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Abstract

Chronic psychosocial stress adversely affects health and is associated with the development of
disease [Williams, 2008]. Systematic epidemiological and genetic studies are needed to uncover
genetic variants that interact with stress to modify metabolic responses across the life cycle that
are the proximal contributors to the development of cardiovascular disease and precipitation of
acute clinical events. Among the central challenges in the field are to perform and replicate gene-
by-environment (GXE) studies. The challenge of measurement of individual experience of
psychosocial stress is magnified in this context. Although many research datasets exist that
contain genotyping and disease-related data, measures of psychosocial stress are often either
absent or vary substantially across studies. In this paper, we provide an algorithm to create a
synthetic measure of chronic psychosocial stress across multiple datasets, applying a consistent
criterion that uses proxy indicators of stress components. We validated the computed scores of
chronic psychosocial stress by observing moderately strong and significant correlations with the
self-rated chronic psychosocial stress in the MESA Cohort (Rho = 0.23, P<0.0001) and with the
measures of depressive symptoms in five datasets (Rho = 0.15 — 0.42, Ps=0.005 - <0.0001) and by
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comparing the distributions of the self-rated and computed measures. Finally, we demonstrate the
utility of this computed chronic psychosocial stress variable by providing three additional
replications of our previous finding of gene-by-stress interaction with central obesity traits [Singh
etal., 2015].
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Introduction

Environmental factors, such as psychosocial stress, influence the expression of health
behaviors, psychological traits, and neuroendocrine and autonomic functions in ways that
alter metabolic, hemostatic, inflammatory and cardiovascular functions [Williams, 2008].
Psychosocial stress is defined as a condition in which environmental demands exceed the
resources of the individual [Lazarus, 1966]. The condition may be acute or chronic. The
response to acute stress in young and healthy individuals may be adaptive without a burden
[Garmezy, 1991; Glantz and Johnson, 1999]. However, chronic psychosocial stress that
involves long lasting exposure to challenging environmental stimuli, i.e. aversive or
demanding conditions over a significant time period [Lazarus, 1966] , is associated with
adverse human health [Schneiderman et al., 2005]. The INTERHEART study suggests that a
higher prevalence of stress and other psychosocial factors, such as depression, account for
34% of the population attributable risk for myocardial infarction, independently of physical
risk factors [Rosengren et al., 2004]. Also, stress is a key phenomenon in threats to
homeostasis and adaptive responses; the associations between stressors — such as job
difficulties, marital problems, and health problems — appear to be mediated by endocrine-
immune interactions [Schneiderman et al., 2005]. Given the strong biological basis for the
effects of stress on cardiovascular disease risk factors, genetic interaction with stress is a
reasonable risk factor model.

The role of chronic psychosocial stress in the development of cardiovascular disease has
attracted considerable interest in the recent past [Williams, 2008; Rozanski et al., 1999;
Cohen et al., 2007; Kaplan, 2009], including a successful gene-by-stress genome-wide
association study (GWAS) [Singh et al., 2015]. However the assessment of chronic
psychosocial stress remains an important problem. One solution to the measurement
problem has been the use of standard questionnaires to assess the presence or absence of
stress [Kamarck, 2012]. A large number of completed studies have vast amounts of
phenotypic and genotypic data available for analysis (Framingham Heart Study Cohort,
CATHGEN Cohort, etc.), but that did not obtain data expressly assessing chronic
psychosocial stress. In these cases, administering questionnaires retrospectively is
impractical or impossible. The lack of widely applied stress measures hampers study of this
important risk factor as well as hinders the ability to replicate gene-by-stress interaction
findings. ldentifying a means by which stress can be assessed in a reliable and valid fashion
in the absence of a formal measure holds promise to greatly improve our ability to study its
role in the association between genes and disease.
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In our previous study [Singh et al., 2015] we applied our proposed method to create a
chronic psychosocial stress score in the Framingham Offspring Cohort. In that study we
identified a gene-by-stress interaction with common variation in the EBF1 gene (lead single
nucleotide polymorphism (SNP) rs4704963) that contributes to inter-individual differences
in human central obesity traits (e.g., hip and waist circumferences and body mass index
(BMI)) in the presence of chronic psychosocial stress [Singh et al., 2015]. The EBF1 gene is
a transcription factor with a known hematopoietic function and it has a critical role in the
adipogenic transcriptional cascade in multiple cellular models [Jimenez et al. 2007] beside
its role in the development of the immune system [Lukin et al. 2008]. In this report, we
describe this method in detail, providing a complete generalized algorithm and framework to
identify proxy indicators of the components of chronic psychosocial stress and to
synthetically infer a consistent chronic psychosocial stress measure using these indicators,
along with its validation and application in three additional replications (i.e., Family Heart
Study, CATHGEN Cohort, and Duke Caregiver Study) of our gene-by-stress interaction
finding [Singh et al., 2015]. We show the utility of this relatively simple method to estimate
chronic psychosocial stress that is easily extended to development of other inconsistently-
measured environmental covariates for use in GxE studies.

Methods and Material

Computation

Our goal was to develop a measure or a summary score of chronic psychosocial stress for
the use in gene-by-stress interaction analyses to allow replication of our GxXE finding [Singh
et al., 2015]. We generalized our method to develop this measure using proxy indicators of
the following five components, if available in a dataset: financial strains, relationship or
marital problems, difficulties with job or ability to work, serious health problems of spouse
or someone close, and one’s own serious health problems. These components were similar
to the domains of the formal self-rated chronic psychosocial stress (chronic burden) items in
the MESA dataset [Shivpuri et al., 2012] which were derived from a composite stress
measure originally developed in the Study of Women’s Health Across the Nation [Troxel et
al., 2003]. Our approach included four steps to compute a consistent combined chronic
psychosocial stress measure across multiple datasets:

1. Identify the indicators of chronic psychosocial stress components: If the self-rated
specific items of MESA-like chronic psychosocial stress were not available, we
searched for other proximal indicators (datapoints) in the protocol, whose language
content was equivalent to a given stress component and these equivalent items were
treated as primary datapoints. If any of the primary datapoints were not available in
the dataset, we attempted to find more distal indicators and treated them as
secondary or tertiary datapoints for inferring the stress components. For example, if
a dataset did not have a self-rated answer to a financial strain question but included
a financial difficulties construct, that construct was used as the financial stress
component. However, if this construct was not available, we used the household
income to infer the financial difficulties or strain. We collected a list of main
questions, primary, secondary and tertiary indicators for the five components of
chronic psychosocial stress (Table 1).
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2. Searchthe availability of indicators in the datasets: Finding the needed data
variables in public access datasets can be quite cumbersome due to inadequate
search mechanisms provided on the study web-pages and the non-intuitive variable
names. We implemented a computational method to search multiple keywords
available in the dataset files as variable names or variable descriptions using Perl
v5.10.1. We parsed the text for data variables name and description into hash table
indices (i.e., a data structure in computer programming) [Lewis and Cook, 1988]
and matched multiple keywords of interest with each entry of the hash data
structure using regular expressions (i.e., a method of matching pattern or sequence
of characters) [Thompson, 1968]. The search method matched the patterns of all
variations of input keywords with the text from dataset files and output the text that
wrapped around the patterns. We reviewed the search outputs and identified the
relevant data variables that were needed as indicators of chronic psychosocial stress
components.

3. Choose the best available indicators: We reviewed the variables obtained from the
previous step and chose the best available indicators in the dataset based on a
priority selection, i.e., starting from primary to tertiary datapoints as described in
Table 1.

4. Generate a combined chronic psychosocial stress score: After selecting indicators
we transformed them to binary (0/1) form in such a way that ‘0’ corresponded to
low stress and “1” corresponded to high stress, by splitting continuous or ordinal
variables based on their distribution. For example, if we used household “income”
for financial strain, we split the income at the median and assigned 0 and 1 to
financial strain if income was greater than or equal to the median and less than the
median, respectively. If there was more than one distal indicator for a component
with dissimilar scales, we converted them to a binary indicator and performed a
Boolean “AND” operation (i.e., for the two binary variables X and Y, X AND Y =
1, if X=Y=1, else X AND Y = 0). If there were multiple same scale questionnaires
(such as a job difficulties questionnaires), we summed the responses and then
created a binary variable. Finally, we summed the components to get a combined
ordinal chronic psychosocial stress score that could range from 0 to maximum 5, if
all five components were available for a study.

In MESA the chronicity of self-rated chronic psychosocial stress measure was determined if
the problems in five components lasted for six or more months. Here we assumed that the
psychosocial, socioeconomic and demographic indicators that we used for computing the
measure lasted for six or more months.

We evaluated polychoric (tetrachroric) correlations between binary components of
computed and self-rated measures of chronic psychosocial stress in the MESA dataset, and
also performed exploratory and confirmatory factor analyses on the binary variables using
Weighted Least Squares Means and Variances (WLSMV) in Mplus version 6.11 [Muthen
and Muthen, 1998-2010]. We compared the frequency distributions of the computed scores
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in the five datasets (i.e., MESA, Framingham Offspring, Family Heart Study, CATHGEN
Cohort, and Duke Caregiver Study, as described in Datasets subsection) with the frequency
distributions of self-rated chronic stress measure in MESA and evaluated expected
correlation (Spearman’s correlation coefficient) with a depression measure (such as CES-D,
Beck depression inventory), if available in a dataset.

Finally, we performed the ancestry-specific replication of our previously identified gene-by-
stress interaction of EBF1 genetic variations (SNP rs4704963 if available, or LD SNP
rs17056278, R2 =1) with central obesity traits [Singh et al., 2015] in five datasets using the
derived chronic stress measure. We performed linear regression on the hip circumference (or
BMI, if hip circumference was not available) for the EBF1 SNP rs4704963 (or SNP
rs17056278) under the additive genetic model with age and sex adjustment and population
ancestry correction (if the data were available), and clustering family IDs in case the dataset
included related individuals such as in the Framingham dataset. We used hip circumference
as our primary phenotype based on our correlation-based phenotype selection approach
where we observed the strongest correlation between psychosocial stress and hip-
circumference in the MESA dataset, as described in the original discovery GWAS work
[Singh et al., 2015]. The GXE interaction was tested by including a SNPxSTRESS product
term in the model. The ordinal stress variable was treated as a linear variable in the model.
The gene-by-stress interaction was considered significant at the threshold P-value < 0.05 for
the single SNP analysis. We also plotted the distribution of the mean of hip circumference
(or BMI, if hip circumference was not available) against each ordinal value of stress for the
two genotype groups of EBF1 SNP, i.e., major allele homozygotes and minor allele
heterozygotes and homozygotes. We used Fisher’s combined probability test to obtain the
combined GxE P-value for the EBF1 SNP using the computed chronic psychosocial stress
scores in the five datasets. Unless specified otherwise, all analyses were done in STATA SE
11.1.

We applied the foregoing method of computing a chronic psychosocial stress measure and
performing subsequent analysis on the following datasets, using the available relevant
psychosocial and socioeconomic data, genotypic data of EBF1 SNP rs4704963 (or LD SNP
rs17056278) genotyped in genome-wide array or as individually-genotyped candidate SNPs,
and phenotypic data for central obesity trait (hip circumference or BMI):

Multi-Ethnic Study of Atherosclerosis (MESA)—The original GWAS study [Singh et
al., 2015] used the MESA dataset because it had a self-rated chronic psychosocial stress
(chronic burden) variable [Bild et al., 2002, Shivpuri et al., 2012]. In the current work, we
used this dataset to compare the self-rated chronic psychosocial stress measure with
computed chronic psychosocial stress scores. In the MESA Cohort a total of 5,805
individuals — 2,460 Whites, 548 Chinese Americans, 1,547 Blacks, and 1,250 Hispanics —
had quality controlled genotype and phenotype data available. The genotyping in MESA
was done using the Affymetrix Genome-Wide Human SNP Array 6.0.
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Framingham Offspring Cohort—We used the Generation 2 (or Offspring) dataset from
Framingham Heart Study Cohort [Feinleib et al., 1975] for this work. The cohort is
primarily White. A total of 3,157 individuals had both phenotype and quality controlled
genotype data available, comprising 1,515 males and 1,642 females. SHARe Illumina
genotyping of genome-wide array was provided under an agreement between Illumina and
Boston University using A ymetrix Mapping250K (Nsp and Sty) Arrays and Mapping50K
(Hind240 and Xba240) Arrays.

Family Heart Study—The study was conducted at Duke University Medical Center under
the approval of Duke IRB. A total of 578 participants (220 males and 358 females) were
recruited between August 2004 to September 2008 to study the effect of genetic variation on
the relationship between psychosocial and cardiovascular risk factors [Brummett et al.,
2010]. Genotyping of candidate SNPs was done using the ABI 7900 Tagman@system.

CATHGEN Cohort—The participants in the CATHeterization GENetics (CATHGEN)
cohort [Sutton et al., 2008] were recruited through the cardiac catheterization laboratories at
Duke University Hospital (Durham, NC, USA). The cohort included a total of 9,181 subjects
(5,700 males, 3,481 females) with phenotypic and genotypic data. Three-quarters of the
cohort was diagnosed with clinically-significant coronary artery disease (CAD), one-quarter
(i.e. 1,792 total; 1,196 Whites) of the samples did not have angiographically-defined CAD
and were used as controls. Candidate SNPs were genotyped using the Tagman genotyping
assay (Life Technologies) and the Type-It Fast Probe PCR kit (Qiagen). CATHGEN has no
individual-level psychosocial and socioeconomic data. We used the US National Census’s
block-wise socioeconomic data (http://www.census.gov/) [Ward-Caviness, 2014] for the
participant residential address at the time of catheterization to infer the indicator for the
financial strain component. We also used the Beck depression inventory (available for 443
CATHGEN participants through separate studies VAGUS [Watkins et al., 2010] and
REACH [Barefoot JC, personal communication]).

Duke Caregiver Study—This study conducted at the Duke University Medical Center
included data from 344 persons, a total of 175 were family caregivers (126 Whites, 49
Blacks) of a relative with Alzheimer’s Disease or other dementia and 169 were non-
caregiving controls (122 Whites, 47 Blacks) [Kring et al., 2010]. The genotyping of
candidate SNPs was done using the ABI 7900 Tagman system (Applied Biosystems,
Carlsbad, CA, USA).

Using the MESA definition of chronic stress [Shivpuri et al., 2012], we prepared a matrix of
chronic psychosocial stress components, the original question, and the list of indicators that
address that component. We listed these indicators as primary, secondary and territory
datapoints as shown in Table 1. We used the list of these datapoints and their priority (i.e.
primary to tertiary) as a guide to identify indicators of stress components in case the self-
rated answers to related main questions were not available in the datasets.
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To compute the chronic psychosocial stress score in the MESA Cohort, we ignored all the
main question item level data that were used for the self-rated measure (Figure 1A), and
using steps 2 and 3 of our generalized method, we identified total gross family income to
derive the per-household indicator (secondary) of the financial strain component; marital
separation and divorce for the indicators of marital problems; questions on job security, ‘job
requires working very fast’, and ‘asked to do an excessive amount of work’ for the
indicators of work related difficulties component; and general health status for the indicator
(primary) of health problems of one’s own (Table 2). Using step 4 as described in the
Methods, we created a binary variable for the indicator(s) of each stress component and
summed four (out of a total of five) binary variables into one ordinal chronic psychosocial
stress measure (Figure 1B).

In the Framingham Offspring dataset (Figure 1C), we identified total family income for the
indicator of the financial strain component; job insecurity and physiological job demand
scale for the indicators of work related difficulties component; marital disagreement for the
indicator of relationship or marital problems; and spouse’s heart attack, stroke and heart
disease-related death for the indicators of serious health problems of spouse.

In the Family Heart Study (Figure 1D), we identified total income for the indicator of the
financial strain component; and the work difficulties component was scored based on 10
questions on job insecurity, lack of career prospects, issues with support at work (supervisor
and others), and job dissatisfaction (i.e., a total two components out of five).

In the CATHGEN Cohort (Figure 1E), we did not have a direct measure of financial strain;
therefore, to infer it we used multiple block-wise indicators — median house income, per
capita income, and median home value — from the US National Census’s socioeconomic
data of the participant’s residential address at the time of catheterization [Ward-Caviness,
2014]. We also did not have a direct measure of marital problems. We inferred marital
problems from the marital status information (marital separation, divorce, etc.). The dataset
did not have indicators for work difficulties component and health problem related
components. The computed score ranged from 0 to 2.

In the Duke Caregiver Study (Figure 1F), we identified total household income for the
indicator of financial strain component. We used spouse related hassles for the indicator of
marital problems, hassles related to health or well-being of a family member for the
indicator of health problems of spouse or someone close, and self-health related hassles for
the indicator of one’s own serious health problems, The work difficulties component was
scored based on hassles related to job security, meeting deadlines or goals (i.e., job demand),
and hassles related to supervisor and fellow workers (i.e. support at work), to be consistent
with other datasets.

As shown in Figure 1, although there were different ordinal levels, the computed chronic
psychosocial stress measure in MESA (median=1, mean=0.94, SD=0.85, variance=0.72,
skewness=0.60, kurtosis=2.83, N=5,194), Framingham (median=1, mean=0.84, SD=0.78,
variance=0.64, skewness=0.54, kurtosis=2.44, N=3,326), CATHGEN (median=0,
mean=0.56, SD=0.63, variance=0.40, skewness=0.69, kurtosis=2.48, N=7,016), Family
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Heart Study (median=1, mean=0.65, SD=0.69, variance=0.45, skewness=0.53,
kurtosis=2.26, N=546), and Duke Caregiver Study (median=1, mean=1.34, SD=1.12,
variance=1.25, skewness=0.74, kurtosis=3.11, N=321) demonstrated distributions similar to
the self-rated chronic psychosocial stress measure in MESA (median=1, mean=1.21,
SD=1.20, variance=1.44, skewness=0.95, kurtosis=3.43, N=5,805). The distributions were
flat (kurtosis=2.26-3.43) and slightly skewed towards the right (skewness=0.53-0.95). The
overall similarities in frequency distributions for computed (MESA, Framingham Offspring,
CATHGEN, Family Heart Study, and Duke Caregiver Study) and self-rated (MESA)
chronic psychosocial stress measures support the consistency of our approach.

Table 3 shows the Rho and P-values of polychoric correlations (tetrachoric for binary
variables) between the computed and self-rated chronic psychosocial stress ordinal measures
and the binary component items in MESA Cohort. All correlations were moderate in
magnitude but significantly different from zero. The exploratory and confirmatory factor
analyses showed that all computed and self-rated binary component items loaded on a single
factor (Table 4). As expected, loadings from CFA and EFA were highly similar, as was
evidence for unidimensionality. Although some loadings were modest in magnitude, most
notably the computed financial strain item, the null hypothesis (loading = 0) was rejected for
all indicators.

The Spearman’s correlation coefficients and P-values of these chronic psychosocial stress
measures with depression measures available in MESA, Framingham Offspring, Family
Heart Study, CATHGEN, and Duke Caregiver Study are shown in Table 5. As expected, all
these correlations were reasonably strong (coefficients 0.15 — 0.42) and significantly
different from zero and of the same order as observed for the MESA self-rated measure. The
Duke Caregiver Study showed the strongest correlation. In CATHGEN where we used the
block-wise socioeconomic data rather than individual-level data and where depression data
was available only for a small number of samples (N=443), the correlation was somewhat
weaker but still statistically significant. These correlations demonstrate the consistency of
our approach of inferring the chronic psychosocial stress using the proxy indicators of its
components (Table 1).

The ultimate goal of our work was to perform a replication of our previously reported
(MESA Whites (Self-rated) and Framingham Offspring) finding of gene-by-stress
interaction with hip circumference [Singh et al., 2015] using computed chronic psychosocial
stress measures in MESA Whites and three additional datasets, i.e., the Family Heart Study
Whites, CATHGEN Whites, and Duke Caregiver Study Whites. Table 6 shows the P-values
of the SNP term in the simple regression model and SNPxSTRESS term in the gene-by-
stress interaction regression model. In addition to the MESA Whites (Self-rated) and
Framingham Offspring [Singh et al., 2015], gene-by-stress interactions were significant in
MESA Whites (Computed), Family Heart Study Whites, and at a trend level (P=0.064) in
Duke Caregiver Study Whites. In CATHGEN Whites we did not observe a significant GXE
interaction for the entire cohort. However, when we limited our analysis to only CATHGEN
Control Whites (i.e. the part of cohort that did not have clinically-significant CAD and, thus,
similar to the other datasets), we observed a significant gene-by-stress interaction with BMI.
The combined GXE P-value for the computed chronic psychosocial stress scores in MESA
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Whites, Framingham Offspring, Family Heart Study, Duke Caregiver Study, and
CATHGEN Whites was 9.81E-07. Figure 2 shows the direction of gene-by-stress
association, i.e., the mean hip circumference (or BMI) increased with computed chronic
psychosocial stress for the rs4704963 minor allele heterozygotes and homozygotes (CT/CC)
but not for the major allele homozygotes (TT) in the MESA Whites (computed), Family
Heart Study Whites, CATHGEN Control Whites, and Duke Caregiver Study, similar to the
MESA Whites (self-rated) and Framingham Offspring, i.e., our original finding [Singh et al.,
2015]. Gene-by-stress interactions with EBF1 SNPs were not significant (GXE Ps> 0.42,
data not shown) among Blacks in the original MESA GWAS analysis nor in the three
replication datasets (Family Heart Study, CATHGEN and Duke Caregiver Study).

Discussion

We developed a 4-step method to create a consistent MESA-like chronic psychosocial stress
measure using proxy indicators (Table 1) across multiple datasets for use in GXE replication
studies. We applied the method in the MESA Cohort, Framingham Offspring Cohort,
Family Heart Study, CATHGEN Cohort, and Duke Caregiver Study. Although our original
finding of gene-by-stress interaction in MESA Whites and Framingham Offspring using
self-rated and computed chronic psychosocial stress, respectively, were included in our
earlier paper [Singh et al., 2015], we reused these datasets to demonstrate the method and to
provide a comparison of self-rated and computed chronic psychosocial stress along with the
replication outcomes in the three additional datasets available to us.

We assessed the validity of our measure in three ways. We found distributions of computed
scores in the five datasets similar to the distribution of self-rated measure in the MESA
dataset (Figure 1). We observed strong to moderate correlations between the computed and
self-rated chronic psychosocial stress and its binary components in MESA (Table 3) that
were loaded on the same factor (Table 4). The loading and correlation for computed
financial strain derived from household income were comparatively weak. This may be due,
in part, to the fact that sample collection in MESA was done at six different sites with varied
income distribution; however, adjusting analysis for site did not significantly alter the
results. Although a more esoteric analysis -- testing for equivalence of loadings and error
variances -- showed that the loadings were not equivalent, the computed components were
still interpretable as arising from the same underlying latent variable. Finally, we assessed
the well-known correlation between the computed score of chronic psychosocial stress and a
depression measure (e.g., CES-D or Beck Inventory, Table 5) in the datasets.

In addition to our earlier finding of gene-by-stress interaction with central obesity in the
MESA Whites and Framingham Offspring [Singh et al., 2015], we observed a similar
significant interaction in the Family Heart Study Whites and CATHGEN Control Whites
and at a trend level interaction in Duke Caregiver Study Whites (Table 6) with the similar
direction of association, i.e., central obesity increased with the chronic psychosocial stress
only for minor allele groups of EBF1 SNP rs4704963 (or SNP rs17056278, Figure 2). We
did not observe a significant interaction in the CATHGEN cohort Whites, the only group
with a high proportion of subjects with clinically-significant CAD. This result could be due,
in part, to three possible reasons: 1) use of non-specific block-level socioeconomic data for
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inferring the stress measure did not capture the chronic stress construct, 2) the high obesity
-- mean BMI for the CATHGEN samples was the highest among all at the available stress
levels and disease prevalence in all genotypic groups of the CATHGEN cohort obscures the
interaction, or 3) the original interaction was a false-positive association. The analysis on
CATHGEN samples indicates that relatively healthy and non-obese populations may be
more susceptible to a gene-by-stress interaction on central obesity. The small sample size in
the Duke Caregiver Study may explain the lack of replication of the GXE interaction at the
conventional 0.05 significance level, as this dataset was the smallest. Consistent with our
original results [Singh et al., 2015], we did not observe a significant gene-by-stress
interaction in Black samples that were part of three replication datasets.

Our approach offers additional value to datasets that did not include a self-reported chronic
psychosocial stress measure. In such datasets, a computed chronic psychosocial stress score
can be used to study gene-by-stress interactions to discover cardiometabolic disease genes
that are moderated by chronic psychosocial stress. Evaluation of gene-by-stress interactions
can be critical to fully understand the mechanisms and pathways of underlying complex
diseases [Williams, 2008]. However, this method is not a substitute for the formal measures
of self-rated chronic psychosocial stress and there are several limitations. While we attempt
to maximize the set of inferred indicators, it may not always be possible to achieve a
complete set of these indicators due to missing variables in individual datasets. A limitation
of our approach is that we have chosen not to impute or adjust for missing indicators.
Developments in methods for behavioral science research offers several approaches for
improving the construction of a measure of chronic psychosocial stress including integrative
data analysis [Curran and Hussong, 2009] or multiple imputation methods [Sterne et al.,
2009], which will be incorporated in future work. The observed polychoric corrections
between the MESA chronic stress self-rated score and computed scores using worst case two
(Rho = 0.15), three (Rho=0.19) and all four available (Rho= 0.23) components were close
and suggested that the synthetic score developed using incomplete set of inferred indicators
could still be useful. Another area of improvement in the approach could be in the selection
of split-points for indicating the high-stress category. The choice of the median for a split-
point (i.e., in income) increases the sample size in the high-stress group however dividing at
the median may not be optimal. Sensitivity analysis to the choice of this split-point or
development of optimal split-points remains to be evaluated in future work.

In conclusion, we have demonstrated that even when a self-rated chronic psychosocial stress
score is not collected when a study is initially performed, it is possible to use available data
to compute this score retrospectively. This method worked well with small studies such as
Family Heart Study and the Duke Caregiver Study and large studies such as the MESA,
Framingham, and CATHGEN Cohorts. Importantly, we have also strengthened our earlier
finding on gene-by-stress interaction with central obesity traits [Singh et al., 2015] by
replicating it in three additional datasets. These replications provide further confirmation
that the common variation in EBF1 contributes to inter-individual differences in human
obesity in the presence of chronic psychosocial stress.
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Figure 1.

The histograms of chronic psychosocial stress scores in A. MESA Cohort (Self-rated), B.
MESA Cohort (Computed), C. Framingham Offspring Cohort, D. Family Heart Study, E.
CATHGEN Cohort, and F. Duke Caregiver Study datasets.
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A matrix of chronic psychosocial stress components construct and indicator datapoint variables.

Chronic psychosocial
stress Components

Main question(s) asked

Primary datapoints

Secondary datapoints

Tertiary datapoints

Financial strain

Having ongoing financial
stain (economic or money
problems)?

Financial strain construct

Family income
Socioeconomic status
Income to poverty ratio

Health insurance
Foreclosure of
mortgage or loan
Home value

Mean home value in
neighborhood

Relationship or marital
problem

Having ongoing
difficulties in a
relationship or marriage?

Relationship or Marital
difficulties construct
Marital disagreement
construct

Marital separation/
Divorce
Hassles related to spouse

Marital status
Marital reconciliation
Trouble with in-laws

Work related difficulties

Having ongoing serious
difficulties at your work
place?

Job related difficulties
construct

Job insecurity
Psychological job
demand

Hassles related to work

Job dissatisfaction
Problem with boss
Problem with co-
workers

Problem in career
prospects

Health problems of
someone close

Having serious ongoing
health problem of spouse
or someone close to you?

Caregiving stress construct

Health status of spouse
or close family members
Hassles related to health
of some close

Wellbeing of family
members

Caregiving status
Death of spouse or
close family members
due to illness

Health problems of one’s
own

Having serious ongoing
health problems
(yourself)?

Self-rated health or well-
being

Hassles related to self-
health

Not applicable
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Table 2
An example of search results for chronic psychosocial stress components indicators in the MESA Cohort
dataset.
Chronic psychosocial Main question(s) asked | Primary datapoints Secondary datapoints Tertiary datapoints
stress components
Financial strain Having ongoing Not Available TOTAL GROSS FAMILY INCOME Not Needed
financial stain
(economic or money
problems)?
Relationship or marital Having ongoing Not Available MARITAL SEPARATION/ DIVORCE | Not Needed
problem difficulties in a
relationship or
marriage?
Work related difficulties | Having ongoing serious | Not available JOB SECURITY, JOB REQUIRES Not Needed
difficulties at your work WORKING VERY FAST, ASKED TO
place? DO AN EXCESSIVE AMOUNT OF
WORK
Health problems of Having serious ongoing Not available Not available Not available
someone close health problem of
spouse or someone
close to you?
Health problems of Having serious ongoing | GENERAL HEALTH STATUS | Not Needed Not Needed

one’s own

health problems
(yourself)?
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Correlations between the computed and self-rated chronic psychosocial stress and its binary components in the
MESA Cohort dataset. The table shows the Rho and P-values of polychoric correlation (tetrachoric for binary

components).
Stress Variable Rho | P-value
Financial Strain 0.25 | <0.0001
Marital Problems 0.23 | <0.0001
Work Difficulties 0.33 | <0.0001
Health Problems-Self 0.45 | <0.0001
Chronic Psychosocial Stress | 0.23 | <0.0001
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Standardized factor loadings from exploratory and confirmatory factor analysis of self-rated and computed

components of chronic psychosocial stress in MESA Cohort.

StressVariable EFA | CFA | P-value
Financial Strain (SR) 072 | 0.78 | <.001
Work Difficulties (SR) 064 | 0.64 | <.001
Health Problems-Self (SR) 053 | 043 | <.001
Marital Problems (SR) 0.50 | 0.45 <.001
Health Problems-Others (SR) | 0.33 | 0.32 | <.001
Financial Strain (C) 019 | 0.17 | <.001
Work Difficulties (C) 024 | 024 | <.001
Health Problems-Self (C) 037 | 036 | <.001
Marital Problems (C) 029 | 032 | <.001

SR: Self-report

C: Computed

EFA: Exploratory Factor Analysis

CFA: Confirmatory Factor Analysis
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Spearman’s Correlation (Rho) between chronic psychosocial stress and depression measures.

Table 5

Dataset Depression measure | Rho | P-values
MESA Cohort (Self-rated) CES-D 0.35 | <0.0001
MESA Cohort (Computed) CES-D 0.23 | <0.0001
Framingham Offspring Cohort | CES-D 0.23 | <0.0001
Family Heart Study CES-D 0.25 | <0.0001
CATHGEN Cohort 1 Beck Inventory 0.15 | 0.005
Duke Caregiver Study CES-D 0.42 | <0.0001

lDepression data available only for a small subset i.e. 443 participants. No observations for CATHGEN CONTROL participants.
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