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The objective of this study was to examine if longitudinal trajectories of hair cortisol concentrations (HCC) measured at two or three yearly time points can identify 1-3 year old children at risk for altered hypothalamic-pituitary-adrenal (HPA)-axis function due to early life stress (ELS). HCC was measured (N = 575) in 265 children using a validated enzyme-linked immunosorbent assay. Hair was sampled in Clinic Visits (CV) centered at years 1, 2, and 3 (n = 45); 1 and 2 (n = 98); 1 and 3 (n = 27); 2 and 3 (n = 95). Log-transformed HCC values were partitioned using latent class mixed models (LCMM) to minimize the Bayesian Information Criterion. Multivariable linear mixed effects models for ln-HCC as a function of fixed effects for age in months and random effects for participants (to account for repeated measures) were generated to identify the factors associated with class membership. Children in Class 1 (n = 69; 9% Black) evidenced declining ln-HCC across early childhood, whereas Class 2 members (n = 196; 43% Black) showed mixed trajectories. LCMM with only Class 2 members revealed Class 2A (n = 17, 82% Black) with sustained high ln-HCC and Class 2B (n = 179, 40% Blacks) with mixed ln-HCC profiles. Another LCMM limited to only Class 2B members revealed Class 2B1 (n = 65, 57% Black) with declining ln-HCC values (at higher ranges than Class 1), and Class 2B2 (n = 113, 30% Black) with sustained high ln-HCC values. Class 1 may represent hair cortisol trajectories associated with adaptive HPA-axis profiles, whereas 2A, 2B1, and 2B2 may represent allostatic load with dysregulated profiles of HPA-axis function in response to varying exposures to ELS. Sequential longitudinal hair cortisol measurements revealed the allostatic load associated with ELS and the potential for developing maladaptive or dysregulated HPA-axis function in early childhood.
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INTRODUCTION

The stress response forms a highly conserved regulatory system in all eukaryotic multicellular organisms, evolutionarily designed to cope with a broad range of stimuli that may threaten, or be perceived as threatening to their survival, growth, and/or dynamic equilibrium (“homeostasis”). The stress response includes the neuroendocrine, neuroimmune, and other systems and a central modulator of these systems is the hypothalamic-pituitary-adrenal (HPA)-axis (1). Allostatic load is defined as the cumulative burden of exposures to repeated or chronic stressors, associated with deleterious consequences for growth and survival as well as longterm changes in the stress response system (2). Chronic or repetitive exposures to early life stress (ELS) alter HPA-axis regulation, associated with the early onset of chronic non-communicable diseases (NCDs) and psychopathology (3, 4). The American Academy of Pediatrics (AAP) made an appeal for distinguishing adaptive, maladaptive, and toxic stress in children and declared that “Identifying children at high risk for toxic stress is the first step in providing targeted support for their parents and other caregivers” (5).

Cortisol is the hormonal end-product of the HPA-axis that regulates the endocrine and metabolic stress responses, brain and other organ development, and immune functions. Transitory changes in salivary or serum cortisol may reflect exposures to acute stress (6) but cannot capture cumulative exposures to chronic or repetitive stress. Cortisol binds to growing hair; thus, hair cortisol concentrations (HCC) can provide a summative measure of responses to stressful experiences over the previous 3-6 months (7, 8). A recent review proposed that HCC may represent a measure of recent/acute stress, but this meta-analysis included studies from 16 animal species, ignored major differences between animal fur and human scalp hair, and analyzed studies with cross-sectional rather than longitudinal data (9). HCC in humans are positively correlated with repeated measures of salivary cortisol (8).

Adverse childhood experiences (ACEs) alter subsequent stress responses associated with HPA-axis dysregulation, particularly among Black adults (10–12). A dysregulated HPA-axis often shows persistent hyper- or hypo-responsiveness, associated with a reduced cortisol awakening response, flattened diurnal cortisol slope, higher evening cortisol levels, and dampened responses to corticotrophin (ACTH) or corticotrophin-releasing hormone (CRH) (13). Preclinical data illustrate progressive phases of altered HPA-axis function ultimately leading to HPA-axis dysregulation. However, a substantial gap exists between preclinical and clinical data because longitudinal human studies have not mapped these phases of HPA-axis function, particularly among young children. Heightened neuroplasticity in children aged 0-3 years makes them vulnerable to long-term changes in the HPA-axis regulation following exposure(s) to ELS, linked epidemiologically with poor physical and mental health across the lifespan (1, 5, 13–15).

Our overarching goal is to measure the long-term effects of ELS on the HPA axis. We have previously published novel methods for measuring HCC (16) and socioeconomic adversity (17), and also identified the demographic and psychosocial factors related to HCC in a cross-sectional population of preschool children (18, 19). Black children showed higher HCC than White/other children because of exposure to psychosocial stressors and daily microaggressions; these differences persisted even after adjusting for socioeconomic factors. HCC values measured at earlier ages were significant predictors of HCC at later ages (18), therefore we sought to examine longitudinal HCC trajectories using latent class mixed models (LCMM). Longitudinal analyses may be more likely to identify individual children with altered states of HPA axis regulation during early childhood, and therefore, may be more vulnerable to the longterm effects of ELS on the subsequent cognitive, behavioral, educational, psychosocial, physical health and psychiatric outcomes. If these children can be identified, they would be eligible for potential therapeutic interventions to prevent or ameliorate these longterm effects.

Compared to cluster analyses, structural equation models, or generalized estimating equation models, LCMM is more suitable for investigating developmental trajectories because it is robust to missing values and categorical variables, and is specifically designed to partition groups of individuals with similar profiles in their longitudinal data (20, 21). We hypothesized that latent patterns in HCC values measured longitudinally during early childhood will identify the groups of children at higher risk for altered HPA-axis function. By comparing these groups of children, we sought to identify the maternal and psychosocial factors that may be related to these unique longitudinal HCC profiles. We speculate whether longitudinal measurements of HCC values may identify the children at risk for HPA-axis dysregulation and its longterm consequences, thereby identifying participants for future therapeutic interventions to overcome the pernicious and persistent effects of ELS across the lifespan.



MATERIALS AND METHODS


CANDLE Cohort

Following approval from the Institutional Review Board (IRB) at the University of Tennessee Health Sciences Center, participants or legal guardians gave informed consent for participation in the conditions affecting neurocognitive development and learning in Early childhood (CANDLE) study as well as hair sampling from the CANDLE children during yearly clinic visits. Pregnant women (N = 1,503) were enrolled during their second trimester between 2006 and 2011 for a longitudinal birth cohort study. CANDLE study participants were described previously (17–19, 22) with detailed descriptions of the instruments and survey items for characterizing children and their mothers (17–19, 22, 23). Characteristics of the children and mothers who gave consent for hair sampling are listed in Supplementary Table A; the variables measured from clinic visits (CV) centered at ages 1, 2, 3 years are listed in Supplementary Table B. Parents declined hair sampling for children on some annual visits due to cosmetic reasons, e.g., preference for buzz cuts for boys or elaborate hair designs for girls.



Hair Collection, Processing, and HCC Quantification

Hair samples were collected from the posterior vertex by trimming hair close to the scalp surface. Hair samples (10 mg) were cut to powder consistency and proteins extracted by sequential methanol (52°C for ~15 h) acetone (10 min at room temperature) extractions, repeated once. Supernatants were air evaporated at 4°C; the protein residue reconstituted in 70 mcl of phosphate buffered saline (PBS, pH 7.8) per 10 mg hair, kept at 4°C for immediate use or at −20°C for long-term storage. The Pierce Micro BCATM Protein Reagent Kit was used to determine total protein content and the Alpco Cortisol (Saliva) ELISA assay was used to quantify HCC. An Epoch BioTek plate reader with associated software Gen 5 Biotech (Version 1.11, Winooski, VT, USA) determines total protein and cortisol levels (ng/mg hair) (16). HCC assays had intra-assay and inter-assay coefficients of variation at <4 and <8%, respectively.



Statistical Methods

The Stanford University IRB approved these data analyses. Data analyses were conducted on CANDLE subjects providing hair samples at 2 or 3 clinic visits (CV) with age at CV1 = 11–18 months; CV2 = 23–30 months; and CV3 = 35–42 months. Longitudinal HCC values were examined visually via scatterplot and log-transformed HCC values (ln-HCC) were partitioned into different trajectories using LCMM (20, 21). The model was framed as a linear mixed effects model for ln-HCC as a function of fixed effects for age in months and age in months squared, coupled with random effects for CANDLE participants (to account for repeated measures from the same subject) and latent classes identified by age in months. The number of latent classes were pre-specified to 2, 3, 4, or 5, and the pre-specified value that minimized the Bayesian Information Criterion (BIC) was selected (Supplementary Table C). Vrieze states that “BIC has α = log(N), where N is the number of observations contributing to the sum in the likelihood equation. The number of model parameters κ is taken to be a direct indicator of model complexity; the more parameters the more flexible and complex the model” (24).

The same process of fitting LCMM models within subgroups was repeated until consistent ln-HCC patterns remained within each identified group. This approach is commonly recommended in various statistical texts (25–27) and in a reference text: “Applied Latent Class Analysis” edited by Hagenaars and McCutcheon (28). These authors state that LCMM analyses may be performed sequentially or simultaneously within the subclasses identified from an initial model. Sequential LCMM modeling procedures within stratified subpopulations are also reported in several previous studies (29–31).

Associations between candidate variables and the LCMM-identified classes were examined via univariate and multivariate tests at each clinic visit (Supplementary Tables D–F). Associations between each candidate variable and group membership were tested using Fisher's exact test for categorical variables and Wilcoxon-rank sum for continuous variables. Candidate variables with p ≤ 0.1 were entered into logistic regression models using backwards selection to eliminate the variable with the largest p-value at each step until all the remaining variables were p < 0.1. Variable selection was implemented in the R package “rms” (Regression Modeling Strategies; R package version 5.1-3.1.). All statistical analyses were conducted using R version 3.6.1 (32). Study integrity was assured by completing the STROBE checklist for observational studies (Supplementary Table G) and the GRoLTS checklist for latent trajectory modeling studies (Supplementary Table H).




RESULTS

Visual inspection of the ln-HCC values plotted by age in months (Supplementary Figure 1) illustrated the complexity of longitudinal ln-HCC trajectories for individual children with varying exposures to contextual stressors over time.


Latent Classes 1 and 2

The initial LCMM model yielded two latent classes: Class 1 with steadily declining ln-HCC values across age (n = 69, 9% Black); and Class 2 with little or no changes in ln-HCC across early childhood (n = 196, 43% Black). Class 1 showed the expected trajectory of declining ln-HCC values across early childhood as reported previously (18, 33) (Figure 1). Compared to Class 2, the mothers of Class 1 children were more likely to be married (81.2 vs. 57.1% at CV1, 82.6 vs. 57.1% at CV2, 81.2 vs. 53.6% at CV3), White/other race (87 vs. 55.6%), older (29.3 ± 4.6 vs. 27.8 ± 5.0 years), they had lower body weights before (70.8 ± 15.5 vs. 76.8 ± 20.5 kg) and during pregnancy (77.5 ± 16.1 vs. 84.4 ± 20.1 kg), higher breastfeeding rates at 4 weeks post-partum (69.6 vs 57.7%), higher household incomes ($65,000 or more, 46.4 vs. 27.6%), and private health insurance (76.8 vs. 59.2%).
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FIGURE 1. Latent class mixed modeling (LCMM) revealed Class 1 and Class 2: ln-HCC values plotted by age in months, with solid regression lines for all children, dashed regression lines for Blacks (black) and White/other races (red). A logistic regression model revealed that Class 2 membership was determined by Black race at each clinic visit (CV).


Class 1 mothers also reported fewer traumatic events in the Traumatic Life Events Questionnaire (TLEQ) during pregnancy (2.6 ± 2.2 vs. 3.4 ± 2.4) and at CV3 (2.3 ± 2.4 vs. 3.1 ± 2.5), fewer distress symptoms in the Brief Symptom Inventory (BSI, 50.8 ± 7.3 vs. 53.1 ± 8.1), greater knowledge of infant development (0.8 ± 0.1 vs. 0.7 ± 0.1), lower scores on the Child Abuse Potential Index (CAPI) for rigidity (9.8 ± 11.4 vs. 15.2 ± 13.4) or abusive parenting (58.8 ± 70.1 vs. 73.8 ± 65.6), and fewer indicators of unhappiness (7.2 ± 7.8 vs. 9.3 ± 9.3). Fewer fathers of children in Class 1 than in Class 2 had a history of smoking (15.9 vs. 29.6%).

Class 1 children had fewer social-emotional problems (Brief Infant-Toddler Social-Emotional Assessment, BITSEA, problem total score) at CV1 (7.1 ± 4.4 vs. 9.1 ± 5.7) and CV2 (7.9 ± 7.6 vs. 9.5 ± 6.2), lower scores for externalizing behaviors at CV1 (1.8 ± 1.7 vs. 2.4 ± 2.0) and internalizing behaviors at CV2 (1.6 ± 1.9 vs. 2.1 ± 1.6). Variables reaching a significance level of p ≤ 0.1 (see Supplementary Table C) were selected for logistic regression modeling.

Logistic regression analyses showed that Class 2 (vs. Class 1) membership was only dependent on Black race at CV1 (OR = 7.35, p = 0.0003), CV2 (OR = 7.22, p = 0.0004), and CV3 (OR = 11.43, p = 0.0001; Figure 2). Further analyses were warranted given the substantial variability of ln-HCC values in Class 2 and divergence of ln-HCC trajectories between races.
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FIGURE 2. LCMM model only for Class 2 members revealed Class 2A and Class 2B: ln-HCC values plotted by age in months, with solid regression lines for all children, dashed regression lines for Blacks (black) and White/other races (red). Logistic regression showed that Class 2A membership was associated with Black race (CV2, CV3) and greater social-emotional problems (CV1), with trends for shorter body length at birth (CV2) and greater attention problems at CV3.




Latent Classes 2A and 2B

LCMM partitioning of ln-HCC values within Class 2 revealed Class 2A with 17 members (82% Black) showing elevated and increasing ln-HCC values over time (Figure 2) and 179 children in Class 2B (40% Black) with high variability in their ln-HCC trajectories. Compared to Class 2B, Class 2A members had more Black children (82.4 vs. 39.7%), shorter body length (47.9 ± 4.5 cm vs. 50.8 ± 2.5 cm) and need for NICU care at birth (23.5 vs. 5.0%). Class 2A members also showed higher BITSEA scores for social-emotional problems at CV1 and CV2 (14.8 ± 8.2 vs. 8.6 ± 5.1 and 12.1 ± 6.0 vs. 9.3 ± 6.2, respectively), higher internalizing (2.9 ± 1.4 vs. 1.7 ± 1.4) and externalizing (3.9 ± 2.6 vs. 2.2 ± 1.9) behaviors at CV1, as well as more frequent problems with aggression (1.2 ± 0.5 vs. 1.0 ± 0.2) and attention (69.1 ± 16.2 vs. 62.1 ± 13.9) at CV3 as measured in the Child Behavior Checklist (CBCL). Mothers of children in Class 2A vs. 2B were less likely to breastfeed at 4 weeks (29.4 vs. 60.3%), had lower household incomes (>$65,000, 5.9 vs. 29.6%), greater somatization at CV1 (52.0 ± 8.8 vs. 47.8 ± 8.4), and higher abuse potential at CV3 (102.0 ± 80.6 vs. 72.1 ± 70.2).

Logistic regression analyses showed that variables determining Class 2A (vs. Class 2B) membership included a shorter body length at birth (OR = 0.53, p = 0.0558), social-emotional problems at CV1 (OR = 1.91; p = 0.0478), Black race at CV2 and CV3 (OR = 6.44, p = 0.0214; OR = 7.38, p = 0.0162, respectively), and greater affective problems at CV3 (OR = 1.75, p = 0.0638). Further analysis of Class 2B was warranted given the large class size (n = 179), observable differences in ln-HCC trajectories by race, and significant variability in the ln-HCC values.



Latent Classes 2B1 and 2B2

LCMM modeling limited exclusively to Class 2B members revealed Class 2B1 (n = 65) with high but declining ln-HCC values and Class 2B2 (n = 113) with sustained elevations in ln-HCC values (Figure 3). Compared to Class 2B2, mothers in Class 2B1 were less likely to be White/other race (43.1 vs. 69.0%) or have private insurance (50.8 vs. 66.4%); they experienced more ACEs in the TLEQ (0.7 ± 0.9 vs. 0.4 ± 0.8), greater physical aggression during pregnancy on the Conflict Tactics Scale (3.6 ± 4.1 vs. 2.3 ± 3.7), and based on their CAPI scores, showed greater rigidity at CV1 and CV3 (18.2 ± 14.7 vs. 12.7 ± 11.7 and 17.3 ± 15.4 vs. 12.1 ± 11.9, respectively) and abusive parenting styles at every age (CV1: 89.7 ± 80.5 vs. 62.1 ± 50.9; CV2: 85.7 ± 82.2 vs. 65.9 ± 67.1; CV3: 86.6 ± 81.8 vs. 62.7 ± 60.6). The children in Class 2B1 had shorter body length at birth (50.2 ± 2.6 cm vs. 51.2 ± 2.5 cm), higher internalizing behaviors at CV2 (2.5 ± 1.7 vs. 1.8 ± 1.5), and higher anxiety scores at CV3 (60.3 ± 13.6 vs. 57.4 ± 13.7).
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FIGURE 3. LCMM model exclusively including Class 2B members revealed Class 2B1 and Class 2B2: ln-HCC values plotted by age in months, with solid regression lines for all children, dashed regression lines for Blacks (black) and White/other races (red). Logistic regression revealed that ln-HCC in Class 2B2 was associated with White/other race (CV1, CV3), maternal hyperthymic temperament (CV1) and unhappiness (CV3), the child's internalizing behaviors (CV2), affect and anxiety problems (CV3).


A logistic regression model showed that mothers of children in Class 2B2 were less likely to be Black (CV1, OR = 0.38, p = 0.0161; CV3, OR = 0.4, p = 0.0135), had a hyperthymic temperament (OR = 2.25, p = 0.0373) at CV1, with less unhappiness (CV3, OR = 0.65; p = 0.0412) than Class 2B1 mothers. The children of Class 2B2 showed less internalizing behaviors (OR = 0.62, p = 0.0125) and more affective problems at CV2 (OR = 2.12, p = 0.0046), and less anxiety problems at CV3 (OR = 0.6, p = 0.0402).




DISCUSSION

Karlen et al. found that sequential HCC measurements in children aged 1, 3, 5, and 8 years had significant linear correlations across ages, but they did not examine longitudinal trajectories in individual children or relate these effects to ELS (33). Our cross-sectional analyses also revealed that higher ln-HCC in the preschool children at earlier ages significantly predicted their ln-HCC values at subsequent ages (18). Consequently, we conducted longitudinal analyses to reveal latent patterns in their ln-HCC trajectories and to examine the maternal and child-related factors that may determine membership in these latent classes.

We present the first-ever longitudinal analyses of hair cortisol from a geographically defined and racially diverse urban/suburban population of children aged 1-3 years, identifying latent classes based on their ln-HCC trajectories. We previously reported cross-sectional analysis of ln-HCC in this age group, showing that Black children were exposed to greater adversity (17) leading to chronic stress (18, 19, 22). Here, we extend our studies to explore latent patterns in ln-HCC trajectories from the children with longitudinal data. Membership in latent classes based on ln-HCC trajectories defined groups of children with progressive profiles of altered HPA-axis function, presumably resulting from increasing allostatic load as suggested by maternal and psychosocial factors as well as their physical and behavioral outcomes (14, 34).

The typically developing human HPA-axis matures by 4 years, but it remains malleable before age 4. Therefore, it is important to determine the trajectories indicative of HPA-axis function in earlier developmental windows, when the set-points for long-term HPA-axis regulation are vulnerable to contextual stressors in early life (15, 34, 35), predisposing children to progress from adaptive, to maladaptive, and to toxic stress responses (5). Adaptive stress responses promote mastery and help build a child's resilience, maladaptive stress responses may interrupt these developmental processes, whereas toxic stress responses disable resilience and problem-solving skills, promoting passive submission or self-injurious/risk-taking behaviors (1, 4, 36).

Children assigned to LCMM Class 1 had decreasing ln-HCC across ages 1-3 years (Figure 1), following the overall patterns of HPA-axis function expected in normal healthy children (18). Karlen et al. confirmed a pattern of decreasing HCC during early childhood (33), which was not seen in cross-sectional studies with sparse sampling from the preschool age groups (37). Given their favorable demographic and psychosocial factors, we propose that Class 1 identifies those children with an adaptive profile of HPA-axis function, easily capable of maintaining homeostasis after exposure to contextual stressors. Class 1 children had fewer social-emotional problems in infancy and manifested fewer internalizing or externalizing behaviors than those in Class 2. Other studies also found impaired social-emotional development associated with ELS (38, 39), further linked with the poorer cognitive and emotional outcomes in older children and adolescents, and psychopathology in adults (4, 40).

Subsequent partitioning of Class 2 identified the children with a hyperresponsive HPA-axis in Class 2A compared to 2B, showing high ln-HCC at age 1 year and further increasing values across early childhood rather than the expected decline in typically developing children (Figure 2). Most of these children were Black, had been exposed to maternal psychosocial risk factors, possibly nutrition-related intrauterine growth restriction at birth (41), and were more likely to develop social-emotional problems, internalizing and externalizing behaviors in infancy, as well as problems with aggression and attention in later childhood (38, 39). HPA-axis hyperreactivity follows failure of the cortisol-mediated negative feedback loop that regulates the secretion of CRH and ACTH (42). These children may have higher risks for developing long-term HPA-axis dysregulation, epidemiologically linked with early obesity, metabolic syndrome, adult-type NCDs (1, 11, 43) and psychopathology (4, 40, 44). Another study measuring salivary cortisol levels revealed that “Race differences in cortisol were not present at 4 months but emerged at 12 months of age, with Black infants having higher cortisol… suggesting that racial discrimination is already “under the skin” by 1 year of age” (45). We previously reported preliminary evidence for HPA-axis dysregulation in 1-year-old Black infants (19), and now present further evidence for HPA-axis dysfunction from longitudinal HCC trajectories in Class 2A mostly including 1-3 year-old Black children (82.4%), as compared to Class 1 membership mostly including White/other children (91.3%).

Class 2B1 members also showed the expected decline across early childhood, but their HCC values were higher than in Class 1 (Figure 3 vs. Figure 1) (18, 33). This group contained similar numbers of White/other and Black children, perhaps in the compensatory phase of HPA-axis dysregulation with attempted adaptation to contextual stressors (46). Children in Class 2B1 were exposed to maternal and psychosocial risk factors, evidenced intra-uterine growth restriction at birth and, consistent with previous research, showed more internalizing behaviors at age 2 and anxiety at age 3 (40, 47, 48). Class 2B2, including 70% White/other children, showed a flat trajectory across early childhood—somewhat like Class 2A which mainly included Black children. The mothers of Class 2B2 children uniquely showed a hyperthymic temperament, which may lead to overly intrusive or overprotective parenting, associated with HPA-axis dysregulation in another study (49).

The interplay of health and psychosocial determinants occurs in a bidirectional fashion; therefore, correlates of HCC in toddlers may become prognosticators of later health outcomes. Given the patterns suggestive of HPA dysfunction in Classes 2A, 2B1, and 2B2, we speculate that children experiencing repeated contextual stressors may develop maladaptive HPA-axis responses that were associated with depression or posttraumatic stress disorder (PTSD) (48, 50–53). Lower HCC values were also noted in individuals with PTSD as compared to normal or acute stress groups (54). These findings appear to align with the theoretical phases of HPA-axis dysregulation (Figure 4), in which cumulative allostatic loads related to ELS may progressively impair HPA-axis function, as illustrated in Class 2 and its subclasses. The current criteria for HPA-axis dysregulation are based on plasma and salivary cortisol levels, which are measures of acute stress which can be altered by diurnal cycles, high state reactivity, food intake, pulsatile secretion patterns, superimposed on the robust changes across age, sex, reproductive cycles, and pubertal stages (12, 13, 55, 56). Because prolonged or chronic stressors are more likely precursors of HPA-axis dysfunction than acute stressors, putative criteria for identifying HPA-axis dysregulation should also be developed from HCC, which serves as a summative measure of chronic stress (57). Based on our data, we present a starting point for the HCC ranges in 1-3 year-old children that could be used for developing such criteria (Figure 4).


[image: Figure 4]
FIGURE 4. Phases of hypothalamic-pituitary-adrenal (HPA)-axis dysregulation [reproduced with permission from Bella Lindemann (www.bellalindemann.com)] based on animal studies. Eustress predominance under conditions of adaptive stress exposure to normal environmental conditions promotes maturation of the HPA-axis in early life. Distress predominance with worsening exposures to early life adversity in the absence of socially affiliative/nurturing relationships leads to a maladaptive (hyperresponsive) HPA-axis and delayed return to homeostasis. Severe or multiple chronic stressors can disrupt cortisol secretion with the hypocortisolemia associated with HPA-axis dysregulation. Proposed variations in HPA-axis function for the LCMM Classes showing the 25th and 75th percentiles of ln-HCC values in each latent class.


The results of these analyses must be interpreted in the light of four limitations. First, as in other cohort studies of early stress (19, 58, 59), the generalizability of these results is limited by the differences in demographic characteristics between children with HCC measurements in the CANDLE study and those of other children (17). Second, HCC data from all clinic visits were only present in 45 children, with other children contributing measurements at any combination of two timepoints. This highlights the challenges of implementing longitudinal studies in a cohort of inner-city children and obtaining consent for hair sampling at each of their clinic visits. Though missing data may affect the confidence intervals of the HCC trajectories identified, our use of LCMM modeling was specifically suited for handling missing data in our subjects (21, 25, 26, 28). Third, because these are exploratory analyses to identify the characteristics of LCMM class membership, we did not adjust the p-values for multiple testing. Therefore, the explanatory factors identified in our univariate or logistic regression analyses must be confirmed in larger cohort studies. Fourth, backwards selection is one of many variable selection techniques that can be used, each with its own limitations. Whereas elastic net may be superior for minimizing prediction error, our choice of backwards selection was designed to identify those variables that retain significant associations with class membership. Our sensitivity analyses included variable selection using LASSO and elastic net, and found that similar variables were selected consistently across all methods. However, our use of logistic regression modeling with backwards selection allows easier interpretability of the preliminary variables that characterize latent class membership.

We present an objective method for longitudinally measuring chronic stress in a cohort of children aged 1–3 years, identify factors associated with adaptive and altered forms of HPA function, and suggest an approach to interpreting HCC values in this cohort. These results expand on our previous publications on HCC and social adversity in preschool children, clearly demarcating racial and socioeconomic disparities in urban/suburban populations (17, 18). Longitudinal measures of HCC in young children may provide an objective tool for classifying the early developmental trajectories in immature stress pathways and could also be used assess the efficacy of therapeutic interventions. Taken together, our linked approaches for measuring early life adversity and using HCC trajectories to identify associated risk factors in early childhood may ultimately enable monitoring the effects of policy reform developed to address the widening health inequities between racial, socioeconomic, immigrant, and other demographic subgroups.



DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found at: Data for the CANDLE Study (Conditions Affecting Neurocognitive Development and Learning in Early childhood) are available through https://candlestudy.uthsc.edu.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by Institutional Review Board (IRB) at the University of Tennessee Health Sciences Center. Written informed consent to participate in this study was provided by the participants' legal guardian/next of kin.



AUTHOR CONTRIBUTIONS

CR contributed to the study conceptualization and methodology, data curation, analyses and interpretation, drafting the initial manuscript, making critical revisions, and final approval of the submitted manuscript. JR contributed to statistical design and methodology, data curation, analyses and interpretation, drafting the initial manuscript, making critical revisions, and final approval of the submitted manuscript. J-MR and VC contributed to data curation, analyses and interpretation, making critical revisions, and final approval of the submitted manuscript. MR contributed to data curation, analyses and interpretation, drafting the manuscript, making critical revisions, and final approval of the submitted manuscript. KA obtained grant funding and contributed to study conceptualization, statistical design and methodology, data curation, analyses and interpretation, supervision of the team, drafting of the initial manuscript, making critical revisions, and final approval of the submitted manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

The current studies received funding from the Maternal and Child Health Research Institute at Stanford University (P.I. KA) and the Eunice Kennedy Shriver National Institute for Child Health and Human Development (R01 HD099296, P.I. KA). Study sponsors had no role in the design and conduct of the study; the collection, management, analysis, or interpretation of the data; the preparation, review, approval, or decision to publish this manuscript.



ACKNOWLEDGMENTS

Grant Somes, PhD [University of Tennessee Health Science Center (UTHSC)] conceived of the CANDLE study and obtained initial funding, Frances A. Tylavsky, PhD was the CANDLE Study PI during the hair sampling, and W. Alex Mason, PhD is the current CANDLE Study PI. We gratefully acknowledge the participants, particularly the mothers who consented to participate in the CANDLE study; the cognitive examiners from the UTHSC Boling Center for Developmental Disabilities: Sacha Bliss, PhD, Lauren Gardner, PhD, Bruce Keisling, PhD, Cynthia Klubnik, PhD, Kerrie Murphy, PhD, Jessica Myszak, PhD, Nichol Pritchard, PhD, Colby Reed, PhD, Christina Warner-Metzger, PhD; and other individuals from UTHSC who participated in the design and execution of the study: Phyllis Richey, PhD, Wonsuk Yoo, PhD, D. Pamela Connor, PhD, Marion Hare, MD, MS, and Anand Kulkarni, MD; Karmen McPherson and Aaron Kala (UTHSC medical students) for helping with hair cortisol analyses performed in the Pain/Stress Neurobiology Laboratory at the University of Tennessee Neuroscience Institute; data collection, processing and editing by the CANDLE staff; Amy Scheck, MS, CANDLE science coordinator and Maureen Sorrells, MPH CANDLE study coordinator at UTHSC. We sincerely thank Prof. Paul M. Plotsky, Prof. Ian H. Gotlib and Dr. Lucy King for their comments on an earlier version of this manuscript.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fped.2021.740343/full#supplementary-material



REFERENCES

 1. Agorastos A, Pervanidou P, Chrousos GP, Kolaitis G. Early life stress and trauma: developmental neuroendocrine aspects of prolonged stress system dysregulation. Hormones. (2018) 17:507-20. doi: 10.1007/s42000-018-0065-x

 2. McEwen BS, Stellar E. Stress and the individual. Mechanisms leading to disease. Arch Intern Med. (1993) 153:2093-101. doi: 10.1001/archinte.1993.00410180039004

 3. Oh DL, Jerman P, Silverio Marques S, Koita K, Purewal Boparai SK, Burke Harris N, et al. Systematic review of pediatric health outcomes associated with childhood adversity. BMC Pediatr. (2018) 18:83. doi: 10.1186/s12887-018-1037-7

 4. Raymond C, Marin MF, Majeur D, Lupien S. Early child adversity and psychopathology in adulthood: HPA axis and cognitive dysregulations as potential mechanisms. Prog Neuropsychopharmacol Biol Psychiatry. (2018) 85:152-60. doi: 10.1016/j.pnpbp.2017.07.015

 5. Garner AS, Shonkoff JP Committee on Psychosocial Aspects of Child and Family Health Committee on Early Childhood Adoption and Dependent Care Section on Development and Behavioral Pediatrics. Early childhood adversity, toxic stress, and the role of the pediatrician: translating developmental science into lifelong health. Pediatrics. (2012) 129:e224-31. doi: 10.1542/peds.2011-2662

 6. Levine A, Zagoory-Sharon O, Feldman R, Lewis JG, Weller A. Measuring cortisol in human psychobiological studies. Physiol Behav. (2007) 90:43-53. doi: 10.1016/j.physbeh.2006.08.025

 7. Kirschbaum C, Tietze A, Skoluda N, Dettenborn L. Hair as a retrospective calendar of cortisol production-Increased cortisol incorporation into hair in the third trimester of pregnancy. Psychoneuroendocrinology. (2009) 34:32-7. doi: 10.1016/j.psyneuen.2008.08.024

 8. Vanaelst B, Huybrechts I, Bammann K, Michels N, de Vriendt T, Vyncke K, et al. Intercorrelations between serum, salivary, and hair cortisol and child-reported estimates of stress in elementary school girls. Psychophysiology. (2012) 49:1072-81. doi: 10.1111/j.1469-8986.2012.01396.x

 9. Kalliokoski O, Jellestad FK, Murison R. A systematic review of studies utilizing hair glucocorticoids as a measure of stress suggests the marker is more appropriate for quantifying short-term stressors. Sci Rep. (2019) 9:11997. doi: 10.1038/s41598-019-48517-2

 10. Schreier HM, Enlow MB, Ritz T, Coull BA, Gennings C, Wright RO, et al. Lifetime exposure to traumatic and other stressful life events and hair cortisol in a multi-racial/ethnic sample of pregnant women. Stress. (2016) 19:45-52. doi: 10.3109/10253890.2015.1117447

 11. Lehrer HM, Dubois SK, Maslowsky J, Laudenslager ML, Steinhardt MA. Hair cortisol concentration and glycated hemoglobin in African American adults. Psychoneuroendocrinology. (2016) 72:212-8. doi: 10.1016/j.psyneuen.2016.06.018

 12. DeSantis AS, Adam EK, Hawkley LC, Kudielka BM, Cacioppo JT. Racial and ethnic differences in diurnal cortisol rhythms: are they consistent over time? Psychosom Med. (2015) 77:6-15. doi: 10.1097/PSY.0000000000000131

 13. Adam EK, Quinn ME, Tavernier R, McQuillan MT, Dahlke KA, Gilbert KE. Diurnal cortisol slopes and mental and physical health outcomes: a systematic review and meta-analysis. Psychoneuroendocrinology. (2017) 83:25-41. doi: 10.1016/j.psyneuen.2017.05.018

 14. Blair C, Raver CC, Granger D, Mills-Koonce R, Hibel L Key Investigators FLP. Allostasis and allostatic load in the context of poverty in early childhood. Dev Psychopathol. (2011) 23:845-57. doi: 10.1017/S0954579411000344

 15. Friedman EM, Karlamangla AS, Gruenewald TL, Koretz B, Seeman TE. Early life adversity and adult biological risk profiles. Psychosom Med. (2015) 77:176-85. doi: 10.1097/PSY.0000000000000147

 16. Slominski R, Rovnaghi CR, Anand KJ. Methodological considerations for hair cortisol measurements in children. Ther Drug Monit. (2015) 37:812-20. doi: 10.1097/FTD.0000000000000209

 17. Anand KJS, Rigdon J, Rovnaghi CR, Qin F, Tembulkar S, Bush N, et al. Measuring socioeconomic adversity in early life. Acta Paediatr. (2019) 108:1267-77. doi: 10.1111/apa.14715

 18. Anand KJS, Rovnaghi CR, Rigdon J, Qin F, Tembulkar S, Murphy L, et al. Demographic and psychosocial factors associated with hair cortisol concentrations in preschool children. Pediatr Res. (2020) 87:1119-27. doi: 10.1038/s41390-019-0691-2

 19. Palmer FB, Anand KJS, Graff JC, Murphy LE, Qu Y, Volgyi E, et al. Early adversity, social-emotional development, and stress in urban 1-year-old children. J Pediatr. (2013) 163:1733-9 e1. doi: 10.1016/j.jpeds.2013.08.030

 20. Proust-Lima C, Philipps V, Liquet B. Estimation of extended mixed models using latent classes and latent processes: the R Package lcmm. J Stat Softw. (2017) 78:1-56. doi: 10.18637/jss.v078.i02 

 21. Jung T, Wickrama KAS. An introduction to latent class growth analysis and growth mixture modeling. Soc Pers Psychol Compass. (2008) 2:302-17. doi: 10.1111/j.1751-9004.2007.00054.x

 22. Slopen N, Roberts AL, LeWinn KZ, Bush NR, Rovnaghi CR, Tylavsky F, et al. Maternal experiences of trauma and hair cortisol in early childhood in a prospective cohort. Psychoneuroendocrinology. (2018) 98:168-76. doi: 10.1016/j.psyneuen.2018.08.027

 23. Tylavsky FA, Somes G. CANDLE (Conditions Affecting Neurocognitive Development and Learning in Early Childhood). Memphis, TN: The Urban Child Institute (2007).

 24. Vrieze SI. Model selection and psychological theory: a discussion of the differences between the Akaike information criterion (AIC) and the Bayesian information criterion (BIC) Psychol Methods. (2012) 17:228-43. doi: 10.1037/a0027127

 25. Lin H, McCulloch CE, Turnbull BW, Slate EH, Clark LC. A latent class mixed model for analysing biomarker trajectories with irregularly scheduled observations. Stat Med. (2000) 19:1303-18. doi: 10.1002/(sici)1097-0258(20000530)19:10<1303::aid-sim424>3.0.co;2-e

 26. McCulloch CE, Lin H, Slate EH, Turnbull BW. Discovering subpopulation structure with latent class mixed models. Stat Med. (2002) 21:417-29. doi: 10.1002/sim.1027

 27. Zhang M, Wang C, O'Connor A. A hierarchical Bayesian latent class mixture model with censorship for detection of linear temporal changes in antibiotic resistance. PLoS ONE. (2020) 15:e0220427. doi: 10.1371/journal.pone.0220427

 28. Hagenaars JAP, McCutcheon AI. Applied Latent Class Analysis. Cambridge: Cambridge University Press (2002). 

 29. Signori A, Izquierdo G, Lugaresi A, Hupperts R, Grand'Maison F, Sola P, et al. Long-term disability trajectories in primary progressive MS patients: a latent class growth analysis. Mult Scler. (2018) 24:642-52. doi: 10.1177/1352458517703800

 30. Dagliati A, Plant D, Nair N, Jani M, Amico B, Peek N, et al. Latent class trajectory modelling of 2-components-DAS28 identifies multiple rheumatoid arthritis phenotypes of response to biologic disease modifying anti-rheumatic drugs. Arthritis Rheumatol. (2020) 72:1632-42. doi: 10.1002/art.41379

 31. Deneer R, Boxtel A, Boer AK, Hamad MAS, Riel N, Scharnhorst V. Detecting patients with PMI post-CABG based on cardiac troponin-T profiles: a latent class mixed modeling approach. Clin Chim Acta. (2020) 504:23-9. doi: 10.1016/j.cca.2020.01.025

 32. R Core Team. R: A Language and Environment for Statistical Computing. Vienna: R Foundation for Statistical Computing (2017). 

 33. Karlen J, Frostell A, Theodorsson E, Faresjo T, Ludvigsson J. Maternal influence on child HPA axis: a prospective study of cortisol levels in hair. Pediatrics. (2013) 132:e1333-40. doi: 10.1542/peds.2013-1178

 34. Bush NR, Obradovic J, Adler N, Boyce WT. Kindergarten stressors and cumulative adrenocortical activation: the “first straws” of allostatic load? Dev Psychopathol. (2011) 23:1089-106. doi: 10.1017/S0954579411000514

 35. Gunnar MR, Quevedo KM. Early care experiences and HPA axis regulation in children: a mechanism for later trauma vulnerability. Prog Brain Res. (2008) 167:137-49. doi: 10.1016/S0079-6123(07)67010-1

 36. Gollan JK, Lee R, Coccaro EF. Developmental psychopathology and neurobiology of aggression. Dev Psychopathol. (2005) 17:1151-71. doi: 10.1017/S0954579405050546

 37. Noppe G, Van Rossum EF, Koper JW, Manenschijn L, Bruining GJ, de Rijke YB, et al. Validation and reference ranges of hair cortisol measurement in healthy children. Horm Res Paediatr. (2014) 82:97-102. doi: 10.1159/000362519

 38. Palmer FB, Graff JC, Jones TL, Murphy LE, Keisling BL, Whitaker TM, et al. Socio-demographic, maternal, and child indicators of socioemotional problems in 2-year-old children: A cohort study. Medicine. (2018) 97:e11468. doi: 10.1097/MD.0000000000011468

 39. Kao K, Doan SN, St John AM, Meyer JS, Tarullo AR. Salivary cortisol reactivity in preschoolers is associated with hair cortisol and behavioral problems. Stress. (2018) 21:28-35. doi: 10.1080/10253890.2017.1391210

 40. Guerry JD, Hastings PD. In search of HPA axis dysregulation in child and adolescent depression. Clin Child Fam Psychol Rev. (2011) 14:135-60. doi: 10.1007/s10567-011-0084-5

 41. Grobman WA, Parker CB, Willinger M, Wing DA, Silver RM, Wapner RJ, et al. Racial disparities in adverse pregnancy outcomes and psychosocial stress. Obstet Gynecol. (2018) 131:328-35. doi: 10.1097/AOG.0000000000002441

 42. Kaufman J, Birmaher B, Perel J, Dahl RE, Moreci P, Nelson B, et al. The corticotropin-releasing hormone challenge in depressed abused, depressed nonabused, and normal control children. Biol Psychiatry. (1997) 42:669-79. doi: 10.1016/S0006-3223(96)00470-2

 43. Bose M, Olivan B, Laferrere B. Stress and obesity: the role of the hypothalamic-pituitary-adrenal axis in metabolic disease. Curr Opin Endocrinol Diabetes Obes. (2009) 16:340-6. doi: 10.1097/MED.0b013e32832fa137

 44. Lee RS, Oswald LM, Wand GS. Early life stress as a predictor of co-occurring alcohol use disorder and post-traumatic stress disorder. Alcohol Res. (2018) 39:147-59.

 45. Dismukes A, Shirtcliff E, Jones CW, Zeanah C, Theall K, Drury S. The development of the cortisol response to dyadic stressors in Black and White infants. Dev Psychopathol. (2018) 2018:1-14. doi: 10.1017/S0954579418001232

 46. Turner-Cobb JM. Psychological and stress hormone correlates in early life: a key to HPA-axis dysregulation and normalisation. Stress. (2005) 8:47-57. doi: 10.1080/10253890500095200

 47. Lopez-Duran NL, Kovacs M, George CJ. Hypothalamic-pituitary-adrenal axis dysregulation in depressed children and adolescents: a meta-analysis. Psychoneuroendocrinology. (2009) 34:1272-83. doi: 10.1016/j.psyneuen.2009.03.016

 48. Duncko R, Fischer S, Hatch SL, Frissa S, Goodwin L, Papadopoulos A, et al. Recurrence of depression in relation to history of childhood trauma and hair cortisol concentration in a community-based sample. Neuropsychobiology. (2019) 78:48-57. doi: 10.1159/000498920

 49. Ullmann E, Licinio J, Barthel A, Petrowski K, Stalder T, Bornstein SR, et al. Persistent LHPA activation in German individuals raised in an overprotective parental behavior. Sci Rep. (2017) 7:2778. doi: 10.1038/s41598-017-01718-z

 50. Keenan K, Hipwell A, Babinski D, Bortner J, Henneberger A, Hinze A, et al. Examining the developmental interface of cortisol and depression symptoms in young adolescent girls. Psychoneuroendocrinology. (2013) 38:2291-9. doi: 10.1016/j.psyneuen.2013.04.017

 51. Peng H, Long Y, Li J, Guo Y, Wu H, Yang Y, et al. Hypothalamic-pituitary-adrenal axis functioning and dysfunctional attitude in depressed patients with and without childhood neglect. BMC Psychiatry. (2014) 14:45. doi: 10.1186/1471-244X-14-45

 52. Simsek S, Uysal C, Kaplan I, Yuksel T, Aktas H. BDNF and cortisol levels in children with or without post-traumatic stress disorder after sustaining sexual abuse. Psychoneuroendocrinology. (2015) 56:45-51. doi: 10.1016/j.psyneuen.2015.02.017

 53. Usta MB, Tuncel OK, Akbas S, Aydin B, Say GN. Decreased dehydroepiandrosterone sulphate levels in adolescents with post-traumatic stress disorder after single sexual trauma. Nord J Psychiatry. (2016) 70:116-20. doi: 10.3109/08039488.2015.1056752

 54. Jones T, Moller MD. Implications of hypothalamic-pituitary-adrenal axis functioning in posttraumatic stress disorder. J Am Psychiatr Nurses Assoc. (2011) 17:393-403. doi: 10.1177/1078390311420564

 55. Gibson EL, Checkley S, Papadopoulos A, Poon L, Daley S, Wardle J. Increased salivary cortisol reliably induced by a protein-rich midday meal. Psychosom Med. (1999) 61:214-24. doi: 10.1097/00006842-199903000-00014

 56. Sripada RK, Swain JE, Evans GW, Welsh RC, Liberzon I. Childhood poverty and stress reactivity are associated with aberrant functional connectivity in default mode network. Neuropsychopharmacology. (2014) 39:2244-51. doi: 10.1038/npp.2014.75

 57. Hostinar CE, Gunnar MR. Future directions in the study of social relationships as regulators of the HPA axis across development. J Clin Child Adolesc Psychol. (2013) 42:564-75. doi: 10.1080/15374416.2013.804387

 58. Rippe RC, Noppe G, Windhorst DA, Tiemeier H, van Rossum EF, Jaddoe VW, et al. Splitting hair for cortisol? Associations of socio-economic status, ethnicity, hair color, gender and other child characteristics with hair cortisol and cortisone. Psychoneuroendocrinology. (2016) 66:56-64. doi: 10.1016/j.psyneuen.2015.12.016

 59. Gray NA, Dhana A, Van Der Vyver L, Van Wyk J, Khumalo NP, Stein DJ. Determinants of hair cortisol concentration in children: A systematic review. Psychoneuroendocrinology. (2018) 87:204-14. doi: 10.1016/j.psyneuen.2017.10.022

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Rovnaghi, Rigdon, Roué, Ruiz, Carrion and Anand. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fped-09-740343-g003.gif
(Class 281 (n=65)

3 H
H H
. :
< mnan P
o 14 R
s s
s s S
M=
o x
o R






OPS/images/fped-09-740343-g004.gif
©of HPA Axis Dysregulation

CorsaToul

Commonprogessonuinciron siess

St ndIOAALGs Fcion TS e d I vl
==

—





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Longitudinal Trajectories of Hair Cortisol: Hypothalamic-Pituitary-Adrenal Axis Dysfunction in Early Childhood



		Introduction



		Materials and Methods



		CANDLE Cohort



		Hair Collection, Processing, and HCC Quantification



		Statistical Methods







		Results



		Latent Classes 1 and 2



		Latent Classes 2A and 2B



		Latent Classes 2B1 and 2B2







		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References

















OPS/images/cover.jpg
’ frontiers
in Pediatrics

Longitudinal Trajectories of Hair
Cortisol:
Hypothalamic-Pituitary-Adrenal Axis
Dysfunction in Early Childhood





OPS/images/fped-09-740343-g001.gif
T

Aoniron)

on G






OPS/images/fped-09-740343-g002.gif
P e fi

e e T










OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Pediatrics





