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Implications Summary Statement

Racial and SES differences in AL exist during adolescence, confirming variation in the
accumulation of stress biomarkers at younger ages. These findings contribute to the
understanding of how early life adverse factors “get under the skin”, and are possibly
translated into increased risk for diseases later in life.

Eliminating and reducing health disparities is a primary goal of national public health
priorities [1], including addressing health issues occurring during adolescence. The social
conditions present and behavioral patterns developed during adolescence set the stage for
lifetime health trajectories that contribute to adult risk of chronic health conditions [2].
Adolescence is a critical developmental period in the life course with numerous
physiological, social, and psychological changes [2, 3]. Between the ages of 12-19
adolescents experience puberty, as well as emotional and social challenges while struggling
with independence and a sense of identity [4, 5]. Additionally, nearly one in five adolescents
experience significant emotional distress, and among adolescents and young adults, over
18% are obese [3]. There is also substantial racial, ethnic, and SES variability in many of
key developmental transitions and in health outcomes [6]. For example, Blacks experience
earlier onset puberty than Whites [6]. There exists evidence that this variation may be due,
in part, to differences in socio-environmental conditions, including low parental SES, and
limited social interaction during youth [7, 8]. Moreover, there is emerging research
demonstrating differences in allostatic load (AL) appearing during late childhood and early
adolescence [9-11]. AL is a useful framework for revealing potential biological pathways
through which environmental and social stressors ‘get under the skin’ to impact health [12].
When the body perceives a stressful event, the sympathetic nervous system, and the
hypothalamic pituitary aderenocortical axis activate numerous physiological systems,
including the cardiovascular, metabolic, and inflammatory systems [13]. As the body
responds to stressors over time, these biological systems may fail to adapt to future stressors,
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Methods

resulting in unbalanced regulatory biomarkers. AL focuses on the interconnection of these
numerous biological systems cumulatively quantifying elevated levels of regulatory
biomarkers [13]. As biomarker levels reach dysregulated concentrations, AL increases,
eventually leading to negative health outcomes and possible health disparities [14, 15].
Numerous studies have examined sociodemographic profiles of AL among adult and aging
populations [16-18], revealing significant associations between AL and increased morbidity
and mortality with age [19, 20].

Although much of the previous research on AL has focused on adults and the elderly [15,
16], a few studies have investigated AL among younger populations. Evans and colleagues
found that middle school children in rural New York exposed to greater accumulated
physical risk factors (such as crowding, substandard housing, and poverty) had higher levels
of AL; these effects remained consistent over time [21]. Social inequalities, such as parental
education, have are also associated with metabolic and cumulative risk among a small
sample of suburban Midwestern adolescents [10]. Thus, there is growing evidence that
differentials in AL may emerge at young ages.

Adolescent health across the life course is shaped by social and environmental conditions
[22]. Black adolescents experience greater health disparities as a result of greater levels of
poverty and stressors associated with racial discrimination [22]. Geronimus and colleagues
propose that racially related stressors (i.e., ‘weathering’) further contribute to earlier health
problems among racial minorities, especially Blacks [18]. The present study drew from this
line of research by extending the ages of investigation into adolescence. With regard to
Hispanic youth, there is substantial variability in health contingent on country of origin [23].
Specifically, Mexican American adolescents have higher rates of several health conditions
when compared to other Hispanic groups [24]. Because of heterogeneity across Hispanic
subgroups, the current study focused exclusively on Mexican American teens.

The objectives of this study were to examine profiles of AL among adolescents age 12-19
years and to assess the racial, ethnic, and SES differentials in AL. We hypothesized that
Black teens will have higher AL relative to White and Mexican American teens, and that
adolescents from lower SES family backgrounds will have higher AL scores. We also
investigated possible gender differences in AL. Although no significant effects of gender on
AL among adolescents have been shown in previous research [10, 25], adult females
generally have higher AL than males [26]. Additionally, we examined the extent to which
racial and ethnic differences in AL change as teens age. We anticipated Black adolescents
will have higher AL than White or Mexican American teens across adolescence.

Sample population

This study uses data from the U.S. National Health and Nutrition Examination Survey
(NHANES). NHANES is administered by the National Center for Health Statistics and is a
bi-annual cross-sectional survey that monitors the health status of the civilian, non-
institutionalized population. NHANES used a complex, multistage, probability sampling
design to provide detailed information on national health and nutritional status [27]. The
NHANES design oversampled Mexican Americans, non-Hispanic Blacks, and adolescents
to improve estimates for these groups. Adolescents randomly selected to participate in the
study also had an adult household representative (most commonly a parent) act as a proxy to
complete household socioeconomic information. NHANES collected data using an in-home
questionnaire on diverse health and social factors, and a physical examination within fully
equipped medical examination centers collecting measurements of blood pressure, height,
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weight, and blood samples, which were analyzed by offsite contract laboratories using
approved and reliable procedures [27].

Approximately 12,000 respondents are screened to participate in NHANES each bi-annual
cycle, and roughly 20% (2,400) are adolescents age 12—19 years. The sample design for
NHANES makes it possible to combine two or more survey cycles to increase the sample
size and analytic power. This study utilized data from five NHANES cycles from 1999—
2008 [27], and included adolescents age 12—19 years who completed both the in-home
interview and physical examination components of the study.

Study Variables

Outcome Variable—AL was operationalized to include multiple biomarkers based on
their representation of physiological systems and was guided by prior research and data
availability [16, 18, 28]. Nine biomarkers were used to create a summary AL score [16, 18,
28]. Cardiovascular markers included diastolic and systolic blood pressure. Metabolic
functioning markers included body mass index, waist-circumference, total cholesterol, high-
density lipoprotein (HDL), and glycosylated hemoglobin. Inflammatory markers included
serum albumin and C-reactive protein. Detailed measurement and laboratory assessment
techniques have been published elsewhere [27].

In this study AL was operationalized as an index, using empirical cut-points based on the
aggregated sample distribution [16, 18, 28] to capture cumulative physiological
dysregulation at more rigorous levels than clinical cut-points. While clinically-defined “high
risk” biological profiles are common among adults, only that for hypertension and body
mass index among children and adolescents are known by gender, and age-height [29, 30].
For each of the 9 indicators, empirical cut-points were determined by the 75t percentile
value, identified as high risk, with the exception of HDL and albumin, whose high risk cut-
points were defined as below the 25 percentile. The decision to use quartile cut-points was
based on previous studies, and is considered the preferred approach [18, 28]. Adolescents
who exhibited high risk levels of biological markers received a score of 1 for that parameter.
A composite AL index was then created by summing the number of parameters identified as
high risk. For a composite score with 9 biomarkers, the range of AL scores was 0 to 9, with
higher values signifying greater systemic dysregulation. High risk cut-points for individual
biomarkers and AL scores were done according to the unweighted empirical sample to
develop an AL index specific to the population [18, 28].

Independent Variables

Independent variables in this study included age, gender, race, ethnicity, nativity status,
household income, and parental education. Age was measured in years at the time of the
screening interview, and was included here in two different forms. First, as a categorical
variable in increments of 2 year age groups, and second as a mean-centered continuous
variable to facilitate the interpretation of AL variation across age among Blacks and
Mexican Americans compared to Whites. Mean age of the sample was 15.4 years. Gender
was coded as female and male. Race and ethnicity was coded into three categories, giving
priority to Hispanic ethnicity: non-Hispanic White, non-Hispanic Black, and Mexican
American. Nativity status was coded as U.S.-born and foreign-born. SES was measured
using annual family income and educational attainment of the household representative that
acted as the adolescent proxy. Annual family income was divided into five categories: <
$20,000, $20,000-$44,999, $45,000-$74,999, and =$75,000. Educational attainment of the
household representative was categorized as: less than high school, high school graduate or
GED, and more than high school.
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Missing values (n=17) for nativity status numbered less than one percent, and were coded
into the modal category of U.S.-born. Results did not differ whether missing cases were
coded to the modal category or dropped. Approximately 8.7% of the final sample was
missing either education, annual family income, or both. To retain these cases multiple
imputation using chained equations (ICE) was employed. This method assumes data are
missing at random, and utilizes an iterative algorithm to approximate imputation of missing
values [31]. A total of five datasets were imputed to estimate accurate standard errors.

Analytic Sample

Analyses

Results

A total of 10,397 adolescents age 12—19 years completed both the interview and
examination components of NHANES. Respondents who self-identified as non-Hispanic
White, non-Hispanic Black, and Mexican American were included in our analyses.
Adolescents identified as “Other” race (n=347) and those identified as “Other Hispanic”
(n=379) were excluded due to the difficulty in interpreting results of AL among a non-
specific racial or ethnic group. Pregnant females (n=158) were also excluded because
fluctuating and/or elevated biomarker levels are considered normal during pregnancy, are
not indicative of physiological dysregulation [32]. Adolescents missing any of the 9
biological markers used to calculate AL score were also excluded (n=1,461). Of these 1,461
missing: 876 did not have their blood drawn, 285 were missing blood pressure, 119 were
missing waist circumference, 10 were missing BMI, and 171 were missing individual blood
markers (albumin, cholesterol, HDL, C-reactive protein or glycosylated hemoglobin).
Selection analysis using logistic regression showed modest differential selection where non-
Hispanic Black females were under-represented. In sum, the analytic sample included 8,052
adolescents.

Descriptive statistics employed included the range, mean, quartiles, and empirical cut-points
of each of the 9 AL biomarkers. Mean differences in AL for each sociodemographic
characteristic were assessed using bivariate regression and an adjusted Wald F-test. As the
measure of AL was a hon-negative integer count-based summation with a non-normal
distribution, negative binomial regression models were applied in multivariate regression
analyses to examine main effects of sociodemographics and interactive effects between
mean-centered age and race and ethnicity on AL in adolescence.

All regression estimates were weighted using the NHANES individual-level sampling
weights, which adjust for complex sample design, selection, and non-response [27].
Predicted values of AL for race and ethnicity interacted with age were estimated and
graphically presented. Predicted values were estimated using a regression model that
included: race; ethnicity; mean-centered age; interaction terms for race, ethnicity, and mean-
centered age; nativity status; household representative education level; and annual
household income. All analyses were conducted using Stata 12 [33].

Table 1 presents descriptive statistics, including range, mean, standard deviations, and
quartiles of each of the 9 biomarkers used to compile AL score among adolescents age 12—
19 years. Individual biomarker distributions are shown by physiological system. Mean AL
score among the adolescent sample was 2.50 (SD = 1.84), with a range from 0 to 9. Figure 1
shows the percentage sample distribution of AL score. The majority of adolescents had an
AL score of four or less, although some adolescents could have a score as high as 9.
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Table 2 presents the unweighted frequencies and weighted distributions of
sociodemographic characteristics of U.S. adolescents 12-19 and mean AL scores for each
sociodemographic variable. Mean AL scores increased significantly with each two-year age
increment. Adolescents age 12-13 years had an AL mean of 2.08, while older adolescents
age 18-19 had a mean AL score of 2.84. There was no significant gender difference in mean
AL. Non-Hispanic Blacks had the highest mean AL score (2.81), and Mexican Americans
had slightly higher AL scores (2.41) than non-Hispanic Whites (2.28) (p<.001). U.S.-born
adolescents had significantly higher mean AL scores (2.40) than foreign-born adolescents
(2.11). Mean AL scores significantly increased with lower household representative
educational status and lower annual household income.

Table 3 presents results from the negative binomial regression model of AL score,
specifically including mean-centered age by race and ethnicity interactions (F = 3.22, p =
0.045; results not shown). AL significantly increased with each year of age among Whites.
Compared to Whites age 15.4 years, Blacks had significantly higher AL; there was no
difference between Whites and Mexican American teens. However, relative to Whites, the
amount of increase in AL by year of age was significantly /owerfor Blacks (p < 0.05). The
interaction term was not significant for Mexican Americans. There were no significant
gender differences. Compared to U.S.-born teens, those who were foreign-born had
significantly lower AL. Compared to adolescents living in households in which the adult
representative had the highest education, those living with lower educated adults had
significantly higher AL. Similarly, compared to teens living in the highest income
household, those in lower incomes had significantly higher AL. This was significant for
each category of education and income.

Figure 2 graphically demonstrates the findings presented in Table 3, with an emphasis on
characterizing the predicted AL values by age for each racial and ethnic group. For all
groups, AL increased with age and Blacks had higher predicted AL at each age than Whites
or Hispanics. However, at older ages, predicted AL values start to converge, reducing the
racial and ethnic differences. Although not significant, Mexican American teens’ predicted
AL score, higher than Whites at younger ages, becomes lower than Whites during later
adolescence.

Discussion

This study highlights a national profile of AL among a representative sample of U.S.
adolescents. As predicted, higher AL scores, indicative of greater cumulative physiological
dysregulation, occur at older ages of adolescence, among Black teens, U.S.-born
adolescents, and those of lower SES. Black adolescents also had higher AL scores across all
ages of adolescence than Whites. However, Whites had a higher rate of AL score increase
compared to Blacks and Mexican Americans. Taken together, these findings demonstrate
that differences in AL occur early in the life course and that the relative advantage of Whites
and Mexican Americans over Blacks declines over adolescence.

The increase in AL across adolescence from ages 12-19 years is consistent with prior
research on increasing AL among adult and aging populations [16-18]. The mean AL of the
sample, 2.50, while low on a scale of 0 to 9, is relatively high compared to prior studies of
AL among adult populations. Chyu and Upchurch found a mean AL score of 2.71 among
midlife women [16]. This increase in AL with age, and high mean value, suggest that
accumulation of stress biomarkers occurs at earlier ages, prior to adulthood. Increased levels
of AL above 3 throughout adulthood and aging may then be associated with increased risk
for cardiovascular disease [34]. The finding also supports the notion that AL is cumulative
[17]. As predicted, regression results show that Black teens had higher AL scores compared
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to Whites, a finding uniform with previous AL research among adults and the aging [16, 18]
suggesting that Blacks may experience greater stress due to living in a stigmatizing race-
conscious society. However, the present findings are somewhat contrary to prior work on
AL among a convenience sample of Midwestern adolescents, which found that AL score did
not differ significantly by race, ethnicity or age [10]. The differences may be partially
explained by the differences in sampling strategies across the studies or differences in the
ways in which AL was assessed. The research presented here characterizes a nationally
representative sample of adolescents, while the Midwestern study is less generalizable to the
larger U.S. population.

White and Mexican American adolescents do not statistically differ in their AL levels.
However, as found in other studies, nativity status is significantly associated with AL [16,
28]. Foreign-born adolescents have healthier biological risk profiles than U.S.-born. These
results support previous research assessing AL among adults [28], adult women [16], and a
representative sample of adults living in Texas [35]. Additional research shows differences
by nativity status not only for AL, but also for metabolic markers including BMI. Foreign-
born children ages 10-17 years have lower BMI, and subsequent lower risk for obesity than
U.S.-born kids [36]. Possible explanations for healthier AL profiles among foreign-born
adolescents are protective cultural practices and health behaviors, or selective migration of
healthier children or infants migrating with healthy parents from the country of origin [37].
In prior work analyzing NHANES to investigate explanations for nativity status differences
in AL among adults, Crimmins and colleagues found stronger support for selective
immigration hypotheses [28]. These findings were also confirmed in a regional sample of
Mexican Americans [35], showing that acculturation did not account for the differences in
AL score between U.S.-born Mexican American adults and foreign born Mexican
Americans. While this may also be true for Mexican American teens, it is left to further
research to specifically test these competing hypotheses.

As expected, SES was significantly associated with AL score. Adolescents who lived in a
family with lower SES had higher AL scores than their higher SES counterparts; similar to
previous findings among adolescents and adults [10, 19]. Such findings support Link and
Phelan’s theory of social conditions and fundamental causes of health differences [7].
Positive linkages between low SES and negative “downstream” physiological outcomes
suggest that individuals with fewer socioeconomic resources are at risk for poor health due
to limited access to health care, greater exposure to environmental and psychosocial
stressors, and less support [38]. The increased stress of lower SES, coupled with the
developmental period of adolescence, potentially contributes to higher levels of AL and
ultimately, poorer health in adulthood [19].

Adolescent boys and girls are no different from one another with respect to AL. Previous
work in adult samples find a female disadvantage in general [18], although some studies find
that men have higher AL than women [39]. In the other adolescent studies, no significant
gender effects on AL were found [10, 25]. Possible explanations why gender differences in
AL appear in adulthood but not adolescence include undifferentiated biological stress
responses by gender during adolescent development [40], or complementary and limited
early life social experiences for girls and boys, that may become divergent and prevalent
with age, contributing to gender differences in physiological dysregulation [16]. These
mixed results among adolescents and adults point to the need for continuing work to better
understand gender differences (or lack thereof) in AL.

Age-by-race and ethnicity interaction terms within our regression model reveal significant
racial and ethnic differences in AL scores across adolescence from 12-19 years. As
expected, for all racial and ethnic groups, AL score increased with age. Black adolescents
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had higher AL scores relative to Whites across all ages of adolescence, consistent with the
weathering hypothesis [18]. However, White and Mexican American adolescents appear to
lose their advantage over time, with the disparity in AL score between Blacks and Whites
declining after age 15. Much of this reduction in the racial and ethnic differentials at older
ages is due to the increasing percentages of White and Mexican American teens who have
more detrimental metabolic marker profiles as they age, especially increases in waist
circumference and lower (worse) levels of HDL (data not shown).

This study is not without limitations. First, the data used in this study are cross-sectional,
limiting causal inferences or linkages over time. Second, data limitations precluded the
inclusion of neuroendocrine biomarkers, which have been identified as key parameters of
dysregulation [9, 10, 15]. The third limitation of this study is the use of the AL index.
Although this is the traditional and most often used method of AL score creation, it allots
each biomarker an equal weight in the AL score; and it is unlikely that each biomarker
contributes equally to AL. Last, this study created an AL score based on an aggregated
sample of adolescents in NHANES, and does not take into account that select biomarkers,
such as body mass index, may increase temporally. It is noted that results of this study are
specific to the adolescent population, and are not generalizable to other populations such as
adults or the aging.

Given significant health disparities that exist across the life course from adolescence to
adulthood, this study provides an initial examination of associations between major
sociodemographic factors and AL among a nationally representative sample of adolescents,
focusing on racial and ethnic differences in age patterns of AL. Much research has yet to be
done on AL, and even more so among younger populations. Future studies should
incorporate a comprehensive set of biological parameters with longitudinal designs that
afford investigation of how AL accumulates over time during adolescence. The concept of
AL offers great promise toward expanding our understanding of how social and
environmental factors are embodied within biological regulatory systems during
adolescence, and translated into disease outcomes and health disparities across the life
course. Additional studies examining AL among adolescents and youth are warranted.
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Figure 1.
Percentage Distribution of Allostatic Load score Among Adolescents Age 12-19 Yearsa
@ n=8,052; National Health and Nutrition Examination Survey 1999-2008
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Figure 2.

Predicted Allostatic Load by Mean-Centered Age and Race/Ethnicitya

@n=8,052; National Health and Nutrition Examination Survey 1999-2008; all analyses
weighted.

Note: Predicted values of AL are based on coefficients within the negative binomial
regression model of the interaction between age and race/ethnicity. The interaction is
interpreted as predicted AL score by race/ethnicity conditional on age, with covariates set
equal to the mean or the reference category.
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Unweighted Frequencies, Weighted Percentage and Mean Distribution of Sociodemographic Characteristics
and Mean AL among Adolescents, NHANES, 1999-20084

N % Distribution  Mean AL Score

Age (Years)

12-13 2,085 2464 5 0g™**

14-15 2,017 26.05 2.19

16-17 2,079 2650 245

18-19 1,871 2281 284
Gender

Male 4,178 5231 2.39

Female 3,874 4769 2.37
Race/ethnicity

Non-Hispanic White 2,334 7059 5 og***

Non-Hispanic Black 2,735 16.36 281

Mexican American 2,983 13.05 241
Nativity status

U.S.-born 6,985 9331 40***

Foreign-born 1,067 6.69 2.11
Household Representative Education

Less than high school 2,952 20.64 5 gg***

High school/GED 1,973 2624 248

More than high school 3,127 53.12 220
Family income

<$20,000 2,682 2343 57t

$20,000-44,999 2,440 2477 254

$45,000-74,999 1,451 2125 2.36

>$75,000 1,479 3055 2.03

*ok

1=8,052

*
p< .001 on Adjusted Wald F-test
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Table 3

Weighted Negative Binomial Regression Results for AL by Sociodemographic Characteristics, NHANES,
1999-20084

Sociodemogr aphic Char acteristics (reference Estimated Count
group) Ratios? (95% ClI)
Age Centered (15.4 Years) 1.06 (1.05, 1.08)
Race/Ethnicity (Non-Hispanic White)
Non-Hispanic Black 1.17 (1.11, 1.23) 7
Mexican American 1.03 (0.96, 1.10)

Age Centered by Race and ethnicity (15.4 Years x Non-Hispanic White)

Age Centered x Non-Hispanic Black 0.98 (0.96, 1.00)*

Age Centered x Mexican American 0.99 (0.97, 1.01)
Gender (Male)

Female 0.98 (0.94, 1.04)

Nativity Status (U.S.-born)

Foreign—born 0.81 (0.75Y 88) FHEE
Household Representative Education (More than high school)

Less than high school 1.13(1.05, 1.22) i
High school grad/GED 1.07 (1.00, 1.14) *

Family Income (=$75,000)

<$20,000 1.18 (1.11, 1.26) 7
$20,000-$44,999 1.18 (1.10, 1.27) ™
$45,000-$74,999 112 (1.04, 1.20) ™"

Intercept 2.00 (1.89, 2.12) o

*

p< .05
*Kk
p< .01
p<.001

an:8,052; all analyses weighted.

Estimated Count Ratios are interpreted as: Holding all other variables in the model constant, each 1-unit change in the predictor variable is
expected to change the estimated AL score by a factor of the respective count ratio relative to the reference category.

J Adolesc Health. Author manuscript; available in PMC 2014 October 01.



