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Abstract

Objective: Examine relationships between adverse childhood experiences (ACEs) and related
life events and allostatic load (AL) — “wear and tear” from chronic stress — in a pediatric
population.

Methods: Children were screened with the PEARLS tool, a 17-item questionnaire capturing
experiences of abuse, neglect, household challenges, and related life events. Biologic data was
available for 207 participants and AL was operationalized using clinical or empirical cutoff
points across 4 physiologic systems (i.e., cardiac, metabolic, inflammatory, neurologic). Covariate-
adjusted multivariable regression models were used to examine associations between AL with
adversity and health.

Results: Children (Mean age= 6.5 years, range= 1-11 years) had an average AL score of 1.9
(SD 1.7), and a U-shaped relationship was observed with child’s age. Continuous PEARLS and
original ACE scores were not associated with AL. However, children with a reported PEARLS
score of 1-2 or original ACEs score of 1-3 had 1.5 (IRR 1.50; 95% CI 1.09, 2.08) and 1.4

(IRR 1.41; 95% CI 1.08, 1.84) times greater AL, respectively, compared to participants with
none reported. In secondary analyses, caregiver mental illness was associated with higher child
AL (adjusted IRR 1.27; 95% CI 1.01, 1.58). AL was also associated with poorer perceived child
general health (aB = —-0.87, 95% CI: -1.58, —-0.15) and greater odds of child obesity (aOR 1.51;
95% Cl: 1.23, 1.89).

Conclusions: Measuring AL in a pediatric population requires careful consideration of age.
Higher AL was associated with a greater number of reported adversities and worse child health.
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Introduction

Nearly half of all children in the United States report current exposure to at least one adverse
childhood experience (ACE) (1). It is well established that ACEs are associated with poor
health outcomes over the life course (2-6). The relationship between ACEs and health is
complex, with evidence pointing towards direct effects on the stress response that, overtime,
contribute to poor health (7,8).

Chronic exposure to psychosocial stressors, such as ACEs, can lead to dysregulation of
multiple physiological systems. This cumulative “wear and tear” across systems is referred
to as allostatic load (AL) and is postulated to increase risk of disease (9). The AL
framework proposes that psychosocial stressors elicit the secretion of primary mediators
(e.g. glucocorticoids and catecholamines), which have downstream effects and eventually
disrupt secondary mediators across immune, metabolic, and cardiovascular systems (10).
Previous studies have demonstrated childhood adversity to be associated with increased
AL in adulthood (11,12). Yet, no studies have examined if this association between

ACEs and AL can be detected earlier in life (e.g., early and mid-childhood). Cumulative
risk has been associated with increased AL as early as 9 years old and this association
persisted to age 17 (13,14), suggesting that biological embedding of adversity occurs during
childhood. In addition to the majority of studies of AL being predominantly focused in
adult populations, there is a lack of consistency in biological markers used to construct an
index (15). Measuring AL in children requires careful consideration of which biomarkers
are most relevant during different stages of the developmental period (16). By examining
stress-related biomarkers during early and mid-childhood, we can begin to reach consensus
on how to operationalize AL in pediatric populations. Lastly, research on AL as a predictor
of health outcomes in children is limited, with some evidence suggesting that higher AL
may be associated with increased obesity (17) and asthma (18,19) risk.

We previously developed and validated the PEdiatric ACEs and Related Life Event
Screener (PEARLS) tool to collect information on ACEs and related adversities as part

of pediatric primary care (20,21). We found that high PEARLS scores were associated

with stomachaches and asthma, poorer perceived general health, and lower global executive
functioning in children (21). Consequently, in the present study, we hypothesized that
exposure to ACEs may become biologically embedded during early- and mid-childhood

and detectable in a range of biological markers of health. The main objectives of this study
were to: 1) examine how age and AL relate in early and mid-childhood, 2) estimate and
compare associations between the original ACE items and PEARLS scores with AL, and 3)
assess whether AL was an independent predictor of adverse health outcomes in the Pediatric
ACEs and Resiliency Study, a predominantly Black and Latinx population receiving primary
care through a Federally Qualified Health Center (Figure 1). To our knowledge, this work is
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the first to simultaneously investigate relationships between AL, ACEs, and health outcomes
during early to mid-childhood.

Study Participants

For the present analysis, we included 207 participants from the Pediatric ACEs and
Resiliency Study, a predominantly non-Hispanic Black and low-income population. The
study was designed to examine associations between adversities identified with the
PEARLS tool and stress-related biomarkers in a high-burdened community to develop
potential mitigation strategies. Details on subject recruitment and study design are described
elsewhere (21). Briefly, 555 participants between the ages of 3 months to 11 years

were enrolled in the study from March 2017-October 2018 during well-child checks at

the University of California San Francisco (UCSF) Benioff’s Children Hospital Oakland
(Benioff Oakland) Primary Care Clinic. Eligible participants were: English and/or Spanish
speaking, had a primary caregiver >18 years who spoke English and/or Spanish, and

not in foster care. At baseline, participants were consented and randomized to one

of three screening formats: no PEARLS screening (n=188), single item-level response
screening (n=185), and aggregate-level response (e.g., how many in total has your

child experienced?) screening (n=182). For the present analysis, item-level and aggregate
level responses were combined as we previously observed no significant differences in
associations between PEARLS scores and health outcomes by screening format (21).
Participants randomized to the aggregate-level PEARLS tool were later asked to specify
the individual items that contributed to their aggregate PEARLS score, Single item-level
responses from both PEARLS screened groups were combined in an exploratory analysis
investigating which specific experiences may potentially influence AL. Trained, bilingual
research staff also administered comprehensive questionnaires to collect sociodemographic,
psychosocial stress, and health data at baseline. During a separate study visit scheduled
within one month after baseline, all participants underwent an abbreviated clinical exam and
biospecimen collection. All participant caregivers provided written informed consent and,
where appropriate, children provided oral assent. The study was approved by the UCSF
Benioff Oakland institutional review board.

Eligibility criteria for this analysis are presented in Figure S1, Supplemental Digital Content.
The present study limited analysis to those randomized to the two screening arms (n=367)
and measures that occurred at baseline or one-month follow-up, which we considered in
tandem. Children younger than 1 year were excluded from the analysis as venous blood was
not collected from this age group. Of the 243 participants with blood collected, we only
included individuals with complete data for the 12 biomarkers described below (n=207).

ACEs and Related Life Events

ACEs and Related Life Events were measured using the PEdiatric ACEs and Related

Life Event Screener (PEARLYS), a validated pediatric ACEs screen developed with patient
families and providers for use in clinical practice (21,22). The 17-item screen includes the
ten original ACE items (23), plus Related Life Events including exposure to discrimination,
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food insecurity, housing instability, community violence, physical illness/disability of a
caregiver, death of a caregiver, and forced separation from caregiver. Item responses were
summed and analyzed as a continuous variable (total PEARLS Score, possible range 0 to
17) and as sample-specific quartile categories. Additionally, the original ten ACEs items
(possible range 0 to 10) and seven Related Life Events items (possible range 0 to 7) were
analyzed separately as continuous variables. To remain consistent with previous literature,
we also examined associations with the ten original ACEs items categorized as “no ACEs,”
“1-3 ACEs,” and “24 ACEs” (23). Individual item-level responses were binary (yes/no).
Associations were also examined with caregiver stress, assessed by the widely used 10-item
Perceived Stress Scale (PSS-10) instrument for measuring stress perception (24), since
higher levels of parenting stress has previously been associated with ACEs (25) and may
also impact biologic processes in children.

Biospecimen Collection

Whole venous blood samples were collected at the clinic visit in BD Vacutainer tubes with
K2-EDTA anticoagulant (BD, Franklin Lakes, NJ; cat. #367861) and shipped overnight to

our laboratory at the University of California, San Francisco for processing. Blood samples
were centrifuged upon arrival and plasma was immediately stored at —80 C. Collection-to-

processing time was less than 24 hours.

Measuring AL Biomarkers

The AL framework was operationalized by constructing an index from biological markers
that captured multi-system dysregulation. Prior to the start of recruitment, we pre-identified
16 candidate biomarkers from the literature for measurement (26-39). Systolic blood
pressure (SBP), diastolic blood pressure (DBP), and resting heart rate (RHR) were collected
during the clinical exam visit along with height and weight to calculate percentile values.
The remaining biomarkers were measured from frozen plasma samples prior to analysis.
Candidate biomarkers and corresponding references are listed by physiological system in
Table S1 (Supplemental Digital Content).

SBP, DBP, and RHR were measured with a Welch Allyn Connex® Vital Signs Monitor
6000 (cat# 901060) after having participants sit on their caregiver’s lap if <5 years or lay
on the exam table (=5 years) quietly for five minutes; all measurements were repeated
three times and averaged. SBP and DBP percentiles were SBP and DBP percentiles were
assigned using the American Academy of Pediatrics guidelines for children aged 1-13
years since these measures change substantially throughout childhood and development
(40,41). Percentile values were also calculated for RHR using reference data from the
National Health and Nutrition Examination Survey collected between 1999 and 2008 for
all ages (1-80 years) of the U.S. population (42). Vascular endothelial growth factor
(VEGF), tumor necrosis factor alpha (TNF-a), interleukin (IL)-18, IL-6, IL-8, and IL-10
were measured with the Human Magnetic Luminex® Assay High Sensitivity Cytokine
Panel A (R&D Systems, Minneapolis, MN; cat. #FCSTMO09). Custom multiplex Luminex®
assays (cat. #LXSAHM) measured insulin-like growth factor-binding protein (IGFBP)-1,
IGFBP-3, leptin, C-reactive protein (CRP), brain-derived neurotrophic factor (BDNF),
and myeloperoxidase (MPO). Analytes were detected by a MAGPIX® instrument and
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analyzed with the xPONENT 4.2 software (Luminex Corp. Austin, TX). Concentrations
were extrapolated by the software using a logistic 5-parameter model fit to standard
curves included on each plate. Endothelial-1 (ET-1) plasma concentrations were measured
by enzyme-linked immunosorbent assay (ELISA, R&D Systems, Minneapolis, MN; cat#
QETO0O0B). ET-1 concentrations were extrapolated from standard curves fit using a logistic
4-parameter model. Samples, standards, and controls were assayed in duplicate for all
Luminex and ELISA assays. Plasma analyte concentrations were log-transformed since
distributions were not normal.

Biomarkers with >10% of measurements below the lowest standard curve calibrator (ET-1,
IL-1R, IL-6, and IL-10) were excluded from the analysis to avoid introducing additional
bias when assigning values below the limit of quantification (LOQ) (43). Other studies
have also reported similar challenges with detecting these cytokines in healthy children
(44,45). Analyte concentrations below the lowest standard curve calibrator were assigned
a value of LOQ/2 multiplied by the sample dilution factor. Similarly, concentrations above
the highest calibrator were substituted with the maximum standard value multiplied by
the dilution factor. All included biomarker measurements had a coefficient of variation
<20%, the acceptable limit for accuracy and precision of immunoassays (46). There were
207 participants with complete data for the 12 included biomarkers: SBP percentile, DBP
percentile, RHR percentile, VEGF, IGFBP-1, IGFBP-3, Leptin, CRP, TNF-a, IL-8, MPO,
and BDNF.

Constructing AL score

Participants were each assigned an AL score based on the sum of biomarkers that exceeded
high-risk values listed in SDC Table S2 (possible range 0 to 12). Clinical cutoff values were
used for SBP (= 95! percentile), DBP (= 95! percentile), and RHR (= 90" percentile). For
plasma biomarkers, empirical cutoffs were calculated separately for males and females as
one standard deviation (SD) above the sample mean of log-transformed values, except for
IGFBP-1 where having <1 SD was defined as high risk. Other studies have used a similar
approach to estimate empirical cutoffs (47,48). AL scores were examined as a continuous
variable to account for the cumulative nature of this measurement.

Sociodemographic covariates

Covariates were identified based on existing literature on the relationship between childhood
adversity and AL in adults (11,49). Race/ethnicity was categorized as Non-Hispanic Black
(reference group based on sample size), Non-Hispanic White, Hispanic, or other (this
category combined groups with small sample sizes and included American Indian/Alaska
Native, Asian, Middle Eastern/North African, Native Hawaiian/Pacific Islander, individuals
with two or more races, and those who chose “Other”); caregiver’s educational level was
categorized as some high school or less, high school graduate, some college, and college

or greater; family income was categorized as <100%, 100-200%, and >200% of the federal
poverty level (FPL) based on the sample distribution of children per household and federal
poverty guidelines provided by the U.S. Department of Health and Human Services for a
family of four in 2018 (50).
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Health Outcomes

ACEs have been associated with proximal outcomes that occur during childhood, including
behavioral challenges (51-53), mental health (ADHD) (52,54), and physical health (obesity,
respiratory, and recurrent infections) (51,55-57). Similarly, high allostatic load has been
associated with greater behavioral difficulties and poorer physical health in children

(47). Health outcomes included in this study are in agreement with Thakur et. al 2022

that previously examined relationships between adversities identified by PEARLS with
behavioral, mental, and physical health measures (21).

Child’s general health was assessed using the Patient-Reported Outcomes Measurement
Information System (PROMIS®) Parent-Proxy Pediatric Global Health Measure (PGH-7), a
7-item caregiver questionnaire that assessed general, physical, mental, and social health of
their child (58). Continuous raw scores were converted into T-scores and norm-referenced.
Attention Deficit Hyperactivity Disorder (ADHD) diagnosis was based on ICD-10 codes
with current disease. Behavioral health was assessed using the Behavior Rating Inventory
of Executive Function (BRIEF 2/P versions administered to appropriate age group) tool
(59), reporting on Global Executive Composite scale T-score, in which scores = 65 are
considered clinically significant. Obesity was defined by a body mass index (BMI) in the
95th percentile or greater. The International Study of Asthma and Allergies in Childhood
(ISAAC) questionnaire (60) was used to obtain history of asthma, rhinitis, and eczema.
ICD-10 codes from EHR records were retrieved to create binary measures of the presence of
acute infections (upper and lower respiratory infection, sinusitis, bronchiolitis, pneumonia,
influenza and other viral infections, scarlet fever, otitis media, conjunctivitis, and urinary
tract infections) in the 12 months prior to recruitment. Data were also collected on self-
reported headaches/dizziness and stomachaches in the previous 12 months (yes/no).

Statistical Analysis

Results

Wilcoxon-rank sum was used to test for differences in median AL by sociodemographic
factors. The U-shaped relationship between age and AL was assessed by the two-lines
approach (61). Associations between the PEARLS tool (total score, original ACEs, Related
Life Events) with AL (outcome) were evaluated by multivariable negative binominal
regressions adjusted for child’s age, sex, race/ethnicity, and caregiver’s education. Covariate-
adjusted negative binomial regressions were also used to examine associations between
individual item-level PEARLS data (yes/no) and AL. Analyses of individual ACEs were
limited to items that were experienced by at least 25 percent of children. Associations
between AL (predictor) and health outcomes were examined by either multivariable linear
or logistic regression adjusted for covariates (child’s age, sex, race/ethnicity, and caregiver’s
education). All analyses were performed with R version 4.1.0. and statistical significance
was defined by two-sided p-values <0.05.

Distribution of AL scores are shown in Figure S2 (Supplemental Digital Content). Study
participants had an average AL score of 1.93 (SD 1.67), with a range from 0 to 9. The
sample was predominantly non-Hispanic Black (59.4%). In addition, 82.6% of participants
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reported an annual household family income at or below 200% FPL. Sociodemographic
differences in median AL scores are presented in Table 1.

Child Age and AL.

There was evidence of a non-linear relationship between age and AL. Children in the 1-4
years age group had a median AL significantly greater than the 5-8 years age group (median
AL 2 vs 1, p=0.048). No differences were observed between the youngest (1-4 years) and
oldest (9-11 years) age groups (p=0.85). The two-lines test was used to evaluate if the
relationship between age and AL was U-shaped (Figure 2). Age and AL were inversely
associated with each other (slope 1: —0.59, p=0.002) until the breakpoint of 5.02 years, after
which a positive association was observed (slope 2: 0.14, p=0.016), indicating a U-shaped
relationship between both variables. The U-shape relationship between age and AL persisted
after sequential exclusion of each biological measurement, except for when leptin (slope

1) eptin excluded: —0.-64, p=0.003 & slope 2| eptin excluded: 0-07, p=0.14) and IGFBP-1 (slope
11GFBP-1 excluded: —0.61, p=0.001, slope 2|GEBP-1 excluded: 0-06, p=0.27) were removed,
highlighting that these two metabolic biomarkers may contribute to observed dynamics with
age. To account for this U-shaped association with age, all subsequent analyses included an
interaction term between age and age-5-years-and-above (age*=5years).

Other family demographics and AL.

Median AL did not differ by sex, race/ethnicity, or family income. Children with a caregiver
that reported completing college had median AL scores comparable to the “high school”
(p=0.90) and “some college” (p=0.99) education groups. However, children whose caregiver
reported less than a high school education completed had higher AL scores than children
with a college educated caregiver (median AL 3 vs 2, p=0.028).

PEARLS score and AL.

Table 2 lists associations between PEARLS scores and AL. Children in the second quartile
of total PEARLS scores (1-2 items) had 1.5 times greater AL than individuals in the
reference group (PEARLS score = 0). There were no statistically significant differences
between the reference group and the two highest PEARLS score quartiles (3—4 items and
=5 items). When examined as a continuous variable, total PEARLS score was not associated
with AL. Similar results were observed for original ACEs and Related Life Events analyzed
separately as continuous variables. To assist with comparison with the published literature
on ACEs, we also report associations limited to categories of number of original ACEs (0,
1-3, 4 or more). Participants that reported experiencing 1-3 original ACEs had 1.4 times
greater AL compared to participants with no ACEs reported (IRR 1.41; 95% CI 1.08, 1.84).
No association was observed with 4 or more original ACEs. Perceived caregiver stress was
not associated with AL in children (IRR 1.01; 95% CI 0.98, 1.04).

Individual PEARLS items and AL.

There were 198 participants with individual-level PEARLS item data and AL scores.
Associations between individual PEARLS items and AL were explored (Table S3,
Supplemental Digital Content), since certain ACEs may have differential effects on
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biological processes. Report of caregiver mental illness (41.4%), domestic violence (37.9%),
divorce (31.3%), and neighborhood violence (27.3%) were the most prevalent ACEs in this
study population. Caregiver mental illness was also associated with higher AL (IRR 1.27;
95% CI 1.01, 1.58). Associations were not observed with domestic violence, divorce, or
neighborhood violence.

AL and child health outcomes.

Lastly, we examined AL as a predictor of child health outcomes (Table 3). Higher AL
scores were associated with lower caregiver ratings of child’s general health as assessed

by PROMIS® PGH-7 T-scores (B —0.87; -1.58, —0.15). The odds of obesity also increased
1.5-fold with each unit increase in AL score (OR 1.51; 95% CI 1.23, 1.89). No associations
were observed with other examined child health outcomes.

Discussion

This study reports on the biological response to ACEs in early to mid-childhood using

an AL framework. In our pediatric population, the relationship between age and AL was

a U-shaped relationship, such that AL decreased until age 5 and then began to increase.
Although the PEARLS score was not associated with AL when examined as a continuous
variable, children with a PEARLS score of 1-2 had higher AL compared to children with

a score of 0. When examining individual PEARLS items, we found that report of caregiver
mental illness was associated with greater AL. Lastly, AL was also associated with poorer
perceived child general health and greater odds of obesity. This work provides critical
evidence informing early-to-middle childhood stress-related health processes as it is the first
to simultaneously investigate relationships between ACEs, AL, and health outcomes during
early to mid-childhood.

Operationalizing AL in children has proven problematic since the measurement of
dysregulation related to timing of exposures need to be accounted for, as well as selection
of clinically important biomarkers during childhood (16,62). Differences in AL as a result
of cumulative risk have been detected as early as 9 years old (13), but the majority of our
population was below this age (median age 6.7 years; IQR 4.0-9.3). Therefore, our results
contribute to the limited data on levels and patterns of these stress-related biomarkers during
earlier developmental years. Average AL (mean: 1.9) in our study population was only
slightly above the sample means of two other pediatric studies (mean AL range: 1-1.19)
that used different biomarkers but similar methods to estimate empirical cut points (47,48).
Notably, we observed that AL declined with age until 5 years and this decrease could

not be attributed to any specific biomarker. AL also increased with age in children older
than 5 years. In sensitivity analyses, we identified leptin and IGFBP-1 as biomarkers that
contributed to the association between age and greater AL in older children, suggesting
that these metabolic markers may drive the U-shaped relationship between AL and age.

A longitudinal prospective study conducted on Mexican-American children from Salinas
Valley, CA observed a similar age-trajectory with leptin, where levels were highest at birth,
declined at year 2, and then gradually increased at years 5 and 9 (63). The U-shaped
relationship between age and AL may also mirror hypothalamic-pituitary-adrenal (HPA)
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axis development during early childhood. The HPA axis is under strong social regulation
over the first year of life and continues to mature until around age 4 (64). Maturation

and myelinization of the prefrontal cortex may also reduce HPA activity during this
developmental period by establishing daytime napping periods and self-regulation (65).
Lastly, a breakpoint, or change in direction, in the association between age and AL was
observed at 5 years old. The switch from an inverse to direct correlation between age and
AL at age 5 may align with the start of kindergarten or related adaptational challenges
(e.g., peer rejection) that have been previous associated with higher HPA activity (66,67).
Additionally, it is important to consider the relevance of the individual biomarkers used to
operationalize AL during childhood. We only considered biomarkers previously quantified
in other pediatric populations with similar ages to participants in this study (Table S1).

AL measures may be less useful to characterize risk during early development than in
adulthood (16). For example, biomarkers serving as proxies for clinical outcomes, such

as blood pressure, may not show sufficient variability or reach thresholds for increased
disease risk during early childhood (68). However, we used age-based normative values for
SBP, DBP, and RHR and found that approximately 15 percent of child participants had
levels above clinically relevant risk thresholds for each of these measures, suggesting that
increased cardiovascular risk can be detected in this population. For all other biomarkers,
since age-based normative values were not available, population-based empirical cut points
were used to define high-risk groups. To advance this work, large population studies are
needed to establish normal values for these biomarkers during early- and mid- childhood.
Lastly, the cross-sectional study design only allowed for consideration of biomarkers as
static measures rather than considering how their trajectories and sensitivity to adversity
might change throughout childhood. Future research should longitudinally examine AL and
the individual biological indicators to better understand the trajectory of these measures over
the life course and their association with health at various stages of development.

AL is a cumulative measure of multi-system physiological dysregulation frequently used to
capture the biological response to chronic stress. We did not observe an association between
continuous PEARLS scores and AL, which is contrary to previous studies conducted in adult
populations (11,12).

One possible explanation for this inconsistency is that a longer duration of adversity
exposure may have been required prior to biomarker assessment given the cumulative nature
of AL. Previous work demonstrated that the duration of poverty, but not concurrent poverty,
was predictive of elevated overnight cortisol and cardiovascular function in adolescents
(69). There is also evidence that the stress response is related to pubertal changes and

that the impact of early life experiences on stress regulation may not be observable until
after puberty (64). Additionally, several studies have suggested that the relationship between
early life adversity and stress responsivity may be curvilinear in children of our study
median age (70,71). Although the curvilinear hypothesis was not specifically tested in this
study, the reporting of 1-2 PEARLS [and 1-3 original ACE items] was associated with an
approximate 1.5-fold increase in AL and this association was slightly lower for children
that experienced higher levels of adversity (1.3-fold increase in AL for PEARLS scores of
3-4 and 5+). The non-linear relationship between reported levels of adversity and AL may
reflect differences in the type of or magnitude of physiological stress-response between
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children that experience low versus high adversity. For example, experiencing higher
levels of adversity may have down-regulated HPA axis activity through negative feedback
mechanisms (8). Alternatively, higher AL scores observed among children with lower
PEARLS scores may reflect a more recent or acute exposure. Unfortunately, information
on when (at what age) the first adversity occurred, and its duration of stress or impact, is
not captured by the PEARLS screening tool. Although it is intentionally focused and brief,
a resulting limitation of the PEARLS screening tool is that it does not capture information
on frequency of exposure to certain event types, when exposures first occurred, or the
chronicity of the impact of events on children’s lives, which could be used to gain better
understanding about how timing, frequency, and duration of the influence of ACEs on AL.
Furthermore, this study is cross-sectional and does not allow us to examine how PEARLS
scores influence AL over the life course and during sensitive periods of development.
Lastly, the curvilinear results may reflect a “steeling effect” such that that children with
higher PEARLS scores have acquired experience and coping skills that decrease the negative
biologic impact of subsequent adversities (72).

Activation of stress response pathways may also differ by ACE type. For instance, we
observed that reporting a caregiver with mental illness was associated with increased AL.
Maternal depression has been associated with increased allostatic load in their adolescent
offspring (73). Living with a mentally ill parent may be stressful and impede positive
relationships with the child, resulting in increases of AL. Positive child-caregiver dyad
relationship has been shown to buffer the association between stress and cortisol reactivity
in children (74). Future work should further examine this child-caregiver relationship on
biologic stress. In addition, caregivers play a critical role in developing their child’s self-
regulation and health-related behaviors, including feeding practices (75) and sleep behaviors
(76). Therefore, caregiver mental iliness may have disruptive effects on their ability to
establish positive health-related behaviors for their children. The mediating role of these
health-related behaviors in the relationship between caregiver mental illness and increased
AL should be explored further.

Studies have also shown that high AL is predictive of adult morbidity and mortality (77),

as well as poorer health outcomes and behavioral problems in children (18,47). Although
disease development is often not yet detectable in childhood, it is important to ascertain
whether and when AL biomarker indicators associate with disease in childhood. Our
findings provide initial evidence in this realm, showing that higher AL was associated

with worse general health in children, as measured by the PROMIS® PGH-7 T-score. We
previously reported that higher PEARLS scores were associated with lower PROMIS®
T-scores (21). Therefore, AL may mediate the relationship between PEARLS and poorer
child health. We were unable to conduct mediation analyses because of limited sample size
and lack of an association between continuous PEARLS scores and AL, but this should

be further investigated in a larger study population. AL was also associated with obesity.
Our results support results from a previous study conducted in a multiethnic population of
7-12 years old children where higher AL was associated with higher BMI (17). There were
several other adverse health outcomes previously associated with higher PEARLS scores
(21) that were not associated with AL in this study (e.g., headaches/dizziness, stomachaches,
rhinitis, and eczema). Low prevalence of these health problems in this young sample may
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have left us underpowered to detect statistically significant differences in AL. One study
previously reported an association between AL and asthma prevalence in adolescent boys
(18), but in the present study, we were unable to conduct stratified analyses by sex because
of small sample size. It is also possible that relationships between PEARLS and these
health outcomes may be mediated by biologic mechanisms not captured by our AL index.
Longitudinal studies are needed to assess whether AL during early- and mid-childhood is
predictive of adverse health outcomes over the life course.

A clear strength of this study is that the population was composed predominately of Black
and Latinx children, a population with disproportionate exposure to ACEs and high disease
burden. For example, 76% of children in this study population experienced at least one
original ACE, nearly double the prevalence for children in the rest of California (78).
Recruitment of this underrepresented study population was intentional, with the goal of
examining health impacts of ACEs in a high-burdened community to develop potential
mitigation strategies; however, this intentionality in recruitment may limit generalizability
of study results. For example, the income range for this population was narrow and low
(only 8.2% had a family income above $50,000) since recruitment occurred in an urban,
primary care center where most patients (>95%) are on state-sponsored Medicaid. Higher
socioeconomic status has consistently been associated with lower AL in adult populations
(15,79).The lack of income variability in our study population may have limited our ability
to detect an association between AL and this variable. However, participants with a caregiver
that reported having less than a high school education had higher AL than participants with a
college educated caregiver (median AL 3 vs 2, p=0.028), suggesting that caregiver education
may be a more useful measure of SES than income in this study population. This work
contributes to the limited number of studies examining the biological burden of childhood
adversity in the context of under-resourced and burdened families that may be under greater
allostatic load because of economic insufficiency, poor housing quality, and other related
stressors (80). The PEARLS screener tool also includes items such as discrimination and
community violence that are more prevalent in communities of color due to long-standing
social inequities, including residential segregation, redlining, and discriminatory policing
practices (81). Thus, controlling for race/ethnicity may have limited our ability to estimate
the impact of reported PEARLS items on AL. However, results were comparable between
models with and without adjustment for race/ethnicity.

Our study has several limitations. The cross-sectional study design limits our ability to
predict outcomes since temporality between ACEs, AL, and health cannot be established. A
recent study of two large prospective cohorts reported that ACEs poorly predicted mental
and physical health outcomes at age 18 and at 45 years (6). Biomarkers and contextual
factors may shed light on the heterogeneity of response to ACEs in individual-level
analyses. For example, social buffering and cultural context not assessed in this study

may produce individual differences in the physiologic response to ACEs (74). Future work
examining all these in tandem are needed to identify a predictive risk profile and identify
promising buffering factors to inform intervention. Additionally, we did not account for
timing and chronicity of PEARLS items which may have differential effects on the induced
biological response. While only 6.1% of recruited individuals declined participation because
of biospecimen collection, this may have potentially produced volunteer and selection bias.
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Lastly, we also excluded several cytokines below the LOD. These biological markers were
most likely undetectable because they have low circulatory levels in healthy children. For
example, a different study reported that >69% of blood samples had IL-6 and IL-10 levels
below the LOD (44). Despite these detection issues, inclusion of these biomarkers would not
have drastically changed our results since IL-1p and IL-6 were highly correlated with IL-8
(p=0.84) and TNF-alpha (p=0.67), respectively, in our study.

Conclusion:
The relationship between child AL and age appears to be U-shaped between 1-11 years.

There was also some evidence that AL was associated with ACEs and poor health outcomes
during early and mid- childhood.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ACE Adverse childhood experience
ADHD Attention deficit hyperactivity disorder
AL Allostatic load
BDNF Brain derived neurotrophic factor
BMI Body mass index
BRIEF 2/P Behavior rating inventory of executive function
CRP C-reactive protein
DBP Diastolic blood pressure
ELISA Enzyme-linked immunoassay
ICD-10 International classification of diseases, Tenth Revision
IGFBP-1 Insulin like growth factor binding protein 1
IGFBP-3 Insulin like growth factor binding protein 3
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score -— General & Physical
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Objective 1: Assess AL in children age 1-11 years

Figure 1.
Schematic of research design. The first objective of this project was to operationalize

allostatic load (AL) during early and mid-childhood (1-11 years) using stress-related
biomarkers that represent cardiovascular [systolic blood pressure (SBP) percentile, diastolic
blood pressure (DBP) percentile, resting heart rate (RHR) percentile, vascular endothelial
growth factor (VEGF)], metabolic [insulin-like growth factor-binding protein (IGFBP)-1,
IGFBP-3, leptin], inflammatory [tumor necrosis factor alpha (TNF-a), interleukin (IL)-18,
IL-6, IL-8, and IL-10], and neurologic [brain-derived neurotrophic factor (BDNF)] system
function. We then examined relationships between reported adverse childhood experiences
(ACEs) and related life events measured using the PEdiatric ACEs and Related Life Event
Screener (PEARLS) tool with AL (Objective 2). Lastly, the final objective was to assess

if higher AL was associated with greater odds of behavioral, mental, and physical health
outcomes previously associated with higher reported PEARLS scores (Thakur et. al 2022).

Psychosom Med. Author manuscript; available in PMC 2024 January 05.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

de la Rosa et al. Page 20
e} '
8 |
6 o o E o °
o E oo o
4 — oo oo oco q' o o o o o ® oo o o o
. - E
< \\\ o oo ooo o, ®@o o 0o o o ooo o} ®© o o o000
2 — [ele] ) 0; 8 @ o \O [e] o (e} E [e] [e]e] o @ o O_OQ O—@o~ — 7 0 TOTO00V - WeO = — _
[e] o [e]e) [ )] 000 @ ® O IgIDOOOO (e} o 0o aoo O oo [eXe) o 0 O O O omo
0 oo o o o oo o ooo 5O20 oo o o ooco ) O O® 0 000 O [} oo o o000
_2 —
Average slope 1: Average slope 2:
b=-0.6,z=-3.18, p=.0015 b=0.14,z=2.41, p=.0159
T T T T T T
2 4 6 8 10 12
Child age (years)
Figure 2.

Two Lines Test evaluating the U-shaped relationship between child age and allostatic load.
Each circle represents a data point. Fitted values (grey dashed line) were obtained by
smoothing cubic splines. The two lines are represented by blue and red arrows with a
midpoint of 5.02 years (black dashed vertical line).
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Table 1.
Study characteristics and median AL scores
N(%)  Median AL (IQR) P-value®

All 207 (100) 2.0 (1.0-3.0)
Age (years)

1-4 75(36.2) 2.0 (1.0-3.0) Ref

5-8 71(34.3) 1.0(0.0-2.0) 0.048

9-11 61(29.5) 2.0 (1.0-3.0) 0.85
Sex

Male 108 (52.2) 2.0 (1.0-3.0) Ref

Female 99 (47.8) 1.0 (1.0-2.0) 0.12
Race/ethnicity

Non-Hispanic Black 123 (59.4) 2.0(1.0-3.0) Ref

Non-Hispanic White 8 (3.9) 1.5(0.8-2.3) 0.86

Hispanic 40 (19.3) 2.0 (0.8-3.3) 0.66

Other 36 (17.4) 2.0 (1.0-3.0) 0.57
Caregiver Education

College 63(30.4) 2.0 (1.0-3.0) Ref

Some college 78 (37.7) 2.0(1.0-3.0) 0.99

High school 47 (227) 2.0 (0.0-3.0) 0.90

Some high school or less 19 (9.2) 3.0 (1.5-4.0) 0.028
Income

<100% FPL 115 (55.6) 2.0 (1.0-3.0) Ref

100-200% FPL 56 (27.1) 2.0 (1.0-3.0) 0.94

>200% FPL 17 (8.2) 1.0 (0.0-2.0) 0.25

Missing 19 (9.2)

1 )
P-values are from Wilcoxon rank sum test

Psychosom Med. Author manuscript; available in PMC 2024 January 05.

Page 21



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

de la Rosa et al.

Table 2.

Associations between ACEs and caregiver stress with AL

N (%) IRR (95% CI)
Total PEARLS Score
Categorical
0 46(22.2)  Ref
1-2 47 (22.7)  1.50 (1.09, 2.08)
3-4 49(23.7) 1.29(0.91,1.82)
>5 65(31.4)  1.32(0.94, 1.85)
p-trend 0.31
Continuous 1.01 (0.97, 1.05)
Original ACEs
Categorical
0 61(29.5) Ref
1-3 96 (46.4)  1.41(1.08,1.84)
>4 50 (24.2)  1.20(0.86, 1.67)
p-trend 0.20

Continuous, mean (SD) 2.2 (2.1) 1.01 (0.96, 1.07)
Related Life Events

Continuous, mean (SD) 1.3 (1.4) 1.03 (0.94, 1.11)
Caregiver Stress

Continuous, mean (SD) 21.6 (4.6) 1.01(0.98, 1.04)

Models were adjusted for child’s age x above 5 years, sex, race/ethnicity, and caregiver’s educational level
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Table 3.

Associations between AL and child health outcomes

Health Outcome N8 or!(95% cIy
PROMIS® PGH-7 T-score -0.87 (-1.58, —0.15)
BRIEF Global Executive T-score

=65 127 (61.4) Ref

<65 44(213)  0.99 (0.76, 1.26)

Missing 36 (17.4)
ADHD

No 182 (87.9) Ref

Yes 25(12.1)  0.99 (0.73, 1.33)
Headaches/dizziness

No 175 (84.5) Ref

Yes 32(155)  1.12(0.86, 1.43)
Stomachaches

No 172(83.1) Ref

Yes 35(16.9)  1.09 (0.86, 1.37)
Asthma

No 104 (50.2) Ref

Yes 103 (49.8)  0.86 (0.69, 1.06)
Rhinitis

No 125 (60.4) Ref

Yes 82(39.6)  1.11(0.92, 1.34)
Eczema

No 109 (52.7) Ref

Yes 98 (47.3)  1.07 (0.89, 1.27)
Obesity

No 152 (73.4) Ref

Yes 55 (26.6) 1.51(1.23,1.89)
Infections

No 102 (49.3) Ref

Yes 105 (50.7)  1.01 (0.85, 1.20)
Somatic symptoms

No 170 (82.1) Ref

Yes 37(17.9)  1.00(0.79, 1.25)

1 . . - . .
Models were adjusted for child’s age, sex, race/ethnicity, and caregiver’s educational level

2[5 coefficient and not an OR
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