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Abstract

Deaths due to hypertension in the US are highest among African Americans, who have a

higher prevalence of hypertension and more severe hypertensive symptoms. Research indi-

cates that there are both genetic and sociocultural risk factors for hypertension. Racial dis-

parities in hypertension also likely involve genetic and sociocultural factors, but the factors

may interact and manifest differently across racial groups. Here we use a biocultural

approach to integrate genetic and social network data to better understand variation in

blood pressure. We assay genetic variation at the angiotensin I converting enzyme gene

(ACE) and analyze social network composition and structure in African Americans living in

Tallahassee, FL (n = 138). We demonstrate that models including both genetic and social

network data explain significantly more variation in blood pressure and have better model

diagnostics than do models including only one datatype. Specifically, optimal models for

systolic and diastolic blood pressure explain a notable 35% and 21%, respectively, of blood

pressure variation. Analysis of the social networks reveals that individuals whose networks

are dominated by family connections and are more fragmented have higher blood pressure.

Historically, family support has been associated with better mental and physical health, but

our results suggest that those family connections can also take a toll on health. These find-

ings raise compelling questions regarding the roles of genetics, family, and social environ-

ment in hypertension in the African American community and suggest that interactions

among these factors may help explain racial disparities in hypertension more accurately

than any of the factors alone.
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Introduction

Hypertension remains one of the most prevalent conditions in the US, affecting one in three

adults [1]. Racial disparities in hypertension have been consistently reported with African

Americans suffering from a higher prevalence of hypertension and higher rates of premature

mortality than European Americans [1, 2]. As a complex disease, hypertension has both

genetic and sociocultural risk factors. However, the basis of health disparities in hypertension

is even less studied which makes identification of the determinants of hypertension and related

racial disparities particularly complicated. Although the causes of these racial disparities in

hypertension remain unclear, the support for a purely genetic contribution to cardiovascular

disparities in African Americans vs European Americans is “essentially nil” [3]. Thus, studies

that integrate both genetic and sociocultural data show promise for disentangling the complex

effects of genetic variants and the sociocultural environment on hypertension and related

health disparities. For example, Boulter et al. [4], identified a gene x environment interaction

of the angiotensin I converting enzyme gene and vicarious discrimination and a threshold

effect of vicarious racism that were only discovered because both genetic and sociocultural

data were integrated in the study. In this study we focus on social network analysis as a reflec-

tion of the social environment in order to investigate which factors emerge as important when

using a combined genetic and sociocultural approach.

Most of the evidence for the role of genetic and sociocultural factors in hypertension comes

from studies that have focused on only one data type. Studies that focus on the genetic basis of

hypertension have employed varied approaches, including genome wide association studies

(GWAS) and candidate gene searches. Researchers have identified over 75 candidate genes for

blood pressure regulation [5]. However, associations between variants in these candidate

genes and hypertension do not always replicate across populations [6, 7]. Specifically, some of

the variants have only been associated with hypertension in European American populations

but not in non-European American populations [8, 9]. Furthermore, only a small fraction of

studies have assayed these variants in non-European populations [10]. Here we investigate one

of the strongest candidate genes, the angiotensin I converting enzyme gene, ACE [4]. ACE is

the most studied blood pressure candidate gene and has been associated with hypertension in

European and African American populations [4, 11]. The ACE gene is part of the renin-angio-

tensin system that regulates salt-water balance and blood pressure. ACE converts angiotensin I

to angiotensin II, a hormone that helps regulate blood pressure and blood vessel constriction

[12]. Inhibition of ACE gene activity stops the production of angiotensin II in the body and is

used as a therapeutic to treat high blood pressure [13]. The ACE Alu insertion polymorphism

is a 287 base-pair insertion in intron 16 that has been associated with increased risk of hyper-

tension and myocardial infarction [14, 15].

The most widely studied sociocultural risk factor for hypertension is socioeconomic status

(SES), which has been shown to generally predict systolic (SBP) and diastolic (DBP) blood

pressure [16] in high income countries like the US. On average, individuals with lower SES

have significantly higher rates of hypertension (both treated and untreated) than people with

higher SES [17, 18]. Additionally, studies have shown that social norms and culture also play

an important role in development of hypertension [19–21]. Specifically, while African Ameri-

cans have a high prevalence of hypertension, they are less likely to engage in behaviors to pre-

vent hypertension than other groups. This lack of preventative behavior is believed to be

caused in large part by social and cultural norms within the African American community

such as a tradition of food preparation that utilizes high levels of salt and a distrust of medical

doctors that has been passed down for generations [21]. The importance of accounting for

socio-cultural factors is also demonstrated by the fact that African Americans experience
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hypertension, with a prevalence of 37%, in greater numbers than Afro-Caribbeans, with a

prevalence of 22% [22, 23]. If the main driving force behind racial disparities in hypertension

was genetic, one would expect similar levels of hypertension in both populations as they share

high proportions of West African ancestry. Thus, integrating genetic and sociocultural data in

studies of hypertension in populations in the African Diaspora may lead to a more complete

understanding of the disease etiology and racial disparity.

Social networks can be used to quantify aspects of the social environment because they are

used to examine the ties, or relationships, in a person’s life [24]. Social networks have been

used to study the transmission of infectious diseases, like HIV [25] and syphilis [26], as well as

the spread of conditions not typically thought of as contagious like obesity, happiness, and gun

violence [27–29]. Previous social network studies of blood pressure have identified higher SBP

and DBP in association with lack of social support and having conflicted feelings, i.e. both neg-

ative and positive feelings, about people in the network [30, 31]. Additionally, larger network

size and increased participation in club activities have been associated with lower SBP in a

social network study of study of women and men [32]. The majority of studies do not speculate

on the biological pathways through which these associations might manifest but Uchino et al.

mention the stress response pathway as a viable mechanism [31].

Studies typically measure social networks by employing an elicitation prompt. An elicita-

tion prompt asks participants to list people that they are tied to or have a relationship with;

these individuals are referred to as alters. In an egocentric study such as the current study, par-

ticipants are also asked if they believe their alters are tied to each other and, if so, how certain

the participants are that these relationships between alters truly exist. Participants are often

asked to provide information about alters, like their age, race, and perceived level of emotional

closeness, and this information is used to develop measures of network characteristics like the

level of racial diversity in a network or the compactness of a network.

Social networks may be particularly useful for studying racial health disparities because dif-

ferences in network characteristics have been reported for different racial groups. On average

in an urban setting, African Americans have smaller networks that include more family mem-

bers than do European Americans [33]. In a study utilizing data from the National Health and

Nutrition Examination Survey, a survey capturing data on African Americans, Hispanic

Americans, and European Americans, social support was found to be a significant predictor of

hypertension only in African Americans, and inclusion of social support in the model

decreased racial differences in hypertension among all three populations [2].

Many studies examine a small number of alters (i.e. fewer than 10 people in a network) to

focus on studying close ties (e.g. [34, 35]). In this study, we focus on a larger representation of

an individual’s social environment and study both close and distant ties by requiring all partic-

ipants to list 30 alters. Including 30 alters also allows us to examine both network composition

and structure in relation to BP. Measures of network composition describe characteristics of

individuals in a network and measures of network structure describe the ways in which indi-

viduals are connected, which are both important aspects of an individual’s social environment.

Studies have shown that participants were able to easily list between 20 and 45 alters without

undue burden [36, 37]. Furthermore, participants could easily evaluate all network ties, which

is a much more involved task than just listing alters, if the alter pairs were queried in a system-

atic way, as they are in the present study [37].

The network measures used in this study are betweenness centrality and geodesic distance

(both structural measures) and percent of alters who are family and percent of central posi-

tions occupied by family (both compositional measures). Betweenness centrality, or between-

ness, is a measure of the number of shortest paths to each individual in the network. Geodesic

distance, or distance, is a measure of the shortest path from one person to another [28].
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Betweenness can be thought of as how often an alter connects one alter to another, while geo-

desic distance can be thought of as the most efficient (shortest) path between two alters. Per-

cent of alters who are family and percent of central positions occupied by family are

constructed measures focusing on the positioning and relative importance of family within a

network.

In this study, we take a biocultural approach that integrates genetic data and social network

characteristics to better understand blood pressure variation in 138 African Americans living

in Tallahassee, Florida. Specifically, we test for the effect of genetic variants (42 single nucleo-

tide polymorphisms [SNPs] and the Alu polymorphism at the ACE gene) and social network

characteristics (measures of both network composition and structure based on 30 alters per

participant, specifically betweenness, distance, percent of alters who are family members, and

percent of central positions occupied by family) on blood pressure variation. The overarching

goal is to investigate the factors among African Americans that may help explain racial dispari-

ties in complex diseases like hypertension.

Methods

Ethics statement

In accordance with the tenets of community-based participatory research (CBPR), we formed

a steering committee (Health Equity Alliance of Tallahassee) to advise on all phases of our

project, from its inception to participant recruitment and consenting to dissemination of

results. The research protocol was approved by the University of Florida’s Institutional Review

Boards (IRB-01 #364–2008 and IRB-02 #2007-U-469). Study participants were asked to read

and sign written informed consent forms that included separate consents for participating in

the interviews, saliva collection, finger-stick blood collection, requests for genetic ancestry

reports as well as inclusion in future studies of other diseases. Signed written informed consent

forms were collected from all participants and were stored in a locked filing cabinet in PI Grav-

lee’s office. Scanned copies of each participant’s signed written informed consent forms were

also uploaded to a secure website, that only PIs Mulligan and Gravlee can access. Consent pro-

cedures were approved by the University of Florida’s Institutional Review Boards (IRB-01

#364–2008 and IRB-02 #2007-U-469).

Sampling strategy and participant recruitment

As described in Boulter et al. [4], study participants came from a multistage probability sample

of African American adults living in Tallahassee, FL. Census blocks were grouped using cluster

analysis of neighborhood-level indicators of racial composition (percent of self-identified

Black or African American residents) and material deprivation (e.g. percent of female-headed

households, percent of vacant housing units, percent in poverty, median household income)

(data from the U.S. Census Bureau’s American Community Survey). Within each cluster,

block groups and then residential addresses were randomly selected. At first contact, we con-

ducted a screening questionnaire to identify all eligible adults (self-identified African Ameri-

can, age 25–65) in each household. If more than one household member was eligible, we chose

one at random, so as not to favor those more likely to open the door. We obtained informed

consent from each participant before data collection began. The initial sample size was 185.

Approximately 10% of participants (n = 20) did not give saliva samples and approximately

10% of participants (n = 19) did not participate in the second interview where social networks

were collected. After accounting for incomplete sociocultural and genetic data, the final sample

size was 138.
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Data and sample collection

Sociocultural data were collected via two face-to-face survey interviews with each participant.

Interviews were conducted by members of the Tallahassee community who received training

in interviewing techniques and collection of biological samples. The first interview lasted

approximately 2–3 hours and collected a wealth of information on social stressors, financial

status, neighborhood environment, food security, depressive symptoms, etc. and included age,

sex, and use of antihypertensive medication. The second interview lasted about an hour, on

average, and focused on eliciting data about people’s personal social networks (more detail

below).

During the first interview, three blood pressure readings were taken using an oscillometric

monitor (UA-787, A&D Medical, Tokyo, Japan). An average of the last two resting blood pres-

sure readings was calculated for each individual and used in all analyses. Use of antihyperten-

sive medication was corrected for by adding 10mmHg to the mean SBP and 5mmHg to the

mean DBP readings of each participant, as previous researchers have suggested [38]. Thirty-

one percent of individuals in our study indicated that they take medication to control their BP

levels. To ensure the validity of this decision, we completed analyses using both the corrected

BP measures and the uncorrected BP measures with blood pressure medication added as a var-

iable. The results were the same regardless of which method of accounting for blood pressure

medication was used. BMI was calculated using weight (measured by a digital scale) and height

(measured with a stadiometer). Saliva samples for genetic analysis were also collected during

the first interview.

Genetic data and haplotype construction

Saliva samples were collected and stored using Oragene DNA Collection Kits (DNA Geno-

tek1, Ontario, Canada). DNA was extracted per the manufacturer’s recommendations. DNA

samples were genotyped for the ACE Alu polymorphism as described in Boulter et al. [4], and

an additional 42 single nucleotide polymorphisms (SNPs) located in the ACE gene were

assayed using a custom Affymetrix Axiom1 Array(Affymetrix, Santa Clara, CA).

Haplotype construction was performed with Haploview [39] and PHASE [40] programs.

Haploview was used to generate linkage disequilibrium (LD) blocks to determine which of the

42 SNPs and Alu polymorphism were inherited together as haplotypes. Ultimately, only two

SNPs and the Alu polymorphism were found to be informative for regression analysis. PHASE

was then used to identify the most likely genotype for each individual.

Social network data

Ego-centered social network data were collected for each participant (Ego) using EgoNet [41].

Participants were prompted to “name 30 people that you know by sight or by name that you
could contact today if you needed to.” All participants had to name 30 individuals, or alters. All

information on alters was provided by the participants. Participants were asked to estimate the

approximate age, sex, and skin tone of each alter. Information on the nature of their relation-

ship with each alter was also queried with respect to the following categories: 1) blood family,

2) family by marriage, 3) spouse or significant other, 4) work, 5) school, 6) church 7) neighbor

8) hobby 9) organization, 10) through someone else or 11) other. Data on ties between alters of

a participant’s network were collected using the prompt “how likely is it that Alter A and Alter
B talk to each other when you are not around?” and participants were asked to answer this ques-

tion using a rank system with 1 indicating “not at all likely” and 5 indicating “very likely”. Ties

between alters were calculated using the EgoNet program. Ties were generated for pairs of

alters based on the participant’s response to the aforementioned question. Alter pairs that were
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ranked a 4 “likely” or a 5 “very likely” by the participant were considered tied. Alter pairs that

were ranked a 3 or lower did not have a tie generated. On average, participants answered with

a 4 or 5 for 95.8% of alter pairs.

Betweenness centrality was calculated using the number of shortest paths between individu-

als in the network and mean betweenness centrality was calculated for each participant by

averaging the betweenness centrality of each alter listed. Likewise, distance was measured by

calculating the shortest path between one alter and another and mean distance was calculated

by averaging each alter’s distance. Mean betweenness and mean distance are both continuous

variables. Mean betweenness represents the extent to which a network is dominated by broker-

ing nodes (in this study, the people listed by our participants). Mean distance can be used as

an indication of the level of compactness of a network.

The percent of alters who are family was calculated by dividing the number of alters identi-

fied as blood family or family by marriage by the total number of alters (number of alters = 30).

Spouses were classified as family. Percent of central positions occupied by family was calcu-

lated for each participant using three central positions in each network (the most between, the

most close, and the most distant). The number of central positions occupied by alters identi-

fied as blood family or family by marriage was divided by the number of central positions

(number of central positions = 3).

Statistical analyses

SBP and DBP model building. The optimal models for SBP and DBP were generated

through a series of multilinear regressions where age, BMI, and sex were included as standard

covariates in all models. All non-normal data (specifically mean distance, mean betweenness,

percent of central positions occupied by family members, and percent of alters who are family)

were square root transformed prior to regression analysis. DBP was found to have a slightly

non-linear relationship with one network measure that showed a significant association with

DBP (percent of alters who are family). There were no significant interactions between percent

of alters who are family and any of the standard covariates, genetic data or other network data

and there was no threshold effect of percent of alters who are family on DBP, i.e. the effect of

percent of alters who are family on DBP was not seen at a specific threshold, so we did not fur-

ther transform measures of DBP or percent of alters who are family.

The first model, designated the base model, was generated using only the standard covari-

ates. The second model, called the genetic model, included the standard covariates well plus

genetic data (specifically, four ACE haplotypes). The third model, designated the social net-

work model, included the standard covariates plus social network measures (specifically, mean

betweenness, mean distance, percent of alters who are family members, and percent of central

positions occupied by family). Alter characteristics (age, gender, emotional closeness) were

tested in the social network model but did not improve model fit and therefore were not

retained in the model. All statistical analyses were performed using the R statistical program

[42].

Identification of optimal SBP and DBP models. AIC scores and adjusted R2 values were

used to assess the fit of the model to the data; lower AIC and higher adjusted R2 values indicate

a more optimal model. Using this method for each of the models, variables were added sequen-

tially to the base model to determine if each variable improved the model, i.e. reduced the AIC

and increased the adjusted R2value. If the variable was not found to improve the model, it was

removed. Optimal models were chosen based on lowest AIC score and largest adjusted R2. The

optimal models were then tested for statistically significant improvement relative to other

models using ANOVA. All variables retained in optimal models for SBP and DBP are reported

The association between social networks, ACE haplotypes, and blood pressure in African Americans
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in the Statistical Analysis section of Results even though every variable was not significantly

associated with BP within the model.

Additional statistical analyses. Tukey’s HSD test was used to evaluate if significant differ-

ences in SBP and DBP existed between ACE haplotypes. Bonferroni correction for multiple

testing was used to assess the significance for individual variables and the models.

Results

Study demographics

Demographic characteristics for African Americans included in the study sample are detailed

in Table 1. Mean age was 41 years old and women represented 66.7% of participants in the

study. Mean BMI was 32.4, which is fairly high given that BMI measures of 25–30 are consid-

ered overweight and greater than 30 is considered obese [43]. In our study, 72.5% of partici-

pants had a BMI greater than 25, which is comparable to 76.3% of African Americans

throughout the US who have BMIs greater than 25 [44]. After correction for the use of anti-

hypertensive medication, 28% of participants had blood pressure readings in the hypertensive

range (systolic blood pressure� 140 mmHg) and 35% in the pre-hypertensive range (140

mmHg� SBP� 120 mmHg).

ACE haplotypes. Three linkage disequilibrium (LD) blocks were identified within the

ACE gene (Fig 1). The majority of SNPs did not independently associate with BP and created

haplotypes that were found at extremely low frequencies in the population. Additionally,

many of the of the SNPs were non-polymorphic, with a minor allele frequency (MAF) < 5%,

meaning there were only 1–2 haplotypes with these alleles. Ultimately, we focused on two

SNPs (rs4313 and rs4337) and the ACE Alu insertion polymorphism, which occurred in block

1 and were in strong LD and adjacent to each other. Block 1 was the only LD block to signifi-

cantly associate with BP and was the only LD block included in subsequent analyses. Four pos-

sible haplotypes based on block 1 markers were identified in the population (Table 2).

Social networks

Social networks were analyzed for each of the 138 participants, who are referred to as ‘ego’. On

average, approximately 50% of all alters listed were family members of the participants (Table 3).

We examined measures of network structure (betweenness, distance, closeness), composition

(percent of family members) and both structure and composition (location of family members in

the network) individually to test for associations with BP. Individuals in our study had a mean

betweenness of 6.9 and a mean distance of 1.76 (Table 3), indicating that most of our participants

had cohesive, compact networks (see representative networks in Fig 2).

Statistical analyses

In addition to age, sex, and BMI, the optimal model for SBP included the ACE haplotypes and

two network characteristics: mean betweenness and percent of central positions occupied by

Table 1. Mean characteristics of study participants.

Characteristics Male Female Total Sample

N 45 93 138

Age, years (SD) 41 (12.3) 41 (11.7) 41 (11.9)

BMI (SD) 28.8 (7.4) 34.2 (10.3) 32.4 (9.7)

Systolic Blood Pressure, mmHg (SD) 135.1 (22.4) 126.7 (20.1) 129.5 (21.2)

Diastolic Blood Pressure, mmHg (SD) 82.7 (13.7) 81.5 (13.3) 81.9 (13.4)

https://doi.org/10.1371/journal.pone.0204127.t001
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family (Table 4). The optimal model explained 34.4% of variation in SBP (adjusted R2), com-

pared to the base model (age, sex, BMI), which explained only 23.7% variation, and the AIC

improved to 789 from 810. Furthermore, the optimal model with both genetic and network

characteristics explained significantly more variance than did the optimal model with just

genetic (p-value = 0.02) or network characteristics (p-value = 0.001) alone.

In addition to the standard covariates, the optimal model for DBP included the ACE haplo-

types and two network characteristics: percent of alters who are family and mean distance

(Table 5). The optimal model explained 21.6% of DBP variation compared to the base model,

Fig 1. The LD block distribution of 31 SNPs and one Alu insertion polymorphism assayed in the ACE gene. Haplotype blocks are outlined in black.

Darker shades of pink and red indicate a higher confidence in Hedrick’s multiallelic D’ measure of LD and a higher likelihood of LD. White and blue

represent very low likelihoods of LD. Block 1 (far left) extends 10 kilobases (kb) and includes SNPs rs4313 to rs4358 and the ACE Alu insertion

polymorphism (rs4646004).

https://doi.org/10.1371/journal.pone.0204127.g001

Table 2. ACE haplotypes.

Haplotype rs4313—rs4337—ACE Alu polymorphisms� Number of individuals

Haplotype 1 T-G-N 30

Haplotype 2 C-G-N 17

Haplotype 3 T-G-I 1

Haplotype 4 T-C-I 90

�The alleles in the haplotypes are ordered as follows: rs4313, rs4337, and ACE Alu polymorphism. For each

haplotype, nucleobases cytosine, guanine and thymine are represented by ‘C’, ‘G’ and ‘T’, respectively, in the first and

second positions of the haplotype while ‘I’ and ‘N’ represent the insertion and noninsertion alleles, respectively, of the

Alu polymorphism in the third position.

https://doi.org/10.1371/journal.pone.0204127.t002
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which explained only 12.3% of variation, and the AIC improved to 683 from 702. Again, the

optimal model with both genetic and network characteristics explained significantly more var-

iance than did the optimal model with just genetic (p-value = 0.009) or network characteristics

(p-value = 0.03) alone.

Forty-two SNPs were tested but only two SNPs and the ACE Alu had sufficient variation to

test for LD. Two ACE haplotypes, haplotypes 2 and 4, were significantly associated with SBP

and haplotype 4 with DBP after Bonferroni correction (Tables 4 and 5). These results are

somewhat consistent with Boulter et al (4), who found that the ACE Alu noninsertion allele

was associated with higher SBP and DBP in this population. Standard ANOVA testing was

used to further investigate the effect of ACE haplotypes on BP and revealed significant differ-

ences in mean SBP (p-value = 0.004) and DBP (p-value = 0.007) between haplotype groups.

Tukey’s HSD testing showed that the most significant difference in SBP existed between haplo-

types 1 and 4, which contain the noninsertion and insertion alleles, respectively (p-

value = 0.01); haplotype 1 individuals had higher mean SBP than the rest of the sample popula-

tion and significantly higher SBP than haplotype 4 individuals (difference of 13.42 mmHg, p-

value = 0.002). Mean DBP was significantly higher for haplotype 1 individuals (difference of

35.76 mmHg, p-value = 0.02).

For SBP and DBP, two different network characteristics improved each model, although

only one was significantly associated after Bonferroni correction, i.e. percent of central posi-

tions occupied by family was significantly associated with SBP (p-value = 0.01) and percent of

alters who are family was significantly associated with DBP (p-value = 0.004). Specifically, a

higher percentage of alters who are family members was significantly associated with higher

DBP. A higher percentage of family members occupying two key network positions (highest

level of closeness centrality and highest level of betweenness centrality) improved the SBP

model and was associated with higher SBP. Conversely, participants who had diverse relation-

ships with these position holders (i.e. a relationship reported as being different than family by

marriage or by blood) had lower mean SBP. Overall, having many family members in the

social network and in key positions in the network was associated with higher SBP and DBP.

Discussion

The causes of hypertension and related health disparities have long been a source of study and

debate among scientists and public health officials. The argument often pits genetic and socio-

cultural risk factors against one another, although it is known that both types of factors impact

complex diseases like hypertension. Genetic and sociocultural factors also impact family his-

tory of disease, which has been investigated as a factor in health-related behaviors in African

Americans [45]. In this study, we integrate genetic and sociocultural data to create a more

comprehensive model of blood pressure variation in African Americans. We find that includ-

ing both genetic and sociocultural data significantly improves both SBP and DBP models rela-

tive to models that include only one type of data. We hypothesize that genetic variants and

Table 3. Mean network characteristics of study participants across all networks.

Characteristics Male Female Total

Male alters: Female alters 55:45 34:66 41:59

Mean alter age (SD) 37 (9.5) 37.83 (10.2) 38.44 (9.9)

Mean % of alters who are family (SD) 49.0% (28%) 51.0% (24%) 50.3% (25.5%)

Mean betweenness (SD) 5.8 (5.58) 7.5 (5.85) 6.9 (5.80)

Mean distance (SD) 1.66 (0.57) 1.80 (0.58) 1.76 (0.58)

https://doi.org/10.1371/journal.pone.0204127.t003
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network factors are important determinants of health, as possession of certain haplotypes and

network makeup are associated with higher SBP and DBP, which are risk factors for diseases

like cardiovascular disease.

The ACE Alu polymorphism is significantly associated with SBP, as reported in previous

studies [4]. The ACE gene has been found to be essential in regulating blood pressure and salt

levels [12]. We expand on these studies by assaying 42 SNPs in addition to the Alu polymor-

phism, and we increase the power of the study by creating ACE haplotypes that include all

markers in linkage disequilibrium with each other (Fig 1). We find that haplotype 4 is signifi-

cantly associated with a decrease in both SBP and DBP, and haplotype 2 is significantly

Fig 2. Examples of social networks from our study with representative measures. Unconnected red circles indicate

isolated alters. A) Network with a low mean betweenness of 1.00. B) Network with a high mean betweenness of 23.27.

C) Network with a low mean distance of 1.005. D) Network with a high mean distance of 3.214. E) Network with a low

percentage of family members (shown in blue), 6.0%. F) Network with a high percentage of family members (shown in

blue), 100%.

https://doi.org/10.1371/journal.pone.0204127.g002

Table 4. SBP model selection using multilinear regression.

Base model Genetic Model Social Network Model Optimal model

Variable^ Co-

efficient

Std.

error

p-value# Co-

efficient

Std.

error

p-value Co-

efficient

Std.

error

p-value Co-

efficient

Std.

error

p-value

Age 0.55 0.13 7.24�10−5 0.55 0.13 3.17�10−5 0.54 0.13 7.15�10−5 0.55 0.13 2.21�10−5

BMI 0.75 0.17 1.94�10−5 0.72 0.16 2.29�10−5 0.76 0.17 1.37�10−5 0.74 0.16 1.31�10−5

Sex (male = 1, female = 2) -12.92 3.47 0.0003 -12.16 3.34 0.0003 -14.70 3.45 3.97�10−5 -14.05 3.30 4.06�10−5

Haplotype 2� -12.17 3.34 0.0004 -14.75 5.35 0.01

Haplotype 3 -12.79 5.46 0.02 -32.42 17.78 0.07

Haplotype 4 -13.24 3.75 0.0006 -13.70 3.64 0.0002

Mean betweenness 2.43 1.27 0.056 2.59 1.22 0.04

Percent of central positions

occupied by family

8.79 3.84 0.02 9.39 3.66 0.01

Adjusted R2 0.237 0.297 0.275 0.344

AIC value 809.59 801.09 799.60 788.97

# P-values� 0.01 indicate significance after Bonferroni correction for multiple testing (p = 0.05/ [1 haplotype block x 4 social network measures] = 0.01) and are shown

in bold font.

� Haplotype 1 does not appear in the model because it is acting as a comparison group.
^ All variables that were tested in these models are listed in Methods.

https://doi.org/10.1371/journal.pone.0204127.t004
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associated with decreased SBP. Because haplotype 4 contained the Alu insertion allele these

results are somewhat consistent with previous studies that also found an increase in blood

pressure with the noninsertion allele [4]. However, haplotype 2 contained two copies of the

noninsertion allele and was associated with decreased SBP which is not consistent with previ-

ous studies. The significance of this result may be artificially increased due to the relatively

small number of individuals in the sample population with that haplotype.

Social networks are increasingly being used to investigate the effects of the social environ-

ment on health outcomes. Networks may reflect the cumulative effect of sociocultural factors

that impact disease risk across a person’s life course. Christakis and Fowler [27] identified clus-

tering of obese individuals in a network and found that the occurrence of a close alter becom-

ing obese increased the likelihood that the study participant would become obese. Most

network analyses have focused on network composition as opposed to network structure. Net-

work composition refers to the characteristics of individuals who make up the network, e.g.,

age, sex, place of residence, or relationship with ego. Network structure refers to the organiza-

tion of individuals in the network, e.g., mean betweenness, network centralization, or mean

distance between alters. Mean betweenness provides a measure of how much a network is

dominated by brokering alters; a low mean betweenness indicates that there is more cohesion

across the network because there are multiple alters bridging gaps between groups (see Fig 2

for a representation of low mean betweenness). Central positions in the network are those that

bridge gaps and are the positions through which alters must pass to reach other alters. Mean

distance is a measure of how many paths an alter must take to reach another alter and reflects

the density of a network; a low mean distance indicates a tight network where few paths are

needed to reach everyone in the network (see Fig 2 for a representation of low mean distance).

In our study, mean betweenness and mean distance had a positive association with blood pres-

sure, indicating that a dense, cohesive network where information, support, or goods can be

quickly passed to everyone is associated with lower blood pressure.

Table 5. DBP model selection using multilinear regression.

Base model Genetic Model Social Network Model Optimal model

Variable^ Co-

efficient

Std.

error

p-value# Co-

efficient

Std.

error

p-value Co-

efficient

Std.

error

p-value Co-

efficient

Std.

error

p-value

Age 0.17 0.09 0.07 0.16 0.09 0.07 0.17 0.09 0.06 0.17 0.09 0.06

BMI 0.48 0.12 5.51�10−5 0.44 0.11 0.0001 0.50 0.11 2.16�10−5 0.47 0.11 5.34�10−5

Sex (male = 1,

female = 2)

-3.95 2.35 0.10 -3.43 2.30 0.14 -5.16 2.33 0.03 -4.59 2.29 0.05

Haplotype 2� -4.06 3.76 0.28 -5.52 3.70 0.14

Haplotype 3 -29.17 12.55 0.02 -25.34 12.36 0.04

Haplotype 4 -6.59 2.58 0.01 -6.28 2.53 0.01

Mean distance 10.80 5.12 0.04 9.60 5.07 0.06

Percent of alters who are

family

15.98 5.32 0.003 15.47 5.29 0.004

Adjusted R2 0.123 0.1681 0.179 0.216

AIC value 702.48 698.13 686.84 683.48

# P-values� 0.01 indicate significance after Bonferroni correction for multiple testing (0.05/ [1 haplotype block x 4 social network measures] = 0.01) and are shown in

bold font.

� Haplotype 1 does not appear in the model because it is acting as a comparison group.
^ All variables that were tested in these models are listed in methods.

https://doi.org/10.1371/journal.pone.0204127.t005
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Our results on family members in the network are particularly striking. Previous studies

suggest that social and familial support are positively associated with both mental and physical

health outcomes [46]. Other studies have found that family relationships, especially marriage

[47], are associated with several positive health outcomes. However, some studies have shown

that family relationships can negatively impact one’s health [48]. Our study suggests that hav-

ing many family members in a network is associated with higher blood pressure. Specifically,

the percent of alters who are family members is significantly and positively correlated with

DBP and an increased percent of central positions occupied by family members is significantly

associated with increased SBP. Although the optimal models for SBP and DBP are not identi-

cal, both models suggest that having a high number of family members in a network is associ-

ated with higher blood pressure. Furthermore, the correlation between percent of alters who

are family and percent of central positions occupied by family is 0.432 indicating a moderate

positive relationship between the two measures, which is expected given that having more fam-

ily members in a network increases the likelihood that family members occupy central posi-

tions. Our ability to detect these fine-grained associations reflects the fact that we looked at

both network composition and structure (e.g. ‘percent of central positions occupied by family’

incorporates measures of both network composition and structure) and our study elicited

more alters per participant than most studies (30 alters in our study vs ~5–10 in others) [34].

Our study may detect the underlying stress inherent in having a network comprised largely of

family members. This possibility is consistent with several streams of research in the social sci-

ences. First, social scientists have long observed that African Americans are more likely than oth-

ers to live in extended-family households [49] and to be connected to other households through

extended kin relations [50]. Second, for many African Americans, extended family members are

crucial sources of psychological, emotional, and instrumental support in the context of economic

and social marginalization [51, 52]. Although access to kin support may buffer social stressors and

promote health, providing such support may itself be a stressor. For example, previous research

shows that economic obligations to extended family members constrain the accumulation of

wealth for middle-class African Americans and contribute to growing racial inequalities in house-

hold wealth [53]. Furthermore, the emotional labor of providing support to other family members

may constitute a unique social stressor for African Americans, especially for women [54, 55].

Limitations

While our study provided evidence for the usefulness of a using a biocultural framework to inves-

tigate complex phenotypes like blood pressure, our study was limited by its relatively small sample

size and lack of information on diet and exercise. However, our results show that the sample size

was sufficient to achieve significance under the more conservative Bonferroni correction. Further-

more, while studies have shown that diet and exercise affect blood pressure, they are time inten-

sive data to collect and were not included in the already multi-hour interviews required of our

participants. Our study also required participants to name 30 alters during the social network col-

lection portion of the interviews. This may have increased respondent burden relative to listing

fewer alters. However, information on 30 alters improved our structural measures, which were

retained in the optimal models for SBP (mean betweenness) and DBP (mean distance). Finally,

the sample collection area of this study was very focused, consisting of only African Americans in

Tallahassee, Florida, which limited the variation that would be expected in diet and exercise.

Conclusions

Our study provides support for a biocultural approach that integrates genetic and sociocultural

data for a better understanding of complex diseases like hypertension. We demonstrate that
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models including both genetic and network data explain significantly more variation in blood

pressure and have better model diagnostics than models that include only one type of data. In

our study, the genetic and social network data are balanced in terms of complexity, unlike

many studies, and this complexity allows us to make novel conclusions regarding the role of

family as a factor that influences health. Specifically, having a large percentage of family mem-

bers in the network and in central network positions is associated with higher blood pressure.

Historically, family support has been associated with better mental and physical health, but

our results suggest that those family connections can also take a toll on health. We anticipate

that a biocultural approach will be particularly useful for identifying unique sociocultural

causes of racial disparities in certain complex diseases.
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