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Abstract

There is growing interest in minimally-invasive measures of environmentally-responsive 

biological systems in developmental science. Contributing to that endeavor, this study explores the 

intercorrelations, correlates, and task-sensitivity of proinflammatory salivary cytokines in 

childhood. Saliva was sampled from 125 healthy five-year old children (49% male) across a series 

of cognitive and emotional challenge laboratory tasks. Samples were assayed for cytokines (IL-1β, 

IL-6, IL-8, TNFα), and markers of hypothalamic–pituitary– adrenal (HPA) and autonomic 

nervous system (ANS) activation (salivary cortisol and alpha-amylase [sAA]). Cytokines were 

positively intercorrelated and task-sensitivity varied. Except IL-8, cytokines were elevated in 

children with oral health issues and tobacco smoke exposure. Among boys, cytokines were 

positively related to sAA and negatively related to cortisol. The findings suggest that in healthy 

children, salivary cytokine levels reflect compartmentalized oral immune activity. Associations 

between ANS and HPA activity and cytokines in saliva may present opportunities for minimally-

invasive methods to explore neuroendocrine-immune interactions during development.
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INTRODUCTION

There is growing interest among researchers and health care professionals in the calibration 

and functioning of the neuroendocrine–immune (NEI) network and its role in child health 

and development (Granger, Granger, & Granger, 2006; Johnson, Riley, Granger, & Riis, 

2013; ThyagaRajan & Priyanka, 2012). Of particular importance is the impact of the early 

environment in shaping the development and regulation of the central nervous system (CNS) 

and the immune system (Johnson et al., 2013). Understanding the influence of early-life 

adversity and stress on NEI functioning is foundational to understanding and addressing the 

development and progression of inflammatory-related diseases in later life (e.g., Shonkoff, 

2012).

Key to expanding NEI research in children is the development of minimally-invasive 

biomeasures that are valid, reliable, and feasible for use in a young population. Saliva 

collection is a minimally-invasive, low-cost, and socially acceptable method of obtaining 

biomeasure data (Granger & Johnson, 2013). Technical advances now allow us to measure 

in oral fluids many of the intracellular regulatory molecules that facilitate communication 

and coordination between the immune system (cytokines), hypothalamic–pituitary–adrenal 

axis (HPA; cortisol), autonomic nervous system (ANS; alpha-amylase), and behavior (see 

Granger et al., 2012 for review).

Despite increasing interest in the NEI network in early child development and the demand 

for minimally-invasive biomeasures, little is known about the nature and meaning of 

individual differences in salivary cytokines in young children. To our knowledge, only two 

studies have examined salivary cytokines in pre-pubertal youth, and these studies only 

examined interleukin-6 (El-Sheikh, Buckhalt, Granger, Erath, & Acebo, 2007; Keller, El-

Sheikh, Vaughn, & Granger, 2010). Fundamental questions regarding salivary cytokine 

detection rates, variation, intercorrelations, stress-sensitivity, and correlations with measures 

of ANS and HPA activity, as well as associations with health and demographic factors in 

early childhood remain unanswered. In the present study, we begin to address several 

knowledge gaps by analyzing cytokines and key markers of the activity of the NEI network 

in saliva samples collected across a series of challenging laboratory tasks designed to elicit 

negative emotions and coping behaviors in healthy young children.

Conceptual Issues

Like the CNS, the immune system is tasked with adapting the body’s internal environment 

to meet the demands and challenges of the external environment. This adaptive calibration 

of the CNS and immune system is important for both within-system and across-system 

functioning and regulation. Environmental sensitivity is particularly important during early 

childhood when both systems are undergoing developmental change (Coe & Lubach, 2003; 

Miller, Chen, & Zhou, 2007). Communication between the CNS and immune system is 

essential for establishing homeostasis and allostasis (McEwen, 1998; Johnson et al., 2013). 

A set of shared chemical messengers (i.e., cytokines, hormones) and direct cell-to-cell 

interactions allow for the integration and reciprocal regulation of the CNS and immune 

system.
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Cytokines are the primary intercellular protein messengers of the immune system. In 

addition to regulating immune processes, cytokines facilitate communication between the 

immune system and the rest of the body, and they are critical for development, growth, and 

healing. Cells throughout the body and CNS produce and release cytokines. Secretion of 

cytokines often involves new protein synthesis, however, some cytokines are produced and 

stored in intracellular granules for rapid release. Cytokines have multiple target cells and 

mechanisms of action; their effects are often redundant or synergistic. There are several 

classes of cytokines. Within the interleukin subclass, interleukin-1 beta (IL-1β), 

interleukin-6 (IL-6) and interleukin-8 (IL-8), and tumor necrosis factor alpha (TNFα), are 

the four critical signaling molecules involved in initiating and maintaining inflammation 

(Clough & Roth, 1998; Owen, Punt, & Stranford, 2012).

These cytokines also coordinate and regulate communication within the NEI network, and 

their levels are influenced by stress-related activity in the ANS and HPA axis (see Irwin & 

Cole, 2011 for review). For instance, activation of the ANS in response to acute stress is 

associated with the release of noradrenaline and a subsequent increase in inflammatory 

cytokines (Doan, Melvold, Viselli, & Waltenbaugh, 2008; Irwin & Cole, 2011). Rising 

levels of inflammatory cytokines stimulate the HPA axis to release cortisol which then 

inhibits inflammatory cytokine production (e.g., Irwin & Cole, 2011). This negative 

feedback loop between the immune system and the CNS (e.g., Irwin & Cole, 2011; Bilbo & 

Schwarz, 2012) is critical to regulating inflammation and maintaining health. Dysregulation 

of this feedback loop can result in chronic inflammation and excessive cytokine secretion 

which has been associated with “sickness behaviors” (e.g., depressed mood and decreased 

appetite), and autoimmune and neurologic diseases (Dantzer, O’Connor, Freund, Johnson, & 

Kelley, 2008; Thomson & Lotze, 2003). On the other hand, insufficient immune functioning 

increases susceptibility to disease (see Granger et al., 2006 for review).

The Present Study

To our knowledge, this is the first systematic exploration of the nature and correlates of 

salivary cytokines in early childhood. We examined cytokine intercorrela-tions and 

associations with demographic and health factors, including measures of systemic and oral 

health, for salivary IL-1β, IL-6, IL-8, and TNFα in five-year old children. To investigate 

relations between cytokines and measures of ANS and HPA activity within the oral cavity, 

we also examined associations between cytokines and salivary alpha-amylase (sAA) and 

cortisol. We tested three hypotheses. In addition to these hypotheses, we explored changes 

in cytokine levels across a series of cognitive and emotional challenge tasks without a priori 

hypotheses regarding the direction and magnitude of cytokine change.

Hypothesis 1. Salivary Cytokine Activity is Positively Intercorrelated Across a Series of 
Cognitive and Emotional Challenge Tasks

The salivary cytokines examined (IL-1β, IL-6, IL-8, TNFα) are proinflammatory and share 

regulatory mechanisms (Elenkov, 2008). Findings from studies examining salivary 

cytokines in older youth suggest a coordinated immune response in the oral cavity and 

strong inter-cytokine correlations (Riis et al., 2013). It is hypothesized that the inter-cytokine 

associations in young children are similar to those observed in older youth. Although no 
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studies were identified that examined proinflammatory cytokine intercorrelations after acute 

stress, the cytokines examined have common regulatory mechanisms mediated by the 

activation of the ANS and HPA axis (Elenkov, 2008). Therefore, cytokine levels post-stress 

are hypothesized to be related to the ANS and HPA axis stress response and highly 

intercorrelated.

Hypothesis 2. Salivary Cytokine Activity is Positively Associated With Oral Health Issues 
and Unrelated to Demographic and Systemic Health Factors

The immune system is highly compartmentalized. Salivary cytokines are produced within 

the oral cavity to respond to local immunological threats (Gröschl, 2009). Not surprisingly, 

previous studies show consistent positive associations between oral health problems and 

salivary cytokine levels in older youth and adults (Gornowicz et al., 2012; Gümüş, Nizam, 

Lappin, & Buduneli, 2013; Gursoy et al., 2009; Heikkinen et al., 2010; Nibali, Fedele, 

D’Aiuto, & Donos, 2012; Nishida et al., 2006; Rathnayake et al., 2013). Systemic health and 

demographic factors, however, are largely unrelated to levels of salivary cytokines 

(Nishanian, Aziz, Chung, Detels, & Fahey, 1998; Riis et al., 2013; Sjögren, Leanderson, 

Kristenson, & Ernerudh, 2006; Williamson, Munro, Pickler, Grap, & Elswick, 2012). It is 

hypothesized that cytokine levels in the saliva of healthy young children will follow the 

same patterns as observed in older youth and adults.

Hypothesis 3. Salivary Cytokines Are Positively Associated With ANS Activity and 
Negatively Associated With HPA Activity

The immune system and the ANS and HPA axis are reciprocally regulated (Irwin & Cole, 

2011). Although not widely studied, two investigations reported negative associations 

between IL-6 and HPA activity in the oral cavity in adults (Izawa, Sugaya, et al., 2013b; 

Moons, Eisenberger, & Taylor, 2010). Izawa, Sugaya, et al. (2013) also found that salivary 

IL-6 was positively associated with ANS activity in adults participating in an acute stress 

task.

Numerous studies reveal that salivary cortisol and sAA provide important information 

regarding HPA and ANS activation in response to stress (Granger, Kivlighan, El-Sheikh, 

Gordis, & Stroud, 2007; Hellhammer, Wüst, & Kudielka, 2009; Vining & McGinley, 1987; 

Nater & Rohleder, 2009). The mechanisms underlying cytokine stress-reactivity in saliva are 

not well understood, and reactivity may reflect both immune system as well as ANS and 

HPA processes. Coordination between the psychobiology of stress and salivary cytokines 

could open up new opportunities for developmental studies linking brain, behavior, 

immunity, and health.

Cytokine Change in Response to Challenge

While changes in cytokine levels across the study visit may be partially driven by CNS 

activity in response to the challenge tasks, little is known about the nature and magnitude of 

stress-related change in salivary cytokines. Limited previous research suggests that salivary 

cytokines may be associated with negative emotional states. Three studies found increases in 

oral IL-6 in adults after social stressor tasks (Chiang, Eisenberger, Seeman, & Taylor, 2012; 

Izawa, Sugaya, et al., 2013b; Slavich, Way, Eisenberger, & Taylor, 2010). Higher levels of 
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salivary IL-6 are also associated with negative emotions and mental states (Sjo¨gren et al., 

2006; Keller et al., 2010; Moons et al., 2010). In addition, salivary IL-1b has been associated 

with the activation of brain areas involved in emotional processing in adults (O’Connor, 

Irwin, & Wellisch, 2009). Little research, however, has focused on salivary cytokine 

associations with cognitive stress. There is also limited research in children. A small study 

of 8–9 year olds found an increase in salivary IL-6 in girls and a decrease in IL-6 in boys 

after two stressor tasks (one cognitive and one emotional; El-Sheikh et al., 2007). Given the 

limited information regarding the nature of acute cognitive and emotional stress-related 

change in salivary cytokines in young children, the changes in cytokine concentrations 

across the study visit were explored without specific a priori hypotheses.

MATERIALS AND METHODS

Participants

Participants were recruited from a pool of mothers who participated in a fetal development 

study conducted from 2006 to 2007 and from the local community in Baltimore, Maryland. 

Mother-child pairs were recruited from March 2011 to July 2013. Enrollment in the fetal 

development study in 2006–2007 was limited to relatively low-risk non-smoking women 

with healthy, singleton pregnancies (additional eligibility criteria are described in DiPietro et 

al., 2010). Mothers from the fetal development study were self-referred and mostly well-

educated, married, and white (DiPietro et al., 2010). To increase the diversity of the sample, 

mother-child pairs were also recruited from Baltimore City through community postings and 

fliers. To be enrolled in the current study, children had to be five years old, and mothers and 

children had to be fluent in English. Children with significant health conditions or 

developmental disabilities that impaired cognitive, motor, or regulatory functioning were 

excluded. Community enrollment accounted for 64% of the sample.

Data were collected from 151 mother-child dyads. Of these pairs, three were unable to 

complete the study protocol, and 23 children had insufficient salivary data. The current 

investigation analyzed data from the 125 children with complete saliva data for all samples. 

Children with (n = 125) and without (n = 23) complete saliva data were similar with respect 

to age, sex, recent health, current sickness, oral health issues, and body mass index (BMI). 

Approximately half the sample was male, about a third was white, and the majority was in 

good health (Table 1). On the day of the study, about 19% were sick (e.g., runny nose or 

cough), and approximately 22% used an over-the-counter or prescription medication in the 

two days prior (Table 1). Also, a considerable proportion of the sample had oral health 

issues (including bleeding gums and very loose teeth), or were exposed to tobacco smoke 

(Table 1).

Procedures

The Johns Hopkins Bloomberg School of Public Health Institutional Review Board 

approved the study protocol. Mothers provided written informed consent. Figure 1 shows 

the study protocol for children. The 90-min study visit began with a free play session for the 

mother and child participants to allow the child to acclimate to the study room. After free 

play, mothers completed a survey, and children participated in a series of behavioral and 
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neuropsychological assessments. Children completed the Peabody Picture Vocabulary Test-

Fourth Edition (Dunn & Dunn, 2007) and two cognitive challenge tasks that tested 

inhibitory control (the Silly Sounds Game and the Pig Game; Willoughby, Blair, Wirth, & 

Greenberg, 2010; Willoughby, Wirth, & Blair, 2012). Children also participated in three 

age-appropriate emotional challenge tasks: the Disappointing Gift Game, the Not Sharing 

Game, and Mischel’s Delay of Gratification Task (Mischel & Mischel, 1983) (described in 

detail below). Four saliva samples were collected from children throughout the study visit 

(two samples before the emotional challenge tasks and two after these tasks). The majority 

(88%) of study appointments were conducted in the afternoon, and the elapsed time from 

child waking to study appointment was not associated with age, sex or health factors (except 

overweight and obese children were awake for longer when the appointment began 

compared to underweight and children of a healthy weight [t(123) = −3.95, p < .01]).

Emotional Challenge Tasks—The Disappointing Gift Game assessed the child’s 

response to disappointment (Cole, Zahn-Waxler, & Smith, 1994). During Part 1 of this 

game, the child ranked six potential gifts (including undesirable items [e.g., a sock]) from 

favorite to least favorite. Part 2 of this game occurred approximately 15 min later when the 

child was given his/her least favorite gift. After receiving the gift, two study evaluators 

asked the child a series of questions that required the child to confront his/her 

disappointment, as well as the evaluators’ authority (e.g., “Did you get a prize? Is this the 

prize you wanted?”). This task has been shown to challenge behavioral control and to elicit 

negative emotions (e.g., anger) in young children (Cole, Martin, & Dennis, 2004; Cole et al., 

1994; Garrett-Peters & Fox, 2007; Jahromi & Stifter, 2008; Kieras, Tobin, Graziano, & 

Rothbart, 2005).

The Not Sharing Game is an emotional stressor and test of emotional regulation (LabTAB of 

Texas at Arlington, 2012; Spinrad et al., 2009). In this game, an evaluator unevenly 

distributed candy between herself and the child. Throughout this task, the evaluator asked 

the child a series of questions to elicit his/her feelings about the game and about the 

evaluator’s behavior. This task has been shown to elicit negative emotions (e.g., frustration) 

and to increase salivary cortisol in young children (Spinrad et al., 2009).

The Delay of Gratification Task is an emotional stressor and test of coping abilities (Mischel 

& Mischel, 1983; LabTAB of Texas at Arlington, 2012). The child was left alone in the 

study room with either a marshmallow or a pretzel. The child was told that the evaluator 

must briefly leave the room, and he/she was asked to not eat the treat while the evaluator 

was away. The child was told that if he/ she waited for the evaluator to return on her own 

(i.e., without ringing a bell that would summon the evaluator), he/she would be receive two 

treats. The child was left alone with the treat for 8 min or until he/she rang the bell. This task 

has been shown to elicit negative emotions and correlate with inhibitory control measures in 

young children (Gagne, Hulle, Aksan, Essex, & Goldsmith, 2011; Mischel & Mischel, 1983; 

Jahromi & Stifter, 2008).

Health and Demographic Data—An evaluator measured child height and weight. 

Children were classified as underweight or healthy weight versus overweight or obese based 

on the Centers for Disease Control and Prevention age- and sex-specific guidelines (Centers 
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for Disease Control and Prevention, 2001, 2011). Maternal smoking, child medication use in 

the last 48 hr, and child oral health issues, race/ ethnicity, and recent health were based on 

maternal report. Dummy variables were created for the child’s use of any medication, and 

use of allergy or asthma medication. Current child oral health issues, based on mother-

reported cuts or sores in the mouth, very loose/recently lost teeth, bleeding gums while 

brushing, or untreated cavities, were coded as yes/no. Child race/ethnicity was reported by 

mothers and data were dichotomized (white versus non-white), because of low percentages 

of Asian/Pacific Islanders and Native Americans/ Alaskan Natives in the sample (Table 1). 

Child current illness and recent health were assessed with the questions “Is your child 

currently feeling sick or ill? (e.g., runny nose, fever, cough, aching, etc.)” (yes/no), and 

“Compared to others his or her age, would you say your child’s health in the last two days 

(48 hr) has been: (responses: excellent; very good; good; fair; poor).” Responses were 

dichotomized into excellent/ good health versus fair/poor health.

Timing Data—To assess the impact of circadian patterns on cytokine concentrations, a 

time since waking variable was created using maternal report of child’s wake time and the 

study visit start time. A task timing variable was also created that indexed the elapsed time 

between Part 2 of the Disappointing Gift Game and each saliva sample. The task timing 

variable was used to adjust for the differential timing of emotional challenge tasks across 

children. Figure 1 shows the timing of the tasks and samples; the timing of the saliva 

samples was unrelated to age, sex, and health variables.

Salivary Analyte Data

Following Granger, Kivlighan, Fortunato, et al. (2007b), whole unstimulated saliva was 

collected by passive drool into a 2 mL cyrogenic vial for 3 min or until 0.75 mL of fluid was 

collected. Saliva samples were stored at −20°C until assayed. Saliva samples were assayed 

following Granger, Kivlighan, El-Sheikh, Gordis, and Stroud (2007a) for sAA by kinetic 

reaction assay. Salivary alpha-amylase results were determined in U/mL. For sAA, intra-

assay variation computed for the mean of 30 replicate tests was less than 7.5%, and inter-

assay variation computed for the mean of average duplicates for 16 separate runs was less 

than 6%. Cortisol was analyzed in duplicate using a commercially available enzyme 

immunoassay without modification to the manufacturer’s protocol (Salimetrics, Carlsbad, 

CA) with a range of sensitivity from .007 to 3.0 µg/dL. Intra- and inter-assay coefficients of 

variation for cortisol were less than 5 and 10%, respectively.

Salivary cytokines were measured following Riis and colleagues (2013) using a 4-plex 96-

well format electro-chemiluminescence immunoassay manufactured by Meso Scale 

Discovery (MSD, Gaithersburg, MD). Each well of each 96-well plate was coated with 

capture-antibodies to IL-1β, IL-6, IL-8, and TNFα. Detection antibodies were coupled to 

SULFOTAG™ labels that emit light when electrochemically stimulated via carbon-coated 

electrodes in the bottom each microwell. The 4-plex Multi-Spot Array assay was run 

following the manufacturer’s recommended protocol without modification. Cytokine 

concentrations were determined with MSD Discovery Workbench Software (v. 3.0.17) using 

curve fit models (4-PL with a weighting function option of 1/y2). Lower limits of detection 

(LLD) and intra-assay coefficients of variation were as follows: IL-1β (0.06 pg/mL, 4.4%), 
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IL-6 (0.09 pg/mL, 4.8%), IL-8 (0.05 pg/mL, 2.1%), and TNFα (0.11 pg/mL, 6.6%). The 

detection rates for the four salivary cytokines ranged from 95% to 100% in the 500 saliva 

samples (125 children with four samples each). Only three saliva samples for IL-6 and 25 

samples for TNFα had concentrations below the assays’ lower limit of detection.

For all analytes, concentrations below the assay’s LLD were estimated using the curve 

model for the plate. All biomeasure data distributions were very skewed (range across the 

four samples [skew, kurtosis] for IL-1β: 3.07–6.23, 14.68–51.50; IL-6: 3.40–6.47, 15.04–

52.87; IL-8: 2.57–4.77, 10.60 – 30.98; TNFα: 4.16–8.90, 24.29–88.87; sAA: 1.96–4.13, 

7.95–29.52; cortisol: 2.26–12.00, 4.37–10.97).

Statistical Analyses

Salivary analyte data were log-transformed and Winsorized to improve the normality of the 

distributions (Tabachnik & Fidell, 2001). Winsorization was performed by analyte and 

saliva sample separately. During Winsorization, ≤1% of each cytokine’s concentrations, 2% 

of sAA concentrations, and 4% of cortisol concentrations were changed. Individual 

trajectories across saliva samples were maintained for all analytes during the Winsorization 

process, so Winsorization thresholds varied slightly by analyte; cytokine and sAA values 

were brought within three standard deviations of the mean, and cortisol values were brought 

within 3.7 standard deviations.

Winsorization and transformation improved the distribution of the analytes (range across the 

four samples [skew, kurtosis] for IL-1β: 0.28–0.48, 2.77–3.36; IL-6: 0.35–0.63, 2.88–3.34; 

IL-8: 0.27–0.63, 2.70–3.94; TNFα: −0.20–0.44, 3.42–3.85; sAA: −0.61–0.33, 3.28–4.56; 

cortisol: −1.81–1.03, 4.72–6.55). No consistent associations between flow rate and raw sAA 

and cytokine concentrations were found, so, following recommendations by Granger and 

colleagues (2012), data were not adjusted for salivary flow rate. We first explored the raw 

data, then log-transformed and Winsorized data were used in all statistical analyses.

T-tests and Pearson correlations were used to examine differences in task timing (i.e., 

elapsed time from Part 2 of the Disappointing Gift Game to saliva samples) by age, sex, and 

health factors. Paired t-tests examined changes in sAA and cortisol across samples and 

differences between cytokine concentrations at each sample. To test our first hypothesis, 

intercorrelations among cytokines at each sample were examined using Pearson correlations 

and a principal components analysis. For each set of t-tests and Pearson correlations, tests of 

statistical significance were two-sided with an alpha of .05, and Bonferroni-corrected alpha 

levels (.05/ number of tests) were also examined.

To test our second hypothesis, multilevel mixed models examined associations between 

cytokines and demographic and health factors. Each cytokine was modeled separately as an 

outcome with robust variance. Models included a random intercept and an autoregressive 

(AR-1) residual error matrix to account for the correlation of sample concentrations within 

subjects and correlated errors across samples. The association between each cytokine and 

each demographic and health factor was examined separately in models adjusted for the task 

timing variable. Variables associated with cytokines at p ≤ .1 were selected as covariates in 
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fully adjusted models for each cytokine. Backwards stepwise regression with a retention 

threshold of p < .05 was used to create parsimonious adjusted models for each cytokine.

Furthermore, because we were interested in exploring the extent and nature of task-related 

change in cytokine levels, we examined the nonlinearity of cytokine trajectories across the 

study visit using a spline knot. With no a priori hypotheses about the timing of task-related 

change in cytokine levels, we tested the appropriateness of a knot placed at sample 2 or 3 in 

both null and parsimonious adjusted models. Spline models used a parameterization 

describing the intercept, the slope over the first samples (sample 1–2 or sample 1–3), and the 

slope over the last samples (sample 2–4 or sample 3–4), rather than the slope over the first 

samples and the deviation of slope over the first versus last samples. Differences between 

slope terms were examined using post-estimation tests, and significant differences suggested 

a change in cytokine slope beginning at the spline knot. For each cytokine, likelihood-ratio 

tests were used to select the most appropriate model (spline model with knot at sample 2, 

spline model with knot at sample 3, or linear model).

To test our third hypothesis, sAA and cortisol were added separately as independent 

variables to the final model for each cytokine. Based on literature that suggests that NEI 

relations may vary by sex, we also examined the interaction between sex and sAA or 

cortisol on each cytokine (Prather et al., 2009; Rohleder, Schommer, Hellhammer, Engel, & 

Kirschbaum, 2001).

Missing data were less than 2.5% for all variables except child age. Child age in months was 

missing for 8.8% of the sample (although all children were five years old). Missing data for 

age, BMI, sample and task timing, time since waking, and survey data were imputed. 

Evaluator notes were used to impute 16% of missing data, and the remaining missing data 

were imputed using mean values. Sensitivity analyses performed on complete case data 

demonstrated that this imputation did not substantively impact the findings (estimates and p-

values). Statistical analyses were conducted using Stata 12 (Stata Corp LP, College Station, 

TX).

RESULTS

Salivary Cytokine Concentrations

The descriptive statistics for raw concentrations of each cytokine by saliva sample are 

shown in Table 2. Overall, IL-1β, and IL-8 were present at much higher concentrations than 

IL-6 and TNFα. For each saliva sample, levels of IL-8 were the highest, followed by IL-1β, 

IL-6, and TNFα (t[123] = 47.42–74.45, p < .008 for all). Analyte levels were quite stable 

across the study protocol with significant positive correlations across samples for each 

analyte at the Bonferroni-corrected alpha level (IL-1β r’s[123] = .74–.88; IL-6 r’s[123] = .

81–.92; IL-8 r’s[123] = .61–.81; TNFα r’s-[123] = .67–.86; sAA r’s[123] = .80–.91; cortisol 

r’s-[123] = .59–.84, p < .008 for all).

ANS and HPA Activty

Alpha-amylase and cortisol concentrations changed across the study visit. Alpha-amylase 

was stable from sample 1 to sample 3, and concentrations increased after sample 3 (mean 
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sample 3 concentration = 114.02 U/mL, mean sample 4 concentration = 125.47 U/mL, 

sample 3 vs. sample 4: t[124] = −3.00, p < .01). In contrast, cortisol concentrations declined 

from sample 1 to 3 and then remained stable overall for the rest of the visit (mean sample 1 

concentration = 0.09 µg/dL, mean sample 2 concentration = 0.08 µg/dL, sample 1 vs. sample 

2: t[124] =2.46, p < .05; mean sample 3 concentration = 0.07 µg/dL, sample 2 vs. sample 3: t 

[124] =2.76, p < .01). For both analytes, differences across the study visit were significant at 

the Bonfer-roni-corrected significance level (corrected α=.017). Using a 10% threshold for 

meaningful change (Granger et al., 2012), 44% of children showed a meaningful increase in 

cortisol after sample 3 and 40% showed a decrease. Most children (60%) exhibited a 

meaningful increase in sAA after sample 2 and only 18% exhibited a decrease.

Hypothesis 1: Cyokine Intercorrelations

Table 3 shows the intercorrelations between cytokines at each saliva sample. All cytokines 

were significantly and positively correlated with each other at each sample (r’s[123] = .54–.

77, p < .008 for all; see Table 3). Principal components analysis suggested that a single 

component explained 72–77% of the variance in cytokine concentrations at each sample. 

Intercorrelations among the cytokines at each sample remained significant after accounting 

for multiple comparisons (corrrected α = .008).

Model Construction for Hypotheses 2 and 3

Multilevel mixed models were used to address hypotheses 2 and 3. A separate model was 

constructed for each cytokine using backward stepwise regression of demographic and 

health covariates. The nonlinearity of change across the study visit was also tested for each 

cytokine during the model-building process by evaluating the appropriateness of a spline 

knot placed at sample 2 or sample 3. Final models included the health and demographic 

covariates listed in Tables 4–7. Likelihood-ratio tests indicated that the change in IL-1β, 

IL-8, and TNFα was not linear across the study visit. The final models for IL-1β and IL-8 

had spline knots at sample 3 indicating a significantly steeper decline in cytokine levels after 

sample 3 (Tables 4 and 6). The final model for TNFα had a significant spline knot at sample 

2; TNFα declined from sample 1 to sample 2 and then remained stable for the rest of the 

study visit (Table 7). Results from spline models and likelihood-ratio tests indicated that the 

change in IL-6 across the study visit was linear, so IL-6 was modeled linearly in the final 

model. There was no significant change in IL-6 across the study visit (Table 5).

Hypothesis 2: Association Between Salivary Cytokines and Demographic and Health 
Factors

The results from the final model for each cytokine are shown in Tables 4–7. IL-1β and IL-6 

were higher in children with current oral health issues compared to those without oral health 

issues (Tables 4 and 5, respectively). TNFα was higher in children with smoking mothers 

than those with non-smoking mothers (Table 7). IL-6 was also positively associated with 

time since waking and age (Table 5). IL-8 was the only cytokine not related to any 

demographic or health variable.
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Hypothesis 3: Association Between Salivary Cytokines and ANS and HPA Activity

To examine the association between cytokine levels and ANS and HPA activity, sAA and 

cortisol were added separately as independent variables in final models for each cytokine 

(results shown in Supplemental Tables S1–S4). Alpha-amylase was positively associated 

with IL-1β (β = 0.16, z = 2.16, p < .05) and TNFα (although this association was only 

marginal, β = .16, z=1.82, p = .07). No significant relations were found between sAA and 

IL-6 and IL-8. Cortisol was not associated with any cytokine.

To examine sex differences in the relations between ANS or HPA activity and cytokine 

levels, we tested the significance of sex by sAA or sex by cortisol interactions in each final 

cytokine model. The interaction between sAA and sex was significant for IL-1β, IL-8, and 

TNFα (IL-1β: β = −.40, z = −2.82, p < .01; IL-8: β = −.30, z = −2.51, p < .05; TNFα: β = −.

49, z = −2.62, p < .01), and it was marginally significant for IL-6 (β= −.44, z = −1.96, p = .

05). These interactions indicated significant positive relations between cytokines and sAA 

among boys (effect of sAA on IL-1β: β=.43, z = 4.39, p < .001; IL-6: β = .46, z = 2.68, p < .

01; IL-8: β = .30, z = 3.53, p < .001; TNFα: β=.49, z = 3.45, p < .01), and less positive 

relations among girls. The interaction between cortisol and sex was also significant for every 

cytokine (IL-1β: β = .25, z = 2.69, p < .01; IL-6 β = 0.33, z = 2.46, p < .05; IL-8: β = .25, z = 

3.50, p< .001; TNFα: β = 30, z = 2.69, p < .01). These interactions indicated significant 

inverse relations between cytokines and cortisol among boys (effect of cortisol on IL-1β: β = 

−.17, z = −3.24, p < .01; IL-6: β = −.25, z = −2.81, p < .01; IL-8: β = −0.20, z = −3.68, p < .

001; TNFα: β = −.26, z = −2.76, p < .01), and weaker inverse relations between cytokines 

and cortisol among girls.

To better understand the role of sex in moderating cytokine-CNS relations, we examined the 

effects of sAA and cortisol separately in sex-stratified final models for each cytokine. The 

results from stratified models are shown in Supplemental Tables S5–S8. Among boys, sAA 

was positively associated with each cytokine (IL-1β: β = .43, z = 4.62, p < .001; IL-6: β = .

53, z = 3.87, p < .001; IL-8: β=.32, z = 3.66, p < .001; TNFα: β = .46, z = 3.33, p < .01), and 

cortisol was negatively associated with each cytokine (IL-1β: β = −.17, z = −4.28, p < .001; 

IL-6: β = −.27, z = −4.74, p < .001; IL-8: β = −.21, z = −5.16, p < .001; TNFα: β = −.26, z = 

−4.34, p < .001). Among girls, there were no significant associations between cytokines and 

sAA or cortisol (Supplemental Tables S5–S8).

Stratified analyses also revealed sex-specific cytokine trajectories across the study visit. The 

pattern of change in IL-1β and IL-8 observed in the whole sample was also seen among boys 

and girls separately; however, the decreases in slopes at sample 3 were only significant 

among boys (difference between slopes from sample 1–3 and 3–4 for IL-1β with sAA: β = −.

54, z = −3.68, p < .001, with cortisol: β = −0.53, z = −3.63, p < .001; for IL-8 with sAA: β = 

−.36, z = −2.11, p < .05, with cortisol: β = −.35, z = −2.18, p < .05; Supplemental Tables S5 

and S7). Also, IL-6 declined across the study visit in boys, but was stable across the visit for 

girls (for boys, IL-6 slope with sAA: β = −.16, z = −2.65, p < .01, with cortisol: β = −.15, z = 

−2.56, p < .05; Supplemental Table S6). The pattern of change in TNFα observed in the 

whole sample was also seen among boys and girls separately; however, the change in slope 

at sample 2 was only significant in girls (difference between slopes from sample 1–2 and 2–
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4 with sAA: β=.42, z = 2.19, p < .05, with cortisol: β=.43, z = 2.22, p < .05; Supplemental 

Table S8).

DISCUSSION

The findings provide new information regarding salivary cytokine detectability, 

concentrations, task-sensitivity, and associations with demographic and health factors, as 

well as with measures of ANS and HPA activation in five-year old children. IL-1β, IL-6, 

IL-8, and TNFα all had high rates of detection and strong across-sample correlations 

suggesting that cytokine measurements were reliable and relatively stable within-individual. 

The findings also provide information about the constitution of saliva in young children. 

Consistent with findings from studies of adolescents and adults (Gursoy et al., 2009; 

Rathnayake et al., 2013; Riis et al., 2013; Suh, Kim, & Kho, 2009), levels of IL-1b and IL-8 

were higher than levels of IL-6 and TNFα in this sample. Relative levels of cytokines were 

consistent across the saliva samples with IL-8 present at the highest concentrations, followed 

by IL-1β, IL-6, and TNFα. IL-1β and IL-8 are important for the migration and activation of 

neutrophils, which are the most prevalent phagocytic immune cell in the mouth (Bickel, 

1993; Raeste, 1972; Shaftel et al., 2007). Despite varying concentrations, the cytokines were 

significantly positively intercorrelated at each saliva sampling time point. These findings 

support our first hypothesis; they add to findings from studies in older participants and 

suggest strongly coordinated immune processes within the oral cavity (Byrne et al., 2013; 

Riis et al., 2013).

Association Between Salivary Cytokines and Demographic and Health Factors

We hypothesized that salivary cytokines are positively associated with factors related to oral 

health and unrelated to demographic and systemic health factors. This hypothesis was 

largely supported. Children with oral health issues had higher levels of IL-1β and IL-6, and 

children exposed to tobacco smoke had higher levels of TNFα. Previous studies have found 

elevated levels of salivary markers of inflammation in adults with gingivitis and periodontal 

disease (Gursoy et al., 2009; Nibali et al., 2012; Gümüş et al., 2013; Rathnayake et al., 

2013), and in adolescents with dental caries (Gornowicz et al., 2012). Our findings extend 

these associations to young children who typically have low rates of clinically diagnosed 

periodontal conditions but may have high rates of loose or missing teeth and dental caries. 

Exposure to tobacco smoke is a risk factor for periodontal disease in adults (Yamamoto et 

al., 2005; Nishida et al., 2006) and adolescents (Heikkinen et al., 2010), and second-hand 

smoke exposure has been linked to elevated levels of salivary IL-1b in adults (Nishida et al., 

2006). The current finding that maternal smoking is positively associated with inflammatory 

cytokine levels in children extends our understanding of the effects of tobacco smoke 

exposure on child health. Future studies should examine the utility of salivary cytokines as 

early indicators of inflammatory processes involved in oral and respiratory disease.

Unlike oral health factors, systemic health and demographic factors including sex, race, 

medication use, BMI, current sickness, and recent health were unrelated to salivary cytokine 

levels. Although the sample size was substantial, only a small group of children had fair or 

poor health. Therefore, the heterogeneity and size of the sample may not have been 
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sufficient to detect associations with recent health. The positive association observed 

between IL-6 and time since waking is consistent with findings of diurnal patterns of 

salivary IL-6 in adults with increasing concentrations beginning in the afternoon and 

peaking late at night (Izawa, Miki, Liu, & Ogawa, 2013). Despite the narrow age range of 

the sample, older children showed higher levels of IL-6. The two other studies of salivary 

cytokines in children (with age ranges from 8 to 12 years) found no age or puberty-related 

differences in IL-6 (El-Sheikh et al., 2007; Keller et al., 2010). In a study of adolescent girls, 

age and puberty were related to salivary cytokine levels, however there were inverse 

associations in this older sample (Riis et al., 2013). Early childhood is a period of complex 

neurologic and immunologic development (Johnson et al., 2013), therefore the positive 

associations between age and IL-6 found in the current study may represent developmental 

differences in neuroimmune processes specific to this developmental stage.

Overall, the finding that cytokines were largely unrelated to demographic and health 

characteristics, but were significantly elevated in children with oral health issues and those 

exposed to tobacco smoke supports the notion that salivary cytokines in young healthy 

children may not be representative of systemic inflammation, but rather reflect local immune 

processes of the oral cavity. Although no saliva samples in our study were visually 

contaminated with blood, future investigations should examine whether blood contamination 

may confound the relation between salivary cytokines and oral health issues among children 

(Granger et al., 2012). Also, future studies of cytokine serum-saliva correlations could help 

explain the cytokine associations observed in this study and provide direct evidence 

regarding the level of compartmentalization of oral immune processes. It’s tempting to 

speculate that salivary cytokines may be more closely coordinated with serum levels during 

physiological states characterized as hyper-inflammatory (e.g., burns). Studies to address 

this possibility seem like a worthwhile next step.

Association Between Salivary Cytokines and ANS and HPA Activity

Our hypothesis that cytokine activity is positively associated with ANS and negatively 

associated with HPA activity was partially supported. To our surprise, these relations varied 

by sex. Among boys, cytokines were positively associated with sAA and negatively 

associated with cortisol. Among girls, however, there were no significant associations 

between ANS or HPA activity and any cytokine. Similar sex differences in NEI relations 

have been reported by studies of serum cytokines in adults (Dickerson, Gable, Irwin, Aziz, 

& Kemeny, 2009; Prather et al., 2009; Rohleder et al., 2001; Rohleder, Kudielka, 

Hellhammer, Wolf, & Kirschbaum, 2002). In these studies, men exhibited an increased 

sensitivity of inflammatory cytokines to the inhibitory effects of cortisol after a 

socioemotional stressor task, while women exhibited either no change or a decrease in 

sensitivity (Rohleder et al., 2001; Dickerson et al., 2009; Prather et al., 2009). These 

differences in cortisol sensitivity were associated with sex differences in cytokine levels 

across the stressor tasks with men showing a decrease in cytokines and women showing 

either no change or an increase (Prather et al., 2009; Rohleder et al., 2001). In the current 

study, similar sex-specific patterns of change were observed as boys exhibited declining 

cytokine trajectories and girl exhibited flatter trajectories across the visit.
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To our knowledge, this is the first study to demonstrate these sex differences in NEI 

relations in children and using salivary markers of HPA and immune activity. Our findings 

suggest that sexual differentiation in CNS-immune relations are mediated, at least in part, by 

mechanisms independent of pubertal development; for example, intrauterine sex hormones 

may impact HPA axis development and regulation (Kajantie & Phillips, 2006), and sex 

differences in maternal–fetal relations, placental function, and neuroendocrine–

neuroimmune interactions may have lasting effects on NEI relations (Bale, 2009). Our 

findings may help explain those of El-Sheikh and colleagues (2007) who found stress-

related increases in salivary IL-6 in girls and decreases in boys. Although El-Sheikh and 

colleagues (2007) did not measure sAA or cortisol, the current findings suggest that sex-

related changes in IL-6 may have been influenced by relations with ANS or HPA activity. 

Our findings also extend sex-specific NEI relations beyond the HPA axis to include 

measures of ANS activation and suggest that similar sex differences may exist in HPA-and 

ANS-immune relations. While additional research is needed to examine whether NEI 

relations in saliva reflect systemic NEI functioning, evidence of relations between CNS and 

immune activity in the oral cavity that mirror those found in serum demonstrates great 

potential for advancing the field of developmental psychoneuroimmunology and addresses 

the fundamental question of whether minimally-invasive methods can be used to examine 

NEI functioning.

Salivary Cytokine Task-Sensitivity

We examined changes in cytokine levels across a series of cognitive and emotional 

challenge tasks without a priori hypotheses regarding the nature, timing, and magnitude of 

task-related change in cytokine concentrations. The expected diurnal pattern of 

proinflammatory cytokine levels is an important context for interpreting these findings. 

While little is known about salivary cytokines in particular, the diurnal pattern of 

proinflammatory cytokines is influenced by cortisol; therefore, diurnal processes should 

exert positive change in cytokine levels across the study visit (Izawa, Miki, et al., 2013a; 

Logan & Sarkar, 2012). The majority of the cytokines, however, declined across the visit.

Among boys, IL-1β, IL-6, and IL-8 declined across all four saliva samples, suggesting 

sensitivity to the study environment or tasks. Furthermore, IL-1β and IL-8 exhibited a 

marked decline in slope immediately after the emotional challenge tasks indicating 

potentially increased sensitivity to the socioemotional stressors and the CNS response 

elicited by these tasks. In contrast, TNFα declined across the cognitive tasks and remained 

stable across the emotional tasks, suggesting sensitivity to the cognitive tasks. Among girls, 

cytokine trajectories were flatter, which may indicate less-specific and reduced sensitivity to 

the tasks. Interestingly, despite a lack of association between cytokine and CNS activation in 

girls, cytokines did not show diurnal increases across the visit, but rather exhibited declining 

or stable trajectories. Further research is needed to understand the diurnal patterns of 

salivary cytokines and the mechanisms underlying task-specific cytokine change in young 

children.

The interpretation of cytokine trajectories is complicated by aspects of the study protocol, 

including the timing, order, and nature of the tasks, and the potential influence of 
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unmeasured factors. The time between study tasks and saliva samples depended on the 

speed at which the child completed the tasks, and therefore varied across children. Given 

these differences in elapsed time from task to sample and the lack of information regarding 

salivary cytokine reactivity and recovery times, concentration changes are considered a 

cumulative response to all tasks rather than a specific response to one task. It is also 

important to note that increases in salivary cytokines often require new protein synthesis, 

and the time between our tasks and saliva samples may not have been long enough to allow 

for the examination of task-related increases in cytokine concentrations.

Isolating cytokine task-specific change is also complicated by the order and types of tasks 

administered. While cognitive challenge tasks engage ANS activation (Granger, Kivlighan, 

El-Sheikh, et al. 2007a; Lundberg & Frankenhaesuser, 1980; Nater & Rohleder, 2009), tasks 

involving emotional and social evaluative threat are typically needed to initiate an HPA 

stress response (Gunnar, Talge, & Herrera, 2009). We used emotional challenge tasks shown 

to be effective stressors for young children (Cole et al., 1994; Spinrad et al., 2009; Gagne et 

al., 2011). These tasks are commonly used with this age group and include elements of 

social evaluative pressure. The emotional challenge tasks required the children to interact, 

and confront or disagree with, an adult authority figure (the research evaluator). The varied 

cortisol response observed in the current study is typical for studies of the HPA response in 

children (Gunnar et al., 2009), and the observed increases in sAA indicate ANS activation in 

response to the emotional tasks. This increases our confidence that the emotional challenge 

tasks employed were appropriate socioemotional stressors for this age group. The extent of 

stress associated with the cognitive challenge tasks, however, is unclear (as cortisol levels 

declined across these tasks and sAA levels remained stable). Any CNS or cytokine response 

to the cognitive tasks likely influenced the subsequent response to the emotional challenge 

tasks. Future research is needed to delineate cytokine resting trajectories and sensitivity to 

specific types of stress.

To our knowledge, this study represents the first examination of cross-system relations 

between salivary cytokines and measures of ANS and HPA activation. While this provides 

novel information regarding the coordinated response to stress in the oral cavity, it is 

important to recognize the potential influence of other unmeasured salivary analytes when 

interpreting cytokine task-sensitivity. Trueba et al. (2012) found that adults exhibit an 

increase in many anti-inflammatory salivary proteins after acute socioemotional stress. 

Additional research on the stress-related release of other anti-inflammatory proteins, the 

time course of their release, and the sensitivity of salivary cytokines to these proteins is 

important to illuminating the task-sensitivity of salivary cytokines and their associations 

with measures of ANS and HPA activity.

CONCLUSION

These results provide unique information regarding the concentrations of salivary cytokines 

in young children and the interplay of these immunologic analytes with markers of ANS and 

HPA activity across a series of challenge tasks. Confidence in our findings is bolstered by 

the tight controls afforded by laboratory-based sampling and repeated measures within 

individuals. Our findings suggest that oral immune processes are highly coordinated. 
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Consistent associations between some cytokines and oral health variables suggest that local 

oral immune processes are distinct from the systemic immune system. The NEI relations 

observed in this study were similar to systemic NEI relations. Therefore, levels of some 

salivary cytokines may provide insight into child oral health, and salivary cytokines may be 

used with ANS and CNS biomarkers to provide information regarding 

neuroendocrineimmune functioning. These findings present exciting opportunities for 

studying mechanisms linking brain, immunity and behavior, as well as the calibration of 

across-systems connections during early development and the impact this has on later-life 

health and well-being.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. 
Study protocol for children with elapsed time between saliva samples and emotional 

challenge tasks (n = 125).
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Table 1

Demograpic and Health Characteristics of the Sample of 125 Five-Year Old Children

Frequency Percent (%)

Demographic Characteristics

    Age, mean years (SD) 5.45 (0.29)

    Male 61 49

    Race

      White 42 34

      African American 80 64

      Asian/Pacific Islander 3 2

Health Characteristics

    Overweight/Obesea 44 35

    Fair/Poor health in last 2 days 9 7

    Currently sick with cold or feverb 24 19

    Taken any medicine in last 2 days 28 22

    Taken allergy/asthma medicine in last 2 days 20 16

    Current oral health issues 14 11

    Mother smokes 28 22

SD, standard deviation.

a
Weight status (underweight or healthy weight vs. overweight or obese) assigned using the Centers for Disease Control and Prevention’s percentile 

ranges by sex and age.

b
Current sickness assessed with the question: “Is your child currently feeling sick or ill? (e.g., runny nose, fever, cough, aching, etc.)”.
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Table 2

Descriptive Statistics for Raw Salivary Cytokine Data in Five-Year Old Children Across a 90-minute Study 

Visit With Challenge Tasks (pg/mL; n = 125)a

Sample 1 Sample 2 Sample 3 Sample 4

IL-1β

    Mean (SD) 212.12 (417.50) 182.62 (367.75) 136.77 (174.03) 90.68 (117.10)

    Minimum- Maximum 13.54–3908.97 10.72–3401.80 9.58–1242.97 3.39–762.47

IL-6

    Mean (SD) 16.70 (34.50) 16.36 (39.70) 14.23 (39.42) 16.01 (45.13)

    Minimum- Maximum 0.00–203.46 0.10–253.51 0.19–349.51 0.32–416.10

IL-8

    Mean (SD) 769.52 (772.13) 732.65 (998.32) 631.04 (593.65) 495.08 (712.39)

    Minimum- Maximum 92.10–4660.69 48.13–7368.48 97.05–4306.81 61.58–5841.91

TNFα

    Mean (SD) 4.18 (8.55) 3.86 (13.90) 2.47 (3.55) 2.26 (3.85)

    Minimum- Maximum 0.01–71.92 0.10–145.68 0.02–26.82 0.00–26.39

IL-1β, interleukin-1 beta; IL-6, interleukin-6; IL-8, interleukin-8; TNFα, tumor necrosis factor alpha; SD, standard deviation.
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Table 3

Correlations Between Salivary Cytokines at Each Saliva Sample (n = 125)

IL-1β IL-6 IL-8

Sample 1

    IL-1β

    IL-6 0.70*

    IL-8 0.69* 0.64*

    TNFα 0.73* 0.71* 0.62*

Sample 2

    IL-1β

    IL-6 0.70*

    IL-8 0.77* 0.64*

    TNFα 0.73* 0.70* 0.61*

Sample 3

    IL-1β

    IL-6 0.63*

    IL-8 0.67* 0.64*

    TNFα 0.62* 0.66* 0.54*

Sample 4

    IL-1β

    IL-6 0.72*

    IL-8 0.75* 0.71*

    TNFα 0.65* 0.71* 0.64*

IL-1β, interleukin-1 beta; IL-6, interleukin-6; IL-8, interleukin-8; TNFα, tumor necrosis factor alpha.

*
p <.008 (Bonferroni-corrected significance level).
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Table 4

Results From Final Mixed Model of Log-Transformed IL-1β (n = 125)

IL-1β

Fixed Effects Parameter SE p

    Intercept 4.77 0.14 <.001

    Task timing 0.00 0.01 .48

    Sample 1–3 −0.13 0.04 <.001

    Sample 3–4 −0.58a 0.15 <.001

    Current oral health issues 0.59 0.18 <.01

Random effects Estimate SE 95% CI

Intercept

    Variance (Intercept) 0.68 0.12 0.49–0.96

Residual: AR(1)

    Rho 0.51 0.09 0.32–0.66

    Within-subject variance 0.30 0.06 0.20–0.45

SE, robust standard error; CI, confidence interval.

a
Difference between the slopes from sample 1–3 and 3–4: β = −0.45, z = − 3.36, p < .01.
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Table 5

Results From Final Mixed Model of Log-Transformed IL-6 (n = 125)

IL-6

Fixed Effects Parameter SE p

    Intercept 1.41 0.13 <.001

    Task timing 0.00 0.00 .29

    Sample −0.07 0.04 .11

    Current oral health issues 1.03 0.39 <.01

    Age 0.10 0.04 <.01

    Time since waking 0.10 0.04 <.05

Random effects Estimate SE 95% CI

Intercept

    Variance (Intercept) 1.48 0.21 1.12–1.97

Residual: AR(1)

    Rho 0.36 0.09 0.16–0.53

    Within-subject variance 0.39 0.08 0.26–0.60

SE, robust standard error; CI, confidence interval.
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Table 6

Results From Final Mixed Model of Log-Transformed IL-8 (n = 125)

IL-8

Fixed Effects Parameter SE p

    Intercept 6.32 0.13 <.001

    Task timing 0.00 0.01 .77

    Sample 1–3 −0.06 0.03 .08

    Sample 3–4 −0.34a 0.16 <.05

Random Effects Estimate SE 95% CI

Intercept

    Variance (Intercept) 0.41 0.07 0.30–0.58

Residual: AR(1)

    Rho 0.27 0.11 0.05–0.46

    Within-subject variance 0.23 0.04 0.17–0.32

SE, robust standard error; CI, confidence interval.

a
Difference between slopes from sample 1–3 and 3–4: β = −0.28, z = −1.97, p < .05.
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Table 7

Results From Final Mixed Model of Log-Transformed TNFα (n = 125)

TNFα

Fixed Effects Parameter SE p

Intercept 0.54 0.19 <.01

Task timing −0.02 0.01 <.05

Sample 1–2 −0.23 0.06 <.001

Sample 2–4 0.10a 0.11 .36

Maternal smoking 0.52 0.22 <.05

Random effects Estimate SE 95% CI

Intercept

    Variance (Intercept) 0.85 0.13 0.62–1.16

Residual: AR(1)

    Rho 0.36 0.12 0.12–0.57

    Within-subject variance 0.48 0.10 0.32–0.74

SE, robust standard error; CI, confidence interval.

a
Difference between slopes from sample 1–2 and 2–4: β = 0.33, z = 2.66, p <.01.
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