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Cardiovascular diseases are patterned by race and socioeconomic status, and chronic low-grade inflammation is
proposed as a key underlying mechanism. Theories for how racial and socioeconomic disadvantages foster
inflammation emphasize a lifecourse approach: social disadvantages enable chronic or repeated exposure to

if;e it stressors, unhealthy behaviors, and environmental risks that accumulate across the lifecourse to increase low-
1POSI! . . . . . . . .

Lova gra(}ile inflammation grade inflammation. However, single samples rarely include multiple racial and socioeconomic groups that
Lifecourse each span a wide age range, precluding examination of this proposition. To address this issue, the current study

combined seven studies that measured C-reactive protein and interleukin-6, producing a pooled sample of 1650
individuals aged 11-60 years. We examined (a) whether race and socioeconomic disparities in inflammatory
biomarkers vary across the lifecourse, (b) whether adiposity operates as a pathway leading to these disparities,
and (c) whether any indirect pathways through adiposity also vary across the lifecourse. Relative to White in-
dividuals, Black individuals exhibited higher, whereas Asian individuals exhibited lower, levels of inflammatory
biomarkers, and adiposity accounted for these racial differences. Similarly, lower socioeconomic status was
associated with higher inflammatory biomarkers via elevated adiposity. Importantly, both racial and socioeco-
nomic disparities, as well as their pathways via adiposity, widened across the lifecourse. This pattern suggests
that the impact of social disadvantages compound with age, leading to progressively larger disparities in low-
grade inflammation. More broadly, these findings highlight the importance of considering age when exam-
ining health disparities and formulating conceptual models that specify how and why disparities may vary across
the lifecourse.

Cardiovascular diseases are among the most prevalent, disabling,
and costly health problems in the United States today (Benjamin et al.,
2018; NCHS, 2017), and their rates are patterned by race/ethnicity
(hereafter, "race") and socioeconomic status (SES). For example, in-
dividuals with low SES have higher incidence of and mortality from
heart attack, stroke, and heart failure (Addo et al., 2012; Alter et al.,
2006; Hawkins et al., 2012). Racial disparities in cardiovascular disease
have also been documented. Relative to White individuals, Black in-
dividuals are at greater risk for developing cardiovascular diseases
(Mozaffarian et al., 2016), and these racial differences have been
observed even among those with high SES (Braveman et al., 2010). Over
the past decade, research has increasingly highlighted chronic
low-grade inflammation as a pathway contributing to this phenomenon
(Danese and McEwen, 2012; Matthews et al., 2010; Miller et al., 2011;

Nusslock and Miller, 2016). Indeed, studies have shown that relative to
their more affluent peers, individuals with low SES exhibit higher levels
of circulating inflammatory biomarkers, including C-Reactive Protein
(CRP) and Interleukin-6 (IL-6) (Muscatell et al., 2018). Studies have also
shown that, independent of SES, Black individuals have higher levels of
CRP and IL-6 relative to White individuals (Braveman et al., 2010). In
turn, preclinical studies in animals have shown that inflammation is
pivotal in the pathogenesis of atherosclerotic cardiovascular disease
(Frenois et al., 2007; Pan et al., 2013). Paralleling these findings, pro-
spective studies have shown relevance in human diseases, illustrating
that higher levels of circulating inflammatory biomarkers, in particular
CRP and IL-6, forecasted the development of heart attacks in otherwise
healthy individuals (e.g., Danesh et al., 2000; Ridker, 2007).

As inflammation can be reliably assessed before clinical
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Table 1
Descriptive statistics of sample characteristics by study (N = 1650).
Study A Study B: Study B: Parents  Study C Study D Study E Study F Study G
Children
Analysis n 193 231 242 141 171 330 81 261
Location Chicago Vancouver Vancouver Vancouver St. Louis Vancouver Vancouver Chicago
Year 2015-2017 2010-2012 2010-2012 2005—2007 2001-2003 2009-2012 2005-2012 2012-2017
Age: range; 11-15; 13.45 13-16; 14.55 34-60; 45.87 14-19; 17.04 18-58; 28.7 15-55; 36.64 19-60; 44.95 26-60; 45.21
Mean (SD) (0.64) (1.07) (5.23) (1.35) (8.95) (10.76) (11.45) (6.43)
Race: n (%)
White 75 (39 %) 128 (55 %) 155 (64 %) 73 (52 %) 80 (47 %) 260 (79 %) 64 (79 %) 170 (65 %)
Black 104 (54 %) 12 (5%) 4 (2%) 2 (1%) 80 (47 %) 2 (1%) 0 (0 %) 65 (25 %)
Asian 14 (7 %) 91 (39 %) 83 (34 %) 66 (47 %) 11 (6%) 68 (21 %) 17 (21 %) 26 (10 %)
Female: n (%) 122 (63 %) 111 (48 %) 188 (78 %) 141 (100 %) 140 (82 %) 177 (54 %) 55 (68 %) 228 (87 %)
SES: Mean (SD)
Family income 5.47 (2.31) 5.44 (1.77) 5.41 (1.78) n/a 2.54 (1.35) 4.73 (1.78) 4.99 (1.93) 6.43 (2.07)
Family savings 4.18 (2.69) 4.70 (2.43) 4.64 (2.46) n/a n/a 3.07 (1.84) n/a 5.02 (2.75)
Education 3.76 (1.21) 3.79 (0.90) 3.79 (0.89) 3.72 (1.04) 3.36 (1.04) 3.27 (1.18) 3.65 (1.20) 4.00 (1.06)
Adiposity 75.23 (12.1) 76.34 (10.37) 86.41 (12.99) 71.88 (7.26) 89.71 (16.03) 85.74 (13.74) 86.12 (13.5) 92.29 (15.41)
CRP: Mean (SD) 2.10 (2.46) 1.51 (2.38) 3.33(2.72) 1.88 (2.21) 3.59 (2.35) 3.59 (2.71) 4.33 (3.01) 4.66 (2.72)
CV (%) 2.50 2.20 2.20 2.20 < 3.00 2.20 2.20 2.50
IL-6: Mean (SD) 3.78 (1.87) 3.96 (1.88) 4.27 (1.89) 4.25 (1.93) 5.37 (1.64) 4.54 (1.72) 3.81 (2.28) 4.51 (1.89)
CV (%) 3.70 <10 <10 <10 4.60 <10 <10 3.40

Note. Location refers to the city in which the study was conducted. Year refers to the years during which data was collected. Family income was coded in a 9-point scale:
1 =less than 5000; 2 = 5,000-19,999; 3 = 20,000-34,999; 4 = 35,000-49,999; 5 = 50,000-74,999; 6 = 75,000-99,999; 7 = 100,000-149,999; 8 = 150,000-199,999;
9 = 200,000 and higher. Family savings was coded in a 9-point scale: 1 = less than 500; 2 = 500 to 4999; 3 = 5,000-9,999; 4 = 10,000-19,999; 5 = 20,000-49,999; 6 =
50,000-99,999; 7 = 100,000-199,999; 8 = 200,000-499,999; 9 = 500,000 and higher. Education was coded in a 5-point scale: 1 = less than high school, 2 = high
school diploma, 3 = some college, 4 = bachelor’s degree, and 5 = graduate degree. Adiposity was assessed with waist circumference expressed in centimeters. C-
Reactive Protein (CRP) and Interleukin-6 (IL-6) are expressed in POMP scores that ranged from 0 to 10.

manifestation of cardiovascular diseases, recognizing its role in linking
disadvantage to cardiovascular diseases is among the first steps to pre-
vention and intervention efforts. However, changing an individual’s SES
or race is not feasible. Therefore, it is crucial to identify the behavioral
and biological pathways through which disadvantage operates to pro-
mote inflammation, as they can provide more pragmatic target points
for prevention and intervention purposes. Mounting evidence highlights
adiposity as one such mechanism through which social disadvantage
becomes associated with inflammation. Indeed, conceptual models
suggest that disadvantage can promote adiposity through individual,
family, and neighborhood pathways (Braveman and Gottlieb, 2014;
Chen and Miller, 2013; Cohen et al., 2010; Matthews and Gallo, 2011;
Miller et al., 2011; Schreier and Chen, 2013).

At the individual level, chronic psychological stressors associated
with disadvantage, and efforts to cope with them, can promote behav-
ioral patterns that contribute to adiposity. For example, stress can in-
crease appetite, food cravings, and intake of foods high in caloric, fat, or
sugar content (Chao et al., 2015; Kandiah et al., 2008; Morris et al.,
2015), as well as decrease physical activity (Stults-Kolehmainen and
Sinha, 2014). At the family level, socioeconomically and racially
disadvantaged families are less likely to eat meals together (Flores et al.,
2005; Neumark-Sztainer et al., 2003; Tubbs et al., 2005) and are more
likely to watch television during mealtimes (Coon et al., 2001; Eloise--
kate et al., 2017; Feldman et al., 2007). These mealtime practices have
relevance for adiposity (Fiese and Schwartz, 2008)— common family
mealtimes has been linked to higher consumption of fruits and vegeta-
bles and lower risk for obesity (Berge et al., 2015; Larson et al., 2013;
Rollins et al., 2010), whereas television-watching during mealtimes has
been linked to lower fruit and vegetable consumption and greater
adiposity (Ford et al., 2012; Gable et al., 2007). Finally, structural in-
equalities such as residential segregation and economic disinvestment
result in disproportionate access to health-promoting resources across
residential neighborhoods (Braveman et al., 2011). For example, so-
cially disadvantaged groups have less access to green spaces, athletic
facilities, and produce markets, but more access to fast food outlets in
their residential neighborhoods (Abbott et al., 2014;Ball et al., 2009;
Fleischhacker et al., 2011;Fraser et al., 2010). In sum, socioeconomic
and racial disadvantage can promote adiposity through individual,

family, and neighborhood factors (Abbott et al., 2014; Wardle et al.,
2011).

In turn, adiposity plays a central role in inflammation. Adipocytes
secrete a number of pro-inflammatory cytokines, with about a quarter to
a third of circulating IL-6 released from adipose tissue (Black, 2003;
Mohamed-Ali et al., 1998). Increased lipid and fat accumulation also
activate pro-inflammatory pathways, which facilitates recruitment of
extant macrophages to adipose tissues, further perpetuating a proin-
flammatory state (Elks and Francis, 2010; Henegar et al., 2008; Weis-
berg et al., 2003). Indeed, greater adiposity, as measured by waist
circumference and body mass index (BMI), has been consistently and
strongly linked to higher levels of inflammatory biomarkers (Choi et al.,
2013). Collectively, these observations suggest that adiposity could be
an important mechanism connecting disadvantage to inflammation.

Importantly, the relationship between social disadvantages and in-
flammatory activity is theorized to strengthen across the lifecourse. The
sequelae of social disadvantages involve the wearing and tearing down
of systems, a process that takes time to arise, accumulate, and become
established. It is unlikely that a single incident of discrimination or a
single high-fat meal produces a chronic state of low-grade inflammation.
It is much more likely that social disadvantages entail sustained expo-
sure to psychological stressors, unhealthy behaviors, and environmental
risks, which accumulate across the lifecourse to foster a chronic state of
inflammation (e.g., Braveman and Barclay, 2009; Chen et al., 2002;
Danese and McEwen, 2012; Seeman et al., 2010). However, it is meth-
odologically challenging to test this proposition, as few studies that
assessed inflammatory biomarkers have samples with multiple racial
and SES groups that each spans a sufficiently wide age range. This results
in inadequate cell sizes for each age by race or SES combination, pre-
cluding formal tests of age by disadvantage interactions.

To address this issue, we integrated data from all seven of our lab’s
studies with relevant measures, conducted over 15 years, to carry out a
pooled data analysis. Specifically, we extracted and harmonized mea-
sures of age, race (Black, Asian, White), SES (income, savings, educa-
tion), adiposity (waist circumference), and biomarkers of low-grade
inflammation (CRP, IL-6) to create a pooled sample of over 1600 in-
dividuals aged 11 - 60 years old, allowing examination of whether the
magnitude of the associations from race and SES to low-grade
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inflammation varied across the lifespan. We expected to replicate pre-
vious findings on race and SES disparities in low-grade inflammation,
with Black or low-SES individuals exhibiting the highest levels of bio-
markers. We also hypothesized that Asian individuals would exhibit
lower inflammatory biomarkers relative to White individuals, as the
prevalence of cardiovascular diseases in Asian individuals are estimated
to be lower than the general population (Leigh et al., 2016). Because
putative mechanisms linking social disadvantage to inflammation are
theorized to accumulate across time, we further hypothesized that race
and SES disparities would widen across the lifecourse, as evidenced by
significant race by age and SES by age interactions. Finally, we exam-
ined whether racial and SES disparities in inflammation would emerge
through adiposity pathways, hypothesizing that adiposity would statis-
tically emerge as a mediator of these disparities and account for
increasing proportions of the disparities in inflammation across the
lifecourse.

1. Method

This pooled data analysis combined all seven of our lab’s studies
(A-G) that included relevant measures of demographics (race, SES, and
sex at birth), adiposity (waist circumference), and low-grade inflam-
mation (IL-6 and CRP). Studies were selected prior to data analyses
based on the single criterion that they included all relevant measures.
Table 1 provides the year and location of data collection (US or Canada).
Studies were approved by the institutional review board of the univer-
sity where they were conducted. Adults gave written consent, and youth
gave assent and a guardian gave consent. Study A (Miller et al., 2018)
recruited 277 eighth-graders to examine psychosocial contributors to
early cardiovascular disparities. Study B (Chen et al., 2013) recruited
261 youth-parent dyads to examine how life experiences of family
members may influence the health of other family members. Study C
(Miller and Cole, 2012) recruited 147 female adolescents to understand
the association between depression and inflammation. Thus, partici-
pants had to be at high risk for a first episode of depression as indicated
by family history or cognitive vulnerability. Study D (Forlenza and
Miller, 2006) is comprised of two studies, which together recruited 171
adults to examine the pathophysiological effects of depression. Half of
the participants met diagnostic criteria for clinical depression and the
remaining half had no lifetime history of psychiatric illness. Study E
(Hostinar et al., 2017) recruited 360 youth and adults to examine how
early life and current SES contribute to health disparities. Thus, partic-
ipants had to fit into one of four groups defined by childhood (low vs.
high) and adulthood (low vs. high) SES. Study F is comprised of two
studies (Miller et al., 2014b; Rohleder et al., 2009) that examined the
health effects of caregiving. The sample included 53 adults who were
caring for a family member with brain cancer (glioblastoma) and 67 age-
and sex-matched controls who did not have any major stressors in the
past year. Study G (Chen et al., 2017) included 311 adults, who were
parents of youth with asthma, recruited for a study on social disparities
and childhood asthma.

1.1. Measures
Table 1 presents descriptive statistics by study.

1.1.1. Age

Participants self-reported age, which ranged from 11 to 80 years (M
= 28.87, SD = 15.84). Upon inspection of the distribution, we excluded
participants ages 61-80 because there were too few participants (n = 26,
1.4 %) and insufficient variation in race (86 % White) in that range. As
such, the analytical sample age ranged from 11 to 60 years (M = 31.45,
SD = 14.83).

1.1.2. Sex
Participants self-reported sex at birth as female (n = 1162, 70 %) or
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male (n = 479, 29 %), which was effect-coded with male being the
reference group.

1.1.3. Race

Adult participants self-reported race, while parents of youth reported
race on youth’s behalf. Race was coded as White, Black, or Asian. Given
our interest in racial differences in inflammation across the lifespan, we
restricted analyses to groups with at least 246 participants' and that
were well-represented across the age spectrum. As a result, Latino/
Hispanic (n = 192 with 71 % < age 16) and Native Hawaiian/Pacific
Islander (n = 60) participants were excluded from analyses. Multi-racial
participants who identified as Black and of any other race categories
were coded as Black. Participants who identified as Asian and any other
race except Black were coded as Asian. White participants were coded as
such only if they did not identify as any other race. Two effect-coded
variables were created with White being the reference group.

1.1.4. Socioeconomic status (SES)

Family gross income, family savings, and education were used to
measure SES. Adult participants self-reported measures of SES and
parents of youth completed measures of SES on youth’s behalf.

1.1.4.1. Family Income. Participants from Studies A, B, and G reported
the dollar amount of their family’s gross income in the past twelve
months, while participants from Studies D, E, and F reported family’s
gross income in the past twelve months using scales of income brackets.
Specifically, Study D used a 12-point scale (1 = less than 5,000; 12 =
125,000 and higher), Study E used a 10-point scale (1 = less than 5,000;
10 = 200,000 and higher), and Study F used a 8-point scale (1 = less
than 5,000; 8 = 200,000 and higher). Sample C did not assess family
income. To harmonize measures of family income across studies, we first
converted income that was reported in Canadian Dollars (CAD; Studies
B, C, E, and F) to United States Dollars (USD) using conversion rates at
the time of data collection. Next, we recoded income into a 9-point scale
with 1 being less than 5,000; 2 being 5,000-19,999; 3 being
20,000-34,999; 4 being 35,000-49,999; 5 being 50,000-74,999; 6
being 75,000-99,999; 7 being 100,000-149,999; 8 being
150,000-199,999; 9 being 200,000 and higher (M = 5.15, SD = 2.15).

1.1.4.2. Family savings. Participants from Studies A, B, and G reported
the dollar amount of their family savings, including stocks and bonds,
while participants from Study E reported their family savings using a 9-
point scale (1= less than 500; 9 = 500,000 and higher). Studies C, D, and
F did not have measures of family savings. Similar to family income, we
harmonized these measures by first converting income that was reported
in CAD to USD, and then recoding savings into the same 9-point scale
used in Study E: 1 being less than 500; 2 being 500 to 4999; 3 being
5,000-9,999; 4 being 10,000-19,999; 5 being 20,000-49,999; 6 being
50,000-99,999; 7 being 100,000-199,999; 8 being 200,000-499,999; 9
being 500,000 and higher (M = 4.27, SD = 2.53).

1.1.4.3. Education. Adult participants reported the highest education
degree attained. For youth, the higher of the two parental education
degrees was used to gauge youth’s SES. Highest education degree
attained was reported on a 5-point scale (1 = less than high school; 5 =
graduate degree) in Studies A, B, and G, on a 8-point scale (1 = less than
high school; 8 = doctoral degree) in Study C, and on a 7-point scale (1 =
less than high school; 7 = professional degree) in Studies E and F. Par-
ticipants from Study D reported the total number of years of education.
To harmonize this measure across studies, we first recoded the number

! This criterion is based on a power analysis showing that given the cell size
of the reference group (White; n=1005), a cell size of 246 is necessary to detect
a small effect size (d=.20, r=.10) with .80 statistical power.
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of education years to education degree based on conventions (e.g., 12
years coded as high school graduate, 16 years coded as bachelor’s de-
gree) and then recoded all scales in to the same 5-point scale with 1
being less than high school, 2 being high school diploma, 3 being some
college, 4 being bachelor’s degree, and 5 being graduate degree (M =
3.66, SD = 1.09).

Because three studies did not have all three SES indicators (see
Table 1), we created a composite by averaging the standardized mea-
sures of family income (r=.60 with savings and r=.40 with education),
family savings (r=39 with education), and education (Cronbach’s o =
71).

1.1.5. Central adiposity

Waist circumference was used to measure abdominal adiposity,
because evidence suggests it better predicts disease risks than BMIx,
which captures both general fat and muscle mass. Waist circumference
was assessed at the middle point between iliac crest and lower rib using
measuring tape, expressed in centimeters (M = 83.52, SD = 14.75).

1.1.6. Low-grade inflammation

In all studies, antecubital blood was drawn into serum separator
tubes. Serum was harvested by centrifugation and kept frozen at -30 or
-80 degrees Celsius until assays for CRP and IL-6 were performed
(Table 1 presents the coefficients of variation).

To harmonize inflammation across studies, we first excluded outliers
(defined as + 3 SDs from mean) and participants with CRP of 10 mg/L or
higher, following conventions in the literature that values in this range
indicate acute infection or chronic inflammatory disease. Both the
American Heart Association and the Centers for Disease Control and
Prevention recommended excluding values > 10 in studies of cardio-
vascular risk (Best et al., 2005; Pearson et al., 2003). We then natural-log
transformed values to correct skew within studies. Next, to harmonize
the methodological differences in assay procedures across studies, and
calibrate values into comparable units, we adapted the proportion of
maximum possible scores (POMP scores), a technique used in previous
coordinated analyses (Stawski et al., 2019). Specifically, within each
study, we subtracted the minimum value from each observed value. We
then divided the difference by the sample range and multiplied the
quotient by ten. Thus, despite differences across studies, inflammation
was scaled to range from O to 10. Finally, we created an inflammation
composite by averaging the standardized CRP and IL-6 POMP scores (r =
.43 between CRP and IL-6).

2. Statistical approach
2.1. Primary analyses

First, we examined the independent effects of age, race, and SES on
inflammation in a regression model. For age, we first modeled a linear
prediction and then a curvilinear prediction to examine if the magnitude
of the age-inflammation link varied across the lifecourse. We then
examined the race by age and SES by age interaction effects on
inflammation in separate models. Specifically, for both race and SES, we
first tested linear age moderations and then conducted exploratory an-
alyses to examine curvilinear age moderations. All models included age,
race, SES, and sex at birth as predictors. Significant moderations were
probed by computing simple effects at mean age of 31 and at -1 and +1
SD from mean (ages 16 and 46, respectively), and then followed-up with
regions of significance tests.

Next, we conducted path analyses to examine whether the links from
race and SES to inflammation were in part through associations with
adiposity, and whether the magnitude of these indirect effects differed
by age. Specifically, we conducted indirect effect models specifying
paths from race/SES to adiposity, adiposity to inflammation, and race/
SES to inflammation, and then conducted moderated indirect effect
models with age moderating the paths from race/SES to inflammation as
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well as the paths from race/SES to adiposity. Indirect and moderated
indirect effects as well as their 95 % confidence intervals were estimated
using 10,000 bootstrapped samples. Significant moderated indirect ef-
fects were probed at -1 and +1 SD from mean (ages 16 and 46, respec-
tively). All models included age, sex at birth, race, and SES as predictors.
Continuous variables were mean-centered and categorical variables
were effect-coded, except for the omnibus groups regions of significance
test (Hayes and Montoya, 2017).

2.2. Sensitivity analyses

A series of sensitivity analyses were conducted to examine whether
results were robust to sample characteristics and independent of one
another. First, we accounted for country in which the study was con-
ducted, US (n = 625) vs. Canada (n = 1025), with an effect-coded
variable entered as a covariate in the main effects model and as inter-
action variables (country by race and country by SES) for the interaction
models (Yzerbyt et al., 2004).

Second, as depression and chronic caregiver stress have known as-
sociations with low-grade inflammation (Miller and Cole, 2012; Wright
et al., 2004), we accounted for whether participants had clinical
depression, were at-risk for depression, or were caregivers to a patient.
Specifically, we created an effect-coded variable that categorized Study
C’s participants who were at high-risk for depression, Study D’s par-
ticipants who had clinical depression, and Study E’s participants who
were caregivers to a family member with brain cancer as care-
giver/clinical participants (n = 262). All remaining participants were
categorized as non-clinical/caregiver participants (n = 1388). Similar to
country, this variable was entered as a covariate in the main effects
model and as moderator variables in the interaction models. In addition,
as smoking also has known associations with low-grade inflammation
(Danesh et al., 2000; Pirkola et al., 2010), we accounted for whether
participants smoked at least one cigarette daily. Specifically, smoking
status was effect-coded (non-smoker as reference group) and the entered
as a covariate in the main effect models and as a moderator in the
interaction models.

Third, to account for sex differences in body composition (Stevens
et al., 2010), we standardized waist circumference scores separately for
male and female participants. Sex-adjusted values were used in indirect,
and moderated indirect, effect models as a mediator.

Fourth, Study B includes youth-parent dyads, which can create de-
pendencies in data. To ensure results were not driven by such de-
pendencies, sensitivity analyses re-conducted models with Study B’s
youth removed. We opted to exclude youth, rather than parents, because
parents’ age spanned a wider range (age 34-60) compared to youth (age
13-16), and because removing parents would substantially decrease the
number of Asian participants in that wide age range by 60 %, compro-
mising our position to examine Asian race by age effects.

Finally, to examine whether linear and curvilinear age moderation of
race and SES on inflammation were independent of one another, we
entered all the main, quadratic, interaction, and quadratic interaction
effects into a single model.

2.3. Power analyses

The analytical sample size was 1,650. Statistical significance was
determined at alpha of .05. We expected small effect sizes for in-
teractions, and power analyses suggested that to detect correlations of
.08, .10, and .12 (i.e., delta R? of .006, .01, and .014, respectively) for
the specific interaction term when seven other predictors are included
with statistical power of .80, sample sizes of 1311, 787, and 548 are
necessary, respectively. Furthermore, for the single model wherein all
terms were included to examine independent interaction effects, we
expected to detect three significant interaction effects (age by SES, age
by Black race, and age by Asian race) when nine other terms are
included (i.e., the main effect and quadratic effect terms). Power
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Table 2
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Descriptive statistics by race and simple correlations among study variables (N = 1607 to 1650).

Descriptive Statistics

Bivariate Correlations

Black participants Asian participants White participants Statistical tests Age SES Female  Adiposity  Inflammation
(n = 269) (n=2376) (n = 1005)
Age 25.62 (12.86) 28.35 (14.11) 34.18 (14.92) F (2,1647) = 48.6* Black 1
< Asian < White
SES —0.53 (0.77) 0.06 (0.84) 0.07 (0.80) F (2,1642) = 60.8* Black .10% 1
< Asian = White
Female 209 (78 %) 258 (69 %) 695 (69 %) 7% (2,1647) = 7.49* Black .05 .00 1
> Asian = White
Adiposity 88.50 (18.50) 79.23 (12.25) 83.77 (13.99) F (2,1613) = 32.1* Black 42% -.16*  -.14* 1
> White > Asian
Inflammation 0.25 (0.96) —0.16 (0.85) 0.01 (0.83) F(2,1647) = 18.04* Black .24~ -.19*  .08* .56* 1
> White > Asian
Black (vs. - - - - —-.23*  —-.23*  .05* .06* .06*
White)
Asian (vs. - - - - —.19% —.06% .01 —.09* —.05*
White)

Note. *p < .05 for simple correlations. Means, and standard deviations in parentheses, are presented for continuous variables. Frequencies, and percentages in pa-
rentheses, are presented for sex. SES refers to socioeconomic status and was assessed with a standardized composite of family income, family savings, and education
degree (parental education for youth). Inflammation was assessed with a standardized composite of C-Reactive Protein and Interleukin-6 levels. Both standardized
composites were expressed in standard deviation units. Adiposity was assessed with waist circumference expressed in centimeters. Racial group differences in
continuous study variables were tested with analyses of variance (ANOVAs) and followed-up with Tukey’s HSD post-hoc tests. Racial group differences in sex was

assessed with a Chi-Square Test.

analyses suggested that to detect correlations of .08, .10, and .12 for the
three interaction terms with statistical power of .80, sample sizes of
1822, 1095, and 783 are necessary, respectively.

3. Results

As shown in Table 2, Black individuals (vs. White and Asian in-
dividuals) were younger, more likely to be female, lower in SES, higher
in adiposity, and higher in inflammation. Asian individuals (vs. White
individuals) were younger, and lower in adiposity and inflammatory
biomarkers. Across participants, increasing age was associated with
higher SES, adiposity, and inflammatory biomarkers. Further, higher
SES was associated with lower adiposity and inflammatory biomarkers.
Of note, the association between race and SES was modest (rs < .23),
allowing testing of independent effects of race and SES with little
concern over collinearity.

3.1. Main effects of age, race, and SES

First, we examined the independent associations of age, race, and
SES with inflammatory biomarkers, as shown in Table 3 and Fig. 1.
Replicating previous findings, older age, Black (vs. White) race, and low
SES were independently associated with higher biomarker levels. By
contrast, Asian (vs. White) race was independently associated with
lower biomarker levels. As shown in Table 3 and Fig. 1B, there was also a
significant curvilinear effect of age, such that inflammatory biomarkers
increased across the lifespan, but this slope gradually flattened. Specif-
ically, a regions of significance test showed that inflammation increased
up to age 42, at which point the gradient was no longer statistically
significant (b = .005, SE = .003, p = .13), and remained non-significant
through age 60, the sample’s maximum age.

3.2. Age-moderated effects of race

We then examined whether the magnitudes of the relationships be-
tween race and inflammatory biomarkers varied by age. As shown in
Table 3 and Fig. 2A, there was a significant interaction between race and
age. Specifically, racial differences in inflammatory biomarkers widened
with age, such that the Black-White difference was smallest among
younger participants at age 16 (b = .09, SE = .047, p = .051), but this
difference was more evident at mean age of 31 (b = .25, SE =.041,p <

.001), and widened among older participants at age 45 (b = .42, SE =
.069, p < .001). Similarly, the Asian-White difference was smallest
among younger participants (b = -.08, SE = .044, p = .064), but this
difference was again more evident at mean age (b =-.18, SE =.036,p =
< .001), and widened among older participants (b = -.28, SE = .057,p <
.001). Omnibus groups regions of significance test showed that racial
differences emerged starting at about age 18 and remained significant
through age 60° .

As we observed a significant curvilinear effect of age (described
above), exploratory analyses were conducted to examine whether there
was a curvilinear age moderation of the association between race and
inflammation. As shown in Table 3, there was no significant curvilinear
age moderation for the association between Black race and inflamma-
tion, but there was a significant curvilinear age moderation for the as-
sociation between Asian race and inflammatory biomarkers.
Specifically, as depicted in Fig. 2B, a significant curvilinear age effect
was found among Asian participants (b = -.001, SE = .0003, p < .001),
but not among White participants (b = -.0004, SE = .0004, p = .320).

3.3. Age-moderated effects of SES

As shown in Table 3 and Fig. 2C, there was also a significant inter-
action between SES and age. Specifically, although lower SES was
associated with higher biomarkers in younger participants (at age 16; b
=-.11, SE = .03, p = .001), the magnitude of this relationship was larger
among participants at mean age of 31 (b = -.20, SE = .03, p < .001), and
even larger among older participants at age 45 (b = -.29, SE = .04, p <
.001). Regions of significance test showed that SES became significantly
associated with inflammatory biomarkers starting at about age 12 and
remained significant through age 60. Finally, we examined whether this
age moderation of the SES-inflammation link followed a curvilinear
pattern. As shown in Table 3, we found no evidence of a SES by curvi-
linear age moderation.

2 For omnibus groups regions of significance test, race was indicator-coded
rather than effect-coded (Hayes and Montoya, 2017).
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Table 3
Main effects of age, race, and SES, quadratic effect of age, and interaction effects
between race/SES and age (listwise deletion N = 1636).

Unstandardized b 95 % Confidence Effect

(Standard Error), p-value Interval Size ()
Main effects
Age .02 (.001), p < .001 [.013,.018] .26
Black (vs. .39 (.077), p < .001 [.238, .542] 12
White)
Asian (vs. —.29 (.070), p < .001 [—.420, —.152] .10
White)
SES —.19 (.025), p < .001 [—.243, —.145] .18
Female (vs. .11 (.044), p = .011 [.026, .200] .06
Male)
Quadratic and Interaction effects
Age x Age —.0005 (.0001), p < .001 [-.0007, .08
—.0002]
Black (vs. .02 (.006), p < .001 [.011, .033] .09
White) x Age
Asian (vs. —.01 (.005), p = .006 [-.023, —.004] .06
White) x Age
Black (vs. .0004 (.0006), p = .530 [-.001, .002] .01
White) x Age x
Age
Asian (vs. —.001 (.0005), p = .011 [-.0023, .06
White) x Age x —.0003]
Age
SES x Age —.006 (.002), p < .001 [-.009, —.003] .09

SES x Age x Age [—-.0006, .0000] .03

Single model

—.0002 (.0001), p = .139

Age .02 (.002), p < .001 [.015, .022] 22
Black (vs. .46 (.137), p < .001 [.194, .733] .08
White)

Asian (vs. —.11 (.126), p = .372 [-.360, .135] .02
White)

SES —.12 (.046), p = .010 [-.206, —.025] .06
Female (vs. .10 (.045), p = .028 [.010, .186] .05
Male)

Age x Age —.0006 (.0002), p < .001 [-.001, —.0003] .08
Black (vs. .01 (.006), p = .024 [.002, .027] .05
White) x Age

Asian (vs. —.01 (.005), p = .072 [-.019, .001] .04
White) x Age

Black (vs. .000 (.0006), p = .896 [-.001, .001] .00
White) x Age x

Age

Asian (vs. —.001 (.0005), p = .034 [-.002, —.000] .05
White) x Age x

Age

SES x Age —.004 (.002), p = .018 [-.008, —.001] .06

SES x Age x Age —.0003 (.0002), p = .080 [-.001, .000] .04

Note. Continuous predictors were mean-centered, and binary predictors were
effect-coded. SES refers to socioeconomic status. Effect sizes are expressed in
semi-partial correlation coefficients (i.e., the square root of delta R?) of the
specific terms. Main effects of age, race, SES, and sex were always entered
simultaneously as predictors of inflammation in the same block. For the
quadratic and interaction effects section, each quadratic effect, linear interac-
tion effect, or quadratic interaction effect was entered as a separate model (but
both race codes entered when testing and race interaction effects). For the single
model section, all main, quadratic, and interaction effects were entered simul-
taneously as predictors of inflammation.

3.4. Sensitivity analyses for main, quadratic, interaction, and quadratic
interaction effects

All main, quadratic and interaction effects remained the same when
accounting for country in which study was conducted, whether partic-
ipants were chronic caregivers/clinical vs. non-clinical participants, and
whether participants were smokers. In addition, when Study B’s youth
participants were excluded to eliminate potential youth-dyad de-
pendencies in data, the main, quadratic, and interaction effects
remained the same. Supplementary Material present statistics for these
models. Finally, as shown in Table 3, when all main, quadratic, inter-
action, and quadratic interaction terms were entered simultaneously
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into a single model, all results remained the same except for the linear
age moderation of the link between Asian race and inflammatory bio-
markers, which was no longer significant (p = .07). However, the
curvilinear age moderation of the same link remained significant, sug-
gesting that the curvilinear age moderation may be more robust than the
linear moderation for Asian vs. White comparisons. These results sug-
gest that the race by age and SES by age interaction effects were inde-
pendent of each other.

3.5. Indirect effects of race and SES through adiposity

Next, we tested whether the race and SES disparities in inflammatory
biomarkers were partly via their associations with adiposity. As shown
in Figs. 3A and 3B, independent of SES, there was a significant indirect
effect such that Black (vs. White) participants had greater adiposity,
which in turn was associated with higher inflammatory biomarkers (b =
.19, SE = .03, p < .001). By contrast, Asian (vs. White) participants had
lower adiposity, which in turn was associated with lower inflammatory
biomarkers (b = -.13, SE = .02, p < .001). There was no direct effect of
race when accounting for adiposity. Independent of race, there was also
a significant indirect effect such that lower SES was associated with
greater adiposity, which in turn was associated with higher inflamma-
tory biomarkers (b = -.09, SE = .01, p < .001). There was significant
residual covariance in the SES-inflammation relationship, above and
beyond adiposity.

3.6. Age-moderated indirect effects of race and SES through adiposity

We next tested conditional indirect effect models to determine if
there were age-related variations in the observed indirect effects via
adiposity. As shown in Fig. 3C, there was a significant conditional in-
direct effect for Black race (b = .01, SE = .002, Clgs [.007, .014], p <
.001), such that the pathway linking Black race, high adiposity, and high
inflammation was stronger for older participants (b = .39, SE = .05, Clgs
[.30, .49]) than for younger participants (b = .09, SE = .03, Clgs [.04,
.14]). There was also a significant conditional indirect effect for Asian
race (b = -.006, SE = .001, ClIgs[-.009, -.004], p < .001), such that the
indirect effect linking Asian race, low adiposity, and low inflammation
was stronger for older participants (b = -.26, SE = .03, Clgs [-.32, -.20])
than younger participants (b = -.07, SE = .02, Clys [-.11, -.03]). Simi-
larly, as shown in Fig. 3D, there was also a significant conditional in-
direct effect for SES, adiposity, and inflammation linkage (b = -.004, SE
= .001, p < .001), such that the indirect effect linking low SES, high
adiposity, and high inflammatory biomarkers was stronger for older
participants (b = -.15, SE = .02, Clgs [-.19, -.11]) than for younger
participants (b = -.03, SE = .02, Clgs [-.06, -.004]).

3.7. Sensitivity analyses for indirect and age-moderated indirect effect

All indirect effects and age-moderated indirect effects remained
significant when accounting for country in which study was conducted,
whether participants were chronic caregivers/clinical vs. non-clinical
participants, whether participants were smokers, and whether waist
circumference was adjusted for sex differences. Supplementary Material
present statistics for these models.

4. Discussion

Cardiovascular diseases disproportionately affect certain racial and
SES groups, and low-grade inflammation has been proposed as an un-
derlying mechanism. Although studies have documented race and SES
differences in inflammatory activity, methodological challenges pre-
cluded previous studies from discerning how these differences, and the
underlying contributors, change from childhood, to adolescence, to
adulthood. To address these questions, we integrated data from seven
studies to produce a sample with multiple racial and SES groups that
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Fig. 1. Main effects of linear age (Panel A), curvilinear age (Panel B), SES (Panel C), and race (Panel D) on inflammation. Solid circles represent unadjusted
inflammation data. Panels A, B, and C present the adjusted regression slopes in solid lines and the associated 95 % ClIs in dotted lines. Panel D presents raincloud plots
that combine rhombuses displaying the means for each level of race (as well as bars displaying 95 % CIs), boxplots displaying the median and quartiles, as well as
violin plots shaded in grey displaying the distribution. Main effects were entered simultaneously as predictors along with sex at birth. In Panel C, the high frequency
of SES value at 0.31 is due to Study C only having one of the three indicators, education, reflecting individuals who rated a 4 on the 5-point scale (see Table 1).

spanned a wide age range. First, we found that, even at relatively
younger ages, Black individuals exhibited higher, and Asian individuals
exhibited lower, levels of inflammatory biomarkers relative to White
individuals. We also found that individuals with low SES had higher
levels of inflammatory biomarkers. Second, extending previous research
on health disparities, the magnitude of inflammation disparities
increased with age for both race and SES. Third, adiposity was a
pathway that not only accounted for race and SES differences, but also
accounted for how these differences widened across developmental
stages.

These results converge with nascent findings on age variation in
health disparities. For example, one prospective study of adults found
that, relative to White individuals, Black individuals had larger increases
in low-grade inflammation over a 15-year span (Fuller-Rowell et al.,
2015). In addition, a recent study examined SES disparities in CRP using
four datasets that differed in sample age ranges (Yang et al., 2017).
Although age interactions were not conducted as the datasets were not
integrated into a single pooled sample, the magnitude of the SES-CRP
link appeared to numerically increase from a sample of younger adults
(age 24-32; r = -.03) to a sample of older adults (age 50-74; r = -14).°
Another study reported widening of SES gaps in prevalence of high CRP
from age 20-69 among men (Martinson et al., 2016). Using data from
the National Health and Nutrition Examination Survey (NHANES), one
study reported increased prevalence of very high CRP levels (CRP > 10
mg/L) among those in poverty (vs. those above poverty) at every decade
age group from age 20 to age 80. Although no formal age group by
poverty status interaction was conducted, the greatest numeric

3 Correlation coefficients were transformed from the reported exponentiated
logit regression coefficients and their confidence intervals for ease of
interpretation.

difference by poverty status occurred in the older age group of 70-79
(Alley et al., 2006). As these studies lack statistical interaction tests and
only utilized adult samples, our findings extend knowledge by first
demonstrating that disparities in low-grade inflammation were present
by childhood and adolescence, with SES gaps statistically emerging by
age 12 and race differences statistically emerging by age 18, and then
further demonstrating that these disparities widen across the lifecourse,
from childhood to adolescence to adulthood.

We also advance knowledge by documenting a parallel age-graded
pattern in disparities related to central adiposity, a known contributor
to inflammation (Choi et al., 2013; Ferrante, 2007). These results
converged with findings from a longitudinal study that examined race
and SES disparities in trajectories of body mass index (BMI) across
adulthood (age 18-45). Specifically, BMI increased with age, but this
increase was accelerated among Black (vs. White) individuals and
among those with lower SES (Clarke et al., 2009). Our findings further
knowledge by demonstrating that the age-graded patterns in adiposity
may account for the age-graded patterns in inflammation disparities.
These findings are consistent with previous literature that socioeco-
nomic and racial disadvantages are associated with adiposity-promoting
behaviors, including lower consumption of vegetables and fruits,
increased consumption of fried foods, and more sedentary lifestyle
among youth and adults (Delva et al., 2007, 2006; Fahlman et al., 2010;
Singh et al., 2008). While the role of individual health behaviors should
be acknowledged, group differences in adiposity should not be inter-
preted simply as reflecting variation in choices of lifestyle behaviors,
which may lead to victim-blaming conclusions (Adler and Stewart,
2009; Braveman et al., 2011). Rather, a plethora of theoretical and
empirical accounts suggest that these variations may be reflective of
structural inequalities, such as residential segregation and economic
disinvestment, that limit access to health-promoting resources,
including full-service supermarkets, safe recreational facilities for
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Fig. 2. Interaction effect between linear age and race (Panel A), curvilinear age and race (Panel B), and linear age and SES (Panel C) on inflammation. Points
represent unadjusted inflammation data and differences in color represent different levels of race and age as indicated by the corresponding legends. Panels A and B
presents the linear and curvilinear adjusted slopes between age and inflammation at each level of race. Panel C presents the adjusted slopes between SES and
inflammation at each decade of age. All models were adjusted for main effects of age, race, SES, and sex at birth.

exercise, and health care facilities (Adler and Stewart, 2009; Bader et al.,
2010;Fleischhacker et al., 2011 Abbott et al., 2014). These environ-
mental factors can increase the probability of engaging in the same
adiposity-promoting behaviors described above. Thus, together with
contextual stressors, such as discrimination, unemployment, and expo-
sure to violence, which have known associations with adiposity
(Kwarteng et al., 2016; Wardle et al., 2011), these disparate environ-
mental and psychosocial experiences may contribute to the observed
race and SES differences in adiposity, and the widening of such differ-
ences across the lifecourse, eventuating in chronic low-grade
inflammation.

Exploratory analyses suggested a curvilinear relationship between
age and low-grade inflammation among Asian, but not Black or White,
participants (Fig. 2B). We are reluctant to read too much into these
patterns for two reasons. First, the number of Asian individuals at the
upper end of the age spectrum - where the curvilinear pattern is
apparent - was relatively small in this sample (69 participants, 18 % of
Asian participants, were older than age 45). Hence, this pattern could be
imprecisely estimated. Second, we cannot locate other studies with
similar results. There are very few empirical studies of aging-related
inflammation disparities and that include Asian individuals, and the
ones that do have not tested for curvilinear effects (e.g., Costello-White
et al., 2015; Karim et al., 2020). As such, we believe these exploratory
results should be considered tentative until replicated.

4.1. Implications

The present findings highlight the importance of considering age
when examining health disparities and formulating conceptual models
that specify how and why disparities may vary across the lifecourse. Our
findings begin to shed light on lifecourse questions, but also invite

additional mechanistic questions about why the inflammation dispar-
ities would strengthen with age. Specifically, results suggest that social
disadvantages can have cumulative effects that eventuate a chronic state
of inflammation, but how this accumulation occurs is unclear. Do cu-
mulative effects occur because of continuity or worsening of disadvan-
tages and environmental circumstances (e.g., persistent or increasing
exposure to inflammation-stimulating stressors or pollutants)? Or, do
cumulative effects occur through embedding mechanisms, whereby
early disadvantages set into motion biological and psychosocial trajec-
tories that accumulate and solidify with development? Or, do both early
embedding and persistent disadvantages accumulate in synergistic ways
that confer additive and interactive risks across the lifecourse? In
addition, the duration of such cumulative effects remains unclear: do
these cumulative effects of social disadvantages begin and end within an
individual’s lifecourse, or do they extend beyond and have intergener-
ational effects? These open questions call for prospective methodologies
like accelerated longitudinal designs (ALD) that follow multiple cohorts
of individuals with retrospective measures of parental or grandparental
disadvantages, as well as repeated concurrent measures of disadvan-
tages, mechanisms, and inflammation. As ALDs that cover the lifecourse
are typically difficult to carry out, an alternative is to “build” them with
existing data using pooled or integrative data-analytic techniques that
combine multiple separate longitudinal studies that utilized samples of
different developmental stages. Using these methodologies, trajectories
of disadvantages can be estimated along with trajectories of mecha-
nisms, which can be modeled as additive or interactive antecedents to
trajectories of low-grade inflammation across time and cohorts.
Because inflammation is key to the pathogenesis of cardiovascular
diseases, the present findings can have practical implications for efforts
to prevent or mitigate health disparities. Although disparities in low-
grade inflammation widened with age, as suggested by regions of
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with age. Solid lines indicate significant paths or interactions and dotted lines indicate non-significant paths or interactions. Coefficients in race models were adjusted
for sex at birth and SES and coefficients in SES models were adjusted for race and SES.

significance analyses, they were already statistically present by the first
two decades of life (by age 12 for socioeconomic disparities and by age
18 for racial disparities). If replicated, these patterns suggest that pre-
vention efforts might best be implemented during childhood, a period of
life characterized by high levels of behavioral and biological plasticity,
and where intervention-related benefits have multiple decades to com-
pound. Indeed, a family-oriented intervention that targeted Black chil-
dren from low SES backgrounds showed promising effects on low-grade
inflammation as young adults (Miller et al., 2014a). Another interven-
tion that targeted disadvantaged children produced evidence of better
cardiometabolic health by the time participants reached their mid-30s
(Campbell et al., 2014). These preliminary studies suggest that early
interventions may confer lasting health benefits, though larger and
longer trials are needed to confirm this interpretation.

4.2. Limitations

Findings from the present study should be interpreted in light of its
limitations. First, results were drawn from cross-sectional data, pre-
cluding inferences about causality for both the observed main and in-
direct effects. As mentioned above, future studies may benefit from
combining multiple longitudinal studies to establish temporal prece-
dence in assessing indirect effects. Second, the analytical sample age
range (age 11-60) did not span the entire lifecourse, and thus it is un-
known whether the age-gradient effects in inflammation disparities
would extend to early childhood or late adulthood. Third, most of the
Black participants were Americans (92 %) and most of the Asian par-
ticipants were Canadians (88 %). Consequently, race may have
confounded with country such that the observed racial differences may
be attributable to geographical differences between the US and Canada.

However, analyses were conducted such that Black and Asian in-
dividuals were not compared against each other, but against White in-
dividuals, a group that consisted of both Americans and Canadians. In
addition, studies have shown that the US and Canada have similar rates
of cardiovascular risks (Lasser et al., 2006), and that these health
problems are also patterned by race in Canada (Lebrun and LaVeist,
2011). Thus, it is unlikely that racial differences observed in this study
were solely driven by geographical differences. Fourth, racial minority
status was used as a proxy for relative social disadvantage compared to
White individuals in this study. However, the extent to which mem-
bership in racial minority status is an accurate proxy for relative social
disadvantage may vary across racial groups. Race-based social disad-
vantages should be most optimally assessed with direct measures of such
(e.g., racial discrimination). Furthermore, emerging evidence suggests
heterogeneity within broad categories can have relevance for health. As
we do not have adequate information to examine subgroups, heteroge-
neity of inflammation among diverse subgroups may be masked. Fifth,
interpretation of race and SES by age interactions as cumulative effects
across the lifecourse assume that these social disadvantages are stable
across development, which may not be true as there can be mobility in
SES. However, as mobility can happen in upward or downward di-
rections, mobility alone likely does not serve as an alternative expla-
nation for the observed strengthening of the SES-inflammation link with
age. Nonetheless, future research should replicate these findings using
longitudinal methods. Sixth, as not all studies included measures of diet,
physical activities, or neighborhood factors associated with adiposity,
we were unable to test mechanisms linking disadvantage to adiposity. In
addition, there are multiple pathways through which disadvantages may
confer health risks, this study only examined adiposity. Future research
should consider other psychosocial, biological, and environmental
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pathways. Seventh, the conditional indirect effects only modeled age
moderation of the paths from race/SES to adiposity and race/SES to
inflammation, but not adiposity to inflammation. Although it is possible
to model age moderations of all three paths, there is currently no method
of computing a moderated mediation coefficient for significance testing
under such a scenario due to nonlinearity.

4.3. Conclusions

Low-grade inflammation contributes to multiple health problems
across the lifespan, including diseases that are disproportionately com-
mon among disadvantaged groups. This pooled data analysis found that
race and SES health disparities in inflammation, and their pathways via
adiposity, strengthen across the lifecourse, suggesting cumulative effects
of disadvantages across the lifecourse to confer health problems.
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