granger, Kivlighan, El-Sheikh, Gordis, & Stroud, 2007), though there is some evidence that
small amounts are secreted by parasympathetic innervation (Bosch, Veerman, de Geus, &

Proctor, 2011; Nater et al., 2006). Alpha-amylase is an enzyme produced in the salivary glands,



primarily the parotid gland, that aids in digestion (Nater & Rohleder, 2009) and provides
immunological protection against certain bacteria (Scannapieco, Torres, & Levine, 1993).
Salivary alpha-amylase is not produced in newborn infants but rapidly increases in concentration
around nine months, reaching adult levels between 3 and 6 years of age (O’Donnell & Miller,
1980). Salivary alpha-amylase is found to increase in response to physiological and
psychological stressors in adults (Chatterton, VVogelsong, & Hudgens, 1996; Nater et al., 2005;
Nater et al., 2006; Rohleder, Nater, Wolf, Ehlert, & Kirshbaum, 2004; Skoluda et al., 2015),
infants (Laurent, Ablow, & Measelle, 2012), toddlers (Fortunato et al., 2008), preschoolers
(Spinrad et al., 2009), and adolescents (Stroud et al., 2006). Thus, SAA has aided in expanding
the developmental stress literature to include the other systems that are integral to a
comprehensive and adaptive stress response.

Two components of an adaptive stress response are coordination and flexibility (Atkinson
et al., in press). As mentioned above, the multiple stress systems work in combination to
overcome allostatic demands. Coordination refers to the relationship between the different stress
system responses, i.e., the degree to which the SNS and the HPA-axis respond to stress in a
coordinated (or synchronous) fashion. Synchrony is not to be confused with uniform responding
or redundancy but rather the interactive influence of one system on another, i.e., the magnitude
and direction of responding from one system is related to the magnitude and direction of the
other (Chen et al., 2015). Further, this interaction may be influenced by additional environmental
or genetic moderators, such as those at play during early development. The exact pattern of
adaptive coordination and its interplay with developmental moderators is under contention and
will be discussed below. Flexibility is the ability to produce an appropriate, context-specific

stress response. A flexible stress response matches situational demands as necessary, in



comparison to blunted or superfluous responses. Flexibility is not merely variability in stress
responding. As illustrated by Atkinson and colleagues (in press), an individual may produce
variable SNS or HPA reactivity in response to different stressors but the pattern of variability
must match the intensity and specificity of the stressor to be considered flexible. For example, an
individual who produces a robust HPA response to a frustrating task but fails to mount a
response to a socially-threatening environment is demonstrating variability but not flexibility in
their stress responding. Developmental factors, both environmental and physiological/genetic,

are expected to explain individual variations in flexibility.



Chapter 3: Maternal Sensitivity and Infant Stress System Development

The quality of early attachment relationships has been found to influence the development of
stress physiology (Haley & Stansbury, 2003; Nachmias et al., 1996). In their seminal work,
Meaney and Szyf (2005) demonstrated the importance of maternal care on stress system
development in rat models. Greater maternal care (e.g., the frequency of licking and grooming
behaviours) resulted in epigenetic changes that produced favourable and persistent alterations in
rat pup stress physiology (i.e., variation in the expression of glucocorticoid receptors). Though
causal examinations are considerably more difficult with human subjects, multiple studies have
found significant associations between maternal sensitivity and infant HPA function (e.g.,
Atkinson et al., 2013; Hibel, Granger, Blair, Finegood, The Family Life Project Key
Investigators, 2014; Laurent et al., 2012; Letourneau, Watson, Duffett-Leger, Hegadoren, &
Tryphonopoulos, 2011); higher levels of maternal sensitivity have been correlated with lower
baseline cortisol concentrations, greater reactivity during the course of a stressor and less time
for baseline recovery in infants (Blair, Granger, Willoughby, & Kivlighan, 2006; Blair et al.,
2008; Spanglar, Schieche, 1lg, Maier, & Ackermann, 1994). Other studies have found contrasting
evidence (e.g., Jansen, Biejers, Riksen-Walraven, & de Weerth, 2010; Thompson & Trevathan,
2009), which may relate to methodological differences or the influence of moderators (Atkinson
et al., 2013). Regardless, there is building evidence for the important relationship between early
maternal care and infant HPA-axis development.

Considerably less research has examined the influence of maternal sensitivity on infant SNS
system functioning and the interconnectivity, or coordination, of the SNS and HPA systems
(Andrews et al., 2013). To address this research gap, there has been a call for studies that assess

the interplay of the stress systems to better understand how these systems work in collaboration



to achieve allostasis (Ali & Pruessner, 2012; Andrews et al., 2013; Bauer, Quas, & Boyce, 2002;
Granger et al., 2006). A few theories have been put forward to explain system coordination and
how it relates to developmental and contextual factors.

Among the first of these theories was that of Bauer and colleagues (2002) who proposed that
“allostatic load may manifest as dysregulated patterns of stress response across systems rather
than alterations in individual system activity” (pg. 104). In their paper, they proposed two
contrasting hypotheses: 1) an “additive” model, where risk is related to over-activation of both
systems (i.e., mid-level arousal or high-with-low arousal in both systems is optimal), or 2) an
“Interactive model”, where asymmetry between stress systems (i.e., low reactivity in one system
with high reactivity in another) is predictive of risk. Evidence has thus far been equivocal, with
results available in support of each model. Corroborating the additive model, greater self- and
parent-reported aggression in adolescents was related to low cortisol and SAA reactivity in
response to a social stressor, but not in adolescents with low cortisol and higher SAA reactivity
(Gordis, Granger, Susman, & Trickett, 2006). Further, higher levels of both basal cortisol and
SAA were associated with increased internalizing and externalizing behaviours in 8 and 9-year-
olds (EI-Sheikh, Erath, Buckhalt, Granger, & Mize, 2008). Yet, in support of the interactive
model, no associations between sAA and cortisol reactivity were found in a 9 to 14-year-olds
with a history of maltreatment, whereas a comparison group without history of maltreatment
demonstrated symmetry between sAA and cortisol (Gordis, Granger, Susman, & Trickett, 2008).
Moreover, in adolescents (aged 12 to 19) displaced by Hurricane Katrina, asymmetry between
basal SAA and cortisol was related to mood problems, whereas symmetry (e.g., high sAA and

cortisol) was not (Vigil, Geary, Granger & Flinn, 2010).



In extension to Bauer et al.’s hypotheses, Andrews and colleagues (2013) proposed the
stress coherence/compensation model, which suggests that stress system asymmetry is the
product of one system becoming dysregulated and the other system compensating for it. For
example, if one system (e.g., the HPA-axis) were to become blunted (e.g., via chronic stress as in
Miller et al., 2007), the stress coherence/compensation model predicts that the SNS would
compensate by generating an overactive response (Andrews et al.). The stress
coherence/compensation model also argues that psychological measures of stress (e.g., stress
perception according to a visual analogue scale) constitute an important third system requiring
measurement.

Furthermore, Del Guidice and colleagues (2011) put forward the adaptive calibration model,
which suggests that children’s stress system trajectories adapt to specific developmental and
environmental demands. Del Guidice et al. propose four trajectories and their predicted
environmental correlates: 1) the sensitive pattern, indicated by high HPA and medium-high SNS
reactivity, related to sensitive parenting, 2) the buffered pattern, characterized by moderate
reactivity in both systems, related to over-stimulation during development, 3) the vigilant
pattern, with high reactivity in both systems but lower reactivity in the parasympathetic nervous
system (indicating difficulties with relaxation) with differential gender-based differences in
behavioural outcomes, and 4) the unemotional pattern, with low reactivity overall, theoretically
linked to neglect, trauma and/or chronic stress (Del Guidice et al.). The adaptive calibration
model extends allostatic load theories by incorporating the importance of life history into how
allostatic load shapes stress system development and, subsequently, disease processes (Ellis &
Del Guidice, 2014). The quality of early attachments is consistent with life history events that the

adaptive calibration model seeks to address. From an evolutionary perspective, the adaptive



calibration model also suggests that none of the trajectory patterns are fundamentally
‘dysfunctional’ but rather adaptive in different contexts (Ellis & Del Guidice). This is similar to
research supporting differential susceptibility (gene x environment interactions) in the context of
early care (Belsky & Pleuss, 2009), as has been found within our lab on dopamine-related genes
and cortisol reactivity in infants of mothers with depressive symptoms (Ludmer et al., 2015).
Further research incorporating multiple stress system measures is necessary to test the adaptive
calibration model in developmental contexts.

In addition to coordination, the quality of early care may also influence infant stress system
flexibility, as indicated by appropriate stress reactivity to the potency and duration of a stressor
(McEwen & Seeman, 1999). The tendency for some stressors to elicit a greater response of a
particular stress system compared to others is referred to as stressor specificity (Gunnar, Talge &
Herrera, 2009). Systematic reviews of experimental HPA-axis activation find that certain
laboratory stressor paradigms are more potent stressors than others (Dickerson & Kemeny, 2004;
Jansen et al., 2010; Gunnar et al., 2009); a meta-analysis currently under way in our lab finds
similar SAA patterns for stressor paradigms, at least in adult populations (Villani & Jamieson, in
prep). Despite these findings, there exists a paucity in the developmental stress flexibility
research, particularly the flexibility of infant SNS reactivity, and how this relates to contextual
variables (e.g., maternal care). In particular, there is limited research on infant intra-individual
stress flexibility (i.e., differential stress responses across stressors within individuals). Our lab
recently found evidence for intra-individual infant HPA-axis flexibility across two different
challenges, such that infants produced greater cortisol outputs when exposed to a parental
separation procedure compared to a toy frustration procedure (Atkinson et al., 2013).

Importantly, the degree of intra-individual flexibility was related to maternal sensitivity, such

10



that infants of more sensitive mothers displayed greater cortisol variability across the two
challenges compared to infants of less sensitive mothers (Atkinson et al.). In a study of 18-
month-old infants, Laurent and colleagues (2012) also demonstrated variability in infant cortisol
and sAA trajectories across different stressors. They found that cortisol reactivity was higher
following the strange situation procedure, whereas SAA trajectories were higher following a
clean-up and emotion-induction task. Mothers and infants both demonstrated the same patterns
of reactivity in response to the stressors suggesting shared attunement in their physiological
relationship. This study, however, did not directly assess stress system flexibility per se, though
they did find some evidence linking behavioural factors (i.e., temperament) to distinct patterns of
cortisol and sAA responding. For example, they found that infants with greater surgency (as
indicated by maternal reporting on the Early Childhood Behavior Questionnaire) had higher
cortisol in the strange situation procedure. Another sample of 6-month-old infants and mothers
from low-income families found evidence for parenting behaviours (measured via self-report) on
SAA trajectories following novel and frustrating stressor tasks (Kivlighan, 2006). Mothers who
demonstrated high levels of detached parenting had infants with low or non-existent SAA
reactivity in response to the challenges. Anxious mothers were found to have the opposite
pattern, with infants producing greater SAA reactivity compared to low anxious mothers. An
untested explanation for these reversed findings may be that anxious mothers signal to their
infant that the situations is of heightened threat or demand, whereas a detached parent may not
give their child these cues. Kivlighan’s dissertation findings are the first (to my knowledge) to
demonstrate a relationship between aspects of maternal care and infant SNS responsivity.

In sum, important components of stress physiology are shaped in early childhood, in part by

the quality of early care. However, few studies have concurrently studied the relationship

11



between the SNS and the HPA-axis in the context of maternal sensitivity. In particular, there is a
lack of research examining the relationship between maternal sensitivity and infant SNS system
flexibility, the coordination of HPA and SNS systems, and coordination of these systems in the

context of intra-individual flexibility. The current study addresses these gaps in the literature.
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Chapter 4: Research Questions and Hypotheses

This investigation furthers the developmental stress literature by examining the relation
between maternal sensitivity and the coordination between infant SAA and cortisol reactivity,
and infant SAA flexibility across two stressor challenges (intra-individual stress flexibility).
Specifically, the following research questions were explored:

1) Is maternal sensitivity related to the interconnectivity of infant stress systems,

specifically the HPA-axis and the SNS?

Hypothesis 1: Maternal sensitivity moderates the relationship between infant SAA and cortisol,
such that higher levels of maternal sensitivity relate to greater coordination (i.e., symmetry)
between infant SAA and cortisol response trajectories.

Previously described models of coordination suggest that interconnectivity between stress
systems is an adaptive component of stress physiology that may be fostered by the quality of
early care (Bauer et al., 2006; Andrews et al., 2013; Del Guidice et al., 2011). Infants with higher
levels of maternal sensitivity are expected to produce sAA and cortisol trajectories that are
similar to the sensitive pattern described by Del Guidice and colleagues (2011), specifically with
infants raised in more sensitive environments demonstrating greater SAA and cortisol basal
activity and responsivity to acute stress.

2) Is maternal sensitivity related to infant SAA flexibility across different stressors?
Hypothesis 2: Higher levels of maternal sensitivity relate to greater infant SAA response
flexibility (i.e., appropriate variability) across stressors.

Atkinson et al. (2013) found that infants of more sensitive mothers had greater intra-
individual cortisol flexibility across different stressors. In line with this finding, it is expected

that a similar pattern will exist in SAA responding, with infants of more sensitive mothers
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generating greater flexibility in their SNS response across differentially challenging stressors.
However, as the SNS is more often associated with effortful or frustrating tasks (Frankenhaesuer,
1982; Laurent et al., 2012; Lundberg & Frankenhaeuser, 1980; Ursin, Baade, & Levine, 1978), it
was predicted that infants demonstrate greater SAA reactivity in response to a toy frustration
procedure as opposed the strange situation procedure, which elicits more relational threat.

3) Is maternal sensitivity related to the interaction between stress system coordination and

flexibility?

Hypothesis 3: The degree of coordination between infant SAA and cortisol differs across two
different challenges (i.e., flexibility), and this is related to the degree of maternal sensitivity. The
expected direction of this effect is unknown as it has not been assessed in previous studies. As

such, this is an exploratory hypothesis.
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Chapter 5: Methods

Participants

Following approval from the Research Ethics Boards at the Centre for Addiction and
Mental Health and Ryerson University, a low-risk community sample of 297 mother-infant
dyads were recruited from in-person visits and flyers posted at community centres, activity
centres and infant-related events to participate in our laboratory’s original longitudinal study
(Atkinson et al., 2013; Khoury et al., 2016; Ludmer et al., 2015; Pereira et al., 2012). Dyads were
eligible for participation if mothers spoke fluent English, were over 18 at the time of their child’s
birth, had no major medical conditions, and if the infant was developing typically and had an
uneventful childbirth. Saliva samples timed for SAA collection did not begin until late in the
study (as the role of SAA as a reliable biomarker became more established), such that 117 dyads
were not assessed at all. From the remaining dyads, the current study assayed a subsample (N =
125) selected for completeness of data (i.e., saliva samples available for both challenges; 55
infants with incomplete SAA data were not included due to funding constraints); this sample did
not significantly differ from the original sample on any important aspect (e.g., sex, income,
cortisol reactivity). Infants (52% female) were between 14 and 18 months old at the initial home
visit (M = 15.17, SD = .84) and between 14 and 19 months at the laboratory visit (M = 16.46, SD
=.90). Maternal age at the 15-month home visit ranged from 22 to 46 years (M = 33.27, SD =
4.54). The majority of mothers were in a relationship (95.2%) and had a median income of
$35,001 to $70,000 (25" and 75" percentiles were less than $20,000 and $35,001-$70,000,
respectively). The median reported income for spouses was $35,001 to $70,000 (25" and 75%
percentiles were $35,001-$70,000 and $70,001-$92,000). Mother’s highest level of education

was self-reported as primary (1.6%), secondary (5.6%), community college (26.4%), university
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(40.8%), or post-graduate degree/diploma (25.6%). Six mothers (4.8%) were smokers and had an
average of 4.25 cigarettes daily. Ancestry was self-reported as Caucasian (n = 97, 78.2%), Asian
(n=9, 7.3%), African American (n = 2, 1.6%), and other (including Hispanic, East Indian,
Middle Eastern, South Asian and Mixed; n = 16, 12.9%). One mother did not report ancestry.
Procedure

Dyads participated in two study sessions. A home visit was conducted at age 15 months
and involved a two-hour period of naturalistic observation, completion of maternal
questionnaires and participation in a toy frustration procedure (TFP). One month later (age 16
months), dyads participated in a strange situation procedure (SSP) during a laboratory visit. (The
SSPs were utilised as an infant stressor and were not coded for attachment classifications.)
During both the TFP and the SSP, saliva samples were collected from the mother and infant at
four time points (baseline, and 5 minutes, 20 minutes and 40-minutes post-stressor). All visits
were scheduled in the morning (between 8 and 11 am) to account for infant diurnal patterns of
cortisol and to reduce the likelihood of disrupting the diurnal course due to interrupting regularly
scheduled naps or feeding times (Goldberg et al., 2003; Gunnar & White, 2001; van Bakel &
Risken-Walraven, 2004).
Challenges

Toy Frustration Procedure. The TFP (Braungart-Rieker & Stifter, 1996) is a stressor
paradigm designed to induce frustration in infants and toddlers. Mothers were instructed to
amuse their infant with an appealing toy (provided by the research assistant) for 90 seconds,
followed by a 90-second interval during which the mother concealed the toy in a clear plastic
container out of the child’s reach. These two steps were immediately repeated, for a total of four

90-second intervals. In both concealment steps, infants would attempt to retrieve the toy, though
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this was most difficult in the last interval where the container was sealed. Intervals were
terminated if infants cried steadily for more than 20 seconds (8% of sessions were terminated
early, though termination status was missing for an additional 32% of cases).

Strange Situation Procedure. The SSP (Ainsworth et al., 1978) is a separation-reunion
paradigm originally designed to assess mother-infant attachment styles that also functions as a
potent relational stressor. The SSP involves eight three-minute intervals, two of which involve
mother-infant separations (while the mother watches from an observation room). Separation
intervals were terminated if the infant cried steadily for more than 20 seconds (36% of SSPs had
at least one interval terminated due to crying).

The TFP and SSP are differentially effective in evoking a cortisol response, rendering
them an ideal pair for assessing HPA-axis intra-individual variability in physiological reactivity
(Atkinson et al., 2013). The SNS is also known to produce differential reactivity depending on
the type of stressor, typically with greater reactivity in response to effortful challenges
(Frankenhaesuer, 1982; Laurent et al., 2012; Lundberg & Frankenhaeuser, 1980; Ursin, Baade,
& Levine, 1978). However, effort was likely a component of both the TFP and the SSP. For
example, in the TFP, infants would have produced effort in attempt to retrieve the toy
(particularly in the second concealment when the container was locked), but many infants also
tried to leave the room during the SSP to find their mother (a behaviour that may also be
indicative of effort).

Measures

Maternal Sensitivity. The Maternal Behaviour Q-Sort (MBQS; Pederson et al., 1990) is

a measure of maternal sensitivity that yields robust effect sizes in the context of attachment

security (r = .48; Atkinson et al., 2000) and cortisol secretion (Atkinson et al., 2013). Two
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trained female research assistants observed dyads in their homes over the course of two hours,
which included the time period where mothers were instructed to fill out questionnaires with
infant present; this serves to divide mothers’ attention and may augment the relation between
maternal sensitivity and infant behaviour (Atkinson et al., 2000; Pederson et al., 1990). The two
observers sorted cards describing maternal behaviour (e.g., “waits for baby’s response in
interactions”) into piles according to how well they describe the mother in question. The
observed sorts were then compared to the sort of a “prototypically sensitive” mother and the
correlation serves as a measure of sensitivity (Pederson et al., 1990). In this study, the average
value of both observers was used. An inter-rater reliability (intra-class correlation) of .88 was
obtained.

Saliva Collection and Assay. Mothers and infants were instructed to refrain from eating
or drinking anything but water, or brushing their teeth in the hour leading up to each visit to
avoid sample contamination (Kirschbaum & Hellhammer, 1994; Mackie & Pangborn, 1990).
Due to the timing of the visits, compliance with these instructions was poor: prior to the home
visit, 42.4% of infants ate or drank something other than water, as did 31.2% infants prior to the
lab visit.

Whole saliva samples were collected using Sorbettes (Salimetrics, State College, PA) that
were placed in between the gum and the cheek and held there for 60 seconds. During each
challenge, four samples were collected at baseline (5-minutes pre-stressor) and 5, 20, and 40
minutes post-stressor from both mother and infant. Saturated Sorbettes were deposited directly in
2-mL cryovials and stored at -70°C in an ultra-low temperature freezer.

For assay, only three of the four samples were used for either SAA or cortisol to account

for the differential time course of the SNS and HPA-axis; for SAA, baseline, 5, and 20 minute
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samples were used, whereas baseline, 20, and 40 minute samples were used for cortisol. These
samples were matched according to their respective baseline, peak, and recovery stages to
account for the time-lag between systems, which Laurent and colleagues (2013) titled ‘matched
phase coordination’ and recommended as a superior method for calculating multisystem
coordination.

Cortisol samples were previously assayed for both mother and infant using a high
sensitivity enzyme immunoassay kit (Salimetrics, State College, PA). For cortisol assay, samples
were thawed and centrifuged for 10 minutes at 3000 rpm at 4°C. All samples from an individual
were conducted on the same day. Each sample was done in duplicate and averaged values were
used in subsequent analysis. Following assay, cryovials with remaining saliva were refrozen at -
70°C. Inter-assay variance was 10.6% and inter-assay variance was 8.3% for low value samples
and 6.9% for high value samples.

For sAA assay, infant samples were re-thawed and centrifuged for 15 minutes at 3000
rpm. All assays were conducted using a high sensitivity immunoassay kit (Salimetrics, State
College, PA) and a programmable microplate reader (BioTek, Winooski, VT) preheated to 37 °C
and set to a 405 nm filter. All samples for each infant were conducted on the same day.
Duplicates of each sample were assayed and average values are reported. Inter-assay variance
was 14.14% and intra-assay variance was below 4% for low, medium and high samples.

Potential Covariates. Known covariates of cortisol and SAA were considered in the
experimental design and were accounted for, as necessary, in the statistical analyses. As
described, mothers were instructed to refrain from drinking and eating for one hour prior to the
study visits. However, given the low compliance rate, time of last meal/drink were included as

covariates. Further, certain demographic factors have been found to influence these biomarkers;

19



socioeconomic status has been linked to child cortisol response (Bauer et al., 2002), and sex of
infant has received mix-evidence on its relationship to SAA reactivity (Frankenhaeuser, 1982;
Takai et al., 2007; Vigil et al., 2010). In the present study, socioeconomic status was captured via
maternal self-report on maternal education, household salary and marital status (married/co-
habiting compared to single). These potential covariates were assessed against cortisol and SAA
secretion and only covariates found to significantly influence the model were included.
Data Preparation and Analytic Approach

Data were assessed visually and statistically for skew and outliers. Log transformations
were used to reduce the positive skew of cortisol and SAA values. Missing data were accounted
for via multiple imputation procedures (Little & Rubin, 1987; Schafer & Olsen, 1998). Extreme
outliers (values + 3.29 standard deviations) were contributed from a single infant who produced
salivary alpha-amylase values below natural limits. As such, this infant’s data was dropped from
the subsequent analyses. An additional 12 infants were excluded from the analyses due to
difficulties obtaining saliva samples in the required time range for salivary alpha amylase.
Though our research assistants were well-trained and experienced, infant fussiness or prolonged
irritation following the stressors led to cases of undesirable variability in salivary sampling (a
phenomenon we suspect is not specific to our lab). In an effort to conserve power and reliability
in interpreting peak and recovery periods of SAA, peak sampling times occurring outside of 4-10
minutes were excluded (M =5.61, SD =.19), as were recovery samples outside of 15-30
minutes (M = 20.64, SD = .19; final N = 112).

Data were analyzed using multilevel modelling (MLM) with maximum likelihood
(Raudenbush, Bryk, Cheong, Congdon, & du Toit, 2011) to account for interdependence of

physiological measures within individuals. Interclass correlations depicting the variance
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accounted for between sample time and challenge (ICC =.53) and individual (ICC =.79)
corroborate the use of nesting procedures. A three-level model was used to assess infant SAA and
cortisol trajectories across time (Level 1), and challenge (Level 2), nested within individual
infants (Level 3). As opposed to traditional forms of linear regression, examination of
trajectories using MLM provides information about differential rates of change across and within
individuals (growth curves, i.e., slopes) and idiosyncratic initial status along the dependent
variable (i.e., intercepts), and how selected predictors influence these factors (Hruschka, Kohrt,
& Wrothman, 2005; Singer & Willet, 2003; Willett & Sayer, 1994). Similarly, trajectories
provide greater information than computation of area under the curve calculations or other
composite forms of measurement that result in the loss of important intra-individual variation in
physiological data (Hruschka et al.). Additionally, MLM has the added benefit that uniform time
measurements are not necessary (Garson, 2013; Hruschka et al.).

To test the multiple hypotheses put forward, the full model of interest was inputted into
multilevel modeling software (HLM-7, Scientific Software International): SAA was selected as
the outcome variable (as opposed to cortisol which was the focus of previous work on this
sample; Atkinson et al., 2013); cortisol (group mean centered) and time (coded as baseline = 0,
peak = 1 and recovery = 2 ; uncentered) were entered as level-1 predictors; stressor challenge
(uncentered, dummy-coded as toy frustration = 0, strange situation = 1) as a level-2 predictor;
and at the individual level (level-3), maternal sensitivity was grand mean centered. According to
guidelines on model evaluation (Cohen, Cohen, West, & Aiken, 2013; McCoach & Black, 2008),
non-significant interactions of the highest level (beginning with the four-way interaction) were
systematically removed from the model to create the most parsimonious fit. The end product of

this process included a three-way interaction between maternal sensitivity, sample time and

21



cortisol, as well as additional two-way interactions and significant main effects. The influence of
potential covariates was then tested on the parsimonious model. Feeding time and wake time
were entered as level-2 factors and sociodemographic factors and infant sex were entered as
level-3 predictors. Only infant sex was found to significantly influence the model and was thus
retained as a level-3 predictor. Infant sex also produced a significant two-way interaction with
time. Sample time, cortisol, challenge, sex and the hypothesized moderator maternal sensitivity
were included as fixed effects and interpreted using final estimation with robust standard errors.
Random effects (slopes) for time, cortisol and stressor were not significant and were therefore
not included in the final model. Random intercepts and residual variances were included. The
final model is outlined by equation 1. Level-1 residuals did not violate the assumption of
homogeneity of level-1 errors, nor did ordinary least squares (OLS) residuals for level-2.
Significant interactions were further analysed using an online multilevel model
interaction computation tool (Preacher, Curran, & Bauer, 2006). This tool plots the regressed
slopes of predictors on the outcome variable for either two-way or three-way interactions. It uses
covariance and variance input from the final multilevel model and requires the selection of
conditional values for each predictor of interest. Where applicable, these conditional values were
selected as the mean and + 1 standard deviation values for cortisol and maternal sensitivity, or
for sampling time, as the integer representing either baseline (0), peak (1), or recovery (2). This
computation tool also produces simple intercept and simple slopes analyses that compare
regressed slopes to a slope of zero (i.e., assessing the traditional null hypothesis). This study’s
hypotheses, however, were primarily concerned with comparisons between slopes (e.g.,

comparison of slopes between high and low levels of maternal sensitivity), which are supported
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by the presence of significant interactions (Aiken & West, 1991). Thus, simple slopes analyses
are only included where relevant.
SAA = Y00 + Y001*Maternal Sensitivity + Y002*Sex + Y010*Stressor + (1)
Y100*Cortisol + Y101*Cortisol*Maternal Sensitivity + Y200*Time + Y201*Time*Maternal
Sensitivity + Y202*Time*Sex + Y300*Time*Cortisol + Y301*Time*Cortisol*Maternal

Sensitivity + r0 + u00 + ¢
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Chapter 6: Results

Preliminary Results

Infant SAA was not significantly affected by sociodemographic factors (maternal
education, household income, or marital status), wake or feeding time, or maternal smoking
status. The influence of these covariates on cortisol was also tested (e.g., the interaction between
cortisol values and wake/feeding time on SAA) but these interactions were non-significant. Infant
sex was found to have a main effect on infant SAA (B = .11, SE = .05 t(109) = 2.71, p = .027),
such that female infants had higher average concentrations of SAA than males. Table 1 displays
the means, standard deviations, medians and interquartile ranges for untransformed sAA,
cortisol, and maternal sensitivity. Patterns of SAA and cortisol across visit and time at high and
low levels of maternal sensitivity (one standard deviation above and below the mean) are
depicted visually in Figure 1.
Main Analyses
Full Model

The final parsimonious model (see equation 1) fit the data significantly better than the
null model (x3(10) = 43.11, p < .001). Parameter coefficients and standard errors of the model’s
fixed effect factors, calculated using log transformed sAA and cortisol values, are depicted in
Table 2. In addition to the significant main effect of sex, there was a significant main effect of
stressor (f =.10, SE = .09, t(111) = 4.99, p <.001), such that infant’s overall sAA trajectories
were greater during the strange situation compared to the toy frustration procedure. There was a
significant three-way interaction between sampling time, cortisol and maternal sensitivity (B = -
17, SE = .07, t(329) = -2.36, p = .019). Further, there was a significant two-way interaction

between cortisol and maternal sensitivity (fp = .29, SE = .11, t(329) = 2.55, p=.011) and a
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marginally significant two-way interaction between time and maternal sensitivity (f = .08, SE =
.04, 1(329) = 1.84, p = .067). In addition, there was a significant two-way interaction between
sample time and sex (B =.02, SE = .01, t(329) = 2.07, p = .040). No other interactions or main
effects were statistically significant.

The model also contained significant random effects. The level-1 intercept had significant
variability (variance = .013, sd = .11, x(111) = 407.25, p < .001), indicating that there were
significant individual differences between infant levels of SAA. Thus, the level-1 intercept was
allowed to vary randomly to improve the model’s fit. Further, there was significant variability in
the level-2 intercept component (variance = .058, sd = .24, x3(109) = 827.35, p < .001),
indicating a significant stressor effect on infant levels of SAA. This corroborates the significant
main effect of stressor mentioned above and also supports the use of nesting procedures as
indicated by the levels of the ICC (Garson, 2013). There was no significant benefit for allowing
random slope components in the model, contrary to expectations that there would be
idiosyncratic variability in slope (i.e., trajectories) across time and stressor.

Hypothesis 1: Maternal sensitivity as a moderator of the relation between infant
SAA and cortisol basal activity and reactivity

We hypothesized that maternal sensitivity moderates the coordination between infant
SAA and cortisol basal activity and responsivity to acute stress, such that higher levels of
maternal sensitivity would relate to greater coordination between sAA and cortisol response
trajectories. The significant two-way interaction between cortisol and maternal sensitivity
supports maternal sensitivity as a moderator of the relationship between cortisol and salivary
alpha-amylase. Figure 2 portrays the positive linear relationship between cortisol and SAA at

low, average and high levels of maternal sensitivity. The regression of cortisol on SAA was
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significantly different from zero at average (f = .13, SE =.064, z = 1.97, p = .049) and high
levels of maternal sensitivity (f =.21, SE =.094, z = 2.25, p = .025), but not at low levels (f =
.04, SE =.040, z = 1.05, p = .29). Specifically, at higher levels of maternal sensitivity, SAA
increases as cortisol increases. The influence of maternal sensitivity on sAA/cortisol
coordination, however, must be assessed in the context of the significant three-way interaction
between cortisol, maternal sensitivity and time.

The significant three-way interaction between cortisol, maternal sensitivity and time
indicates that the regression of cortisol on salivary-alpha amylase varies across levels of maternal
sensitivity and sampling time. At baseline (Figure 3), SAA increases positively with increases in
cortisol at high levels of maternal sensitivity but not at lower levels of maternal sensitivity. In
other words, infants with more sensitive mothers had greater basal SAA and cortisol synchrony.
At peak sampling time (Figure 4), this pattern persists, though to a lesser degree than at baseline.
During recovery (Figure 5), SAA and cortisol are negatively related, such that higher levels of
SAA are related to lower levels of cortisol and vice versa; this is true for both high and low levels
of maternal sensitivity but to a greater degree for infants of more sensitive mothers.

Hypothesis 2: Higher levels of maternal sensitivity relate to greater infant SAA
response flexibility across stressors

We predicted that infants of more sensitive mothers would have greater SAA between-
challenge variability, i.e., greater flexibility in their SAA response. There was a significant main
effect of stressor, providing evidence for SAA output variability across challenges for infants on
average, such that sAA values were higher following the SSP than the TFP. This was contrary to
initial predictions that SAA output would be higher in response to the TFP. No significant

interactions were found between stressor and additional variables (e.g., maternal sensitivity) as
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hypothesized, though visual inspection of Figure 1 demonstrates distinctive patterns of SAA
reactivity across stressors for low and high levels of maternal sensitivity. Infants of more
sensitive mothers appear to mount an appropriate SAA response for both stressors, but infants of
less sensitive mothers fail to mount a peak SAA response in both stressors. In addition to a failed
peak response, vulnerable infants (i.e., those with less sensitive mothers) produced higher sAA
output during the unstructured recovery period instead of the structured stressor. The significant
three-way interaction between cortisol, maternal sensitivity, and time described above coupled
with the significant main effect of stressor highlights trends in infant flexibility.

Hypothesis 3: The degree of coordination between infant SAA and cortisol differs
across challenge (i.e., flexibility), and is related to the degree of maternal sensitivity

We explored whether coordination between infant SAA and cortisol would be context-
specific, i.e., whether there would be different patterns of coordination across stressors
(coordination x flexibility interaction). As mentioned, there was no significant interaction
between stressor and maternal sensitivity. However, nuances in the contextual, stressor-specific
patterns of coordination can be seen visually in Figure 1, which plots sAA/cortisol trajectories as
a function of low (blue lines) and high (red lines) maternal sensitivity for both stressors (TFP and
SSP). In both the TFP and the SSP, it is clear that infants of more sensitive mothers produce
sAA/cortisol trajectories that are more similar than their low sensitive counterparts. In the TFP,
infants with more sensitive mothers produce increases in SAA as they produce decreases in
cortisol. For infants of less sensitive mothers, this expected pattern of coordination did not occur.
In the SSP, infants of more sensitive mothers produce complementary increases in SAA and
cortisol that decrease over recovery. In comparison, SAA and cortisol are asynchronous for low

sensitivity infants in the SSP, where neither system produces the expected peak response.
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Influence of Sex

Infant’s biological sex was found to significantly interact with sampling time. Figure 6
depicts mean levels of SAA for each gender by each time point (collapsed across stressor and
levels of maternal sensitivity). In line with the significant main effect of sex, females produce
significantly more sAA across all sampling time points (baseline, peak, and recovery). The
simple slope of male SAA across time was not significantly different from zero ( =.0046, SE =
013, z = .34, p = .73), indicating that males, on average, produce similar levels of SAA across
each time point. In comparison, female infants produced increasing levels of sAA across time (3
=.026 SE =.012, z = 2.13, p = .033), with the highest average values found at recovery, followed
by peak. In sum, female infants, regardless of environmental demands, maternal sensitivity or
cortisol reactivity, appear to have a more reactive SNS response and a slower SNS recovery rate

than their male counterparts.
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Chapter 7: Discussion

This study examined the relationship between maternal sensitivity and two adaptive
components of infant stress physiology: 1) coordination between basal activity and reactivity of
the SNS and HPA-axis, and 2) flexibility of the SNS in response to two differentially challenging
acute stressors. Previous work has assessed maternal sensitivity and related parenting constructs
in the context of a single stress system (i.e., the HPA-axis), which neglects the underlying
integration of multiple systems comprising the comprehensive stress response. Of the available
multi-system studies, coordination and flexibility have been assessed in relation to alternative
variables (e.g., infant temperament, maternal anxiety) but this study is the first to concurrently
examine multiple systems in the context of maternal care using a robust observational measure of
sensitivity. This study also adds the novel contribution of assessing the interaction between
coordination and flexibility within individual infants (i.e., exploring the possibility that the
construct of flexibility includes differential patterns of coordination between stressors of varying
potency and specificity). Further, this study assessed the coordination, flexibility, and interaction
hypotheses using a powerful statistical approach that accounted for the nested quality of
physiological variability within individuals.
Maternal Sensitivity as a Moderator of SNS and HPA Coordination

It was hypothesized that maternal sensitivity moderates the relation between cortisol and
salivary alpha-amylase, such that higher levels of sensitivity correspond to greater coordination
between these biomarkers (and thus respective systems). Cortisol alone did not correlate with
SAA (i.e., no main effect of cortisol), indicating that system coordination did not occur in a linear
fashion for all infants at all times. The lack of ‘average level coordination’ (as termed by Laurent

et al., 2013) is not surprising considering the dissociative functions of these systems and their
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overlapping excitatory and suppressive effects on one another across different stages of stress
responding (Laurent et al., 2012; Sapolsky et al., 2000). Importantly, however, the significant
two-way interaction between maternal sensitivity and cortisol revealed that coordination between
these systems occurred in a non-linear fashion, such that these systems are coordinated (or
uncoordinated) in the context of maternal sensitivity but not separately from this factor. Further,
supporting the notion that system coordination is different at different times, the significant
three-way interaction between maternal sensitivity, cortisol and sampling time indicated that the
influence of maternal sensitivity on sAA/cortisol coordination varied according to the stage of
responsivity (at baseline, peak or recovery). Across sampling time, infants of more sensitive
mothers demonstrated greater coordination between their SAA and cortisol levels. At baseline
and peak levels, higher levels of sensitivity were related to a positive relationship between sAA
and cortisol, such that infants with higher levels of SAA also produced higher levels of cortisol.
This finding was particularly robust for relations of SAA and cortisol at baseline (i.e.,
coordinated basal activity). Notably, for infants of less sensitive mothers, there was no apparent
relationship between sAA and cortisol across baseline and peak time periods; higher levels of
cortisol were not indicative of higher levels of SAA for these infants. During the recovery period,
the sAA/cortisol slope for all infants became slightly negative, such that higher levels of cortisol
were related to lower levels of SAA. This relationship was steeper for infants with more sensitive
mothers, and suggests that SAA recovers at a faster speed that cortisol (i.e., cortisol levels may
continue to be elevated while SAA has returned to baseline concentrations). The different pattern
of coordination in the recovery period may relate to the physiological properties and effects of
each system. For example, cortisol is known to produce counter-acting effects on the

sympathetic response that facilitates SNS recovery (Boyce & Ellis, 2005, Del Guidice et al.,
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2011, Munck, Guyre, & Holbrook, 1984). In addition, the HPA-axis is known to recover over a
longer period of time than the SNS (Gunnar & Quevedo, 2007). In the present study, 40 minutes
may not have been sufficient to capture the prolonged HPA axis recovery period. Even so, the
feasibility of collecting a 60-minute sample from infants is low considering the one hour feeding
and drinking restrictions pre-stressor and post-stressor.

Coordination between systems is not expected to be fixed across all stressors and time.
As such, coordination is not merely the synchrony between biomarker output but rather how the
trajectories unfold across particular stressor demands. Similar to the definition of flexibility,
different patterns of SNS and HPA coordination may be adaptive in different contexts, especially
considering many stressors of lower threat do not activate the HPA-axis (Jansen et al., 2010).
The present results did not show a significant four-way interaction between maternal sensitivity,
time, cortisol and stressor, likely because SAA trajectories between low and high sensitivity
infants were similar across stressors: infants of more sensitive mothers produced expected
increases in SAA across peak time and decreases during recovery, whereas infants of less
sensitive mothers had decreased levels of SAA during peak with increases during recovery. Even
so, visual analysis of coordination patterns between stressors (Figure 1) revealed an important
distinction of contextually-specific coordination between infants of high and low sensitivity.
Infants of more sensitive mothers produced expected patterns of coordination in each stressor:
when subjected to frustration in the TFP, these infants mounted an SNS response but not an HPA
response; in the SSP, these infants mounted both SNS and HPA responses, with recovery
occurring in both systems but with SAA demonstrated a steeper decline. This may further relate
to the different direction of coordination seen in the recovery period of the three-way interaction.

In the TFP with sensitive infants, higher levels of SAA during with recovery would be expected
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with lower levels of cortisol since the HPA is not activated during this stressor, whereas cortisol
output is expected to be higher in the SSP where it is activated.

Our coordination results are consistent with the sensitive and buffered basal activity and
responsivity profile patterns put forward in the adaptation calibration model (ACM; Del Guidice
et al., 2011). Within the sensitive responsivity patterns of the ACM, children raised in sensitive,
supportive environments are expected to have moderate baseline SNS and HPA activity and high
SNS and HPA responsivity to stress (i.e., coordination in both systems at baseline and
reactivity). This pattern was apparent in the present study for infants of more sensitive mothers:
SAA and cortisol baseline levels were moderate in comparison to higher levels during peak
reactivity. The ACM posits that this pattern of basal activity and responsivity is adaptive for
children in sensitive environments as it allows them to react to occasional, brief stressors in their
environment and makes them responsive to social and learning cues without any negative fitness
costs (Del Guidice et al.). Children in less sensitive environments, however, may experience the
buffered responsivity pattern, characterized by low-to-moderate SNS basal activity and reactivity
and moderate HPA basal activity and responsivity. In the present study, infants of less sensitive
mothers had significantly lower SAA reactivity to acute stress than their more sensitive
counterparts. Reduced HPA reactivity in response to stress for less sensitive infants was also
found previously (Atkinson et al., 2013). Reductions in basal activity and reactivity in these
systems may be optimal in more stressful environments where stressors may happen more
regularly and for longer periods, therefore increasing the cost of producing high levels of
catecholamines or glucocorticoids (Del Guidice et al.). The frequency of stressors in these
environments may be elevated because insensitive parenting interactions can themselves be

stressors for infants (Belsky & Pleuss, 2009). The presence of increased sAA during the recovery
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period for infants of less sensitive mothers in this study may be evidence of this as the recovery
period represents a period of unstructured play time for the dyad. As such, unstructured play
appears to have been more stressful for these infants compared to the structured challenge.

Del Guidice and colleagues’ (2011) environment-specific explanation of coordination has
roots in the differential-susceptibility hypothesis, which suggests that one’s genetic makeup can
interact with environmental conditions to predict child outcomes (Belsky & Pleuss, 2009). This
hypothesis was previously supported in the present infant sample in regards to dopamine-related
genes, maternal depression and cortisol reactivity (Ludmer et al., 2015). The genetic
underpinnings of SNS reactivity and environmental contexts have not been explored in mother-
infant dyads, though research from adult samples suggests that genetic variants may moderate
cardiac reactivity in response to psychological stress (e.g., the serotonin transporter gene
S5HTTLPR long allele; Williams et al., 2008). Exploration of genetic moderators and mediators
may help contextualize the current coordination findings.

The pattern of coordination partially fits with Andrew and colleagues’ (2013) stress
coherence/compensation model. The present study showed that infants of more sensitive mothers
demonstrated similar levels of SAA and cortisol where expected (in response to separation).
However, infants of less sensitive mothers did not demonstrate compensation between their
systems as predicted by Andrews and colleagues. For example, in the TFP, less sensitive infants
failed to mount an SNS response to the stressor yet their HPA-axis remained unresponsive.
According to the stress coherence/compensation model, the HPA axis should have compensated
for the lack of SNS responding, which it did not. Of note, this model includes the importance of
measuring additional stress systems such as the parasympathetic nervous system, which was not

assessed here. Further, the authors emphasize perceived threat of stress (i.e., cognitive appraisal)
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as an important ‘third stress system’, though our ability to measure this facet in infants is limited.
Nevertheless, further examination of the model with additional stressors and developmental
factors is warranted.

The coordination results are also similar to the interactive model put forward by Bauer
and colleagues (2002), which predicts that synchrony between stress systems (e.g., high sAA and
high cortisol in response to potent stressors) is indicative of adaptive physiology in development.
However, an essential tenet of Bauer et al.’s model is that the synchrony of systems can be used
to predict whether a child is at low or high risk for displaying internalizing and externalizing
disorders. Though this information was not feasible to collect in a sample of infants, it is
fortunate that the present sample is part of an ongoing longitudinal study where there is the
possibility to compare follow-up measurements of behaviour to patterns of physiology seen in
early childhood. Based on their model, it would be expected that infants who displayed greater
system synchrony (i.e., those with sensitive mothers) would have fewer problematic internalizing
or externalizing features. Findings of this nature would help explain the mechanism of early
developmental experiences and later psychopathology.

As mentioned, coordination between sAA and cortisol in infants of more sensitive
mothers was most robust at baseline (i.e., pre-stressor). One potential mechanism for greater
levels of basal SNS and HPA activity in sensitive infants is the presence of physiological
attunement between mothers and infants. Attunement refers to the synchrony of stress responses
across dyadic partners (Field, 1994; Feldman, 2007). Maternal cortisol concentrations for this
sample of infants had been previously assayed and were found to correlate with infant baseline
levels, i.e., sensitive mothers and their infants had higher baseline cortisol concentrations

(Atkinson et al., 2013). The correlation between sensitive mother-infant baseline and slope
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concentrations was given as evidence of HPA-axis attunement within this sample of dyads
(Atkinson et al.). To extend the current findings, maternal concentrations of SAA must be
assayed and analyzed to determine the presence of attunement in mother-infant baseline sAA.
Attunement of mother-infant baseline SAA has been found in other studies (Kivlighan, 2006;
Laurent et al., 2012), though there is mixed evidence for whether SAA attunement is maintained
during the reactivity and recovery stages; Laurent and colleagues found synchronous patterns of
mother-infant SAA in response to an infant emotion-eliciting stressor, whereas Kivlighan did not
find significant synchrony in response to a similar paradigm. Neither study examined the
influence of maternal sensitivity on mother-infant SNS attunement, indicating an avenue of
future research.

In sum, the present study found evidence of maternal sensitivity as a moderator between
infant SAA and cortisol. As predicted, maternal sensitivity was found to moderate sAA/cortisol
coordination at baseline and reactivity time periods, such that higher but not lower levels of
sensitivity related to increased synchrony in biomarker output.

Maternal Sensitivity as a Moderator of Infant SNS Flexibility

The second primary hypothesis predicted that maternal sensitivity moderates infant SAA
flexibility across stressors, such that higher levels of maternal sensitivity are related to greater
flexibility within infants. Results demonstrated that SAA output varied according to the type of
stressor: the strange situation procedure produced higher sAA trajectories on average compared
to the toy frustration procedure. Therefore, overall variability of the SNS response across infants
was demonstrated (though in an unexpected fashion that will be discussed below). However, as
discussed previously, variability is not necessarily equated with flexibility as flexibility is

context-dependent (Atkinson et al., in press). Previously in this sample, maternal sensitivity was
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found to moderate cortisol flexibility (Atkinson et al., 2013), with infants of more sensitive
mothers mounting a more robust response to the strange situation procedure compared to the toy
frustration procedure. Analyses in the present study, however, found no significant interactions
between stressor and maternal sensitivity; though from a sample size perspective, the current
study had one third of the power than the previous investigation. Explanations for this null
finding may relate to methodology and the differences in SNS physiology compared to the HPA
axis.

From a methodological perspective, the null finding may be a product of the selected
stressor tasks. In developmental contexts, far more information is available on what components
are more effective in eliciting an adrenocortical response (Dickerson & Kemeny, 2004; Gunnar
et al., 2009; Jansen et al., 2010). Meta-analytic or systematic reviews on the effectiveness of
stressor paradigms on SNS reactivity, however, are not available. Even in the current study, the
stressors were originally designed to capitalize on their differential potency for eliciting cortisol
reactivity, with sympathetic effects a secondary consideration. Thus, future studies may benefit
from the selection of different paradigms. For example, in adult samples, physical exercise
paradigms (e.g., ergometer tests) are particularly potent for eliciting SNS responses, above and
beyond psychological stressors (Skoluda et al., 2015). Ergometer tests may be impractical in
infant samples but another substitute physical-activity-based task may be more effective in
testing the SNS flexibility hypothesis and how it relates to maternal sensitivity.

Despite the lack of support for a maternal sensitivity and challenge interaction, the
pattern of SNS variability uncovered in the present study is worth unpacking. Contrary to prior
literature emphasizing the effectiveness of effort and/or frustration on eliciting SNS responsivity

(Frankenhaesuer, 1982; Laurent et al., 2012; Lundberg & Frankenhaeuser, 1980; Ursin, Baade,
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& Levine, 1978), we found that SAA reactivity was greater in response to relational threat than
toy frustration. This finding is incongruous with other infant stress studies. For example,
Laurent and colleagues (2011) found elevated SAA in response to challenge tasks compared to a
separation stressor. Mechanistically, the discrepancy between our finding and others may be the
product of: 1) differences in stressor components; or 2) differences in sampling time. In regard to
stressor differences, we used a specific, single toy withdrawal procedure to induce infant
frustration. Other studies have used a combination of effortful, frustrating and novel tasks, most
commonly from the Laboratory Temperament Assessment Battery (LAB-TAB; Goldsmith &
Rothbart, 1996). For example, Kivlighan (2006) collected 6-month old infant saliva samples
before, and 20 and 40 minutes following the combination of the LAB-TAB tasks. Additionally,
Laurent and colleagues (2012) used the Fear, Frustration and Joy LAB-TAB tasks to elicit
emotion-specific forms of stress. They also administered the LAB-TAB directly after a clean-up
task without a separating rest/recovery period and collected saliva immediately post stressor and
15-minutes following. Thus, comparing SAA findings between these studies is made difficult due
to methodological inconsistencies. Future studies examining SAA flexibility and variability may
benefit from the separation of the different components elicited in the LAB-TAB (e.g., separate
examination of novelty, emotionality).

In regard to the second methodological difficulty, the aforementioned studies all used
different salivary sampling times to capture SAA reactivity. Salivary alpha-amylase output peaks
within the first 5 to 10 minutes of inducing acute stress and it is recommended to continue
measuring it at 10 minute intervals until 20 to 30-minutes post-stressor (Rohleder & Nater, 2009;
Takai et al., 2004). Yet, studies are often designed with the primary intention of measuring

cortisol trajectories and, as such, salivary sampling times are preferentially selected to capture
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cortisol’s peak that occurs approximately 20-minutes post-stressor (Dickerson & Kemeny, 2004).
Sample timing in the present study was specifically designed to capture both SAA and cortisol.
Furthermore, we excluded samples that were collected outside of the expected peak and recovery
windows in order to confidently assess trajectories. Other studies, such as Kivlighan’s (2006)
dissertation, may have missed sAA’s peak response given that the first sampling time occurred
20-minutes post-stressor. An additional possibility is that infants display variability in the timing
of their SNS peak reactivity. For example, in a sample of 27 infants aged 12 to 18 months,
Goldberg and colleagues (2003) found that half of these infants produced peak cortisol at 20
minutes and the other half peaked at 40 minutes. It is unknown whether a temporal group-level
distinction occurs in infant SAA responding and what infant or environmental characteristics
would influence this variability. Future studies that apply greater consistency in sample timing or
included additional sample times are required to clarify these inconsistencies.
Interactions between coordination and flexibility

The lack of support for the flexibility hypothesis negated the third hypothesis, which
sought to explore potential interactions between coordination and flexibility. No significant
interactions between stressor and maternal sensitivity, cortisol reactivity, or sampling time were
found. However, as discussed in relation to coordination, different patterns of sAA/cortisol
coordination were witnessed visually in the profiles of infants of high versus low sensitivity.
Power to detect this potential interaction will increase with attention to the substantive and
methodological considerations discussed above. Therefore, this explorative hypothesis should

remain in future studies that examine parenting behaviours and infant stress physiology.
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Sex Differences in Salivary Alpha-Amylase Trajectories

Sympathetic sex differences were not predicted a priori. However, the inclusion of sex as
a covariate revealed significant influences on overall levels of infant SAA output (main effect of
sex) and sAA trajectories (interaction between time and sex). On average, female infants had
higher overall levels of SAA and greater SAA at peak and recovery time periods. In comparison,
male infants had lower, relatively stable levels of SAA output on average. Developmental
research on sympathetic sex differences is limited but most of the studies available have not
found significant SNS sex differences. Davis and Granger (2009) found no main effect or
interaction effects of sex with time in a sample of infants measured at 2, 6, 12 and 24 months.
Further, Hill-Soderlund et al. (2008) found no sex differences in SAA responding in infants 13 to
14-months-of-age following the strange situation procedure. No sex differences in toddler (12 to
24 months) sAA awakening response have been found either (Bright, Frick, Out, & Douglas,
2014). In a sample of trauma-exposed adolescents (12 to 19-year-olds who experienced
Hurricane Katrina), sex and sAA were only found to interact in relation to depression, such that
females with higher sAA levels had higher levels of depressive symptoms in comparison to
males (Vigil et al., 2010). The adaptive calibration model posits that sex differences in
sympathetic and adrenocortical responding will be most prominent in infants exposed to
chronically stressful or traumatic environments, such that males in these circumstances will
demonstrate patterns of blunted responsivity (Del Giudice et al., 2011). However, preliminary
evidence from the theory’s developers found only partial support for these predictions, with
female children overrepresented in the vigilant stress classification (i.e., high SNS and HPA
responsivity) but no elevation of males in the buffered or unemotional categories (Del Giudice,

Hinnant, Ellis, & EIl Sheikh, 2012). In the present study, sex did not interact with maternal
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sensitivity to predict SAA (or cortisol) responsivity as the adaptive calibration model would
suggest (though importantly the vigilant pattern could not be assessed in our study as we did not
assess parasympathetic activity). Thus, while the present findings regarding sympathetic sex
differences are interesting, they require replication in future studies and should be explored in the
context of known moderators of gender, such as temperament or emotion regulation.

Other theories of sex differences in physiological, emotional and behavioural stress
responding exist (e.g., Taylor et al., 2000; Vigil, 2009). For example, the ‘tend-and-befriend’
model proposed by Taylor and colleagues (2000) suggests that females will engage in tending
(e.g., soothing and quieting offspring) and befriending (e.g., activation of social networks) when
exposed to threat, as opposed to the traditional ‘fight-or-flight’ responses. Oxytocin, a hormone
related to attachment behaviours, has been proposed as a mechanism for these differential stress
responses in females. It is unclear whether these differences exist in infants and children as
research linking sex, behaviour and physiology in these populations is lacking. In support of the
tend-and-befriend theory, David and Lyon-Ruth (2005) found that female infants with
disorganized attachments engaged in more approach behaviours than male infants following
frightening maternal behaviours, however, they did not include measures of physiological
responses. In a previous investigation with the present sample, no sex differences were found
between infant cortisol responses and emotion-regulation strategies (Khoury et al., 2015), but
this was not explored in regard to SAA. Without knowing whether female infants engaging in
tend-and-befriend behaviours have distinct patterns of sympathetic responding, we cannot
contextualize the present study’s sAA sex differences using this theory. Thus, future exploration
of the interaction between sAA (and other SNS measures), oxytocin and infant care-seeking

behaviours during acute stress are needed.
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Applied Implications

In addition to the theoretical implications of this research, our findings have relevance for
child health interventions and stress research methodology. We found that infants of more
sensitive mothers had more adaptive patterns of stress system coordination and produced
sAA/cortisol responses that better matched the demands of the stressor, compared to infants of
less sensitive mothers. Thus, quality of early care was found to moderate important components
of stress physiology that may put infants of less sensitive mothers at greater risk of negative
health and behavioural outcomes; or to quote the familiar phrase, provide a mechanism for how
less sensitive environments “get under the skin” to produce unfavourable child outcomes. The
adverse consequences of dysregulated HPA-axis responding are well-established in the literature
(Chrousos, 2009; Danese & McEwen, 2012; Gunnar & Quevedo, 2007; McEwen & Gianaros,
2011; Miller, Chen, & Zhou, 2007) but the present findings highlight the need to explore how
dysregulation in additional stress systems and their interconnectivity are associated with
developmental outcomes. From a public health perspective, these results highlight the need for
parenting interventions that increase sensitivity and strengthen the caregiver-child bond.
Fortunately, parenting interventions specifically designed to enhance maternal sensitivity are
available. A meta-analysis by Bakermans-Kranenburg and colleagues (2003) found that parental
sensitivity interventions across 88 studies were effective at increasing parental sensitivity on
average (d =.33). No experimental studies have specifically tested whether these interventions
would translate to enhanced or reparative changes in infant stress physiology, though this would

be a meaningful avenue of future research.
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Study Limitations and Future Directions

Additional limitations of the present study warrant discussion. First, the sample is
comprised of low-risk community dyads who were mostly Caucasian, middle-to-upper class, and
co-parenting. Though our sample had adequate variability in maternal sensitivity, it would be
interesting to explore the forwarded hypotheses in an at-risk sample. For example, Kivlighan
(2006) found evidence of SNS/HPA reactivity and recovery coordination is a sample of low-
income dyads. Replication in samples of greater diversity (e.g., ethnic background,
socioeconomic status) or clinical populations (e.g., mothers with depression) should be
conducted to widen the generalizability of these findings. Second, the influence of infant
temperament was not included in the present study. Previous studies assessing mother-dyad
SNS/HPA-axis attunement and individual patterns of reactivity have demonstrated relations
between patterns of synchrony and temperament styles (Laurent et al., 2012; Kivlighan, 2006).
Thus, this important infant characteristic should be considered in future studies. Third, though
this study includes measures from both the HPA-axis and the SNS, there are additional systems
that comprise the comprehensive stress response. These include aspects of the immune system,
as well as the parasympathetic nervous system that exerts suppressive effects on the SNS to
obtain homeostasis. In order to build our understanding of comprehensive stress development,
studies must build measures of these systems into their methodologies.
Conclusion

In conclusion, we found evidence that maternal sensitivity moderates the coordination
between infant SAA and cortisol basal activity and reactivity in response to acute stress. Across
baseline and peak sampling periods, higher levels of maternal sensitivity were associated with

positive relations between sAA and cortisol, such that higher levels of cortisol were associated

42



with higher levels of SAA. At lower levels of sensitivity, infant cortisol and sSAA levels were
unrelated (i.e., no evidence of coordination). Infants demonstrated variable SNS responses to the
different stressor challenges, with higher reactivity in the strange situation than the toy
frustration procedure. However, maternal sensitivity did not significantly moderate the level of
flexibility within this system, as had been found previously with cortisol in this sample
(Atkinson et al., 2013), though visual trends toward increased sAA flexibility were witnessed.
Overall, these results provide support for the prediction that maternal sensitivity relates to
important features of stress physiology, namely SNS/HPA baseline and reactivity coordination

and SNS variability, in low-risk community samples.
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Table 1

Raw means, standard deviations, medians and interquartile ranges of infant salivary alpha-

amylase (sAA) and cortisol concentrations and average maternal sensitivity from the Maternal

Behaviour Q-Sort

Toy Frustration Procedure

Strange Situation Procedure

Variable M SD Median IQR M SD Median IQR
1. sAA 66.20 42.14 55.43 49.90 91.72 68.42 71.26 93.21
baseline

2. SAAS 69.79 42.87 61.58 56.25 90.19 65.55 73.96 87.88
minutes

3. SAA 20 74.31 48.56 61.66 60.23 85.55 58.43 66.50 77.86
minutes

4. Cortisol 4.25 3.02 3.83 257 470 4.42 3.52 2.66
baseline

5. Cortisol 20 3.66 3.01 291 1.96 5.10 4.42 3.63 3.23
minutes

6. Cortisol 40 3.46 2.17 2.93 230 4.85 3.85 3.81 2.79
minutes

7. Maternal 47 .29

sensitivity
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Table 2

Fixed effect estimates from the 3-level multilevel model predicting log transformed salivary

alpha-amylase levels

Fixed Effect B SE t
Intercept 1.68 .036 47.35%**
Sex of Infant? A1 .049 2.24*
Maternal sensitivity -.0063 .085 -.075
Time® .0046 .0013 34
Challenge® .097 .018 5.38***
Cortisol® -.013 034 -39
Sex x Time 021 .010 2.07*
Time x maternal sensitivity .076 .041 1.84'
Cortisol x maternal sensitivity .29 A1 2.55**
Time x cortisol -.016 .018 -.87
Time x cortisol x maternal sensitivity -17 .074 -2.36*

Note: 2Sex of infant coded as 0 for males and 1 for females. PBaseline (0), peak (1) and recovery
(2) sampling periods (SAA = baseline, 5 minutes, 20 minutes; cortisol = baseline, 20 minutes, 40
minutes). ¢ Stressor dummy-coded as 0 = toy frustration procedure and 1 = strange situation. ¢ log

transformed cortisol values. * p < .05* p <.01 ** p <.001*** +p = .067
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Figure 1. Patterns of log transformed sAA and cortisol across stressors (TFP and SSP), and time,

at high and low levels of maternal sensitivity (+ 1SD).
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Figure 2. 2-way interaction between maternal sensitivity and log transformed total cortisol
output (i.e., cortisol collapsed across time and stressor) to predict overall levels of log
transformed salivary alpha-amylase. Levels of maternal sensitivity represent -1 SD, mean, and
+1 SD. Higher levels of maternal sensitivity are associated with greater coordination between

cortisol and salivary alpha-amylase.
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Figure 3. Baseline (5-minutes pre-stressor) coordination of log transformed salivary alpha-
amylase and cortisol at high and low levels of maternal sensitivity (£ 1SD). Infants of more
sensitive mothers had significantly greater baseline SAA and cortisol coordination (i.e., SAA

increases as cortisol increases) compared to infants of less sensitive mothers.
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Figure 4. Peak sampling time coordination of log transformed salivary alpha-amylase and

cortisol at high and low levels of maternal sensitivity (+ 1SD). Infants of more sensitive mothers

show greater coordination of SAA and cortisol during peak reactivity compared to infants of

mothers with lower sensitivity. Peak time represents the +5 minute sample for SAA and the +20

sample for cortisol.
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Figure 5. Recovery sampling time coordination of log transformed salivary alpha-amylase and
cortisol at high and low levels of maternal sensitivity (£ 1SD). Higher levels of salivary alpha-
amylase are associated with lower levels of cortisol and vice versa, particularly for infants of
more sensitive mothers. Recovery represents the +20 minute sample for sAA and the +40 sample

for cortisol.
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