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Abstract

Injury is the leading cause of death and disability in childhood. Injured children are at high risk for 

developing alterations in stress response systems and post-traumatic stress symptoms (PTSS) that 

may compromise long-term physical and psychological health. In a prospective, observational 

cohort study, we examined individual differences in, and correlates of, stress-reactivity of the 

hypothalamic-pituitary-adrenal axis (HPA; salivary cortisol) and autonomic nervous system (ANS; 

salivary alpha amylase, sAA) following pediatric injury. Participants were 8-15 years of age and 

hospitalized for traumatic brain injury (TBI; n=55; M age =13.9 yrs; 40 males) or extracranial 

injury (EI; n=29; M age 12.3 yrs, 20 males) following vehicular accidents. Six months post-injury, 

saliva was collected before and after the Trier Social Stress Test and later assayed for cortisol and 

sAA. Relative to a healthy non-injured comparison group (n=33; M age =12.5 yrs, 16 males), 

injured children (ages 8 to 12 years), but not adolescents (ages 13 to 15 yrs), had higher cortisol 

levels; regardless of age, injured participants showed dampened cortisol reactivity to social 

evaluative threat. Compared to participants with EI, children with TBI had elevated cortisol and 

adolescents had elevated sAA. With respect to PTSS, individual differences in sAA were 

negatively correlated with avoidance in the TBI group and positively correlated with emotional 

Corresponding Author: Linda Ewing-Cobbs, Ph.D., Department of Pediatrics, 7000 Fannin St. Suite 2401, Houston, TX 77030, 
Linda.ewing-cobbs@uth.tmc.edu 713-500-3888 phone 713-500-3878 fax. 

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Disclosure Statement: In the interest of full disclosure, DAG is founder and Chief Scientific and Strategy Advisor at Salimetrics LLC 
and Salivabio LLC. These relationships are managed by the policies of the committees on conflict of interest at the Johns Hopkins 
University School of Medicine and the University of California at Irvine.
Drs. Ewing-Cobbs, Prasad, Cox, and Swank and Mr. Duque have no disclosures or conflicts of interest.

HHS Public Access
Author manuscript
Psychoneuroendocrinology. Author manuscript; available in PMC 2018 October 01.

Published in final edited form as:
Psychoneuroendocrinology. 2017 October ; 84: 66–75. doi:10.1016/j.psyneuen.2017.06.003.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



numbing within the EI group. Importantly, psychological and neurobiological sequelae were 

weakly related to injury severity. Given the high prevalence of pediatric injury, these sequelae 

affect many children and represent a significant public health concern. Consequenty, surveillance 

of post-traumatic sequelae should include the full spectrum of injury severity. Monitoring the 

activity, reactivity, and regulation of biological systems sensitive to environmental insults may 

advance our understanding of individual differences in sequelae and adaptation following 

traumatic pediatric injury.

Keywords

hypothalamic pituitary adrenal; autonomic nervous system; cortisol; salivary alpha amylase; 
injury; post-traumatic stress

1. Introduction

Stressful experiences in childhood may adversely influence psychosocial adjustment and 

health outcomes later in life (McEwen et al., 2015). Physical injury is a major source of 

acute and chronic stress. Injury, the leading cause of mortality and morbidity in the pediatric 

age range, represents a serious public health concern. Over 135,000 children under 16 years 

of age are hospitalized for injuries annually in the United States (Centers for Disease 

Control and Prevention, 2016). Between 25–57% of injured children develop significant 

post-traumatic stress symptoms (PTSS) (Schreier et al., 2005). Like other forms of 

childhood adversity, injuries occur more often in children from disadvantaged backgrounds 

(Laflamme et al., 2010). Traumatic injuries may have unrecognized long-term 

neurobiological consequences that contribute to the constellation of findings associated with 

exposure to other forms of childhood adversity (Gunnar and Vazquez, 2001; Trickett et al., 

2014). Despite the frequent occurrence of traumatic injury during childhood and 

adolescence, little is known about the impact of different types of injury sustained at 

different developmental stages on stress response systems and the subsequent development 

of PTSS.

The main components of the psychobiology of the stress response involve the reactivity and 

regulation of the hypothalamic-pituitary-adrenal (HPA) axis and autonomic nervous system 

(ANS) (e.g., Chrousos & Gold, 1992). Reactivity of stress response systems refers to 

activation and engagement of resources in response to a stressor while regulation refers to 

return to baseline levels of activity following stressor cessation. The sympathetic branch of 

the ANS reacts quickly (within minutes) to threat or challenge and optimizes fight or flight 

responses through release of catecholamines into the general circulation. By contrast, 

activation of the HPA axis involves a slower to respond (20–30 mins) cascade of endocrine 

signals resulting in the eventual release of cortisol into the blood from the adrenal glands. 

The release of cortisol, a potent glucocorticoid, mobilizes energy stores. Chronic exposure to 

adversity has the potential to alter the set-point or threshold of HPA activity and reactivity, 

resulting in either over- or underactivity (Yehuda et al., 2010). Although acute stress 

reactions may be adaptive, the cumulative effects of chronic activation of these 

environmentally sensitive systems contribute to poor physical and psychological health, 
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including internalizing disorders (Lupien et al., 2009), immune dysfunction, hypertension, 

insulin resistance (McEwen, 1998; Pacella et al., 2013), and hypopitutitarism (Reifschneider 

et al., 2015).

Traumatic injury is a risk factor for chronic negative physical and/or psychological health 

sequelae (Ewing-Cobbs et al., 2014), including post-traumatic stress disorder (PTSD) or 

significant subclinical PTSS (Zatzick et al., 2010). PTSS include intrusive thoughts, 

avoidance, negative changes in mood and cognitions, and alteration in arousal and reactivity 

that persist more than one month (American Psychiatric Association, 2013). Numerous 

factors predict PTSS after unintentional traumatic injury, including perceived life threat, 

acute distress and elevated heart rate, preinjury or comorbid psychological problems, 

maladaptive appraisals, avoidant coping style, and parental distress (Price et al., 2016).

In addition to the life challenges associated with physical injury and hospitalization, TBI has 

potential to directly influence variation in the psychobiology of the stress response through 

changes in the volume and integrity of the amygdala (Juranek et al., 2012) and hippocampus 

(Wilde et al., 2007), key limbic system structures regulating the HPA axis. Alteration in 

these structures likely contributes to hypopituitarism, growth hormone deficiency and 

pubertal disturbances that can evolve or persist years after injury and are reported in nearly 

30% of children with moderate to severe TBI (Reifschneider et al., 2015). Endocrine 

dysfunction, particularly precocious puberty and hypothyroidism, has been noted in youth 

during the first year after mild to moderate TBI (Kaulfers et al., 2010). Based on alteration 

in neural structures regulating the HPA and the high rate of neuroendocrine dysfunction 

following pediatric TBI, brain injury is likely to be associated with more specific 

involvement of the HPA axis than bodily-skeletal injury.

Given the role that individual differences in biological sensitivity play in moderating the 

effects of early adversity on later developmental outcomes, and the high prevalence of injury 

during childhood (CDC, 2016), it is surprising that no studies have examined the effects of 

injury on HPA and ANS reactivity and regulation to specific stressors. A large volume of 

literature shows that youth exposed to various forms of adversity (Koss et al., 2016; Trickett 

et al., 2014) and youth with internalizing and externalizing disorders show blunted or 

attenuated cortisol reactivity (Bae et al., 2015). Recent technical advances have enabled 

minimally invasive measurement of a surrogate marker of ANS arousal, alpha-amylase 

(sAA), in saliva (Granger et al., 2007). Youth experiencing chronic stress (e.g., 

maltreatment) have lower sAA levels (Gordis et al., 2008) while youth with social anxiety 

(Payne et al., 2014) and externalizing disorders (Bae et al., 2015) had higher levels than 

comparison youth. Elevated diurnal sAA levels have also been associated with PTSD 

(Keeshin et al., 2015).

Several pediatric and adult injury studies examined the relation between acute elevation in 

basal or diurnal cortisol or catecholamine levels and later development of PTSS following 

injuries sustained primarily in vehicle accidents that required hospital admission. Patients 

with concussion symptoms, including loss of consciousness for > 15 minutes, or moderate to 

severe TBI were excluded. In youth samples, PTSS assessed 6 weeks after injury were 

predicted by acute 12-hour urinary cortisol, but not urinary epinephrine, norepinephrine, or 
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dopamine levels (Delahanty and Nugent, 2006; Pervanidou et al., 2007). In a longitudinal 

study, Pervanidou and colleagues found that elevated evening levels of salivary or serum 

cortisol at both acute and 1-month intervals predicted PTSD 6 months after injury. Although 

cortisol levels tended to normalize over time, basal plasma noradrenaline was elevated at 1 

month and increased further at 6 months after the injury (Pervanidou et al., 2007). Similarly, 

in adults, PTSS 4 to 6 months after injury were predicted by higher norepinephrine and 

lower cortisol obtained from 12-hour overnight urinary samples (Gandubert et al., 2016) and 

low morning and elevated afternoon salivary cortisol sampled 2 days after hospitalization 

(McFarlane et al., 2011). Evidence to date suggests that alteration in stress responsive 

systems occurs within the first several days following injury exposure and predicts PTSS 

during the first year.

Present Study

The primary aim of the study was to characterize salivary cortisol and sAA stress-related 

reactivity and regulation in children and adolescents sustaining traumatic injury in 

comparison to a healthy non-injury control group. Within the injury group we expected that 

youth with TBI, in comparison to those experiencing EI, would show distinct salivary 

cortisol and sAA stress reactivity and regulation. A secondary aim examined the degree to 

which, within the injury groups, individual differences in salivary cortisol and sAA 

correlated with self-reported subclinical levels of PTSS.

2. Methods

2.1. Participants

2.1.1. Recruitment—Youth ages 8–15 injured in vehicular accidents and treated in the 

Emergency Department or Level 1 Pediatric Trauma Center at Children’s Memorial 

Hermann Hospital/University of Texas Health Science Center at Houston for either a TBI or 

EI were screened for enrollment. Of 190 children injured by 12-16-15 who met study 

inclusion criteria, 104 were enrolled and eligible for the 6-month follow-up. Nineteen 

children dropped out between baseline and 6 month visits, one child was excluded, and one 

was removed by the investigators due to receiving hormone injections, resulting in a sample 

of 84 (M age =13.9 yrs, 40 males) injured youth. Participants with TBI (n=55, 40 males) and 

EI (n=29, 20 males) met the following inclusion criteria: 1) injured in a vehicle accident 

between ages 8 and 15 years, 2) proficiency in English or Spanish, 3) residing within a 125 

mile catchment radius, 4) no prior history of major neuropsychiatric disorder (intellectual 

deficiency or low functioning autism spectrum disorder) that would complicate assessment 

of the impact of injury on behavioral outcomes, 5) no Type 1 or 2 diabetes, other metabolic 

or endocrine disorder, or systemic health problems (e.g., hypertension), 6) no prior 

medically attended TBI, and 7) no habitual use of steroids, tobacco, or alcohol. The latter 

four criteria were assessed during screening using a brief parent interview.

Children with EI were included to account for possible preinjury characteristics, such as 

risk-taking behavior, that may influence outcomes, to examine the stresses of injury and 

hospitalization, and to allow comparison of the effects of brain injury above and beyond that 

of bodily injury. A healthy comparison group was recruited from the community (n = 33, M 
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age 12.5 years; 16 males) and met criteria 2–7. Informed written consent was obtained from 

each child’s guardian according to Institutional Review Board guidelines; written assent was 

obtained from all participants.

2.1.2. Injury characteristics—Demographic and injury characteristics of the TBI, EI, 

and healthy comparison participants and injury variables are provided in Table 1. The 

external cause of injury in a vehicle accident was selected to meet the Diagnostic and 

Statistical Manual of Mental Disorders (American Psychiatric Association, 2013) criterion A 

for a PTSD diagnosis that specifies exposure to a potentially life-threatening situation. For 

TBI participants, severity of brain injury was rated using the lowest post-resuscitation 

Glasgow Coma Scale (GCS) score, which evaluates eye opening, motor, and verbal 

responses to stimulation (Teasdale and Jennett, 1974). Mild, moderate, and severe TBI were 

indicated by total scores of 13–15, 9–12, and 3–8, respectively. GCS scores were abstracted 

from the medical record by trained assistants. Severity of bodily injury was based on the 

Abbreviated Injury Scale (AIS), which classifies injury to specified anatomical regions on a 

scale from 1 to 6 (minor to life-threatening). We used the Injury Severity Score (ISS), which 

incorporates the highest AIS scores from three anatomical regions and ranges from 0 to 75 

(Baker et al., 1974). For TBI participants, the modified ISS score excluding injuries to the 

head was also used (Mayer et al., 1980). Injury severity scores were obtained from the 

hospital trauma registry. In children with mild or moderate TBI, skeletal or body AIS scores 

were limited to ≤ 2 to minimize any confounding influence of severe extracranial injury on 

accurate assessment of GCS scores. Participants in the EI group also had no evidence of 

blunt head trauma or concussion symptoms.

2.2. Procedures

2.2.1. Preinjury questionnaire and interview—To assess functioning of the child and 

family just prior to the injury, the primary caregiver completed questionnaires and interview 

within 2 weeks of the injury. This is standard procedure in studies of pediatric injury (Max et 

al., 2015). Parents of healthy children described the child and family’s current level of 

functioning at the time of enrollment. Parents completed the Child Behavior Checklist 

(CBCL) (Achenbach, 1991). The internalizing and externalizing T-scores normed for age 

and sex were examined to characterize preinjury behavioral problems. Exposure to adversity 

was assessed by trained interviewers based on 6 categories defined by Biederman and 

colleagues (Biederman et al., 2002). The following common indicators were assessed: 1) 

severe marital discord defined as divorce or separation, 2) low social status defined as levels 

IV or V on the Hollingshead Index; 3) large family size defined as three or more children 

living in the child’s primary home; 4) history of investigation by protective service agency 

regarding this child, 5) parental criminal conviction, and 6) treatment of parental mental 

health problems. Items were scored yes/no and summed to yield a total score.

2.2.2. Six month follow-up questionnaires—Children and their parents independently 

rated changes associated with puberty, including growth in height, body hair, and skin 

changes using the Petersen Pubertal Development Scale (PDS, Petersen et al., 1998). Sex-

specific changes included breast development and menstruation for females and deepening 

of voice and facial hair for males. Each item was then coded on a 5-point scale similar to 
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Tanner staging (Shirtcliff and Essex, 2008); ratings were averaged to yield a score ranging 

from 1 (pre-pubertal) to 5 (post-pubertal). If ratings of parents and children differed by more 

than 1 point, they were asked to discuss and come to consensus. The consensus rating was 

used in analyses.

The Child PTSD Symptom Scale (Foa et al., 2001) is a validated self-report scale yielding a 

total post-traumatic stress score created from summing 17 items. Based on factor analysis 

and the 4 factor model of PTSD, we divided items into re-experiencing, active avoidance, 

emotional numbing, and arousal factors (Kassam-Adams et al., 2010). An impairment rating 

assessed impact on daily activities.

Child Behavior Checklist internalizing and externalizing T-scores normed for age and sex 

were examined to characterize behavioral problems at follow-up.

2.2.3. Psychosocial stress task and determination of salivary analytes—All 

participants completed The Trier Social Stress Test for Children (TSST-C) (Buske-

Kirschbaum et al., 1997), an established laboratory procedure involving public speaking 

(social evaluative stress) and mental subtraction (cognitive stress) producing time-linked 

changes in stress responses that may be indexed by salivary cortisol and sAA. Reactivity of 

cortisol and sAA to the TSST-C and modifications has been validated in ages 7–25 (Yim et 

al., 2015).

Prior to beginning the TSST-C, participants acclimated to the office and completed a 

neuropsychological test battery for approximately 1.5 hours and did not eat, drink (except 

water), or exercise. Participants completed questionnaires and rested in a quiet room during 

pre- and post-stressor time periods. After a 3 minute preparation period, the child was 

videotaped giving a speech about themselves to a committee of doctors and told to try to 

perform better than other children. The speech continued for 6 minutes with no positive 

feedback with prompts to continue if the child paused for 10 seconds. Each child then 

engaged in serial mental subtraction for 4 minutes beginning at 1027, with difficulty titrated 

to age and ability level (if age < 13, subtract by 5, if older or making no errors, subtract by 

13). Following errors, they were corrected and instructed to start over. At the end of the 

procedure, they were debriefed.

Following Granger and colleagues (2012), saliva samples were collected using 1 × 4 CM 

polyolefin swabs placed under the participants tongue for 2 mins at 20 minutes before and 

right before the TSST-C. Post-stressor samples were collected immediately after (sAA only), 

as well as 20 and 40 (cortisol only) minutes after to capture the distinct profiles of the 

analytes. Samples were frozen immediately at −20˚ C prior, and transported frozen to the 

Institute for Interdisciplinary salivary bioscience for analyses. Samples were assayed in 

duplicate for cortisol using a commercially available enzyme immunoassay assay 

(Salimetrics, LLC, Carlsbad, CA) without modification to the manufacturers recommended 

protocol. The test volume was 25 ul, range of calibrators from .01 to 3.0 ug/dL, and lower 

limit of sensitivity was .007 ug/dL. Samples were assayed for sAA using a commercially 

available (Salimetrics LLC, Carlsbad, CA) enzyme reaction kit. Determinations are 

expressed in ug/dl for cortisol and U/mL for sAA. Intra- and inter-assay coefficients of 
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variation were, on average, less than 10% and 15% respectively. Raw value distributions for 

cortisol and sAA values was examined and at each time interval and extreme values (3 

standard deviations above the mean) were winsorized. Following reassignment of 7 cortisol 

and 10 sAA values, distributions were reexamined and were positively skewed. AUC values 

from all 4 collection times during the TSST-C were calculated with respect to ground 

(AUCg) to assess the total secretion and with respect to increase (AUCi) to assess change in 

relation to the stressor (Khoury et al., 2015).

2.3. Statistical approach

After examination of variable distributions, comparability of demographic and psychosocial 

variables for the TBI, EI, and healthy comparison groups was examined using ANOVA or 

chi square. Psychosocial variables were examined to determine if the groups had comparable 

life adversity as well as internalizing and externalizing behaviors prior to study enrollment. 

Bivariate relations of age, sex, and pubertal development with cortisol and sAA AUCg&i 

were examined to assess whether the demographic variables should be considered as 

covariates.

Generalized linear models with a negative binomial distribution and log link function 

examined the effects of group, saliva collection time during the TSST-C, age, and their 

interactions on salivary analyte values. Advantages of this approach include assessment of 

appropriateness of the log transformation and evaluation of model fit. Age at 6 the month 

follow-up was treated as a categorical variable (child ages 8–12; adolescent ages 13–16). 

Orthogonal planned comparisons examined the impact of 1) both injury groups versus the 

healthy group and 2) the TBI versus the EI group on cortisol and sAA levels across the 4 

collection intervals. Findings from main effects of group and age and their interactions are 

described in terms of impact on analyte levels; analyses of the time effect refer to reactivity 

and regulation. Post-hoc analyses of cortisol reactivity (time 3-time/2) and regulation (time 

4–time 3) used the Bonferroni-Holm correction with a critical value of .025.

To address the second aim, Spearman partial correlation coefficients controlling for age 

examined the relation of cortisol and sAA AUCg&i with injury variables and subscale 

scores from the Child PTSD Scale.

3. Results

3.1 Preliminary analyses

Demographic and injury variables were compared across the TBI, EI, and healthy groups; 

Table 1 contains the descriptive and inferential statistics. The groups did not differ on age, 

sex, race, or ethnicity. Maternal education was higher in the healthy comparison group than 

in the injury groups. The type of vehicle accident was similar across TBI and EI groups; the 

majority of patients were injured in vehicle or vehicle-pedestrian collisions. As expected, the 

ISS score was significantly higher in the TBI than EI group. On the modified ISS scale 

excluding the head, the groups did not differ, suggesting similar severity of extracranial 

injury. For the TBI group, 84% sustained external injuries and approximately 30% sustained 

injury to the extremities or chest. For the EI group, 76% sustained an extremity injury while 
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52% had internal injuries involving the abdomen or chest. The length of hospital stay did not 

differ across injury groups. The TBI group included a broad range of severity. The lowest 

post-resuscitation GCS score of 3–8 indicated that 36% of the sample sustained a severe 

TBI. The majority of children sustained a mild or complicated-mild TBI as indicated by 

GCS scores from 13–15.

Regarding medications taken at follow-up, 9 youth (8 in TBI group) used 12 medications. 

Medications were classified as potentially influencing salivary analytes through altering 

subjective experience (stimulants=3, anticonvulsants=1, antidepressants=1, pain=3) or 

altering salivary composition or volume (decongestant=3, antiviral=1, alpha adrenergic 

receptor agonist=1) (Granger et al., 2009).

3.2 Potential covariates

Psychosocial and behavioral functioning just prior to enrollment in the study were examined 

to determine if levels were similar in the injury and comparison groups. Psychosocial 

adversity ratings and CBCL internalizing and externalizing T-scores did not differ across age 

or groups, suggesting comparable child and adolescent adjustment and preinjury trauma 

exposures. Prior to injury, ADHD was the most common psychological health diagnosis.

TSST-C time of administration did not differ across groups. The average time of the first 

sampling was 13:26 (SD=1:19). The mean (SD) minutes elapsing between the first and 

subsequent samples was 20.1 (1.2), 39.6 (1.3), 60.1 (1.4), and 80.1 (1.4). We also assessed 

whether age, pubertal stage, and sex were related to cortisol and sAA AUC values and 

should be included in the multivariable models. Age at the time of evaluation was 

significantly correlated with the AUCg&i measures for cortisol, rs(115)=.43 &.39, ps < .001, 

but not with sAA, rs(114)= .05 & -.05, ns. Pubertal status at the 6-month follow-up was 

highly correlated with age, r(115)=.77, p< .001, and did not differ across groups. Partialling 

out the influence of age, pubertal status was not significantly correlated with either sAA or 

cortisol AUCg&i. Sex was not significantly related to AUCg&i of either analyte. To 

maintain parallel analyses for cortisol and sAA, age was included as an independent variable 

in all analyses.

3.3 The effect of age at injury and type of injury on TSST-C

3.3.1. Reactivity and regulation of cortisol and sAA following brain or bodily 
injury—The effects of group, time of saliva sampling on the TSST-C, age, and their 

interactions were modeled separately for cortisol and sAA. The two pre-stressor samples did 

not differ within groups and were averaged to yield the mean pre-stressor level for each 

analyte. The age × group × time interaction was nonsignificant and was trimmed from each 

model. Table 2 contains the tests of statistical significance for main effects and two-way 

interactions from the trimmed models for each analyte. Figure 1 a & b show the average 

values for cortisol and sAA in response to the TSST-C, for children and adolescents by 

group and time of sampling. Transformed cortisol and sAA values were used in all analyses, 

but raw data (ug/dl and U/mL) are presented in the text and tables for ease of interpretation.
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For salivary cortisol, planned group comparisons revealed a significant group × age effect 

for the injury vs. healthy contrast. Collapsing across time of sampling, injured children had 

higher cortisol levels than the healthy children; however, cortisol levels did not differ by 

group for the adolescents. The simple main effects indicated that comparison children 

differed from the injured children, Χ2 (1)=8.81, p=.003, but the control adolescents did not 

differ from injured adolescents. The group × time interaction was nonsignificant, suggesting 

that changes in overall cortisol levels were similar across the 4 samples in each group. Post-

hoc analyses of cortisol reactivity (time 3-time 2) and regulation (time 4-time 3) used the 

Bonferroni-Holm correction with a critical value of .025. The healthy comparison group 

showed significantly greater reactivity than the injured groups, Χ2 (1)=5.86, p=.015; no 

differences in post-stressor regulation of cortisol were obtained. The age × time interaction 

was significant; as expected, adolescents showed significantly greater increase in cortisol in 

response to the stressor than children.

For the planned comparison of TBI and EI groups, a significant age × group interaction for 

cortisol was also obtained. Collapsing across time of sampling, children with TBI tended to 

have higher values than those with EI, Χ2 (1)=3.04, p = .081; no differences were noted for 

adolescents. Comparing cortisol within each group by age, cortisol was elevated in 

adolescents with EI relative to children with EI, Χ2 (1)= 19.62 p < .001. However, within the 

TBI group, there was no significant elevation in cortisol in adolescents relative to children. 

Figure 2a shows the cortisol age by group interaction; children with TBI had elevated levels 

while adolescents with TBI had attenuated cortisol levels. The TBI and EI groups showed 

similar overall patterns of reactivity and regulation.

For sAA, the planned comparisons of the injury group vs the healthy group revealed 

nonsignificant group and group × age effects. The main effect of time was significant; as 

expected, sAA changed in response to the stressor.

The comparison of sAA across TBI and EI groups revealed a significant group × age 

interaction. sAA was higher for the TBI than EI group at older, Χ2 (1)=4.24, p=.039, but not 

younger ages, Χ2 (1)=0.45, ns. Neither reactivity nor regulation varied across the TBI and EI 

groups. Figure 2b shows sAA levels by age and group collapsing across time of sampling.

3.3.2. Relation of salivary analytes, injury severity, and PTSS—Table 3 provides 

the Spearman correlation coefficients for cortisol and sAA AUC with age, sex, pre-

enrollment psychosocial, pubertal status, follow-up psychosocial, and injury severity. 

Cortisol AUCg&i were significantly correlated with age and pubertal status. Cortisol and 

sAA AUCg&i were not significantly associated with psychosocial adversity or pre-injury or 

post-injury parent ratings of internalizing and externalizing behavior problems. Regarding 

injury variables, the GCS score was not significantly correlated with cortisol or sAA AUCg 

or AUCi. The ISS score was not related to cortisol AUCg or to AUCi for either group. 

However, ISS correlated significantly with sAA AUCg for the combined injury groups, 

r(82)=.286, p=.008; this relation was accounted for by the correlation with the TBI group, 

r(53)=.331, p = .014, but not for the EI group. Modified ISS scores were not significantly 

related to AUC for either group.
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We examined relations of PTSS scores with injury severity and AUC. None of the injury 

variables was significantly related to PTSS scores. Table 4 contains the correlation 

coefficients for the cortisol and sAA AUCg&i with factor and impairment scores from the 

self-report Child PTSD Scale for the TBI and EI groups. Cortisol AUCg and the AUCi from 

both analytes were unrelated to symptom factor or impairment scores. Emotional numbing 

was positively correlated with sAA AUCg only for the EI group; Fischer’s r to z 

transformation indicated that the relation between numbing and group did not differ across 

the TBI and EI groups. sAA AUCg was significantly negatively correlated with active 

avoidance scores for the TBI group; higher sAA was associated with less avoidance of 

reminders of the injury. In the EI group, the coefficient was positive although nonsignificant. 

Fischer’s r to z transformation indicated that the relation between avoidance scores and sAA 

AUCg differed significantly between the TBI and EI groups, z= −2.28, p = .02. To explore 

this association, we examined whether memory of being injured was related to sAA AUCg 

and avoidance scores in the TBI group. From interviews completed 6 weeks after the injury; 

the reported memory of the accident was categorized as complete (n=9), partial (n=21), or 

none (n=26). The presence or absence of memory for the injury event was not related to the 

active avoidance score. Neither cortisol nor sAA AUCg or AUCi was significantly related 

with CBCL internalizing or externalizing scores at follow-up.

4. Discussion

In this study, the nature of trauma and age at injury were linked to individual differences in 

youth’s subsequent HPA axis activity and regulation, as well as to ANS arousal. Compared 

to a healthy non-injured group, injured children (8 to 12 years), but not adolescents (13 to 15 

years), had elevated cortisol, and injured participants (regardless of age) showed dampened 

cortisol reactivity to social evaluative threat. In contrast, sAA level and reactivity did not 

vary in injured versus healthy youth. Injury type also influenced analyte levels. Compared to 

participants with EI, children with TBI had elevated cortisol and adolescents had elevated 

sAA. With respect to PTSS, individual differences in sAA AUCg were negatively correlated 

with avoidance after TBI and positively correlated with emotional numbing after EI. This is 

the first study (to the best of our knowledge) to systematically evaluate the psychobiology of 

the stress response to social evaluative threat during the chronic stage of recovery from 

nonintentional pediatric trauma. The findings suggest that monitoring the activity, reactivity, 

and regulation of environmentally sensitive biological systems such as the HPA axis and the 

ANS may advance our understanding of individual differences in long-term adaptation 

following pediatric injury.

4.1 Psychobiology of stress after traumatic injury

Stress reactivity is heterogeneous and complexly determined. In children and adolescents, 

reactivity profiles and analyte levels may vary depending on several developmental, 

demographic, and trauma-related factors, including age at the time of trauma, trauma type 

and chronicity, and time since trauma (De Bellis and Zisk, 2014). In the present study, age 

interacted with injury exposure to produce atypical and divergent patterns of cortisol 

reactivity. Prior to their injury, children and adolescents had relatively low psychosocial 

adversity. The attenuated cortisol in adolescents then appears to reflect their age at trauma 
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exposure and assessment rather than any pre-existing psychosocial exposure or post-injury 

internalizing or externalizing psychological comorbidity. Our findings converge with those 

from youth exposed to other types of trauma and various forms of adversity that reported 

elevated cortisol reactivity and/or level in children and attenuated cortisol reactivity in 

trauma-exposed adolescents (Gunnar and Vazquez, 2001; Trickett et al., 2014). In studies 

examining cortisol patterns in traumatized adolescents and adults, the influence of age at 

onset and age at assessment should be considered in conjunction with vulnerability factors to 

explain variability in cortisol reactivity.

Puberty is increasingly viewed as a critical developmental period influencing stress 

reactivity (Gunnar and Vazquez, 2001). Pubertal status did not account for additional 

variability in cortisol reactivity above that of chronological age in our sample. However, 

pubertal status, but not age, predicted cortisol reactivity in a community sample in whom the 

effects of age and pubertal development were dissociated (Doom et al., 2015). Future studies 

should further examine the relation of age and pubertal status to see if the findings 

generalize beyond healthy youth to clinical samples with variable adversity and injury 

exposures.

In addition to age at trauma exposure, time since trauma and trauma type may explain 

variability in patterns of cortisol reactivity and/or level of cortisol secretion. Time since 

trauma was similar across our sample and averaged 6 months, which is generally considered 

“recent trauma” in studies of exposure to childhood adversities. Consequently, the pattern of 

elevated cortisol level in children and attenuated level and reactivity in adolescents may be 

related primarily to age at injury rather than to time since injury in cases of single incident 

physical injury. Although there is variability across studies, cross-sectional studies 

examining diurnal cortisol in school-aged children and adolescents exposed to a range of 

adversities have reported initial cortisol hypersecretion (Carrion et al., 2002; Trickett et al., 

2010) that may be followed by hypocortisolism (Trickett et al., 2014). However, it is unclear 

whether basal cortisol levels change sequentially or whether the change is related to other 

moderator variables. In longitudinal studies, stress reactivity in youth experiencing physical 

or sexual abuse at 9–12 years of age was blunted when assessed several years after trauma. 

Interestingly, when assessed at age 18, the percentage of youth with blunted reactivity 

decreased and there were no longer differences in maltreated and comparison youth, 

suggesting that the HPA axis may normalize or recalibrate in some youth years after stress 

exposure (Peckins et al., 2015).

Does brain injury influence stress response systems above and beyond changes associated 

with bodily injury? Studies of traumatic stress in children sustaining physical injuries 

usually exclude patients with loss of consciousness or moderate to severe TBI, limiting 

understanding of the impact of bodily versus brain injury on stress biomarkers. Due to the 

high incidence of hypopituitarism after TBI, we expected the TBI group to show greater 

reduction in cortisol levels than the EI group. Contrary to expectation, overall cortisol level 

and reactivity assessed 6 months after injury did not differ significantly in the TBI and EI 

groups. Due to the lack of longitudinal studies, it is unknown whether pediatric injury is 

associated with progressive attenuation or normalization of cortisol level and reactivity.
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The hypothesis that sAA values would be elevated in both injury groups was partially 

supported given the elevation in adolescents with TBI compared to those with EI. Individual 

differences in sAA levels have been related to both behavioral problem profiles and 

environmental stressors following a psychosocial stress challenge. Elevated sAA predicted 

increased trait anxiety in children (Allwood et al., 2011b) and has been noted in adults with 

a history of childhood adversity (Kuras et al., 2017). Dysregulation of the ANS may 

contribute to the increased internalizing problems including anxiety and depression noted 

following pediatric injury (Max et al., 2015).

Although age at injury and type of injury were related to stress system reactivity, cortisol 

AUC was not related to severity of brain or bodily injury. Our findings converge with prior 

studies emphasizing that neuroendocrine abnormalities are not strongly related to severity of 

TBI and may emerge during chronic stages of recovery (Reifschneider et al., 2015). There is 

a paucity of literature on long-term neuroendocrine changes after physical injury in youth. 

Our finding of similar HPA axis dysregulation in injured participants with brain and bodily 

injury raises the question whether long-term neuroendocrine screening should be 

recommended for youth with EI as well as TBI.

Regarding sAA, AUC values were not related to ISS scores in patients with bodily injury. 

Although sAA AUCg was significantly correlated with ISS scores in participants with TBI, 

it was unrelated to GCS scores and to the modified ISS score excluding the head. The source 

of this inconsistency is unclear; studies examining other stress system biomarkers following 

pediatric injury have also not shown consistent relations with indices of injury severity. Our 

findings are similar to those of Pervanidou and colleagues, who found that ISS scores were 

not related to salivary or serum cortisol or to plasma concentrations of noradrenaline 

obtained shortly following the accident (Pervanidou et al., 2007). Assessment of the child’s 

initial physiological reactivity and appraisal of potential harm may show stronger relations 

with stress biomarkers than objective measures of injury severity (Price et al., 2016).

4.2 Post-traumatic Stress

Across ages and different trauma exposures, time since exposure is a core variable 

moderating the relation of PTSS to stress markers. In maltreatment samples, diurnal salivary 

cortisol levels were positively related to PTSS when trauma occurred within a year of 

sampling and negatively correlated when trauma was more distal (Weems and Carrion, 

2007). Nonintentional injury studies examining multiple analytes obtained acutely have 

generally found positive correlation of 12-hour urinary cortisol, norepinephrine and/or 

epinephrine concentrations with later developing PTSS in children and adults (Delahanty et 

al., 2005; Gandubert et al., 2016). In particular, the divergence of plasma noradrenaline and 

cortisol level across the first 6-months in youth who developed PTSD points to alteration 

across interacting HPA and ANS stress response systems (Pervanidou et al., 2007). 

Pervanidou et al. (2007) hypothesized that PTSD may be related to initial cortisol 

dysregulation that does not inhibit the catecholaminergic response in limbic structures 

including the locus coeruleus and amygdala. Similarly, we found that PTSS assessed 6 

months after injury were related only to sAA AUCg and not to cortisol AUC. Taken 

together, these findings provide support for the hypothesis that PTSS following trauma 
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reflects evolving autonomic system dysregulation (Hendrickson and Raskind, 2016), which 

has also been implicated following brain injury (Williamson et al., 2013).

There appears to be some specificity in the relation of salivary markers with PTSS clusters 

following physical trauma exposures. Active avoidance and emotional numbing, but not 

hyperarousal or re-experiencing symptoms, were related to sAA AUC values in the present 

study and to hair cortisol values in adults with mild TBI (Pacella et al., 2017). In relation to 

avoidance and numbing PTSS clusters in adults, functional imaging studies reported 

negative correlation with activation in dorsomedial prefrontal cortex (Frewen et al., 2012) 

and rostral anterior and subcallosal cingulate regions, in conjunction with positive 

correlation with superior temporal cortex activation (Hopper et al., 2007). These findings are 

consistent with an emotion dysregulation model positing post-traumatic alteration in 

pathway integrity and network connectivity of structures involved in top-down inhibition of 

limbic structures that regulate emotional reactivity (Yehuda et al., 2015). High levels of 

noradrenergic signaling may contribute to emotion dysregulation through inhibition of 

prefrontal regulatory systems, resulting in increased activity and reactivity in the amygdala 

(Hendrickson and Raskind, 2016).

Based on prior studies reporting positive correlation of PTSS in the first year after injury 

with diurnal salivary cortisol (Weems and Carrion, 2007) and urinary cortisol and 

norepinephrine levels (Delahanty et al., 2005), the negative correlation between avoidance 

and sAA in our TBI sample was unexpected. Some children with TBI who show high ANS 

arousal and low avoidance may not avoid thinking about the reminders or consequences of 

their injury due to impaired recall of the event related to post-traumatic or retrograde 

amnesia. There is debate whether patients who lose consciousness develop the full 

complement of PTSS since impaired memory of the traumatic event may reduce the 

likelihood of developing re-experiencing and avoidance symptoms. Consistent with this 

hypothesis, a large multi-site study reported reduced risk of developing PTSD symptoms in 

adults with moderate to severe TBI compared to patients with physical injury and no TBI 

(Zatzick et al., 2010). Even though patients with loss of consciousness may not remember 

the injury event, they are still exposed to physiological and psychological trauma. In the 

present study, avoidance symptoms were not significantly related to whether participants 

with TBI had full, partial, or no memory of the injury event. Other factors besides memory 

may account for the association of higher sAA and less avoidance of reminders of the injury. 

Additional research will need to ascertain whether the relation of low avoidance symptoms 

with elevated ANS system priming is adaptive or detrimental and whether it varies with 

other injury characteristics and psychological health outcomes.

In the chronic stage of recovery from EI, children with higher sAA were more likely to show 

emotional numbing. Similarly, Weems et al. (Weems et al., 2003) identified a directional 

relationship in which early hyperarousal predicted later developing emotional numbing, but 

not vice versa. Following pediatric injury, effortful avoidance and dysphoria symptoms, 

which overlap with emotional numbing, have been more strongly related than other 

symptom clusters to impairment in functional outcomes, include//ng general health and days 

missed from school (Kassam-Adams et al., 2010). Both emotional numbing and arousal 

levels are correlated with exposure to violence and to aggression and delinquent behaviors 
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(Allwood et al., 2011a). As such, they may be risk factors for the development of subsequent 

behavioral disturbances.

4.3 Limitations, future directions and concluding comments

The sample targeted children hospitalized following vehicle-related injuries. The findings 

should be extended to children with other external causes of injury and those discharged 

from the emergency department. Injury severity measures showed no to weak associations 

with analyte levels and stress scores. The individual’s reaction to the injury may be more 

salient than objective measures of injury severity for the occurrence of PTSS. Whether 

measures of cognitive attribution would show stronger relations than PTSS scores with 

cortisol or sAA AUC values, or whether similar relations would be apparent in patients 

injured by mechanisms other than vehicular accidents and requires additional investigation. 

The sample size was relatively small and likely contributed to insufficient power to identify 

contributions of pubertal status and sex to individual differences in cortisol and sAA activity 

and regulation. Future studies should evaluate coordination across stress response systems as 

well as the contribution of changes to inflammatory and gonadal systems to understanding 

the impact of injury sustained at different neurodevelopmental stages.

Given the high incidence of pediatric injury and public health burden, it is critically 

important to understand links between neurobiological changes and long-term physical and 

psychological health outcomes. Brain versus body injury and age at injury were major 

determinants of individual differences in HPA axis and ANS activity and regulation. The 

weak relation of injury severity with the development of PTSS and dysregulation of both 

HPA and ANS stress axes suggests that surveillance and intervention efforts should target 

the entire spectrum of injury severity in youth hospitalized following injury to the brain or 

body. Improved understanding of relations between neurobiological and psychological 

responses following injury is critically important to guide development of interventions in 

children and adolescents sustaining injuries. Targeted strategies should be developed to 

assess efficacy of behavioral and/or pharmacological therapies to reduce PTSS, normalize 

stress system reactivity, and improve health related quality of life following pediatric injury 

(Abelson et al., 2014).
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Highlights

• HPA and ANS stress systems were dysregulated after nonintentional pediatric 

injury

• HPA and ANS activity and regulation varied with age at injury and type of 

injury

• Cortisol reactivity to social stress was attenuated after brain or body injury

• After brain injury, cortisol elevated in children, sAA elevated in adolescents

• sAA, but not salivary cortisol, predicted specific post-traumatic stress 

symptoms

Ewing-Cobbs et al. Page 18

Psychoneuroendocrinology. Author manuscript; available in PMC 2018 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Salivary cortisol (1a) and alpha amylase (1b) values during the Trier Social Stress Test-Child 

version for children and adolescents with traumatic brain injury, extracranial injury and 

healthy participants

a. Significant group by age interaction for injured vs healthy groups. Cortisol values were 

higher in injured children, particularly those with TBI, than in heathy children. Values did 

not differ for adolescents. The injured groups showed a significantly attenuated cortisol 

response to the stressor compared to the healthy group, suggesting dysregulation of the HPA 

stress response.
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b. sAA levels and reactivity did not vary in injured versus healthy participants. Compared to 

the EI group, sAA levels did not differ in children but were significantly higher in 

adolescents with TBI.
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Figure 2. 
Age by group interactions for cortisol (2a) and alpha amylase (2b) values for children and 

adolescents in the healthy control, extracranial injury, and traumatic brain injury groups

a. Cortisol values were higher in injured children than in healthy children; adolescent values 

did not differ by group. Cortisol tended to be higher in children with TBI than EI.

b. sAA values did not differ in injured and healthy participants; however, sAA was 

significantly higher in adolescents with TBI than EI and did not differ in children.
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Table 1

Demographic and injury information for traumatic brain injury, extracranial injury, and healthy comparison 

groups

Group

Traumatic Brain
Injury
(n=55)

Extracranial
Injury
(n=29)

Healthy
Comparison
(n=33)

Statistic (p)

Demographic Variables

Age M (SD) 12.9 (2.3) 12.3 (2.3) 12.5 (2.7) F (2, 114) = .604, p = .548

Sex % Male 67 69 48 Χ2(2, N=117) = 3.81 (.149)

Race (n) Χ2(4, N=117) = 8.08 (.089)

  Caucasian 42 22 18

  African American 9 7 10

  Other/Multiracial 4 0 5

Ethnicity (n)

  Hispanic 27 15 13 Χ2(6, N=117) = 8.42 (.209)

Maternal education (n) Χ2(4, N=117) = 12.98 (.011)

  ≤ High School 24 16 7

  ≤ College 17 8 21

  Graduate Degree 14 5 5

Preinjury Diagnoses (n)

  ADHD 8 4 1

  Anxiety 1 1 0

  Depression 0 1 0

Injury Variables

Cause of Injury (n) Χ2(2, N=84) = 1.52 (.468)

  Fall from Moving Vehicle 13 4

  tor Vehicle Crash 22 15

  Struck by Motor Vehicle 20 10

Injury Severity Score (ISS) M (SD) 17 (11.6) 9.8 (6.5) t(82) = 3.17 (.002)

Modified ISS M (SD) 7.3 (9.3) 9.4 (6.6) t(82) = −1.11 (.269)

Treatment Intensity (n) Χ2(2, N=84) = 18.03 (<.001)

  Released from ED 12 9

  Admitted to hospital 12 17

  Admitted to PICU 31 3

Length of Stay (days) M (SD) 7.3 (6.4) 4.9 (4.2) t(61) = 1.518 (.134)

Surgery n (%) 17 17 Χ2(1, N=84) = 6.05 (.014)

Glasgow Coma Score (n)

  3–8 20 --

  9–12 6 --

  13–15 29 --
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Table 3

Relation of demographic, psychosocial, and injury variables with area under the curve cortisol and alpha 

amylase values

Cortisol Alpha amylase

AUC ground AUC increase AUC ground AUC increase

Demographic (n=117)

Age .427** .386** .045 −.046

Sex −.087 .084 .027 .108

Pre-Enrollment Psychosocial (n=117)

Psychosocial Adversity −.044 −.025 .093 .020

CBCL Internalizing −.008 .028 −.007 −.034

CBCL Externalizing −.044 −.071 .048 .000

6 Month

Pubertal Development .365** .335** -.014 −.034

CBCL Internalizing −.035 −.102 .113 .025

CBCL Externalizing .007 −.059 .164 −.014

Injury Variables (n=84)

ISS .125 .103 .286** .067

MISS .109 .019 .170 .030

GCS - Admission −.153 −.182 −.131 −.033

**
p < 0.01
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