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PEER REVIEWED 

The value of longitudinal studies in population health research 
cannot be overstated. Longitudinal studies, particularly prospect-
ive cohort studies, allow scientists to better understand associ-
ations of social, behavioral, clinical, and environmental factors 
with disease risk or progression over time — sometimes decades 
(1). These studies provide key sources of information needed to 
inform public health policy and interventions intended to maxim-
ize health outcomes for all people in the US. 

The Strong Heart Study (SHS) and Strong Heart Family Study 
(SHFS) are 2 cohort studies funded by the National Heart, Lung, 
and Blood Institute (NHLBI) that have been ongoing since 1989 
and 2001, respectively (2,3). The studies comprise 12 American 
Indian communities in Arizona, Oklahoma, North Dakota, and 
South Dakota. At the inception of the SHS, little was known about 
cardiovascular diseases in rural and American Indian communit-
ies because all the other large cohort studies that focused on cardi-
ovascular diseases (eg, Cardiovascular Health Study, Framingham 
Heart Study, Coronary Artery Risk Development in Young Adults 
study) did not include American Indian people. The SHS was de-
veloped to better understand risk factors for cardiovascular dis-
eases among American Indians in particular (2,4). In 2001, the 
study was expanded to include family members of participants 
from the original cohort. That study, called the SHFS, was de-
signed to better understand the heritability of cardiovascular dis-
eases (3). Over the past 35 years, scientists and participating com-

munities have developed a better understanding of the major risk 
factors for cardiovascular diseases and worked together to devel-
op, implement, and evaluate several interventions intended to im-
prove cardiovascular health (5–10). These interventions have had 
meaningful impacts on the cardiovascular health of the participat-
ing communities, including a 47% reduction in urinary arsenic 
levels and increased self-reported use of arsenic-safe drinking and 
cooking water (5), significant reductions in systolic blood pres-
sure, low-density lipoprotein cholesterol, and left ventricular mass 
(8), and increased awareness of the effect of physical activity and 
cholesterol on risk of cardiovascular diseases (10). Furthermore, 
data from the first 25 years of the SHS indicate a decrease in the 
incidence of cardiovascular diseases among both men and women 
and a decrease in deaths from cardiovascular diseases among men 
(11). 

As part of the SHS and SHFS, participants completed in-person 
examinations every 3 to 14 years (2,3). Over time, the focus of the 
examinations shifted from collection of data on traditional risk 
factors for cardiovascular diseases (eg, smoking, diabetes, hyper-
tension) to include novel risk factors of clinical, community, and 
public health importance (eg, environmental heavy metal expos-
ures, metabolomics, food environment, resilience). These addi-
tional data collection components were driven by an evolving sci-
entific landscape and changes in community interests. For in-
stance, in the late 1990s, there was a strong interest in genetic 
factors that may contribute to the risk of cardiovascular diseases, 
and the inclusion of family members of original SHS participants 
enabled detailed genetic analyses (3). More recently, community 
members expressed concerns about potential heavy metals in 
groundwater and soil, and scientists have assessed associations of 
blood or urinary arsenic, uranium, and lead with several health 
outcomes by using data collected over the past 35 years (12–14). 

This week Preventing Chronic Disease features 7 articles from the 
SHS and SHFS. The articles are an example of the wide breath of 
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hypotheses that can be tested with available data from the well-
designed cohort studies and illustrate the importance of examin-
ing multifaceted social, behavioral, clinical, and environmental 
factors that may affect cardiovascular health. The articles deepen 
our knowledge of cardiovascular health in populations historically 
underrepresented in research and highlight 3 overarching themes: 
1) the benefit of forging partnerships and sharing knowledge, 2) 
the importance of collecting data on multilevel and multidimen-
sional risk factors using rigorous scientific methods, and 3) the 
value of stored biospecimens in longitudinal studies. Taken to-
gether, the collection features a successful 35-year partnership of 
scientists and tribes committed to promote optimal health out-
comes in rural communities. 

Forging Partnerships and Sharing
Knowledge 
The SHS (n = 3,500) and SHFS (n = 2,753) are the largest and 
longest ongoing cohort studies of cardiovascular diseases and risk 
factors among American Indians in the US, and a major strength 
of the SHS and SHFS is the involvement of multiple tribes across 
4 states (4). The SHS and SHFS involve collaborations across par-
ticipating tribes, academic institutions, and the NHLBI. These col-
laborations are bidirectional. As described by Howard et al, the 
tribes and academic partners work together at every stage of the 
study (15). This includes development of research goals based on 
community interests, strengths and priorities; creation or adapta-
tion of data collection instruments; implementation of research 
protocols; interpretation of study results; dissemination of find-
ings to tribal leadership, citizens, and local health-serving organiz-
ations; and exploring new research directions and next steps. 

Some articles featured in this collection are direct products of 
community-initiated hypotheses. For instance, many participating 
tribes stress the importance of holistic health and the interconnec-
tions of physical, spiritual, emotional, and mental well-being. Be-
cause of community interest and concerns regarding the potential 
link between depression and cardiovascular diseases, Santori et al 
assessed the association of depressive symptoms with hyperten-
sion risk in the SHFS (16). Results indicate that participants who 
reported depressive symptoms at baseline had 54% higher odds of 
developing hypertension compared with participants with no de-
pressive symptoms (16). Similarly, community concerns regard-
ing exposure to heavy metals from groundwater and soil set the 
foundation for a deep dive into environmental determinants of 
health in the SHS and the SHFS. In their article, Patterson et al re-
ported positive associations of urinary uranium levels with hyper-
tension (17). Findings from these reports underscore the import-
ance of aligning research goals with community interests and pri-

orities to accelerate scientific discoveries of local public health im-
portance. 

Importance of Collection of Multilevel
and Multidimensional Risk Factors by
Using Rigorous Scientific Methods 
The SHS and SHFS include comprehensive in-person examina-
tions that use instruments with known validity and reliability (2,3). 
The data from these examinations enable scientists to conduct ro-
bust data analyses and adequately address confounding (1). Fur-
thermore, the collection of data on a wide range of topics across 
several dimensions of health — sociodemographic, behavioral, 
clinical, and household factors; family history of chronic diseases; 
and the local environment — enables both scientists and the parti-
cipating tribes to understand the complex interplay of multilevel 
factors on health outcomes. 

A wide range of data are collected at the SHS and SHFS in-person 
examinations and through ongoing surveillance (ie, annual tele-
phone calls and medical record reviews to ascertain major clinical 
events). Additionally, with permission from the Indian Health Ser-
vice Institutional Review Boards, Tribal Research Review Boards, 
and study participants, the SHS and SHFS query several national 
health repositories and data sources to augment the type and preci-
sion of data available in the studies. The article by Fabsitz et al 
showcases an example of the use of combining data from the SHS 
and the Indian Health Service National Data Warehouse (18). The 
SHS and SHFS also use other sources, including the Centers for 
Medicare and Medicaid Services, state cancer registries, state vi-
tal records, and the National Death Index. Use of multiple data 
sources for event ascertainment ensures data quality and reliabil-
ity of research findings and maximizes utility of the study. 

Value of Stored Biospecimens in
Longitudinal Studies 
The COVID-19 pandemic taught us that it is not possible to anti-
cipate what health will look like in the coming years. In this col-
lection, 3 articles report on biomarkers that were not measured at 
the time of the in-person examinations and laboratory assessments 
but rather used stored specimens collected at past SHS and SHFS 
examinations (17,19,20). Freezing and storing biospecimens for 
future use is efficient for achieving medical advances in a timely 
fashion because it allows scientists to examine the relationship of 
exposures in the distance past (as measured using stored blood or 
urine) with current health outcomes. Without these historical bio-
specimens, scientists would need to design a study, collect bio-
markers, and wait years for enough participants to develop the out-
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come to assess if the biomarker is relevant to health. The use of 
stored biospecimens in research often leads to new interventions 
and therapies to improve health decades before it would be pos-
sible had these biospecimens not been available. For instance, at 
the time of the 2001–2003 examination, the use of mass spectro-
metry to measure the lipidome was largely unknown in large co-
hort studies. However, Chen et al were able to use stored samples 
from the 2001–2003 SHFS examination to measure lipidomics in 
2017 (20). 

Although the use of stored biospecimens in research studies is a 
time-, labor-, and cost-effective way to learn from the past to help 
ensure a healthier future for current and future generations, use of 
these samples also presents challenges. Strong academic–com-
munity partnerships based on trust, transparency, and ongoing dia-
logue are critical to ensure best practices for safeguarding biospe-
cimens. There must be an upfront and clear understanding of 
where biospecimens will be stored, how long they will be stored, 
and how they will be used in advance of the study. In the SHS and 
SHFS, participants were asked permission to save biospecimens 
for future use (ie, opt-in or opt-out) and provided with a clear in-
dication of what types of analyses the specimens may be used for. 
The Strong Heart Study Observational Study Monitoring Board, 
the Indian Health Service Institutional Review Boards, and Tribal 
Research Review Boards must review and approve all studies that 
use any SHS or SHFS data, including studies that propose to use 
stored biospecimens. Additionally, in the SHS and SHFS, every 
biological sample maintains a spiritual connection to those who 
donate it. The academic institutions and tribes have worked 
closely to determine the best way to honor these sacred samples, 
including blessings of the laboratories and biospecimens by tribal 
leaders. If at any time a study participant decides that they no 
longer wish to have their biospecimens used in research, the aca-
demic institutions and tribes work together to honor the tribe and 
participant’s request in a culturally respectful way. 

Future Directions 
Looking ahead to the next 35 years of the SHS and SHFS, we 
hope to expand the study in several ways. Both scientists and 
tribes agree that early prevention of cardiovascular risk factors is 
critical to optimize health outcomes. The article by Reese et al, 
which focused solely on American Indian adolescents, demon-
strated a high prevalence of cardiovascular risk factors (19). We 
hope to expand the study to adolescents and young adults to better 
understand early life risk factors for cardiovascular diseases and 
how best to maximize health throughout the life course. Addition-
ally, we hope to continue to prioritize community capacity build-
ing. As part of the current SHS and SHFS cycle, the NHLBI 
provided funds for a handful of community members and organiz-

ations in the SHS and SHFS communities to design and lead pilot 
projects to fill scientific, policy, or community health needs to im-
prove health status based on their interests or goals. These grants 
helped to center community voices and strengthen local research 
capacity. The SHS and SHFS are also working to design a user-
friendly web interface that the tribes can use to better use SHS and 
SHFS data and leverage results to support internal programming. 
To encourage efficient data harmonization and spur research col-
laborations that support clinical and health policy decisions, sci-
entists are also mapping SHS data to existing National Institutes of 
Health Common Data Elements (CDEs) and developing SHS- and 
SHFS-specific CDEs (21). Finally, findings from the SHS and 
SHFS have informed development of several community-based 
cardiovascular health promotion interventions over the past 35 
years (5–7), and we hope to continue this work moving forward. 

The SHS and SHFS are built on decades of trust, transparency, 
power-sharing, mutual learning, and a shared commitment to pre-
vent cardiovascular diseases and promote longevity among Amer-
ican Indians. The goals of the study have evolved over time but 
demonstrate the value in academic–community partnerships to 
define health challenges and solutions to maximize health and 
well-being for all. 
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PEER REVIEWED 

In the 1960s, publications from the Framingham Heart Study in-
dicated that cardiovascular events could have preventable or treat-
able risk factors (1). Because the participants in that study were 
White men and women, the question naturally arose about risk 
factors in other racial and ethnic groups. Subsequently, the Nation-
al Heart, Lung, and Blood Institute (NHLBI) funded studies to ex-
pand research to include Black, Hispanic, and Native Hawaiian 
populations. Advisors to the NHLBI noted that American Indian 
populations had not been included. In 1987, the NHLBI released 
grants that focused on conducting research to better understand 
cardiovascular disease in American Indian populations. 

NHLBI senior staff were skeptical about this project because of 
the rural populations and the role of tribal sovereignty. Initial 
funding provided for a 3-year study in 3 groups of American Indi-
ans. Grants were awarded for 3 field centers 1) to recruit and ex-
amine a cohort of Northern Plains Indians in the Dakotas and es-
tablish a cardiology reading center, 2) to recruit and examine an 
American Indian cohort from the multiple tribes in southwestern 
Oklahoma and establish a data coordinating center, and 3) to re-
cruit and examine an American Indian cohort in southwestern Ari-
zona and establish a core laboratory. During the past 35 years, 7 
phases of the Strong Heart Study (SHS) have been funded and 2 
cohorts have been recruited and examined (2,3). The original co-
hort focused on adult men and women aged 45 to 74 years (1). 
The second cohort focused on large families with members aged 
15 years or older (2). The objective of this essay is to assist health 
care advocates who are contemplating, or currently working on, 
research in Indian Country. Many of the points addressed may be 
applicable to studies conducted in other remote or isolated popula-
tions. 

Challenges in Conducting Research in
Indian Country 
American Indian tribes are autonomous and vary in community 
size, approach to governance, cultural norms, English-speaking 
ability, and economic development. Conduct of a multicenter 
study must be prepared to deal with these differences and their po-
tential effect on recruitment and scientific translation. 

The NHLBI recognized some potential challenges and took ac-
tions to address them. For example, to ensure that selected 
grantees had an existing mutually respectful working relationship 
with the tribes, preselection site visits were made to potential 
grantees. These visits required a meeting that included leadership 
from the participating tribes so that the relationships could be eval-
uated. 

Site visits also explored the challenges in transportation, logistics, 
facilities, and personnel in conducting clinical examinations at 
each center. Distances from grantee institutions to study sites and 
within study sites were unusually long, with sites ranging from no 
reservations in Oklahoma to reservations spanning more than 
4,000 square miles in South Dakota. Transportation options were 
limited and often affected by severe weather conditions that could 
dramatically affect research budgets and timelines. 

Examination facilities were limited and often required the cooper-
ation of the Indian Health Service (IHS) and local tribes. Early 
support from the IHS director facilitated access to examination 
rooms and medical records. Tribes often provided meeting space 
for steering committee and community meetings. Hiring and train-
ing local personnel to recruit and examine study participants 
turned out to be win–win: we found dedicated excellent staff from 
the communities who could be trained for the study needs, and 
who, in turn, trained the outside staff on cultural norms, ways of 
life, and approaches to day-to-day challenges. A detailed study 
manual facilitated initial training, periodic retraining, and constant 
referencing. All interviewers and clinical staff were centrally 
trained in examination procedures and certified by qualified ex-
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perts. Quality control measures were built into the examinations 
and study procedures. 

Clinic space and examination equipment often were not available 
and had to be acquired or transported to the multiple examination 
sites at the study centers. Centers relied on mobile vans that were 
designed and equipped to support examinations. Finally, timely 
transport of samples was often constrained due to distances 
between examination sites and shipping facilities. As a result, the 
study protocol required modification to allow samples to be prop-
erly stored and periodically shipped to the central laboratory. 

Key Areas and Important Steps in
Conducting Research 
Based on the SHS experience, we summarize key areas and im-
portant steps to conduct a research project in American Indian 
communities (Table). 

Building trust 

Establishing and maintaining trust and good working relation-
ships with the communities is the most important step to conduct a 
research project in an American Indian community (4). Holding 
study meetings in the participating communities whenever pos-
sible builds awareness of the study within the community, pro-
motes the relationship between study staff and study participants, 
and allows study staff to better understand the culture, opportunit-
ies, and challenges at each study site. Tribal leadership is often 
overburdened with the business of the tribe. The governance pro-
cesses for approvals by the tribes are likely to vary. Working pa-
tiently and cooperatively with the tribe not only built support for 
the SHS but also promoted a long-term partnership providing mu-
tual benefit. 

SHS investigators communicated with tribal leaders, tribal health 
boards, and communities before, during, and after funding to in-
form them of the opportunity to participate in the study, to obtain 
approvals in every area where examinations would be performed, 
and to share what was learned. The tribes are most interested in 
what they can expect to gain from participating in the study. It is 
essential for investigators to align their interests with the tribes’ in-
terests. Taking every opportunity to explain the goals and meth-
ods of the project, what is to be gained, what are the risks, and 
how the community will benefit contributes to a successful project 
outcome. 

Transparent conduct of the study 

Hiring from within the community, when possible, is very import-
ant. Having staff who understand how to navigate challenges and 

address difficult situations is useful, and training staff from the 
community means that they become advocates for the research 
study. In the SHS, we used NHLBI training programs to hire and 
train people from high school students to postgraduates. The suc-
cess of that approach is evident from the long list of students who 
have chosen to pursue medical careers or assume key roles in this 
and other research projects in Indian Country (4). Requirements, 
such as quality control procedures, are often considered a waste of 
time by community staff and participants and must be explained as 
a critical part of any research endeavor. Increasing understanding 
will increase community acceptance of the study procedures. One 
example is the storage and use of samples for future research that 
could not necessarily be envisioned at the time of the initial study. 
After discussions with communities, stored samples and data were 
blessed by a spiritual leader in a “cedaring” ceremony and provi-
sion was made for the return or proper disposal of unused samples 
at study’s end. The value of stored samples is easily illustrated in a 
recent study (5) in which urine samples were used to address ex-
posure to heavy metals that have now been linked to the risk of 
cardiovascular disease. 

Sharing results and mutual feedback 

Sharing individual and study results is essential for a respectful 
and lasting partnership with the study community. Ideally, dia-
logue with the community improves the process (6,7). A sum-
mary of examination findings is provided to each participant. Sci-
entific manuscripts and abstracts are shared with the tribes before 
presentation. A periodic newsletter for participants, tribes, and 
others has been published since 1989. A website describing all as-
pects of the SHS is available online (https://strongheartstudy.org). 
In addition, educational brochures are published on various sub-
jects (eg, diabetes, high blood pressure, diet) for participants, and 
tribes are assisted in preparing their reports and proposals for 
funding. For example, tribes were assisted in applying for a dia-
betes project funded by the IHS. In 2022, a successful program 
(Strongheart Tribal Approach to Research) to fund tribal research 
was established to provide funds for tribal members to initiate and 
conduct research on their own interests. This program provided re-
search experience and built awareness and appreciation for the 
process of conducting studies in the community. 

Finally, investigators must also be willing to listen to community 
feedback about the conduct of the study, including what is miss-
ing, ineffective, or unacceptable, and what the priorities of the 
community are. In SHS, we found that the communities were very 
interested in the next generation. They wanted their children to be 
included in the study so the children would have healthier lives. 
As a result, the investigators proposed a family study that opened 
new avenues for research, such as research on risk factors in the 
young, disease trends, generational differences, genetics, and oth-
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er “omics” studies. SHS has demonstrated that listening and work-
ing closely across populations that have unique risk factor profiles, 
lifestyles, and environmental exposures can help investigators gain 
clinical insights and develop public health approaches to improv-
ing population health (4,5,7,8). SHS continues to progress with 
new explorations of environmental factors, social determinants of 
health, cognitive function, and additional omics. SHS has demon-
strated that research conducted thoughtfully, respectfully, and in 
cooperation with the populations being studied offers substantial 
scientific opportunities. 
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Table 

Table. Important Considerations When Establishing and Implementing a Research Project in Diverse Communities: Reflections From the Strong Heart 
Study 

Key area Important consideration 

Building trust Meet with community leaders and community members before proposal is submitted and after funding 

Explain goals of the project and describe the importance in addressing needs in the community 

Describe the potential benefits to the individual participants and to the community 

Describe in detail the planned methods, including any potential impact or risks 

Transparent implementation Emphasize that community members will be employed for all possible roles 

Describe the procedures and how the members will be trained to perform them 

Explain the meaning of quality control procedures 

Sharing results and mutual feedback Describe how results will be provided to participants and their health care providers and also available to
communities for funding opportunities 

Ask for suggestions at each step and implement as many as possible 

Provide a summary report to the community leaders at the end of the project to bring study closure but also promote
continuing partnership 
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PEER REVIEWED 

Summary 

What is already known on this topic? 

Compared with White Americans, American Indian adults have dispropor-
tionately high rates of depression. Previous studies in non-American Indi-
an populations report that depression is common in people with uncon-
trolled hypertension and may interfere with blood pressure control. 

What is added by this report? 

After adjustment, study participants with depressive symptoms at baseline 
had 54% higher odds of developing hypertension during the follow-up com-
pared with those without depressive symptoms at baseline. 

What are the implications for public health practice? 

Mental health is a key determinant of cardiovascular disease risk, suggest-
ing the need for mental health outreach programs focusing on depression 
prevention to mitigate downstream effects on hypertension. 

Abstract 

Introduction 
Compared with White Americans, American Indian adults have 
disproportionately high depression rates. Previous studies in non-
American Indian populations report depression as common among 
people with uncontrolled hypertension, potentially interfering with 
blood pressure control. Few studies have examined the associ-
ation of depressive symptoms with hypertension development 
among American Indians despite that population’s high burden of 
depression and hypertension. We examined the association of de-
pressive symptoms with incident hypertension in a large cohort of 
American Indians. 

Methods 
We studied 1,408 American Indian participants in the Strong 
Heart Family Study, a longitudinal, ongoing, epidemiologic study 
assessing cardiovascular disease and its risk factors among Amer-
ican Indian populations. Depressive symptoms were assessed by 
using the Center for Epidemiological Studies-Depression (CES-D) 
scale, 2001–2003. At each study examination in 2001–2003 and 
2007–2009, blood pressure was measured 3 times. The average of 
the last 2 measurements taken at baseline and follow-up examina-
tions was used for analyses. Incident hypertension was defined as 
systolic blood pressure ≥140 mm Hg, diastolic blood pressure of 
≥90 mm Hg, or use of hypertension medications at follow-up. To 
account for within-family correlation, we used generalized estim-
ating equations to examine the association of depressive symp-
toms with incident hypertension. 

Results 
During follow-up, 257 participants developed hypertension. Parti-
cipants with symptoms consistent with depression (CES-D ≥16) at 
baseline had 54% higher odds of developing hypertension during 
follow-up (OR = 1.54; 95% CI, 1.06–2.23) compared with those 
without depression (CES-D <16) at baseline after adjustment for 
other risk factors. 

Conclusion 
These data suggest that participants who experienced symptoms 
consistent with depression were at increased odds of incident hy-
pertension. 

Introduction 
Hypertension and depression are highly prevalent in the US (1,2). 
However, compared with White American adults, American Indi-
an adults have disproportionately higher rates of cardiovascular 
risk factors and mental health issues, including hypertension and 
depression. In 2019, more than 18% (n = 260,000) of surveyed 
American Indians/Alaska Natives (AI/AN) aged 18 years or older 
experienced mental illness during the past year (3). Relatedly, in 
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2018, AI/AN adults were 50% more likely to be diagnosed with 
coronary heart disease than White adults. In that same year, AI/ 
AN adults were 10% more likely than White adults to have high 
blood pressure (4). In the Strong Heart Family Study (SHFS), the 
largest cohort study of cardiometabolic health among American 
Indians in the US, nearly 50% of participants reported depressive 
symptoms (5) at the baseline study examination. Of these parti-
cipants, approximately 30% experienced moderate to severe symp-
toms of depression. 

Previous research has shown that depression is associated with hy-
pertension, and a meta-analysis of prospective cohort studies re-
port depression as an independent risk factor for hypertension (6). 
Previous studies have also shown that depression is common in 
people with uncontrolled hypertension and may interfere in blood 
pressure control (7). To our knowledge, few studies have ex-
amined the association of depression with development of hyper-
tension among American Indians, despite the high burden of hy-
pertension and depression in this population. 

The purpose of our analysis was to examine the relationship of de-
pressive symptoms with incident hypertension in a large cohort of 
American Indians. As a secondary exploratory analysis, we also 
examined whether self-reported experiences with social support 
affects this relationship in a subset of participants. We hypothes-
ized that participants who reported a greater number of depressive 
symptoms were more likely to develop hypertension than parti-
cipants who reported fewer depressive symptoms. Additionally, 
we hypothesized that the magnitude of the association of depress-
ive symptoms with hypertension would be higher among parti-
cipants who reported low levels of social support. 

Methods 
Setting and study population 

SHFS is a family-based longitudinal study of cardiovascular dis-
ease (CVD) and its risk factors in 12 American Indian communit-
ies in Arizona, North Dakota, South Dakota, and Oklahoma. The 
study was designed to better understand genes that contribute to 
risk of CVD among American Indians (8). The study comprised 
2,756 American Indian people aged 14 to 93 years from 92 multi-
generational families. The cohort included 409 middle-aged or 
older participants (14.8%) from the original population-based 
Strong Heart Study and 3,145 of their spouses, offspring, off-
spring spouses, and grandchildren. For a family to be eligible to 
participate in SHFS, a participant of the original Strong Heart 
Study must have had a minimum of 4 full or half siblings and a 
total of 12 or more living offspring from the second generation 
who were aged 18 years or older. Smaller families were not eli-
gible for participation. SHFS participants completed 2 examina-

tions over an 8-year period: a baseline examination in 2001–2003 
and a follow-up examination in 2006–2009. Surveillence for mor-
bidity and mortality is ongoing. Each study examination included 
a personal interview, physical examination, medication review, 
and laboratory work-up. Data collection procedures have been de-
scribed in detail in previous publications and are summarized and 
are summarized by North and colleagues and by Lee and col-
leagues (8,9). SHFS was approved by the institutional review 
board of each affected Indian Health Service, and written in-
formed consent was obtained from study participants at each study 
examination. 

Of the 2,756 participants who completed the baseline examination, 
we excluded SHFS participants who were pregnant (n = 3), be-
cause pregnancy may influence the risk of symptoms consistent 
with depression. Also, we excluded those who had prevalent hy-
pertension (ie, use of antihypertensive medications, diuretics, or 
beta blockers; SBP ≥140 mm Hg; or DBP ≥90 mm Hg) (n = 713), 
did not complete the depression assessment (n = 195), or reported 
taking antidepressant or antipsychotic medications at baseline (n = 
48). We excluded participants who reported taking antidepressant 
or antipsychotic medications at baseline because this may influ-
ence the risk of depressive symptoms, potentially clouding study 
results, and could attenuate the relationship between symptoms 
consistent with depression and incident hypertension toward the 
null. We also excluded participants who did not complete the 
follow-up exam (n = 389). Our total analytic sample comprised 
1,408 participants. 

Data collection 

Assessment of depressive symptoms. The exposure of interest for 
our study was experiencing symptoms consistent with clinical de-
pression (yes/no). We used the 20-item Center for Epidemiologic 
Studies Depression (CES-D) scale to assess depressive symptoms 
at baseline. The CES-D scale is a valid and reliable instrument 
used to assess depressive symptoms experienced during the past 
week (10). Symptoms assessed include, for example, feelings of 
guilt and hopelessness, feeling blue, experiencing insomnia, and 
the inability to focus. For each question, response options were 
captured by using a 4-point Likert scale ranging from 0 (none of 
the time/rarely) to 3 (most of the time). Responses to individual 
questions were summed after reverse coding of positively framed 
items per established CES-D guidelines (total possible score 
range: 0–60). A higher CES-D score is consistent with greater de-
pressive symptomology, and scores of 16 or higher are consistent 
with diagnoses of major depressive disorder. As in previous SHFS 
analyses, CES-D scores were categorized as consistent with de-
pression (CES-D ≥16) versus not consistent with depression 
(CES-D <16) (11). 
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Assessment of hypertension. Our primary outcome of interest was 
incident hypertension. At each study examination, blood pressure 
was measured 3 times on the right arm with a standard mercury 
sphygmomanometer after 5 minutes rest with the participant 
seated (12). The average of the last 2 measurements taken at both 
the baseline and follow-up examinations were used for these ana-
lyses. Incident hypertension was defined as SBP ≥140 mm Hg, 
DBP ≥90 mm Hg, or use of hypertension medications at follow-
up. 

Measurement of covariates. Detailed information on important 
confounding variables including demographic characteristics, diet 
and physical activity, and other CVD risk factors (eg, smoking 
status, prevalent diabetes) were collected at the baseline examina-
tion (2001–2003) by standardized interviews. 

Past-year diet was assessed by using a Block 119-item food fre-
quency questionnaire with an ethnic foods supplement (13). Diet 
quality was classified by using the Alternative Healthy Eating In-
dex (AHEI) (14). Physical activity was captured using Accusplit 
AE120 pedometer (8). Average steps per day for each participant 
were estimated as the mean steps per day across the 3 to 7 days 
that the pedometer was worn. 

Social support was categorized dichotomously based on parti-
cipants’ response to the question: “Can you count on anyone to 
provide you with emotional support (talking over problems or 
helping you make a difficult decision)?” Only a subset of the study 
sample (n = 332) completed the social support assessment. 

Anthropometric measures were obtained with the participant wear-
ing light clothing and no shoes. Bodyweight was measured with a 
Tanita BWB-800 5 adult digital scale. Height was measured with a 
vertical-mounted ruler. Body mass index (BMI) was calculated as 
body weight divided by height-squared (8,9). 

Blood samples were collected after a 12-hour overnight fast and 
were stored at −70 °C. Plasma glucose, LDL cholesterol, and HDL 
cholesterol were measured by enzymatic methods (9). Diabetes 
was defined based on 2003 ADA criteria (15), including use of in-
sulin or oral antidiabetic medication or a fasting plasma glucose 
level greater than or equal to 126 mg/dL. 

Statistical analyses 

Two sequential generalized estimating equation (GEE) models 
were run to assess the association of symptoms consistent with de-
pression with incident hypertension. GEE was used to address po-
tential familial correlation between participants within the data and 
were run with the assumption of an independent working correla-
tion and specification of robust SEs. In total, 86 family clusters 
were included in the analysis with a mean of 16 participants per 

family cluster (range: 1–57 participants per family cluster). Model 
1 (minimally adjusted model) adjusted for age (years), sex (male 
or female), and study site (Arizona, Oklahoma, North Dakota, 
South Dakota). Model 2 (primary model) further adjusted for 
CVD risk factors selected a priori based on potential associations 
with depression and blood pressure, including LDL cholesterol 
(mg/dL), HDL cholesterol (mg/dL), prevalent diabetes status (yes/ 
no), smoking status (never/former/current), BMI, AHEI (score), 
and physical activity (steps per day). 

In the exploratory analyses, we examined potential interaction of 
depression and social support with incidence of hypertension by 
inclusion of an interaction term (depression*social support) in the 
primary model and using a Wald test for significance. We used 
complete case analysis to conduct analyses. All statistical ana-
lyses were performed in R software (R Foundation). 

Results 
The median age of study participants was 33.5 years (range, 14.1 
y–86.0 y) and 36.5% of the analytic cohort identified as male. 
Baseline characteristics of study participants were assessed ac-
cording to CES-D (<16 or ≥16) (Table 1). At baseline, 27.3% (n = 
385) of study participants reported symptoms consistent with de-
pression (ie, CES-D score, ≥16). Participants who reported 
baseline symptoms consistent with depression were more likely to 
be female (74.0% vs 59.5%), were slightly younger (32.6 y vs 
35.4 y), had less education (11.5 y vs 12.4 y), had a higher BMI 
(31.2 vs 29.9), and reported less physical activity (5,640 steps per 
day versus 6,690 steps per day) compared with participants with a 
CES-D score of <16. There was no difference in diet quality based 
on CES-D score. 

During the follow-up period, 257 participants developed hyperten-
sion (Table 2). Participants who developed hypertension were 
more likely to be older (42.0 years old vs 33.0 years old), male 
(44.7% vs 34.7%), and have prevalent diabetes at baseline (21.8% 
vs 6.6%), reported fewer steps per day (5,730 steps per day vs 
6,540 steps per day), and had higher BMI (32.4 vs 29.8) than par-
ticipants who did not develop hypertension during follow-up. Ad-
ditionally, participants who developed hypertension were more 
likely to smoke (43.2% vs 38.7%) than participants who did not 
develop hypertension. We observed no differences in education or 
diet quality based on hypertension status. 

In multivariable GEE analyses, participants with baseline symp-
toms consistent with depression (CES-D ≥16) had 54% higher 
odds of developing hypertension during the 3- to 8-year follow-up 
(OR = 1.54; 95% CI, 1.06–2.23) compared with those with 
baseline symptoms not consistent with depression (CES-D <16) 
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after adjustment for age, demographic, behavioral, and dietary 
factors (Table 3). 

We found no significant interaction of baseline depression status 
with social support on odds of hypertension in a model adjusted 
for age, sex, education, study center, baseline blood pressure 
measurement, HDL cholesterol, LDL cholesterol, smoking status, 
BMI, diabetes status, physical activity, diet index, sex, study site, 
and prevalent diabetes (P = .35). 

Discussion 
In our large cohort study of American Indian adults, participants 
who reported symptoms consistent with depression at baseline 
were more likely to develop hypertension when compared with 
participants who did not report symptoms consistent with depres-
sion. This finding supports the hypothesis that depression is asso-
ciated with increased odds of incident hypertension. 

Our findings are consistent with the findings from various pro-
spective studies (17–19) and 1 meta-analysis of 9 (6) studies in 
non-American Indian populations that show a positive association 
between depressive symptoms and hypertension. Although these 
studies used a wide variety of instruments to assess depressive 
symptoms (eg, Depression Anxiety Stress Scale (DASS-21) [19], 
National Epidemiologic Survey on Alcohol and Related Condi-
tions [17], 30-item General Health Questionnaire Depression sub-
scale [18]), these findings highlight a positive association of de-
pressive symptoms with hypertension in diverse populations 
across a wide range of ages and geographic contexts. 

Our findings are discordant with several studies that reported no 
(or inverse) associations betweem depressive symptoms and incid-
ent hypertension (20,21). Differences in study populations accord-
ing to age and geography may account for contradictory findings 
across studies (22). For instance, although it has not been extens-
ively studied, the etiology of depressive symptoms possibly may 
be different in old versus young populations (23). Additionally, 
access to quality health care (including mental health services) dif-
fers according to area of residence (eg, urban vs rural, US vs non-
US, American Indian reservation vs nonreservation). Finally, the 
lived experiences of American Indians are different than those of 
non-American Indians, including the impact of multigenerational 
historical trauma and structural racism on mental and physical 
health. 

To our knowledge, no studies to date have examined the relation-
ship of depression with the development of hypertension in Amer-
ican Indians. In 1 cross-sectional study among 500 older AI/AN 
adults who resided in urban areas in the Pacific Northwest, clinic 
patients with prevalent hypertension were more likely to have de-

pression than patients without hypertension (24). However, this 
cross-sectional study was unable to infer whether depression in-
creased odds of hypertension or vice versa. Our work comple-
ments findings from the SHFS that reported that participants with 
severe depressive symptoms (ie, CES-D ≥16) have a 71% higher 
odds of developing CVD compared with participants who did not 
report symptoms consistent with depression (OR = 1.71; 95% CI, 
1.01–2.91) (25). 

Several studies of Indigenous populations point to high levels of 
depression and CVD risk factors and diseases (26–28). The high 
burden of depressive symptoms among American Indians may be 
due at least in part to generations of oppression and historical 
trauma, including forced migration to reservations, abuse and neg-
lect of American Indian young people at government-operated 
boarding schools, and near-eradication of many tribal languages, 
spiritual practices, and cultures (29). Historical trauma and 
present-day socioeconomic factors may also affect the availability, 
accessibility, and use of mental and physical health services by 
American Indian communities. Because of historically poor inter-
actions with the US government, present-day American Indian 
communities may have lost trust in many institutional sources, in-
cluding some health care settings (30). Additionally, given the his-
torical relationship between American Indian and US government 
authorities, many American Indians may prefer to seek care from 
American Indian mental and physical health care providers, who 
are scarce (31). The effects of a long history of oppression, colon-
ization, and genocide have had lasting effects on the health of 
American Indians, which may explain in part the high rates of de-
pression and CVD risk in many of their communities. 

The mechanism by which depressive symptoms may influence 
odds of hypertension is multifaceted and includes stress, inflam-
mation, and neurotransmission processes. Studies have shown that 
depression can increase the body’s sympathetic tone and cortisol, 
which increase systemic inflammation, and lead to many cardi-
ometabolic risk factors, including hypertension (32). Established 
research has linked dopamine to depression because this neuro-
transmitter plays a vital role in a person’s ability to experience 
pleasure. Specifically, a dopamine deficit has been linked to anhe-
donia, the core feature of major depressive disorder (33). Recent 
studies have shown that lack of dopamine at key brain sites can in-
crease blood pressure (7). Depression may also increase risk of 
key cardiovascular risk factors, including physical inactivity, 
obesity, poor dietary practices, and low social support (34). 

We did not observe a significant effect of the interaction of social 
support with depression status on odds of incident hypertension. 
This may be due in part to our incomplete measurement of social 
support — we had only 1 question on social support — or the lim-
ited power of this measure, because this question was only asked 
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of a subset of SHFS participants (n = 332). Future studies are 
needed that include a comprehensive measure of social support 
and community and cultural engagement to better assess whether 
social support may mitigate the risk of symptoms consistent with 
depression on incident hypertension. 

Our study has many strengths. To our knowledge, ours is the first 
to examine the association of depressive symptoms with incident 
hypertension in a well-characterized multitribal cohort of Americ-
an Indians with detailed measures of depressive symptoms, hyper-
tension, and key covariates. However, our study is not without 
limitations. Although the CES-D scale has been shown to be a val-
id and reliable measure of depressive symptoms in noninstitution-
alized diverse populations (10), it is susceptible to social desirabil-
ity bias. Residual confounding by unmeasured or poorly meas-
ured factors is possible. Finally, although these results are general-
izable to American Indians from large families who reside in 
primarily rural communities in the Great Plains, Midwest, and 
Southwestern regions of the US, it is unclear whether findings are 
generalizable to other populations. 

In conclusion, in this large study of American Indian adults, symp-
toms consistent with depression were found to be positively asso-
ciated with incident hypertension. The study adds to a growing 
body of evidence identifying mental health as a key determinant of 
CVD risk and suggests the need for mental health outreach pro-
grams that focus on prevention of depression to mitigate down-
stream effects on hypertension. 
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Tables 

Characteristic 
CES-D score not consistent with 
depressionc (N = 1,023) 

CES-D score consistent with 
depressiond (N = 385) Total sample (N = 1,408) 

Sex, n (%) 

Male 414 (40.5) 100 (26.0) 514 (36.5) 

Female 609 (59.5) 285 (74.0) 894 (63.5) 

Age, y, mean (SD) 35.4 (14.7) 32.6 (12.8) 34.6 (14.3) 

Education, y, mean (SD) 12.4 (2.19) 11.5 (2.17) 12.2 (2.23) 

BMI (kg/m2), mean (SD) 29.9 (6.88) 31.2 (8.28) 30.2 (7.31) 

Diabetes, n (%) 

Yes 89 (8.7) 43 (11.2) 132 (9.4) 

No 929 (90.8) 339 (88.1) 1268 (90.1) 

Current smoker, n (%) 

Yes 375 (36.7) 182 (47.3) 557 (39.6) 

No 647 (63.2) 202 (52.5) 849 (60.3) 

AHEI, mean (SD) 43.4 (9.06) 43.2 (8.76) 43.3 (8.98) 

Physical activity (continuous, steps per day),
mean (SD) 6,690 (3,980) 5,640 (3,510) 6,400 (3,880) 

Table 1. Characteristics of Study Participantsa (N = 1,408), by Baseline Depressive Symptoms, CES-D Scaleb 

Abbreviations: AHEI, Alternative Healthy Eating Index; BMI, body mass index; CES-D, Center for Epidemiologic Studies Depression scale. 
a The Strong Heart Family Study (8).
b Symptoms are scored per established CES-D guidelines (total possible score range: 0–60). A higher CES-D score is consistent with greater depressive symptomo-
logy, and scores of 16 or higher are consistent with diagnoses of major depressive disorder. 
c CES-D <16. Missingness removed; therefore, not all columns total 100%. 
d CES-D ≥16. Missingness removed; therefore, not all columns total 100%. 
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Characteristic No hypertension (n = 1,151) Hypertension (n =257) Total (n =1,408) 

Depression, n (%) 

Not consistent with depression (CES-D <16)c 844 (73.3) 179 (69.6) 1023 (72.7) 

Consistent with depression (CES-D ≥16)b 307 (26.7) 78 (30.4) 385 (27.3) 

Sex, n (%) 

Male 399 (34.7) 115 (44.7) 514 (36.5) 

Female 752 (65.3) 142 (55.3) 894 (63.5) 

Age, y, mean (SD) 33.0 (13.6) 42.0 (14.9) 34.6 (14.3) 

Education, y, mean (SD) 12.1 (2.23) 12.4 (2.22) 12.2 (2.23) 

BMI (kg/m2), mean (SD) 29.8 (7.15) 32.4 (7.63) 30.2 (7.31) 

Diabetes, n (%) 

Yes 76 (6.6) 56 (21.8) 132 (9.4) 

No 1068 (92.8) 200 (77.8) 1268 (90.1) 

Current smoker, n (%) 

Yes 446 (38.7) 111 (43.2) 557 (39.6) 

No 703 (61.1) 146 (56.8) 849 (60.3) 

AHEI, mean (SD) 43.1 (9.09) 44.5 (8.40) 43.3 (8.98) 

Physical activity (continuous, steps per day), mean (SD) 6,540 (3,870) 5,730 (3,870) 6,400 (3,880) 

Table 2. Demographic and Health Characteristics by Hypertensiona Status at Follow-Up, Participantsb (N = 1,408) 

Abbreviations: AHEI, Alternative Healthy Eating Index; BMI, body mass index; CES-D, Center for Epidemiologic Studies Depression Scale. 
a Hypertension defined as systolic blood pressure of ≥140 mm Hg, diastolic blood pressure of ≥90 mm Hg, or use of hypertension medications at follow-up. 
b The Strong Heart Family Study (8). 
c Symptoms are scored per established CES-D guidelines (total possible score range: 0–60). A higher CES-D score is consistent with greater depressive symptomo-
logy, and scores of 16 or higher are consistent with diagnoses of major depressive disorder. 
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Variable Model 1c, OR (95% CI) (n = 1,408) Model 2d, OR (95% CI) (n = 1,168) 

Symptom category 

Not consistent with depression (CES-D <16e) 1 [Reference] 1 [Reference] 

Consistent with depression (CES-D ≥16e) 1.54 (1.12–2.11) 1.54 (1.06 – 2.23) 

Table 3. Odds of Incident Hypertensiona, by Depressive Symptom Exposure, All Study Centers, Participantsb (N = 1,408) 

Abbreviations: BMI, body mass index; CES-D, Center for Epidemiologic Studies Depression scale; OR, odds ratio. 
a Hypertension defined as systolic blood pressure of ≥140 mm Hg, diastolic blood pressure of ≥90 mm Hg, or use of hypertension medications at follow-up. 
b The Strong Heart Family Study (8). 
c Model 1: Adjusted only for age, sex, education, study center.
d Model 2: Further adjusted for HDL cholesterol, LDL cholesterol, smoking status, BMI, diabetes status, physical activity, diet index. 
e Symptoms are scored per established CES-D guidelines (total possible score range: 0–60). A higher CES-D score is consistent with greater depressive symptomo-
logy, and scores of 16 or higher are consistent with diagnoses of major depressive disorder. 
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Summary 

What is already known on this topic? 

American Indian communities disproportionately experience elevated
exposure to uranium and a high prevalence of cardiovascular risk
factors. Prior cross-sectional evidence suggests the two may be re-
lated but lacks sufficient representation from this population. 
What is added by this report? 

We leveraged the Strong Heart Family Study, the largest ongoing epi-
demiologic cohort of American Indians from the Great Plains and
Southwest, to prospectively evaluate the associations between urinary
uranium with hypertension and blood pressure measures. We found
positive associations with increasing quartiles of urinary uranium
levels. 
What are the implications for public health practice? 

Policy, primary, and secondary interventions should address inequities
in uranium exposure via drinking water, diet, and dust, focusing on
community education about relevant local environmental sources. 

Abstract 

Introduction 
Uranium is common in drinking water, soil, and dust in American 
Indian communities. Hypertension is a cardiovascular risk factor 
affecting American Indians. We evaluated the association between 
uranium exposure and incident hypertension and changes in blood 
pressure among Strong Heart Family Study participants. 

Methods 
We included 1,453 participants ≥14 years with baseline visits in 
1998–1999 or 2001–2003, and follow-up in 2001–2003 and/or 
2006–2009. We estimated the association of urinary uranium with 
changes in systolic and diastolic blood pressure levels over time 
and hypertension incidence; we accounted for family clustering. 

Results 
Median (IQR) baseline urinary uranium levels were 0.029 
(0.013–0.059) μg/g creatinine; 17.4% (n = 253) of participants de-
veloped hypertension. In the comparison of the urinary uranium 
quartile 4 (highest concentration) and quartile 1 (lowest concentra-
tion), the multi-adjusted risk ratio (95% CI) of incident hyperten-
sion was 1.44 (1.04–1.99). The associations between urinary 
uranium with changes in systolic and diastolic blood pressure were 
null and nonlinear, respectively. Both associations were modified 
by study site, and diastolic blood pressure showed a positive asso-
ciation beyond 5 µg/g creatinine. The association between urinary 
uranium and change in systolic blood pressure was inverse in Ari-
zona and Oklahoma, and positive in North Dakota/South Dakota 
at higher ends of the uranium distribution. 

Conclusion 
Findings suggest a higher risk for hypertension at uranium levels 
typical of the Southwest and Great Plains than at levels in other re-
gions (<0.01 µg/g creatinine); the associations with changes in 
systolic and diastolic blood pressure levels were consistent with a 
positive association with higher uranium exposure. Prospective re-
search is critical to characterize the cardiovascular effects of urani-
um and develop preventive strategies for US Indigenous com-
munities disproportionately exposed. 

Introduction 
Uranium is a naturally occurring toxic metal commonly found in 
the western United States. Populations from several American In-
dian communities in the Southwest and Great Plains have shown, 
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on average, higher metal levels in their urine compared with urb-
an populations across the US (1–3). This disproportion might be 
explained by elevated levels of uranium in rocks and soil that lead 
to groundwater and surface water contamination in rural and sub-
urban areas. Drinking water is a substantial source of uranium ex-
posure in the US and is particularly relevant among rural and Nat-
ive American populations, who rely more on private, unregulated 
water wells than on public sources in some areas (4). Both unregu-
lated wells and public drinking water are major sources of total 
uranium exposure in American Indian communities (5). In many 
areas of the Southwest and Midwest, water wells exceed the US 
Environmental Protection Agency drinking water standard of 30 
parts per billion (ppb) uranium in public drinking water supplies 
(6,7). Uranium groundwater contamination occurs naturally but is 
also exacerbated by a long history of uranium mining in these 
areas, with little to no clean-up (8). Most uranium mines are loc-
ated on either federal or tribal land (9). For example, approxim-
ately 500 abandoned uranium mines are in the Navajo Nation, and 
an estimated 286,346 American Indians live less than 10 km from 
a mine (10). Climate change may also increase the mobilization of 
metals into groundwater (11,12), along with increased use of 
nitrate-containing fertilizer, which releases uranium stores (13). 

The leading cause of death among American Indian people is car-
diovascular disease (CVD), for which hypertension is a major risk 
factor (14). American Indian adults are 10% more likely than 
White adults to have high blood pressure (15). According to the 
Strong Heart Study (SHS), the prevalence of hypertension — 
defined as systolic blood pressure ≥140 mm Hg or diastolic blood 
pressure ≥90 mm Hg or use of antihypertensive medication — 
among American Indians aged 45 to 74 years was close to 50% at 
the Oklahoma and Arizona study centers and approximately 25% 
at the North Dakota and South Dakota study center at baseline 
(1989–1991) (16). 

Uranium is known to cause kidney damage and cancer, but it is 
unclear if it also has implications for CVD — in particular, hyper-
tension. In a mixture analysis in the 2011–2016 National Health 
and Nutrition Examination Survey (NHANES), urinary uranium 
was significantly associated with prevalent hypertension, which 
supports evidence indicating that uranium exposure can be a risk 
factor for hypertension (17). Previous studies of uranium workers 
showed that uranium exposure may be associated with angina, in-
creases in deaths due to circulatory system disease, and hyperten-
sion or risk factors for the development of hypertension (18–20). 
On the Navajo Nation, uranium mining exposure was associated 
with hypertension, and further molecular evidence showed that 
physical proximity to abandoned uranium mines predicted en-
dothelial transcriptional response to serums that included biomark-
ers of inflammation chemokine (C–C motif) ligand, vascular cell 

adhesion molecule-1, and intercellular adhesion molecule-1 
(21,22). However, little is known about the relationship between 
uranium exposure among people with chronic low-level uranium 
exposure and incidence of hypertension and change in blood pres-
sure over time. More research is needed to understand the effects 
of chronic low-level uranium exposure on CVD (23). 

In this study, we examined the association of differential uranium 
exposure across the 3 centers of the Strong Heart Family Study 
(SHFS) with the incidence of hypertension and with blood pres-
sure change during the follow-up period. The SHFS is a family ex-
pansion of the original SHS cohort, and it provides data on urin-
ary uranium. We used urinary uranium levels as a marker of in-
ternal uranium dose. We hypothesized that after controlling for 
relevant sociodemographic and blood pressure risk factors, higher 
uranium exposure versus lower exposure, as determined in urine, 
would be associated with increased systolic and diastolic blood 
pressure levels and an increased risk of hypertension. 

Methods 
The SHS is a population-based study of CVD in 12 participating 
American Indian communities in Arizona, Oklahoma, North 
Dakota, and South Dakota. Recruitment of men and women aged 
45 to 74 years took place from 1989 to 1991. In 1998, the SHFS 
began; it was designed to study genetic and environmental determ-
inants of diabetes and CVD among family members of the SHS 
(24). The investigators recruited 2,919 participants during 
1998–1999 (Visit 3 pilot) and 2001–2003 (Visit 4), after exclud-
ing a community that declined participation in additional research. 
Participants recruited in 1998–1999 (n = 428) had follow-up visits 
in 2001–2003 and 2006–2009 (Visit 5). Participants recruited in 
2001–2003 (n = 2,491) had a single follow-up visit in 2006–2009. 

Hypertension is common among people with diabetes and is asso-
ciated with renal dysfunction via mechanisms that include in-
creased renal sodium reabsorption and endothelial cell dysfunc-
tion (25). We included young adult and adult participants who 
were free of diabetes at baseline and had sufficient urine available 
for uranium analyses (n = 1,948). We excluded 2 participants 
whose creatine-adjusted urinary uranium levels were greater than 
10 times the 99th percentile. We also excluded participants miss-
ing information on relevant confounders at baseline, including 
education (n = 9), smoking status (n = 2), body mass index (BMI) 
(n = 7), systolic blood pressure (n = 1), diastolic blood pressure (n 
= 1), estimated glomerular filtration rate (eGFR) (n = 1), urinary 
cadmium (n = 25), or creatinine. We further excluded participants 
missing data on systolic and diastolic blood pressure at follow-up 
Visit 5 (n = 25) and prevalent hypertension cases at baseline (n = 
422), making 1,453 participants available for this study. The SHS 
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and SHFS protocols were approved by participating tribal com-
munities and all institutional review boards (IRBs), including the 
IRBs of the Indian Health Service. All participants provided writ-
ten informed consent, and all participating communities reviewed 
and approved this article. 

Urinary uranium measurements 

Spot urine samples were frozen within 1 or 2 hours of collection 
and stored at −80 °C at Medstar Health Research Institute in 
Maryland. Detailed methods are described elsewhere (26). Urin-
ary uranium concentrations were measured in spot urine collected 
at the baseline SHFS visit by using inductively coupled plasma-
mass spectrometry with a multi-element protocol at the Trace Ele-
ment Laboratory of Graz University, Austria (26). 

To account for urine dilution, we divided urinary uranium concen-
trations by urinary creatinine concentrations (µg/g creatinine). The 
limit of detection (LOD) for uranium was 0.01 µg/L of urine 
(81.4% >LOD). All samples below the LOD were replaced by the 
LOD divided by the square root of 2. Urinary uranium was right-
skewed and log-transformed for all analyses with a continuous 
predictor. 

Hypertension measurements 

Blood pressure was determined by measuring brachial artery 
blood pressure (first and fifth Korotkoff sounds) 3 consecutive 
times with a mercury sphygmomanometer (WA Baum Co, Inc). 
Participants were seated and rested for 5 minutes before blood 
pressure measurements. The cuff was placed on the right arm, 
pulse occlusion pressure was determined, and the cuff was in-
flated to 20 mm Hg above that pressure. To estimate blood pres-
sure, the mean of the last 2 measurements was used. Hypertension 
was defined as the use of antihypertensive medication, or a systol-
ic blood pressure of ≥140 mm Hg or a diastolic blood pressure of 
≥90 mm Hg. At baseline, by design for this study, none of the par-
ticipants were taking antihypertensive medication. At the follow-
up visits, a constant (10 mm Hg for systolic blood pressure and 5 
mm Hg for diastolic blood pressure) was added to the blood pres-
sure of participants using antihypertensive medication to correct 
for the effect of treatment on blood pressure levels. This is an es-
tablished method to adjust for medication use that has less bias 
and greater power than other methods (27). 

Other variables 

Participant sociodemographic and covariate information (age, sex, 
education, study center, BMI, smoking status, drinking status, pre-
diabetes status, and eGFR) was obtained from SHFS baseline 
questionnaires that included standardized interviews, medication 
reviews, and physical examinations as detailed previously (28,29). 

Prediabetes was defined according to the 1997 American Diabetes 
Association criteria for impaired fasting glucose tolerance (blood 
glucose level 110–125 mg/dL) (30). eGFR was calculated by us-
ing the Chronic Kidney Disease Epidemiology Collaboration 
equation (31). 

Statistical analysis 

We compared participant baseline characteristics of those with and 
without incident hypertension and across quartiles of urinary 
uranium concentrations. We described baseline characteristics, in-
cluding age (years; continuous), sex (male, female), study center 
(Arizona, Oklahoma, North Dakota, and South Dakota), educa-
tion (<12, 12, >12 y), smoking status (never, ever, current), alco-
hol status (never, ever, current), BMI (continuous), prediabetes 
status (normal fasting glucose, impaired fasting glucose), systolic 
blood pressure (mm Hg; continuous), diastolic blood pressure 
(mm Hg; continuous), eGFR (mL/min; continuous) between those 
with and without incident hypertension and across quartiles of ur-
inary uranium concentrations. To test group differences, we used 
Kruskal–Wallis tests for continuous values and χ2 tests for cat-
egorical variables. 

We jointly assessed the prospective association of baseline urin-
ary uranium concentrations with incident hypertension by using a 
modified Poisson regression with robust variance and the pro-
spective association between baseline urinary uranium concentra-
tions and changes in blood pressure levels measured at follow-up 
versus baseline by using linear regression (32). To address the lack 
of independence among family members in the SHFS, we used 
generalized estimating equations (GEEs). In the main analysis, we 
estimated the risk ratio (RR) and 95% CIs for incident hyperten-
sion. As measured in urine, we calculated the association of urani-
um exposure with incident hypertension per interquartile range 
(IQR) increase, quartiles, and with restricted cubic splines. We de-
termined the mean difference (95% CI) for the change in blood 
pressure levels between baseline and follow-up by baseline urin-
ary uranium levels. 

Urinary uranium was right-skewed and log-transformed for ana-
lysis. To assess normality assumptions, we used Q–Q plots and 
kernel density plots. We modeled urinary uranium concentrations 
as quartiles, continuous log-transformed (and reported per IQR), 
and restricted cubic splines (knots at 10th, 50th, and 90th percent-
iles) to allow for flexibility in the dose–response. We used a priori 
knowledge to make progressive adjustments for available vari-
ables associated with hypertension, blood pressure, and uranium. 
Model 1 was adjusted for age, sex, study center, and smoking 
status. Model 2 was further adjusted for eGFR, prediabetes status, 
and BMI. Model 3 was further adjusted for log-transformed urin-
ary arsenic (μg/g creatinine) and cadmium (μg/g creatinine). We 
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analyzed possible effect modification by study center by stratify-
ing by study center. Uranium exposure varied by study center, so 
we assessed possible effect modification for all main analyses, 
with adjustment for confounders included up to Model 3 (except 
study center). We obtained P values for interactions by using Wald 
tests for multiple coefficients. As a sensitivity analysis, we re-
peated our main models, adjusting for specific gravity instead of 
standardizing urinary uranium by urinary creatinine because creat-
inine is affected by kidney function and uranium is nephrotoxic. 

Results 
The median age of study participants was 34.1 years; 38.2% of 
participants were male (Table 1). Median (IQR) urinary uranium 
concentration was 0.029 µg/g (0.014–0.059). Of the 1,453 parti-
cipants without hypertension at baseline, 253 (17.4%) developed 
hypertension during follow-up (mean age, 41.5 y). Compared with 
participants who did not develop hypertension during follow-up, 
those who developed hypertension were significantly more likely 
to be older, be male, self-report as an ever alcohol user, have a 
higher BMI, have impaired fasting glucose, and have lower eGFR. 
Median (IQR) levels of urinary uranium were higher among parti-
cipants from Arizona (0.04 [0.02–0.07] µg/g), and North Dakota 
and South Dakota (0.04 [0.02–0.08] µg/g) than among parti-
cipants from Oklahoma (0.02 [0.01–0.03] µg/g). Participants with 
lower education levels and those with higher eGFR levels were 
more likely to have higher urinary uranium levels (Table 2). 

Incident hypertension 

In the fully adjusted models, the RRs (95% CI) for incident hyper-
tension for the second, third, and fourth quartiles of urinary urani-
um compared with the first quartile were 1.31 (0.96–1.78), 1.32 
(0.95–1.83), and 1.44 (1.04–1.99) in the fully adjusted model 
(Table 3, Model 3), including adjustment for arsenic and cadmi-
um. The RR (95% CI) for incident hypertension comparing the 
25th and 75th percentiles was 1.15 (0.99–1.33) (Table 3). Urani-
um remained associated with incident hypertension in flexible 
dose–response models (Figure). In stratified models by study cen-
ter, the RRs (95% CI) per IQR of urinary uranium were 1.01 
(0.64–1.59) for Arizona, 1.25 (0.96–1.61) for Oklahoma, and 1.06 
(0.88– 1.28) for North Dakota and South Dakota (P value for in-
teraction = .55). 

Figure. Risk ratio (RR) of hypertension (A) and mean difference (95% CI)
for the change in systolic and diastolic blood pressure (mm Hg) levels at
follow-up versus baseline (B, C) per log urinary uranium (μg/g creatinine) 
(N = 1,453), Strong Heart Family Study 1998–2009. The solid black line
indicates adjusted effect estimate; shading indicates 95% CIs. Effect
estimates were calculated by using restricted cubic splines for uranium
with knots at the 10th (referent), 50th, and 90th percentiles of the urinary
uranium (μg/g creatinine) distribution, and adjusted for sex, age, smoking
status, study center, eGFR, prediabetes status, log urinary arsenic, and
log urinary cadmium. Models include generalized estimating equations
(GEEs) to account for the clustering of participants within families.
Histograms indicate the distribution of log-transformed urinary uranium
levels. Incident hypertension was defined as having a systolic blood
pressure ≥140 mm Hg OR diastolic blood pressure ≥90 mm Hg OR taking
hypertension medication. The horizontal dashed line indicates no 
association between urinary uranium and the outcomes. 

Blood pressure 

In the fully adjusted models, the mean difference (95% CI) for the 
change in systolic blood pressure at follow-up versus baseline per 
IQR of urinary uranium was −0.02 (−0.04 to 0.01) mm Hg, with 
evidence of nonlinearity for quartiles 2, 3 and 4 compared with the 
lowest quartile (Table 4, Model 3). We found no significant asso-
ciation between urinary uranium and diastolic blood pressure, and 
results followed a similar direction as for systolic blood pressure 
(Table 4). In models with flexible splines, the associations of urin-
ary uranium with systolic blood pressure and diastolic blood pres-
sure were nonlinear, with a potential increase in systolic blood 
pressure and particularly diastolic blood pressure at follow-up 
versus baseline at higher baseline urinary uranium levels (Figure). 

We observed differences in the association between urinary urani-
um and blood pressure by study center. In stratified models by 
study center, the change in systolic blood pressure at follow-up 
versus baseline per IQR of urinary uranium was inverse in Ari-
zona and Oklahoma and positive in North Dakota and South 
Dakota at higher ends of the uranium exposure distribution. The 
change in diastolic blood pressure at follow-up versus baseline per 
IQR of urinary uranium was inverse in Arizona and positive in 
Oklahoma and North Dakota and South Dakota at higher ends of 
the uranium exposure distribution. Corresponding fully adjusted 
mean differences (95% CI) for the change in systolic blood pres-
sure at follow-up versus baseline per IQR of urinary uranium were 
−0.04 (−0.14 to 0.05) mm Hg for Arizona, 0.01 (−0.01 to 0.03) 
mm Hg for Oklahoma, and −0.04 (−0.07 to 0) mm Hg for North 
Dakota and South Dakota (P value for interaction = .03). 
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Sensitivity analyses 

We observed similar and stronger findings when adjusting for spe-
cific gravity instead of standardizing urinary uranium for urinary 
creatinine. In fully adjusted models, the RR (95% CI) of hyperten-
sion  comparing  the  75th  and  25th  percenti les  was  1.23  
(1.05–1.44). The mean difference (95% CI) for the change in 
systolic blood pressure at follow-up versus baseline per IQR of ur-
inary uranium was −0.01 (−0.05 to 0.02) mm Hg. Results were 
similar for urinary uranium and diastolic blood pressure compared 
with urinary creatinine standardization. In flexible spline dose–re-
sponse plots, the association of urinary uranium with systolic 
blood pressure was linear and inverse at higher baseline urinary 
uranium levels. 

Discussion 
In the SHFS, conducted with American Indian communities in the 
Southwest and the Great Plains, urinary uranium was associated 
with a moderately increased risk for hypertension. The dose–re-
sponse was linear for hypertension, null for the change in systolic 
blood pressure, and nonlinear for the change in diastolic blood 
pressure, which showed a positive association only beyond 5 µg 
U/g creatinine. We observed effect measure modification by study 
center. The association of urinary uranium with incident hyperten-
sion was stronger in Oklahoma than in Arizona or North Dakota 
and South Dakota. The change in systolic blood pressure levels at 
follow-up versus baseline per IQR of urinary uranium was inverse 
in Arizona and Oklahoma, and positive in North Dakota and South 
Dakota at the higher ends of the urinary uranium distribution. 

Few studies have evaluated the relationship between uranium and 
hypertension or blood pressure. Prior literature evaluated uranium 
as a component of metal mixtures and suggested that uranium acts 
additively with lead and may affect waist circumference (33). Ur-
inary uranium (> 0.028 µg/L) has also been associated with 30% 
higher odds of prevalent type 2 diabetes (34). Our results were 
consistent with a study that found a positive association between 
uranium and hypertension across 3 NHANES survey cycles 
(2012–2016) (17). Conversely, urinary uranium was not associ-
ated with hypertension in a larger study that used 9 survey cycles 
(1999–2016), although that study dichotomized urinary uranium 
into low and high categories without leveraging the full distribu-
tion, and models were unadjusted (34). Another study, which ex-
amined the health of residents living near an old uranium mine, 
found no association between uranium exposure, assessed via res-
idential history, and hypertension (35). In a cohort of pregnant 
study participants in California, uranium in drinking water was in-
versely associated with hypertensive disorders in pregnancy (36). 
The current understanding of the mechanism by which uranium 

exerts its chemical toxicologic effects is limited (37). In a small 
study (N = 193 participants) in a community chronically exposed 
to low-to-moderate uranium levels in drinking water (median 
[IQR], 25 [5–148] µg/L) in Finland, higher urinary uranium levels 
were associated with higher systolic and diastolic blood pressure 
levels (38). To our knowledge, our study is novel in its prospect-
ive associations between urinary uranium with both hypertension 
and blood pressure and supports that uranium exposure is associ-
ated with a higher risk of hypertension and higher blood pressure 
levels. 

The overall association between baseline urinary uranium and the 
change in blood pressure from baseline to follow-up differed 
across study centers. In stratified analyses, the association of con-
tinuous log-transformed urinary uranium with the change in 
systolic blood pressure was inverse in all 3 study centers at levels 
below 4.5 µg U/g creatinine. In North Dakota and South Dakota, 
the only study center where urinary uranium exceeded 4.5 µg U/g 
creatinine, associations were positive above 4.5 µg U/g creatinine. 
For the association of urinary uranium with the change in diastol-
ic blood pressure, associations were positive in Oklahoma and in 
North Dakota and South Dakota at higher levels of the urinary 
uranium distribution. The positive association of urinary uranium 
with both hypertension and the change over time in diastolic blood 
pressure in the 3 SHS centers was strongest in Oklahoma, the cen-
ter with overall lower levels of urinary uranium (39). A possible 
explanation could be related to regional differences in other envir-
onmental exposures that may either overwhelm or modify the as-
sociation between uranium and hypertension that were not cap-
tured in our dataset. For example, arsenic and uranium frequently 
co-occur in both drinking water sources and urine in SHFS com-
munities (1,7,40). Hence, our effect estimates for uranium with the 
change in blood pressure levels were attenuated with further ad-
justment for arsenic and cadmium, which are established risk 
factors for CVD (41). While self-reported dietary patterns and the 
association between food groups and urinary uranium differ across 
SHFS study sites, prior work indicates that diet explains relatively 
little variability in urinary uranium concentrations (dust exposure 
could also be relevant for some SHFS communities) (39). More 
research is needed to disentangle these inconsistencies between the 
association with blood pressure overall and by study center. 

While this analysis provides useful insights into the associations of 
chronic uranium exposure with blood pressure and hypertension, 
there are several limitations. First, because most uranium is 
quickly excreted from the body, the measurement may not reflect 
the actual chronic exposure of participants to uranium (42). 
However, uranium levels in drinking water tend to be stable, so we 
expect that urinary uranium levels are likely to reflect chronic ex-
posures, if there is no change in the source of drinking water. We 
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were unable to evaluate if drinking water source changed over 
time because drinking water source was not collected from SHFS 
participants. Furthermore, it is possible that those with the highest 
levels of uranium exposure may have already developed hyperten-
sion before baseline, and thus were excluded from analyses, result-
ing in selection bias. We were unable to adjust for lead exposure 
in this analysis because blood lead was not measured from 
samples collected at the baseline SHFS visit. Metal exposures are 
correlated in the SHFS, so future studies should explore complex 
metal mixtures to identify the effects of the most toxic metal com-
ponents on blood pressure, hypertension, and other critical CVD 
risk factors, which was beyond the scope of this analysis. Addi-
tionally, there remains a critical need to evaluate uranium expos-
ure with kidney disease events, subclinical measures, and risk 
factors, as these analyses were beyond the scope of this study. 

We observed consistent, although stronger, effect estimates when 
adjusting for specific gravity compared with when standardizing 
urinary uranium for urinary creatinine. Uranium is nephrotoxic, as 
demonstrated in animal studies, and may influence the excretion of 
metals (including U) in urine (43). While we adjusted for eGFR to 
account for kidney function, it is unknown if models adjusting for 
specific gravity are more appropriate for studies of urinary urani-
um and cardiometabolic outcomes. Future studies can use environ-
mental monitoring to avoid reverse causality concerns. 

Prior SHS and SHFS work found arsenic, cadmium, and lead as 
risk factors for CVD, consistent with established evidence (41). 
For uranium, however, not enough research exists to make a com-
prehensive determination. Our findings, in one of the first pro-
spective studies available, support an association consistent with 
previous cross-sectional studies, but more work is needed. Our re-
search is especially relevant for American Indian and Alaska Nat-
ive communities, in which disparities in uranium exposure, hyper-
tension, and CVD are well-established. Future studies should eval-
uate the role of low-dose chronic uranium exposure on hyperten-
sion, elevated blood pressure levels, and other CVD risk factors, 
as well as clinical CVD in larger nationwide cohorts to better un-
derstand the relationship over time, including potential nonlinear 
patterns. Mechanistic and experimental research and understand-
ing the processes by which uranium negatively affects biologic 
processes will also lend insight into how to prevent and treat dis-
eases associated with uranium exposure. Furthermore, additional 
evidence could have implications for primary and secondary inter-
ventions. For example, community interventions and federal regu-
lations (eg, the Final Arsenic Rule by the US Environmental Pro-
tection Agency in 2001 [44] reduced the maximum contaminant 
level from 50 µg/L to 10 µg/L) have been successful in reducing 
water arsenic exposure (45). Uranium exposure through drinking 
water, soil, and food is widespread in the US, particularly in west-

ern states. Recent evidence suggests drinking water is a substan-
tial source of uranium exposure in SHS communities (5). Similar 
strategies as those developed for arsenic might be necessary to re-
duce uranium in drinking water. Clinical care settings could be 
used as an additional screening tool to identify patients who ob-
tain drinking water from wells known to have high levels of urani-
um. Reducing uranium in drinking water can reduce disparities in 
exposure and related health outcomes. 
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Tables 

Characteristic Overall at baselinea 

Hypertension status at follow-up 

No hypertension Hypertensionb P valuec 

No. (%) 1,453 (100.0) 1,200 (82.6) 253 (17.4)  — 

Age, mean (SD), y 34.1 (14.0) 32.6 (13.3) 41.5 (14.8) <.001 

Sex, no. (%) 
Female 898 (61.8) 771 (64.2) 127 (50.2) 

<.001 
Male 555 (38.2) 429 (35.8) 126 (49.8) 
Study center, no. (%) 
Arizona 162 (11.1) 135 (11.2) 27 (10.7) 

.94Oklahoma 557 (38.3) 461 (38.4) 96 (37.9) 
North Dakota and South Dakota 734 (50.5) 604 (50.3) 130 (51.4) 
Years of education, no. (%) 
<12 465 (32.0) 390 (32.5) 75 (29.6) 

.6612 519 (35.7) 424 (35.3) 95 (37.5) 
>12 469 (32.3) 386 (32.2) 83 (32.8) 
Smoking status, no. (%) 
Never smoker 589 (40.5) 499 (41.6) 90 (35.6) 

.21Ever smoker 275 (18.9) 223 (18.6) 52 (20.6) 
Current smoker 589 (40.5) 478 (39.8) 111 (43.9) 
Alcohol status, no. (%)d 

Never drinker 161 (11.1) 140 (11.7) 21 (8.3) 
.006Ever drinker 352 (24.3) 272 (22.7) 80 (31.7) 

Current drinker 938 (64.6) 787 (65.6) 151 (59.9) 
BMIe 30.1 (7.4) 29.6 (7.1) 32.3 (8.3) <.001 

Prediabetes status, no. (%)f 

Normal fasting glucose 1,130 (77.8) 961 (80.1) 169 (66.8) 
<.001 

Impaired fasting glucose 323 (22.2) 239 (19.9) 84 (33.2) 
Blood pressure, mean (SD), mm Hg 

Table 1. Characteristics of Participants at Baseline (Visit 3 Pilot and Visit 4 Combined, 1998–2003), by Hypertension Status at Follow-Up (Visit 5, 
2006–2009), Strong Heart Family Study 

Abbreviations: BMI, body mass index; eGFR, estimated glomerular filtration rate.
a People with prevalent hypertension at baseline were excluded from analysis.
b Meets criteria for hypertension: having systolic blood pressure 140 mm Hg OR diastolic blood pressure 90 mm Hg OR taking hypertension medication.
c P values were determined by Kruskal–Wallis test for continuous variables (age, BMI, blood pressure, urinary uranium, and eGFR) and χ2 test for categor-
ical variables (sex, study center, years of education, smoking status, alcohol status, and prediabetes status).
d Two participants did not answer the survey question.
e Calculated as weight in kilograms divided by height in meters squared.
f Normal fasting glucose defined as having fasting blood glucose <110 mg/dL AND no diabetes treatment; impaired fasting glucose defined as having blood 
glucose level 110–125 mg/dL (30).
g Calculated as sum of first and second measured systolic blood pressure divided by 2.
h Calculated as sum of first and second measured diastolic blood pressure divided by 2. 

(continued on next page) 
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(continued) 

Characteristic Overall at baselinea 

Hypertension status at follow-up 

No hypertension Hypertensionb P valuec 

Systolicg 116.0 (10.7) 114.4 (10.2) 123.5 (9.3) <.001 

Diastolich 73.5 (8.9) 72.5 (8.8) 78.1 (7.9) <.001 

Urinary uranium, µg/g creatinine, median (IQR) 0.029 (0.014–0.059) 0.029 (0.014–0.058) 0.030 (0.016 vs. 0.066) .17 

eGFR 122.0 (16.9) 123.4 (16.5) 115.1 (17.3) <.001 

Table 1. Characteristics of Participants at Baseline (Visit 3 Pilot and Visit 4 Combined, 1998–2003), by Hypertension Status at Follow-Up (Visit 5, 
2006–2009), Strong Heart Family Study 

Abbreviations: BMI, body mass index; eGFR, estimated glomerular filtration rate.
a People with prevalent hypertension at baseline were excluded from analysis.
b Meets criteria for hypertension: having systolic blood pressure 140 mm Hg OR diastolic blood pressure 90 mm Hg OR taking hypertension medication.
c P values were determined by Kruskal–Wallis test for continuous variables (age, BMI, blood pressure, urinary uranium, and eGFR) and χ2 test for categor-
ical variables (sex, study center, years of education, smoking status, alcohol status, and prediabetes status).
d Two participants did not answer the survey question.
e Calculated as weight in kilograms divided by height in meters squared.
f Normal fasting glucose defined as having fasting blood glucose <110 mg/dL AND no diabetes treatment; impaired fasting glucose defined as having blood 
glucose level 110–125 mg/dL (30).
g Calculated as sum of first and second measured systolic blood pressure divided by 2.
h Calculated as sum of first and second measured diastolic blood pressure divided by 2. 
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Characteristic Overall: 0–6.2 μg/g 

Quartile of urinary uranium, μg/g of creatinine 

Quartile 1: <0.01 Quartile 2: 0.01–0.03 Quartile 3: 0.03–0.06 Quartile 4: >0.06 P valuea 

No. (%) 1,453 (100.0) 345 (23.7) 372 (25.6) 364 (25.0) 372 (25.6)  — 

Age, mean (SD), y 34.1 (14.0) 34.5 (14.2) 33.9 (14.0) 33.9 (13.6) 34.2 (14.3) .80 

Sex, no. (%) 
Female 898 (61.8) 223 (64.6) 225 (60.5) 215 (59.1) 235 (63.2) 

.41 
Male 555 (38.2) 122 (35.4) 147 (39.5) 149 (40.9) 137 (36.8) 
Study center, no. (%) 
Arizona 162 (11.1) 19 (5.5) 35 (9.4) 56 (15.4) 52 (14.0) 

<.001Oklahoma 557 (38.3) 199 (57.7) 177 (47.6) 118 (32.4) 63 (16.9) 
North Dakota and South 
Dakota 

734 (50.5) 127 (36.8) 160 (43.0) 190 (52.2) 257 (69.1) 

Years of education, no. (%) 
<12 465 (32.0) 91 (26.4) 109 (29.3) 129 (35.4) 136 (36.6) 

.0412 519 (35.7) 130 (37.7) 134 (36.0) 124 (34.1) 131 (35.2) 
>12 469 (32.3) 124 (35.9) 129 (34.7) 111 (30.5) 105 (28.2) 
Smoking status, no. (%) 
Never smoker 589 (40.5) 160 (46.4) 155 (41.7) 140 (38.5) 134 (36.0) 

.09Ever smoker 275 (18.9) 62 (18.0) 72 (19.4) 74 (20.3) 67 (18.0) 
Current smoker 589 (40.5) 123 (35.7) 145 (39.0) 150 (41.2) 171 (46.0) 
Alcohol status, no. (%)b 

Never drinker 161 (11.1) 34 (9.9) 40 (10.8) 48 (13.2) 39 (10.5) 
.54Ever drinker 352 (24.3) 94 (27.2) 92 (24.9) 84 (23.1) 82 (22.0) 

Current drinker 938 (64.6) 217 (62.9) 238 (64.3) 232 (63.7) 251 (67.5) 
BMI, mean (SD)c 30.1 (7.4) 30.1 (7.0) 30.1 (7.0) 30.3 (8.0) 29.9 (7.6) .83 

Prediabetes statusd 

Normal fasting glucose 1,130 (77.8) 267 (77.4) 301 (80.9) 277 (76.1) 285 (76.6) 
.37 

Impaired fasting glucose 323 (22.2) 78 (22.6) 71 (19.1) 87 (23.9) 87 (23.4) 
eGFR, mean (SD) 122.0 (16.9) 121.1 (17.5) 120.5 (16.7) 123.3 (16.4) 123.0 (16.9) .04 

Blood pressure, mean (SD), mm Hg 

Systolice 116.0 (10.7) 115.5 (10.6) 116.8 (10.8) 115.9 (10.7) 115.7 (10.5) .94 

Diastolicf 73.5 (8.9) 73.2 (9.3) 73.5 (9.0) 73.8 (9.0) 73.4 (8.3) .68 

Table 2. Characteristics of Participants Without Hypertension at Baseline (N = 1,453), by Quartile of Baseline Urinary Uranium Level, Strong Heart Family 
Study, 1998–2009 

Abbreviations: BMI, body mass index; eGFR, estimated glomerular filtration rate.
a P values were determined by Kruskal–Wallis test for continuous variables (age, BMI, blood pressure, urinary uranium, and eGFR) and χ2 test for categor-
ical variables (sex, study center, years of education, smoking status, alcohol status, and prediabetes status).
b Two participants did not answer the survey question.
c Calculated as weight in kilograms divided by height in meters squared.
d Normal fasting glucose defined as having fasting blood glucose <110 mg/dL AND no diabetes treatment; impaired fasting glucose defined as having
blood glucose level 110–125 mg/dL (30).
e Calculated as sum of first and second measured systolic blood pressure divided by 2.
f Calculated as sum of first and second measured diastolic blood pressure divided by 2. 
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Model 
Comparison of 25th and 75th percentiles
(0.01 vs 0.06 μg/g) 

Quartile increase in urinary uranium, μg/g of creatinine 

Quartile 1: <0.01 
Quartile 2:
0.01–0.03 

Quartile 3:
0.03–0.06 Quartile 4: >0.06 

No. of casesb/no. of 
noncases 

253/1,200 52/312 66/297 66/297 69/294 

Model 1, RR (95% CI)c 1.11 (0.96–1.28) 1 [Reference] 1.27 (0.94–1.72) 1.26 (0.92–1.74) 1.34 (0.96–1.86) 
Model 2, RR (95% CI)d 1.13 (0.97–1.31) 1 [Reference] 1.28 (0.95–1.74) 1.29 (0.93–1.77) 1.38 (1.00–1.91) 
Model 3, RR (95% CI)e 1.15 (0.99–1.33) 1 [Reference] 1.31 (0.96–1.78) 1.32 (0.95–1.83) 1.44 (1.04–1.99) 

Table 3. Risk Ratios (RRs) for Incident Hypertension, by Quartile Increase in Urinary Uranium Among Participants (N = 1,453), Strong Heart Family Study, 
1998–2009a 

a Models were estimated by Poisson regression with robust error variance using generalized estimating equations with an independent covariance account-
ing for family clustering.
b Cases of hypertension were defined as systolic blood pressure ≥140 mm Hg OR diastolic blood pressure ≥90 mm Hg OR taking hypertension medication.
c Model 1 adjusted for age (continuous), sex (male/female), study center (Arizona/Oklahoma/South Dakota and North Dakota), and smoking status (never/ 
former/current).
d Model 2 further adjusted for estimated glomerular filtration rate (continuous), prediabetes status (normal fasting glucose/impaired fasting glucose), and
body mass index (continuous).
e Model 3 further adjusted for log-transformed arsenic (continuous) and log-transformed cadmium (continuous). 
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Model IQR (0.01 vs 0.06 μg/g) 

Quartile of urinary uranium, μg/g of creatinine 

Quartile 1: <0.01 Quartile 2: 0.01–0.03 Quartile 3: 0.03–0.06 Quartile 4: >0.06 

No. (%) 1,453 (100.0) 364 (25.0) 363 (24.9) 363 (24.9) 363 (24.9) 
Systolic blood pressure, mm Hg 

Model 1, β (95% CI)b −0.02 (−0.05 to 0.00) 1 [Reference] 0.08 (−1.67 to 1.84) −0.30 (−2.04 to 1.44) −1.94 (−3.78 to −0.10) 
Model 2, β (95% CI)c −0.02 (−0.05 to 0.00) 1 [Reference] 0.08 (−1.70 to 1.85) −0.35 (−2.08 to 1.38) −2.00 (−3.83 to −0.16) 
Model 3, β (95% CI)d −0.02 (−0.04 to 0.01) 1 [Reference] 0.24 (−1.55 to 2.02) −0.04 (−1.84 to 1.75) −1.48 (−3.32 to 0.37) 
Diastolic blood pressure, mm Hg 

Model 1, β (95% CI)b −0.01 (−0.04 to 0.01) 1 [Reference] 0.50 (−0.99 to 1.99) −0.66 (−2.39 to 1.07) −1.49 (−3.33 to 0.35) 
Model 2, β (95% CI)c −0.02 (−0.04 to 0.01) 1 [Reference] 0.43 (−1.04 to 1.90) −0.68 (−2.40 to 1.03) −1.53 (−3.34 to 0.28) 
Model 3, β (95% CI)d −0.01 (−0.03 to 0.01) 1 [Reference] 0.39 (−1.02 to 1.80) −0.60 (−2.25 to 1.06) −1.25 (−2.95 to 0.44) 

Table 4. Mean Differences in Change in Systolic and Diastolic Blood Pressure Levels at Follow-Up vs Baseline, by Quartile of Baseline Urinary Uranium 
Level Among Participants (N = 1,453), Strong Heart Family Study, 1998–2009a 

a Mean differences in blood pressure level were estimated by generalized estimating equations with an independent covariance accounting for family clus-
tering.
b Model 1 adjusted for age (continuous), sex (male/female), study center (Arizona/Oklahoma/South Dakota and North Dakota), and smoking status (never/
former/current).
c Model 2 further adjusted for estimated glomerular filtration rate (continuous), prediabetes status (normal fasting glucose/impaired fasting glucose), and
body mass index (continuous).
d Model 3 further adjusted for log-transformed arsenic (continuous) and log-transformed cadmium (continuous). 
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Summary 

What is already known on the topic? 

Blood pressure variability has been shown in multiple studies to be an
independent risk factor for all-cause mortality, cardiovascular disease
mortality, and major adverse cardiovascular events. 
What is added by this report? 

Ours is the first study to show the prognostic value of blood pressure
variability in American Indians, a population with unique genetics, cul-
ture, lifestyle, and risk factors. The study expands the prognostic value
of blood pressure variability to that population. 
What are the implications for public health practice? 

As electronic health record systems proliferate, the evidence to sup-
port the routine calculation of blood pressure variability offers a value-
added proposition to those records and the impetus to advance ther-
apies for blood pressure control. 

Abstract 

SD of systolic blood pressure (SBPSD) and diastolic blood pres-
sure (DBPSD) in American Indians. 

Methods 
We computed BPV for 3,352 American Indians who had 8 nonur-
gent visit-to-visit blood pressure checks according to their elec-
tronic health records, and linked those measurements with Strong 
Heart Study cohort data. We used Cox proportional hazards mod-
els to determine whether the risk of all-cause mortality, CVD mor-
tality, or major adverse cardiovascular events (MACE), was differ-
ent for SBPSD and DBPSD quartiles, while controlling for covari-
ates. 

Results 
Mean participant age was 54.5 years (SD = 17.3), 66% were fe-
male, mean SBPSD was 13.47 (SD = 5.71), and mean DBPSD 
was 8.05 (SD = 3.02). Over the 20-year follow-up, 45.4% died, 
14.6% experienced CVD-related mortality, and 20.8% experi-
enced MACE. Compared with the lowest SBPSD quartile (quart-
ile 1), the risk of all-cause mortality was 35% higher for the 
highest quartile (quartile 4), while controlling for covariates (HR = 
1.35; 95% CI, 1.13–1.61). The risk of CVD mortality and MACE 
was higher for quartile 4 SBPSD compared with quartile 1 (CVD 
mortality, HR = 1.81, 95% CI, 1.29–2.53; MACE HR = 1.39, 95 
% CI, 1.07–1.80). The risk for quartile 4 DBPSD was not signific-
ant for these outcomes (all-cause mortality, HR = 1.15, 95% CI, 
0.97–1.36; CVD mortality, HR=1.22, 95% CI, 0.91–1.65; MACE, 
HR = 1.11, 95% CI, 0.87–1.40). 

Conclusion 
Introduction Our study identified SBPSD as a significant risk factor for all-
Recent literature suggests blood pressure variability (BPV) is an cause mortality, cardiovascular mortality, and MACE, whereas 
independent risk factor for cardiovascular disease (CVD). Ours is DBPSD in our cohort of American Indian subjects was not a signi-
the first study to assess the prognostic value of the intraindividual ficant risk factor after adjustment for covariates. 
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Introduction 
Blood pressure level is a well-recognized risk factor for cardiovas-
cular disease (CVD) (1). Over the last 2 decades, research and 
clinical interests in blood pressure have expanded to include blood 
pressure variability (BPV), here defined as the SD of 8 nonurgent, 
visit-to-visit blood pressure measurements. Interest in BPV as a 
risk factor independent of blood pressure level surged after Roth-
man and colleagues reported it as a risk factor for stroke independ-
ent of blood pressure (2). Since then, BPV has also been shown to 
be a risk factor, independent of blood pressure level, for all-cause 
mortality (3–13), CVD mortality (4,6,8,11–14), and CVD morbid-
ity (2,4–7,9–12,14–17). In addition, BPV has been linked to cog-
nitive decline (18), peripheral vascular disease (19), chronic kid-
ney disease (5), decline in estimated glomerular filtration rate 
(eGFR) (15), type 2 diabetes (20), worsened cardiac structure and 
function (21), and progression of coronary artery calcification 
(22). Although BPV can be measured in several ways (23), the SD 
of visit-to-visit systolic blood pressures is the most common (11) 
and reproducible (24) measure. 

Because BPV may be associated with genetic factors (25) and is 
likely to be influenced by cultural and lifestyle factors such as diet, 
alcohol and cigarette consumption, and exercise, it is important to 
investigate BPV in different populations. To date, none of the pub-
lished investigations of BPV has focused on American Indians or 
had sufficient sample size to provide results specific to this popu-
lation. 

Our study is the first known effort to evaluate the prognostic value 
of BPV for all-cause and cardiovascular mortality and major ad-
verse cardiovascular events (MACE) in a large, geographically di-
verse group of American Indians. We merged standardized data 
from cohort examinations with unstandardized blood pressure data 
collected in the “real world” from nonurgent clinic visits within a 
common medical care system to evaluate the prognostic value of 
clinical BPV for adjudicated mortality and morbidity endpoints 
over a 20-year follow-up. 

Methods 
Available data 

The Strong Heart Study (SHS) is a longitudinal, observational 
study of CVD and its risk factors (26). It originally sampled 4,549 
men and women aged 45 to 74 years from the general population 
of American Indians in Arizona, Oklahoma, and the Dakotas (27). 
The first examination was conducted in 1989–1992. The group 
was re-examined a second time in 1993–1995, and a third time in 
1997–1999. Subsequently, the focus of the study changed, and we 
sampled large, 3-generation families (n = 3,665) with a first exam-

ination in 2001–2003. That examination was called the Strong 
Heart Family Study (SHFS). Its cohort was re-examined in 
2006–2009. To incorporate longer follow-up, 825 overlapping in-
dividuals between the 2 cohorts were allocated to the SHS cohort. 
All tribal members aged 45 to 74 years were invited to be ex-
amined for the original study. For the SHFS, 120 families of 30 
members or more aged 15 years or older were invited to particip-
ate. The study was approved by all relevant institutional review 
boards from the Indian Health Service (IHS), the various research 
institutions, and participating tribes at the initiation of each phase 
of the study. All participants provided written informed consent 
and access to their patient records. 

For a subgroup of participants in the SHS and SHFS, we linked 
medical records for inpatient and outpatient visits to IHS facilities 
to gain access to routine blood pressure measurements collected as 
early as 1998. We obtained data from the National Data Ware-
house (NDW) of the IHS, which houses the National Patient In-
formation Reporting System (28). NDW requested that all service 
units (clinical care facilities) send data from all patient encounters 
dating back to October 1, 2000. Many, but not all, service units 
sent data as they were able. We requested NDW data for all SHS 
and SHFS participants. NDW provided data for only those identi-
fication numbers resulting in a match to available blood pressure 
records. 

Extracted IHS NDW data available for each outpatient visit in-
cluded systolic blood pressure (SBP), diastolic blood pressure 
(DBP), date of blood pressure measurement, and the clinic where 
blood pressure was measured. Blood pressures collected as part of 
hospitalizations, emergency department visits, urgent care visits, 
ambulance trips, or pregnancy clinical visits were excluded from 
the calculation to avoid measures taken at stressful times. Al-
though blood pressure variability stabilizes at 6 blood pressure 
measurements (7), the investigators decided to use 8 measure-
ments for added confidence in the data. Data were included for all 
SHS and SHFS cohort members with blood pressures recorded for 
at least 8 clinic visits during the first 5 years of available NDW re-
cords. 

To maintain data integrity and consistency, analyses used the first 
measurement per day in each encounter (clinic visit) if there were 
multiple measures within the clinic visit on the same day, al-
though most encounters provided a single measurement per visit. 
The first 8 eligible visits were used to calculate the standard devi-
ation of the SBP (SBPSD) and DBP (DBPSD). For analysis, we 
divided SBPSD and DBPSD into quartiles. Blood pressures from 
clinic visits did not follow a strict standardized protocol and may 
be considered real world blood pressure as measured in routine 
visits across various clinics. 
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Covariates 

We obtained covariate information from the SHS or SHFS exam-
ination that was closest to the time the blood pressures were meas-
ured. Generally, baseline cohort exams for this analysis were the 
third examination in the SHS (1997–1999) and the first examina-
tion in the SHFS (2001–2003). Potential covariates were drawn 
from personal interview, medical history, physical examination, 
and laboratory measurements at the closest examination. Potential 
covariates for this analysis were limited to those collected at the 
third examination of the original cohort and the first examination 
of the family cohort. Time-dependent covariates could not be ob-
tained because the baseline examination for the original cohort 
was their last study examination, and the family cohort had only 1 
additional study examination approximately 5 years later. Poten-
tial covariates for this analysis were age, sex, center, history of 
cardiovascular disease (myocardial infarction or stroke), diabetes, 
hypertension, kidney disease, SBP and DBP measured during the 
examination, ankle/brachial index (ABI), body mass index (weight 
in kilograms divided by height square meters) (BMI), low density 
lipoprotein (LDL), high density lipoprotein (HDL), triglycerides, 
current cigarette smoking, and current alcohol consumption. In ad-
dition, all statistical models included an indicator variable to ac-
count for cohort differences in disease and death rates. 

Details of study design and methods are provided elsewhere for 
the SHS cohort (26) and the SHFS cohort (27). Interviews and 
physical examinations were conducted by trained personnel fol-
lowing strict protocols after informed consent was provided. For 
examination components included in both cohorts, protocols were 
maintained between SHS and SHFS. Prevalent morbidity was 
based on a positive response in the medical history interview. 

Patients’ SHS examination blood pressures were measured in the 
right arm after a 5-minute rest in a quiet room by using an 
appropriate-sized cuff and a mercury sphygmomanometer. Blood 
pressure was measured 3 times, and the average of the last 2 meas-
urements was used for analysis. 

Fasting blood samples from a 12-hour fast were obtained during 
the physical examination for laboratory measures. All variables 
were assayed at MedStar Research Institute, Washington, DC, and 
the University of Vermont by using standard laboratory methods 
as described previously (26,29). 

Participants were considered hypertensive if they were taking anti-
hypertension medication or if they had a systolic blood pressure 
greater than 130 mm Hg or a diastolic blood pressure greater than 
80 mm Hg (1). Urinary albumin excretion was estimated by the ra-
tio of albumin (mg) to creatinine (g). Microalbuminuria was 
defined as a ratio of urinary albumin (mg/mL) to creatinine (g/mL) 

of 30 to 299 mg/g and macroalbuminuria as a ratio at or above 300 
mg/g. Estimated glomerular filtration rate (eGFR) was calculated 
by using the Modified Diet and Renal Disease equation (30). Parti-
cipants reporting a history of end-stage renal disease, those found 
to have microalbuminuria or macroalbuminuria, and those with 
eGFR of less than 60 mL per minute per 1.73m2 were combined 
into a category of kidney disease. 

Endpoints 

We abstracted medical records for all participants for review for 
relevant endpoints by trained medical abstractors at each center 
each year since enrollment in the study. Two physicians reviewed 
endpoints, and a third reviewer adjudicated differences between 
reviewers as needed (26). The following 3 endpoints contributed 
to this analysis: all-cause mortality, CVD mortality, and MACE 
that included cardiovascular death, nonfatal myocardial infarction, 
and nonfatal stroke. 

Annual endpoint surveillance for SHS cohort participants began 
following the initial examination in 1988–1989 and ended with the 
most recently released morbidity and mortality file ending Decem-
ber 31, 2021. Endpoint surveillance for the SHFS cohort began 
with the initial examination in 2001–2003 and ended December 
31, 2021. Surveillance included an annual telephone call to de-
termine vital status and recent hospitalizations, and an annual re-
view and abstraction of medical records for potential endpoints. 
Follow-up for events for this analysis began after the baseline ex-
amination or the eighth blood pressure measurement, whichever 
came later. Thus, the baseline examination for this analysis was 
the third examination for the SHS (1997–1999) and the first exam-
ination for the SHFS (2001–2003). Follow-up for events extended 
approximately 20 years. 

Statistical analysis 

We used SAS (SAS Institute Inc) to conduct all analyses. Compar-
isons of baseline covariates for study participants between those 
included and excluded from analysis were done with independent 
sample t tests for normally distributed variables, Wilcoxon signed 
rank sum for skewed variables, and χ2 for categorical variables. 
We created side-by-side box plots to present the distribution of 
SBPSD and DBPSD quartiles. We generated Kaplan–Meier sur-
vival curves with time to death as the outcome and used log rank 
tests to determine whether there were differences in time to death 
between the SBPSD and DBPSD quartiles. We conducted univari-
ate and multivariate analyses of covariates and BPV by using 
shared frailty Cox proportional hazards models accounting for the 
correlation among family members. The models met the assump-
tion of proportional hazards. Covariates were selected for adjust-
ment in models based on literature review. Analyses were done in 
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2 steps of covariate adjustment after univariate analyses: first 
(Model 1), adjusting for cohort, center, age, sex, and SBP/DBP as 
appropriate, and second (Model 2), also adjusting for the remain-
ing CVD covariates (hypertension treatment, diabetes, BMI, cur-
rent smoking, current drinking, LDL, HDL, triglycerides, kidney 
disease, ankle/brachial index, prevalent myocardial infarction and 
stroke [not for all-cause mortality], and interaction of prevalent 
systolic blood pressure or diastolic blood pressure and hyperten-
sion treatment). To separate the therapeutic effect from the sever-
ity effect of blood pressure medications, one 2-way interaction 
term (blood pressure treatment × blood pressure level) was in-
cluded in Model 2. Statistical tests of model components were as-
sessed as significant at the P < .05 level. A sensitivity analysis was 
conducted to investigate whether the time interval to collect 8 
blood pressure measurements was related to the results by dicho-
tomizing the time interval to collect the 8 measures, breaking the 
5-year maximum at 1 year. 

Results 
Of the original and family cohorts, 3,501 participants from SHS 
and 2,346 from SHFS were eligible for our study (Figure 1). Of 
these 2 cohorts, 1,940 of the original and 1,412 of the family co-
horts, or a total of 3,352, had 8 or more blood pressure measure-
ments within the first 5 years of available data. 

Figure 1. CONSORT Diagram for participants with 8 nonurgent blood
pressure measurements in the first 5 years of available medical records
from the National Data Warehouse of the Indian Health Service. Study
participants were drawn from the Strong Heart Study (26) and the Strong 
Heart Family Study (27) of American Indians residing in Arizona,
Oklahoma, North Dakota, and South Dakota (1997–2003). 

Deaths included 1,523 all-cause deaths (45.4%) and 566 (16.9%) 
cardiovascular deaths among the cohort members during the 20-
year follow-up period. In addition, participants experienced 249 
nonfatal myocardial infarctions and 172 nonfatal strokes during 
the follow-up period. After exclusion of those with prior myocar-
dial infarctions or strokes, 697 MACE events were available for 
analysis. 

We compared the demographic, risk factor, and prevalent morbid-
ity measures for those meeting the inclusion criteria versus those 
excluded for our current analyses (Table 1). Notably, those ex-
cluded had a higher SBP level (125.72 vs 123.49, P < .001) but 
were not statistically different for DBP or history of hypertension. 

We calculated the SBPSD and DBPSD quartiles and the mean, 
median, and ranges of the SBPSD and DBPSD for each quartile 
(Figure 2). For example, the medians of successive quartiles for 
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SBPSD differ by 3.3, 3.2, and 6.0, and quartile 4 for SBPSD had a 
median value of 20.1 and a range of 16.4 to 41.4 mm Hg. We also 
conducted an initial analysis of the relationship of SBPSD and 
DBPSD as Kaplan–Meier Curves (Figure 3). The curves show a 
clear dose–response relationship between reduced survival from 
all-cause mortality with increasing quartiles of SBPSD. For 
DBPSD, quartiles 3 and 4 have significantly reduced survival 
versus quartile 1. 

Figure 2. Box plots of the quartiles of the SD of systolic blood pressure 
and  d iasto l ic  b lood  pressure  for  8  nonurgent  b lood  pressure
measurements taken at clinic visits (urgent visits were defined as 
hospitalizations, emergency department visits, urgent care visits, 
ambulance trips, and pregnancy clinical visits and excluded) within a 5-
year  period closest  to  the dates of  the Strong Heart  Study (26)  
examination 3 (1997–1999) or the Strong Heart Family Study (27) 

examination 1 (2001–2003) of American Indians residing in in Arizona,
Oklahoma, North Dakota, and South Dakota. 

Figure 3. Survival curves for all-cause mortality, by quartiles, of the SD of
systolic blood pressure (A) and diastolic blood pressure (B) for 8 blood
pressure measurements taken at nonurgent clinic visits (urgent visits were
defined as hospitalizations, emergency department visits, urgent care 
visits, ambulance trips, and pregnancy clinical visits and excluded) within
5 years, over 23 years of follow-up (1999–2022) for American Indians
residing in Arizona, Oklahoma, North Dakota, and South Dakota. 

We summarized the effects of covariate adjustment on the hazard 
ratios (HRs) for SBPSD and DBPSD with additional covariates 
under Models 1 and 2 for all-cause mortality, CVD mortality, and 
MACE (Table 2). Details of the analyses for all covariates for both 
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models are available (Appendix, Table 1A for SBPSD all-cause 
mortality and Appendix, Table 1B for DBPSD all-cause mortality; 
Appendix, tables 2A and 2B for CVD mortality; and Appendix, 
tables 3A and 3B for MACE). 

Unadjusted analyses for all-cause mortality confirm the results of 
the Kaplan–Meier analysis of stronger relationships with each 
quartile of SBPSD (Table 2). Adjustment in Model 1 reduced the 
HRs but maintained significant effects for quartiles 3 and 4. Ad-
justment under Model 2 further reduced the HRs so that only 
quartile 4 remained significant (HR = 1.35; 95% CI, 1.13–1.61). 

For DBPSD, unadjusted data show significant relationships for 
quartiles 3 and 4 with all-cause mortality. Model 1 results 
provided HRs that remained significant for quartile 3 (HR = 1.18; 
95% CI,  1.01–1.38)  and  quartile  4  (HR = 1.26;  95% CI,  
1.08–1.47). Adjustment under Model 2 showed attenuation of the 
HR point estimates, and they were no longer significant. 

Similar analyses for CVD mortality showed results that were sig-
nificant for quartile 2 and quartile 4 for SBPSD under Model 1. 
Results remained significant and substantial for quartile 4 under 
Model 2 (HR = 1.81; 95% CI, 1.29–2.53). For DBPSD, quartile 4 
was significant under Model 1 (HR = 1.30; 95% CI, 1.00–1.69) 
but was no longer significant under Model 2. 

Finally, the results for SBPSD for MACE show significant HRs 
for quartile 2, quartile 3, and quartile 4 in unadjusted analyses, re-
main significant for quartile 2 and quartile 4 under Model 1, and 
are significant for quartile 2 (HR=1.36; 95% CI, 1.05–1.77) and 
quartile 4 (HR = 1.39; 95% CI, 1.07–1.80) under Model 2. Res-
ults for DBPSD show no significant relationship with MACE be-
fore or after adjustment. 

It is worth noting that all the P values for diabetes, renal disease, 
and prevalent MI and stroke are P <.05 and for ABI are P <.07 for 
all 3 endpoints for both SBPSD and DBPSD (Appendix, Tables 
1A–3B) suggesting these morbidity measures play a significant 
role in reducing the HRs and their significance for BPV for these 
endpoints (Table 2, Appendix, Tables 1A–3B). 

We performed a sensitivity analysis to investigate potential differ-
ences in results for individuals who have nonurgent clinic visits 
clustered over a shorter interval. The time interval for collection of 
8 blood pressures was dichotomized at less than or equal to 1 year 
(n = 1,232 [36.8%]) versus 1-to-5 years (n = 2,120 [63.2%]). We 
found similar trends in both groups but stronger results for those in 
the 1-to-5-year group, particularly for Model 2 results for SBPSD. 
Findings were also significant for quartiles 3 and 4 for all-cause 
mortality, for quartiles 2, 3, and 4 for cardiovascular mortality, 

and for MACE. Additional stratified analyses related to the covari-
ates in the model were assessed by testing interactions in the mod-
el, and none was found to be significant. 

Discussion 
Ours is the first study to assess the relationship of BPV to all-
cause mortality, CVD mortality, and MACE in American Indians. 
Our study confirmed significant prognostic value for SBPSD with 
all-cause mortality, CVD mortality, and MACE, primarily for the 
highest quartile of SBPSD. Like many previous analyses of non-
American Indian samples, results for DBPSD were less compel-
ling, with significant results for quartile 4 under Model 1 for all-
cause mortality and CVD mortality that did not survive the adjust-
ment for CVD risk factors under Model 2. Findings were strongest 
for all-cause mortality and CVD mortality, then MACE, and were 
probably affected by the number of events available for analysis 
and the exclusions of those with prevalent disease in the case of 
the MACE analyses. The differences in the medians of SBPSD 
between quartile 1 and quartile 2, quartile 2 and quartile 3, and 
quartile 3 and quartile 4 were 3.3, 3.2, and 6.0 mm Hg, respect-
ively. Thus, it is not surprising that significant findings were 
primarily in quartiles 3 and 4, given that the pooled results for 1 
standardized log hazard ratio of SBPSD would represent 5.7 mm 
Hg for this study as described in the methods of Stevens and col-
leagues (31). These findings support the conclusion that there is 
little evidence of racial- and ethnicity-specific differences in the 
effects of BPV on the outcomes addressed. 

The mechanisms linking BPV to all-cause mortality, CVD mortal-
ity, and MACE are autonomic dysfunction, endothelial dysfunc-
tion, atherosclerosis, vascular stiffness, aortic distensibility, dia-
stolic dysfunction, subclinical inflammation, and cognitive de-
cline. BPV may also reflect seasonal effects, measurement errors, 
antihypertensive treatment effects, and medication adherence 
(21,24,32). 

It might be argued that much of the effect of BPV on all-cause and 
CVD morbidity and mortality may be via a wide array of end or-
gan damage (33). In this analysis, end organ damage of BPV may 
be captured more proximally by the covariates used for adjust-
ment in Model 2: history of CVD, peripheral vascular disease, dia-
betes, or kidney disease. As noted in our introduction, the literat-
ure is extensive linking SD and other measures of BPV to clinical 
cardiovascular disease (2,4–17) and subclinical CVD (19,21,22). 
In relation to diabetes, visit-to-visit BPV measured by average real 
variability for both SBP and DBP was a significant prognostic in-
dicator for the development of type 2 diabetes in a Chinese cohort 
over a 16-year follow-up (20). In regard to kidney disease, in a 
large sample of US veterans, SBPSD based on 8 or more outpa-
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tient blood pressure measurements was significantly associated 
with end stage renal disease in a dose responsive way for quartiles 
2, 3, and 4 compared with quartile 1 of SBPSD (5). Multiple stud-
ies have shown BPV is a prognostic indicator for albuminuria 
(34,35). Thus, our Model 2 adjustments for prevalent CVD, ABI, 
diabetes, and kidney disease may represent over-adjustment, and 
the results for BPV after adjustment in Model 1 may be more rep-
resentative of the underlying prognostic effects of BPV on the en-
dpoints. In this interpretation, DBPSD would be significantly re-
lated to both all-cause mortality (quartiles 3 and 4) and CVD mor-
tality (quartile 4). The HRs for the above covariates were highly 
significant in Model 2 adjustments for SBPSD and DBPSD for all-
cause mortality, cardiovascular mortality, and MACE. The de-
cline and reduced significance in HRs, particularly for SBPSD, 
from unadjusted to Model 1 to Model 2 are certainly compatible 
with the foregoing interpretation. However, the fact that SBPSD 
endures these adjustments, particularly for quartile 4 for all-cause 
mortality and cardiovascular mortality, suggests the potential 
strength of this measure as a prognostic indicator. The use of caus-
al mediation analysis to investigate the potential for indirect ef-
fects of BPV on outcomes may make more targeted mechanistic 
investigations possible. 

Results of the sensitivity analysis dichotomizing the sample at 1 
year strengthened the results for the two-thirds of the sample in the 
1-to 5-year group, suggesting that those with 8 blood pressures 
taken in nonurgent clinic visits in less than 1 year may be differ-
ent from those requiring a longer time to reach this frequency. 
Further research is needed to understand the nuances of the group 
differences. 

We have attempted to address many of the statistical and methodo-
logical challenges described in the literature. First, raw blood pres-
sure data used for these analyses were limited to nonurgent visits 
to a wide array of medical care providers without the benefit of 
standardized blood pressure protocols normally found in epidemi-
ological studies. As such, they represent real-world blood pres-
sure levels and variability as might be found in most large medic-
al care systems. Second, the number of blood pressures required 
for eligibility was set at 8 based on a tradeoff between a larger 
sample size, longer follow-up for events, and reduced secular 
blood pressure effects associated with fewer, rather than more vis-
its. The literature suggests stability occurs with a minimum of 6 
measurements (7). Third, the calculation of BPV focused on the 
SD as the measure of variability of visit-to-visit blood pressures 
because it is the most frequently cited measure of blood pressure 
variability (31). Fourth, the time interval over which the blood 
pressure measures were taken was limited to 5 years as in other 
studies (8,10,13), and most measures for this analysis were taken 
within a 2-year interval to minimize secular changes in blood pres-

sure and consequently blood pressure variability. Fifth, analyses 
for each endpoint included the level of blood pressure in both ad-
justed models to account for its effect on blood pressure variabil-
ity. Sixth, the follow-up for events extended to 2 decades to min-
imize the influence of short-term effects. Finally, only the first 
blood pressure taken on each visit was used to maintain comparab-
ility of the measures across participants and visits. 

This study is not without limitations. First, we used blood pres-
sure recorded in a variety of clinic visits, which may therefore re-
flect greater variability than those collected in a single setting, or 
following standardized measurement protocols. However, these 
measurements are likely to be representative of the range of blood 
pressures that would be found in real-world clinical settings, in-
cluding electronic health records data from large health care facil-
ities. Also, this type of variability would reduce the observability 
of associations (Type II error), which would not affect any detec-
ted or reported associations. Second, this study was conducted in a 
ell-characterized cohort of participants, many of whom reside in a 
rural setting and with a unique risk factor profile; results should be 
interpreted with caution for generalizability to other populations. 
As evidence of BPV as a potential risk factor continues to mount, 
we need to determine which measures of BPV are associated with 
adverse events and settle on their definitions. In a world of signi-
ficant progress in data mining, the incorporation of these meas-
ures, once defined, into large electronic health record systems ap-
pears relatively straightforward. The next challenge will be to de-
termine whether it is possible to modify BPV with existing or new 
treatments, and finally, whether reduction of BPV will affect sub-
sequent morbidity and/or mortality. 

Our analysis offers the first look at the prognostic value of blood 
pressure variability for all-cause mortality, cardiovascular mortal-
ity, and MACE in American Indians. It demonstrates clear and 
significant differences in survival in a dose responsive way for 
quartiles of SBPSD, and for quartiles of DBPSD (beginning in 
quartile 3). After adjustment for cardiovascular risk factors, signi-
ficant differences for BPV with all-cause mortality were persist-
ent for quartile 4 for SBPSD. Finally, the results for CVD mortal-
ity and MACE are not as consistent in dose response or in final 
significance in adjusted models, particularly for DBPSD, and may 
reflect lack of effect, smaller numbers of events, the vagaries of 
sample variability, or missing covariates. 
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Tables 

Inclusion status of eligible participants Overall (n = 5,847) Included (n = 3,352) Excluded (n = 2,495) P valueb 

Age at enrollment, 
Mean (SD) 48.39 (14.76) 47.77 (13.77) 49.21 (15.96) 

<.001 
Range 14.10–93.30 15.00–90.80 14.10-93.30 

Sex, n (%) 
Female 3,422 (59.9) 2,226 (66.4) 1,196 (47.9) 

<.001 
Male 2,425 (40.1) 1,126 (33.6) 1,299 (52.1) 
Strong Heart Study cohort, n (%) 
Strong Heart Study 3,501 (59.9) 1,940 (57.9) 1,561 (62.6) 

<.001 
Strong Heart Family Study 2,346 (40.1) 1,412 (42.1) 934 (37.4) 
Strong Heart Study data collection center, n (%) 
Arizona 743 (12.7) 474 (14.1) 269 (10.8) 

<.001Oklahoma 2,504 (2.8) 1,267 (37.8) 1,237 (49.6) 
Dakotas 2,600 (44.5) 1,611 (48.1) 989 (39.6) 
Systolic blood pressure, nearest visitc, mm Hg 

Mean (SD) 124.44 (18.20) 123.49 (17.11) 125.72 (19.29) 
<.001 

Range 73–224 84–223 73–224 

Diastolic blood pressure, nearest visitc, mm Hg 

Mean (SD) 76.50 (10.57) 76.55 (10.42) 76.42 (10.77) 
.64 

Range 38–133 42–133 38–118 

Ankle-brachial index 

Mean (SD) 1.18 (0.14) 1.18 (0.13) 1.18 (0.15) 
.04 

Range 0.52–2.83 0.59–2.83 0.52–2.35 

Ankle-brachial index category, n (%) 
Low (≤0.9) 77 (1.4) 30 (0.9) 47 (2.0) 

<.001Normal (0.9–1.4) 5,269 (94.1) 3,074 (95.3) 2,195 (92.4) 
High (>1.4) 255 (4.6) 121 (3.8) 134 (5.6) 
Body mass index, kg/m2 

Mean (SD) 30.76 (6.77) 31.49 (6.73) 29.77 (6.68) 
.004 

Range 15.40–91.43 15.62–74.36 15.40–91.43 

LDL, mg/dL 

Mean (SD) 106.05 (31.73) 106.53 (31.21) 105.40 (32.41) 
.18 

Range 9.00–288.00 9.00–274.00 10.00–288.00 

HDL, mg/dL 

Table 1. Demographic Characteristics and Medical History of Eligible Participants by Inclusion Status, Strong Heart Study Examination 3 (1997–1999) and 
the Strong Heart Family Study Examination 1 (2001–2003)a 

Abbreviations: HDL, high-density lipoprotein cholesterol; LDL, low-density lipoprotein cholesterol.
a Strong Heart Study (26), Strong Heart Family Study (27).
b t tests used for continuous variables and χ2 used for categorical variables.
c The nearest visit is the study exam closest in time from the date of the 8th clinic blood pressure measurement.
d Wilcoxon test used. 

(continued on next page) 
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(continued) 

Inclusion status of eligible participants Overall (n = 5,847) Included (n = 3,352) Excluded (n = 2,495) P valueb 

Mean +/− SD 48.38 (14.50) 48.19 (14.11) 48.64 (15.02) 
.25 

Range 12.00–146.00 16.00–138.00 12.00–146.00 

Triglycerides, mg/dLd 

Median 123.00 126.00 117.00 
<.001 

Range 2.00–5,323.00 2.00–5,323.00 7.00–1,757.00 

Medical history, n (%) 
History of myocardial infarction 103 (1.8) 49 (1.5) 54 (2.2) .04 

History of stroke 33 (0.6) 10 (0.3) 23 (0.9) .002 

Hypertension 1,916 (32.8) 1,082 (32.3) 834 (33.4) .34 

Diabetes 1,697 (29.0) 963 (28.7) 734 (29.4) .49 

Kidney disease 1,598 (27.3) 867 (25.9) 731 (29.3) .004 

Smoking status, n (%) 
Never smoked 1,941 (33.2) 1,099 (32.8) 842 (33.8) 

.06Previous smoker 1,668 (28.5) 997 (29.8) 671 (26.9) 
Current smoke 2,231 (38.2) 1,253 (37.4) 978 (39.3) 
Alcohol consumption, n (%) 
Never drank 764 (13.1) 429 (12.8) 335 (13.5) 

.005Previous drinker 2,111 (36.1) 1,271 (38.0) 840 (33.8) 
Current drinker 2,958 (50.6) 1,648 (49.2) 1,310 (52.7) 

Table 1. Demographic Characteristics and Medical History of Eligible Participants by Inclusion Status, Strong Heart Study Examination 3 (1997–1999) and 
the Strong Heart Family Study Examination 1 (2001–2003)a 

Abbreviations: HDL, high-density lipoprotein cholesterol; LDL, low-density lipoprotein cholesterol.
a Strong Heart Study (26), Strong Heart Family Study (27).
b t tests used for continuous variables and χ2 used for categorical variables.
c The nearest visit is the study exam closest in time from the date of the 8th clinic blood pressure measurement.
d Wilcoxon test used. 

The opinions expressed by authors contributing to this journal do not necessarily reflect the opinions of the U.S. Department of Health and Human Services, 
the Public Health Service, the Centers for Disease Control and Prevention, or the authors’ affiliated institutions. 

12 Centers for Disease Control and Prevention • www.cdc.gov/pcd/issues/2025/24_0512.htm 

www.cdc.gov/pcd/issues/2025/24_0512.htm


PREVENTING CHRONIC DISEASE VOLUME 22, E30 

PUBLIC HEALTH RESEARCH, PRACTICE, AND POLICY  JUNE 2025 

Event Quartile 

Unadjusted Model 1c Model 2d 

HR (95% CI) P value HR (95% CI) P value HR (95% CI) P value 

All-cause mortality 

SBPSD 2 1.30 (1.07–1.58) .009 1.09 (0.92–1.30) .32 1.02 (0.85–1.23) .81 

3 1.72 (1.42–2.09) <.001 1.23 (1.04–1.51) .02 1.17 (0.98–1.40) .08 

4 2.51 (2.08–3.04) <.001 1.51 (1.27–1.78) <.001 1.35 (1.13 –1.61) .001 

DBPSD 2 1.07 (0.89–1.29) .47 1.06 (0.91–1.24) .46 1.01 (0.85–1.19) .94 

3 1.32 (1.09–1.58) .003 1.18 (1.01–1.38) .04 1.17 (0.99–1.38) .06 

4 1.40 (1.16–1.68) <.001 1.26 (1.08–1.47) .004 1.15 (0.97–1.36) .10 

Cardiovascular disease mortality 

SBPSD 2 1.68 (1.20–2.37) .003 1.39 (1.01–1.91) .05 1.24 (0.87–1.76) .24 

3 1.82 (1.30–2.57) <.001 1.28 (0.93–1.76) .13 1.17 (0.82–1.66) .38 

4 3.73 (2.70–5.13) <.001 2.09 (1.55–2.83) <.001 1.81 (1.29–2.53) <.001 

DBPSD 2 0.93 (0.69–1.26) .65 0.96 (0.73–1.26) .76 0.92 (0.68–1.26) .62 

3 1.27 (0.95–1.71) .11 1.19 (0.91–1.56) .20 1.13 (0.84–1.52) .43 

4 1.39 (1.04–1.86) .03 1.30 (1.00–1.69) .05 1.22 (0.91 –1.65) .18 

Major adverse cardiovascular events 

SBPSD 2 1.59 (1.22–2.07) <.001 1.41 (1.11–1.78) .004 1.36 (1.05–1.77) .02 

3 1.49 (1.13–1.95) .004 1.09 (0.86–1.39) .47 1.06 (0.81–1.39) .65 

4 2.53 (1.95–3.28) <.001 1.49 (1.18–1.88) <.001 1.39 (1.07–1.80) .01 

DBPSD 2 0.99 (0.77–1.28) .97 1.02 (0.82–1.27) .84 0.98 (0.78–1.25) .90 

3 1.22 (0.96–1.57) .11 1.19 (0.96–1.47) .11 1.10 (0.87–1.39) .45 

4 1.24 (0.97–1.60) .08 1.18 (0.95–1.46) .13 1.11 (0.87–1.40) .41 

Table 2. Blood Pressure Variation as a Prognostic Factor for All-Cause Mortality, Cardiovascular Disease Mortality, and Major Adverse Cardiovascular 
Events, With 8 Nonurgenta Clinic Blood Pressure Measurements Within a 5-Year Period, by SD of Systolic Blood Pressure and Diastolic Blood Pressure 
Quartile, Combined Strong Heart Study Examination 3 (1997–1999) and Strong Heart Family Study Examination 1 (2001–2003)b 

Abbreviations: DBPSD, SD of diastolic blood pressure; HDL, high-density lipoprotein cholesterol; HR, hazard ratio; LDL, low-density lipoprotein cholesterol;
SBPSD, SD of systolic blood pressure.
a Excluded hospitalizations, emergency room visits, urgent care visits, ambulance trips, and pregnancy clinical visits.
b Strong Heart Study (26), Strong Heart Family Study (27).
c Shared frailty Cox proportional hazards model adjusted for cohort, center, age, sex, and systolic blood pressure/diastolic blood pressure, as appropriate.
d Shared frailty Cox proportional hazards model adjusted for Model 1 and hypertension treatment, diabetes, body mass index, current smoking, current
drinking, LDL, HDL, triglycerides kidney disease, ankle/brachial index, prevalent myocardial infarction and stroke (not for all-cause mortality), and interac-
tion of prevalent systolic blood pressure or diastolic blood pressure and hypertension treatment. 
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Appendix 

Variable 

Unadjusted Model 1 adjustedb Model 2 adjustedc 

Hazard 
ratio 95% CI P value 

Hazard 
ratio 95% CI P value 

Hazard 
ratio 95% CI P value 

Systolic blood pressure SD quartiles (reference, quartile 1) 
2 1.30 1.07–1.58 <.001 1.09 0.92–1.30 .32 1.02 0.85–1.23 .81 

3 1.72 1.42–2.09 <.001 1.23 1.04–1.46 .02 1.17 0.98–1.40 .08 

4 2.51 2.08–3.04 <.001 1.51 1.27–1.78 <.001 1.35 1.13–1.61 .001 

Strong Heart Study (26) cohort (reference, Strong Heart Family Study [27]) 
Strong Heart Study 4.72 4.14–5.39 <.001 1.29 1.04–1.60 .02 1.27 1.00–1.63 .05 

Sex (reference, female) 
Male 1.45 1.26–1.65 <.001 0.72 0.64–0.81 <.001 0.74 0.65–0.84 <.001 

Strong Heart Study site (reference, Oklahoma) 
Arizona 0.87 0.69–1.10 0.25 1.15 0.96–1.37 0.13 1.10 0.89–1.35 .38 

South Dakota 1.33 1.12–1.57 <.001 1.38 1.22–1.57 <.001 1.34 1.17–1.54 <.001 

Age at 8th blood pressure measurement, y 1.06 1.06–1.07 <.001 1.06 1.05–1.06 <.001 1.06 1.05–1.07 <.001 

Baseline systolic blood pressure, mm Hg
(continuous) 

1.02 1.01–1.02 <.001 1.01 1.00–1.01 .004 1.00 0.99–1.01 .94 

Hypertension treatment (reference, no) 
Yes 1.86 1.62–2.13 <.001 NA NA NA 0.51 0.21–1.22 .13 

Diabetes (reference, no) 
Yes 2.15 1.89–2.45 <.001 NA NA NA 1.66 1.46–1.88 <.001 

Body mass index (kg/m2) baseline
(continuous) 

1.80 1.50–2.61 <.001 NA NA NA 1.00 0.99–1.01 .98 

Current smoker (reference, no) 
Yes 1.15 1.01–1.31 .03 NA NA NA 1.28 1.12–1.45 <.001 

Current drinker (reference, no) 
Yes 0.82 0.72–0.93 .003 NA NA NA 1.12 0.98–1.27 .10 

LDL, mg/dL (reference, <100 mg/dL) 
100-129 0.91 0.78–1.06 .24 NA NA NA 0.84 0.73–0.97 .02 

130-159 0.95 0.78–1.14 .57 NA NA NA 0.83 0.70–0.98 .03 

160-189 0.96 0.71–1.30 .82 NA NA NA 0.74 0.57–0.95 .02 

≥190 1.04 0.63–1.73 .87 NA NA NA 1.01 0.66–1.54 .97 

Appendix Table 1A. Association Between All-Cause Mortality and Systolic Blood Pressure SD Quartiles of 8 Nonurgenta Clinic Visits Within a 5-Year 
Period 

Abbreviations: NA, not applicable; HDL, high-density lipoprotein cholesterol; LDL, low-density lipoprotein cholesterol.
a Excluded hospitalizations, emergency room visits, urgent care visits, ambulance trips, and pregnancy clinical visits.
b Shared frailty Cox proportional hazards model adjusted for cohort, center, age, sex, and systolic blood pressure/diastolic blood pressure, as appropriate.
c Shared frailty Cox proportional hazards model adjusted for cohort, sex, center, age, baseline systolic blood pressure, hypertension treatment, diabetes
mellitus, body mass index, current smoking, current drinking, LDL, HDL, triglycerides, kidney disease, ankle/brachial index, prevalent myocardial infarction 
and stroke interaction of systolic blood pressure, and hypertension treatment. 

(continued on next page) 
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(continued) 

Variable 

Unadjusted Model 1 adjustedb Model 2 adjustedc 

Hazard 
ratio 95% CI P value 

Hazard 
ratio 95% CI P value 

Hazard 
ratio 95% CI P value 

HDL, mg/dL (reference: men, <40 mg/dL; women, <50 mg/dL) 
Men, 40-59, women 51-59 0.73 0.64–0.83 <.001 NA NA NA 1.01 0.87–1.18 .88 

Men ≥60, women ≥60 0.60 0.52–0.71 <.001 NA NA NA 1.08 0.89–1.31 .44 

Triglycerides, mg/dL (reference, <150 mg/dL) 
150–199 1.03 0.87–1.23 .71 NA NA NA 0.96 0.82–1.12 .61 

200–499 1.06 0.90–1.25 .51 NA NA NA 0.83 0.71–0.97 .02 

≥500 1.10 0.70–1.71 .60 NA NA NA 0.85 0.57–1.27 .42 

Kidney disease (reference, no) 
Yes 2.37 1.99–2.82 <.001 NA NA NA 1.27 1.08–1.50 .005 

Ankle/brachial index (reference, >0.9 to≤1.4) 
≤0.9 or >1.4 2.01 1.57–2.56 <.001 NA NA NA 1.22 0.99–1.51 .06 

Prevalent myocardial infarction or stroke (reference, no) 
Yes 3.06 2.32–4.04 <.001 NA NA NA 1.55 1.22–1.99 <.001 

Appendix Table 1A. Association Between All-Cause Mortality and Systolic Blood Pressure SD Quartiles of 8 Nonurgenta Clinic Visits Within a 5-Year 
Period 

Abbreviations: NA, not applicable; HDL, high-density lipoprotein cholesterol; LDL, low-density lipoprotein cholesterol.
a Excluded hospitalizations, emergency room visits, urgent care visits, ambulance trips, and pregnancy clinical visits.
b Shared frailty Cox proportional hazards model adjusted for cohort, center, age, sex, and systolic blood pressure/diastolic blood pressure, as appropriate.
c Shared frailty Cox proportional hazards model adjusted for cohort, sex, center, age, baseline systolic blood pressure, hypertension treatment, diabetes
mellitus, body mass index, current smoking, current drinking, LDL, HDL, triglycerides, kidney disease, ankle/brachial index, prevalent myocardial infarction
and stroke interaction of systolic blood pressure, and hypertension treatment. 
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Variable 

Unadjusted Model 1 Adjustedb Model 2 Adjustedc 

Hazard 
ratio 95% CI P value 

Hazard 
ratio 95% CI P value 

Hazard 
ratio 95% CI P value 

Diastolic blood pressure SD quartiles (reference, quartile 1) 
2 1.07 0.89–1.29 .72 1.06 0.91–1.24 .46 1.01 0.85–1.19 .94 

3 1.32 1.09–1.58 .003 1.18 1.01–1.38 .04 1.17 0.99–1.38 .06 

4 1.40 1.16–1.68 <.001 1.26 1.08–1.47 .004 1.15 0.97–1.36 .10 

Strong Heart Study (26) cohort (reference,
Strong Heart Family Study [27]) 

4.72 4.14–5.39 <.001 1.29 1.05–1.60 .02 1.27 1.00–1.62 .05 

Sex (reference, female) 
Male 1.45 1.26–1.65 <.001 0.71 0.63–0.80 <.001 0.74 0.65–0.84 <.001 

Strong Heart Study site (reference, Oklahoma) 
Arizona 0.87 0.69–1.10 .25 1.13 0.94–1.35 .19 1.06 0.86–1.30 .58 

South Dakota 1.33 1.12–1.57 <.001 1.36 1.20–1.55 <.001 1.33 1.16–1.52 <.001 

Age at eighth blood pressure measurement,
y (continuous) 

1.06 1.06–1.07 <.001 1.06 1.05–1.07 <.001 1.06 1.05–1.07 <.001 

Baseline diastolic blood pressure, mm Hg
(continuous) 

1.02 1.01–1.02 <.001 1.00 0.99 – 1.00 .13 1.00 0.99–1.01 .23 

Hypertension treatment (reference, no) 
Yes 1.86 1.62–2.13 <.001 NA NA NA 0.77 0.32–1.88 .57 

Diabetes (reference, no) 
Yes 2.15 1.89–2.45 <.001 NA NA NA 1.68 1.48–1.91 <.001 

Body mass index (kg/m2) baseline
(continuous) 

1.80 1.50–2.61 <.001 NA NA NA 1.00 0.99–1.01 .90 

Current smoker (reference, no) 
Yes 1.15 1.01–1.31 .03 NA NA NA 1.28 1.12–1.45 <.001 

Current drinker (reference, no) 
Yes 0.82 0.72–0.93 .003 NA NA NA 1.12 0.99–1.28 .07 

LDL, mg/dL (reference, ≤100 mg/dL) 
100–129 0.91 0.78–1.06 .24 NA NA NA 0.84 0.73–0.97 .02 

130–159 0.95 0.78–1.14 .57 NA NA NA 0.83 0.70–0.99 .04 

160–189 0.96 0.71–1.30 .82 NA NA NA 0.77 0.60–0.98 .04 

≥190 mg/dL 1.04 0.63–1.73 .87 NA NA NA 1.04 0.68–1.58 .87 

Appendix Table 1B. Association Between Diastolic Blood Pressure SD Quartiles of 8 Nonurgenta Clinic Visits Within a 5-Year Period and All-Cause 
Mortality 

Abbreviations: NA, not applicable; HDL, high-density lipoprotein cholesterol; LDL, low-density lipoprotein cholesterol.
a Excluded hospitalizations, emergency room visits, urgent care visits, ambulance trips, and pregnancy clinical visits.
b Shared frailty Cox proportional hazards model adjusted for cohort, center, age, sex, and systolic blood pressure/diastolic blood pressure, as appropriate.
c Shared frailty Cox proportional hazards model adjusted for cohort, sex, center, age, baseline systolic blood pressure, hypertension treatment, diabetes,
body mass index, current smoking, current drinking, LDL, HDL, triglycerides, kidney disease, ankle/brachial index, prevalent myocardial infarction and 
stroke, interaction of systolic blood pressure, and hypertension treatment. 
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(continued) 

Variable 

Unadjusted Model 1 Adjustedb Model 2 Adjustedc 

Hazard 
ratio 95% CI P value 

Hazard 
ratio 95% CI P value 

Hazard 
ratio 95% CI P value 

HDL (reference, men, <40; women, <50) 
Men 40–59, omen 51–59 0.73 0.64–0.83 <.001 NA NA NA 1.01 0.87–1.18 .89 

Men, ≥60; women, ≥60 0.60 0.52–0.71 <.001 NA NA NA 1.09 0.90–1.32 .40 

Triglycerides, mg/dL (reference, ≥150 mg/dL) 
150–199 mg/dL 1.03 0.87–1.23 .71 NA NA NA 0.96 0.82–1.13 .64 

200–499 mg/dL 1.06 0.90–1.25 .51 NA NA NA 0.84 0.72–0.98 .03 

≥500 mg/dL 1.10 0.70–1.71 .69 NA NA NA 0.88 0.59–1.31 .53 

Kidney disease (reference, no) 
Yes 2.37 1.99–2.82 <.001 NA NA NA 1.30 1.10–1.53 .002 

Ankle/brachial index (reference≥0.9 to ≤1.4) 
≤0.9 or >1.4 2.01 1.57–2.56 <.001 NA NA NA 1.23 0.99–1.51 .06 

Prevalent myocardial infarction or stroke (reference, no) 
Yes 3.06 2.32–4.04 <.001 NA NA NA 1.52 1.19–1.94 <.001 

Appendix Table 1B. Association Between Diastolic Blood Pressure SD Quartiles of 8 Nonurgenta Clinic Visits Within a 5-Year Period and All-Cause 
Mortality 

Abbreviations: NA, not applicable; HDL, high-density lipoprotein cholesterol; LDL, low-density lipoprotein cholesterol.
a Excluded hospitalizations, emergency room visits, urgent care visits, ambulance trips, and pregnancy clinical visits.
b Shared frailty Cox proportional hazards model adjusted for cohort, center, age, sex, and systolic blood pressure/diastolic blood pressure, as appropriate.
c Shared frailty Cox proportional hazards model adjusted for cohort, sex, center, age, baseline systolic blood pressure, hypertension treatment, diabetes,
body mass index, current smoking, current drinking, LDL, HDL, triglycerides, kidney disease, ankle/brachial index, prevalent myocardial infarction and
stroke, interaction of systolic blood pressure, and hypertension treatment. 
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Variable 

Unadjusted Model 1 adjustedb Model 2 adjustedc 

Hazard 
ratio 95% CI P value 

Hazard 
ratio 95% CI P value 

Hazard 
ratio 95% CI P value 

Systolic blood pressure SD quartiles (reference, quarter 1) 
2 1.68 1.20–2.37 .003 1.39 1.01–1.91 .05 1.24 0.87–1.76 .24 

3 1.82 1.30–2.57 <.001 1.28 0.93–1.76 .13 1.17 0.82–1.66 .38 

4 3.73 2.70–5.13 <.001 2.09 1.55–2.83 <.001 1.81 1.29–2.53 <.001 

Strong Heart Study (26) cohort (reference, Strong Heart Family Study (27) 
Strong Heart Study 7.24 5.52–9.49 <.001 1.60 1.12–2.30 .01 1.81 1.15–2.85 .01 

Sex (reference, female) 
Male 1.57 1.27–1.94 <.001 0.66 0.54–0.80 <.001 0.6 0.51–0.81 <.001 

Strong Heart Study site (reference, Oklahoma) 
Arizona 0.61 0.41–0.90 0.01 0.82 0.58–1.13 .23 0.79 0.52–1.19 .25 

South Dakota 1.35 1.05–1.73 0.02 1.41 1.15–1.73 .001 1.44 1.14–1.83 .002 

Age at eighth blood pressure measurement,
y (continuous) 

1.08 1.07–1.09 <.001 1.07 1.05–1.08 <.001 1.06 1.05–1.07 <.001 

Baseline systolic blood pressure, mm Hg
(continuous) 

1.02 1.02–1.03 <.001 1.01 1.00–1.01 .01 1.00 0.99–1.01 .63 

Hypertension treatment (reference, no) 
Yes 2.67 2.16–3.30 <.001 NA NA NA 0.94 0.12–2.68 .48 

Diabetes (reference, no) 
Yes 3.24 2.61–4.02 <.001 NA NA NA 2.49 1.97–3.13 <.001 

Body mass index (kg/m2) baseline
(continuous) 

0.99 0.97–1.00 .03 NA NA NA 0.99 0.97–1.01 .46 

Current smoker (reference, no) 
Yes 1.08 0.88–1.34 .46 NA NA NA 1.30 1.03–1.63 .03 

Current drinker (reference, no) 
Yes 0.62 0.50–0.76 <.001 NA NA NA 0.89 0.70–1.12 .30 

LDL l, mg/dL (reference, ≥100 mg/dL) 
100–129 1.10 0.85–1.42 .48 NA NA NA 0.95 0.73–1.24 .72 

130–159 1.26 0.94–1.70 .12 NA NA NA 1.02 0.75–1.38 .90 

160–189 1.35 0.86–2.11 .19 NA NA NA 0.82 0.53–1.27 .38 

Appendix Table 2A. Association Between Systolic Blood Pressure SD Quartiles of 8 Nonurgenta Clinic Visits Within a 5-Year Period and Cardiovascular 
Mortality 

Abbreviations: NA, not applicable; LDL, low-density lipoprotein cholesterol; HDL, high-density lipoprotein cholesterol.
a Excluded hospitalizations, emergency room visits, urgent care visits, ambulance trips, and pregnancy clinical visits.
b Shared frailty Cox proportional hazards model adjusted for cohort, center, age, sex, and systolic blood pressure/diastolic blood pressure, as appropriate.
c Shared frailty Cox proportional hazards model adjusted for cohort, sex, center, age, baseline systolic blood pressure, hypertension treatment, diabetes,
body mass index, current smoking, current drinking, LDL, HDL, triglycerides, kidney disease, ankle/brachial index, prevalent myocardial infarction and 
stroke, interaction of systolic blood pressure, and hypertension treatment. 
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(continued) 

Variable 

Unadjusted Model 1 adjustedb Model 2 adjustedc 

Hazard 
ratio 95% CI P value 

Hazard 
ratio 95% CI P value 

Hazard 
ratio 95% CI P value 

≥190 1.56 0.75–3.23 .23 NA NA NA 1.33 0.65–2.76 .44 

HDL mg/dL(reference, men <40; women <50 mg/dL) 
Men 40–59, women 51–59 0.72 0.58–0.90 .003 NA NA NA 1.16 0.88–1.52 .30 

Men ≥60, women ≥60 0.51 0.38–0.68 <.001 NA NA NA 1.26 0.87–1.83 .21 

Triglycerides (reference, <150 mg/dL) 
150–199 mg/dL 1.33 1.01–1.75 .04 NA NA NA 1.17 0.88–1.55 .28 

200–499 mg/dL 1.51 1.17–1.95 .002 NA NA NA 1.07 0.82–1.41 .61 

≥500 mg/dL 1.09 0.51–2.30 .83 NA NA NA 0.93 0.45–1.90 .84 

Kidney disease (reference, no) 
Yes 3.40 2.62–4.40 <.001 NA NA NA 1.51 1.15–1.99 .003 

Ankle/brachial index (reference, >0.9 to ≤1.4) 
≤0.9 or >1.4 2.68 1.87–3.85 <.001 NA NA NA 1.49 1.05–2.10 .03 

Prevalent myocardial infarction or stroke (reference, no) 
Yes 5.73 3.99–8.22 <.001 NA NA NA 2.47 1.73–3.52 <.001 

Appendix Table 2A. Association Between Systolic Blood Pressure SD Quartiles of 8 Nonurgenta Clinic Visits Within a 5-Year Period and Cardiovascular 
Mortality 

Abbreviations: NA, not applicable; LDL, low-density lipoprotein cholesterol; HDL, high-density lipoprotein cholesterol.
a Excluded hospitalizations, emergency room visits, urgent care visits, ambulance trips, and pregnancy clinical visits.
b Shared frailty Cox proportional hazards model adjusted for cohort, center, age, sex, and systolic blood pressure/diastolic blood pressure, as appropriate.
c Shared frailty Cox proportional hazards model adjusted for cohort, sex, center, age, baseline systolic blood pressure, hypertension treatment, diabetes, 
body mass index, current smoking, current drinking, LDL, HDL, triglycerides, kidney disease, ankle/brachial index, prevalent myocardial infarction and
stroke, interaction of systolic blood pressure, and hypertension treatment. 
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Variable 

Unadjusted Model 1, adjustedb Model 2, adjustedc 

Hazard 
ratio 95% CI P value 

Hazard 
ratio 95% CI P value 

Hazard 
ratio 95% CI P value 

Diastolic blood pressure SD quartiles (reference, quartile 1) 
2 0.93 0.69–1.26 .65 0.96 0.73–1.26 .76 0.92 0.68–1.26 .62 

3 1.27 0.95–1.71 .11 1.19 0.91–1.56 .20 1.13 0.84–1.52 .43 

4 1.39 1.04–1.86 .03 1.30 1.00–1.69 .05 1.22 0.91–1.65 .18 

Strong Heart Study (26) cohort (reference, Strong Heart Family Study (27) 
Strong Heart Study 7.24 5.52–9.49 <.001 1.63 1.14–2.34 .007 1.85 1.18–2.90 .007 

Sex (reference, female) 
Male 1.57 1.27–1.94 <.001 0.66 0.55–0.81 <.001 0.64 0.51–0.81 <.001 

Strong Heart Study site (reference, Oklahoma) 
Arizona 0.61 0.41–0.90 .01 0.79 0.56–1.09 .15 0.74 0.49–1.11 .15 

South Dakota 1.35 1.05–1.73 .02 1.37 1.12–1.69 .002 1.44 1.14–1.82 .002 

Age at eighth blood pressure measurement,
y 

1.08 1.07–1.09 <.001 1.07 1.06–1.08 <.001 1.06 1.05–1.08 <.001 

Baseline diastolic blood pressure, mm Hg
(continuous) 

1.02 1.02–1.03 <.001 0.99 0.98 – 1.00 0.15 0.99 0.97–1.00 .12 

Hypertension treatment (reference, no) 
Yes 2.67 2.16–3.30 <.001 NA NA NA 0.98 0.16–3.98 .79 

Diabetes (reference, no) 
Yes 3.24 2.61–4.02 <.001 NA NA NA 2.50 1.98–3.14 <.001 

Body mass index (kg/m2) baseline 
(continuous) 

0.99 0.97–1.00 .03 NA NA NA 0.99 0.98–1.01 .58 

Current smoker (reference, no) 
Yes 1.08 0.88–1.34 .46 NA NA NA 1.31 1.04–1.64 .02 

Current drinker (reference, no) 
Yes 0.62 0.50–0.76 <.001 NA NA NA 0.91 0.73–1.14 .41 

LDL (reference, 100 mg/dL) 
100–129 1.10 0.85–1.42 .48 NA NA NA 0.96 0.74–1.25 .76 

130–159 1.26 0.94–1.70 .12 NA NA NA 1.05 0.77–1.42 .76 

160–189 1.35 0.86–2.11 .19 NA NA NA 0.88 0.57–1.36 .57 

Appendix Table 2B. Association Between Diastolic Blood Pressure SD Quartiles of 8 Nonurgenta Clinic Visits Within a 5-Year Period and Cardiovascular 
Mortality 

Abbreviations: NA, not applicable; LDL, low-density lipoprotein cholesterol; HDL, high-density lipoprotein cholesterol.
a Excluded hospitalizations, emergency room visits, urgent care visits, ambulance trips, and pregnancy clinical visits.
b Shared frailty Cox proportional hazards model adjusted for cohort, center, age, sex, and systolic blood pressure/diastolic blood pressure, as appropriate.
c Shared frailty Cox proportional hazards model adjusted for cohort, sex, center, age, baseline diastolic blood pressure, hypertension treatment, diabetes,
body mass index, current smoking, current drinking, LDL, HDL, triglycerides, kidney disease, ankle/brachial index, prevalent myocardial infarction and 
stroke, interaction of systolic blood pressure, and hypertension treatment. 
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(continued) 

Variable 

Unadjusted Model 1, adjustedb Model 2, adjustedc 

Hazard 
ratio 95% CI P value 

Hazard 
ratio 95% CI P value 

Hazard 
ratio 95% CI P value 

≥190 1.56 0.75–3.23 .23 NA NA NA 1.39 0.67–2.87 .37 

HDL (reference, men, <40; women, <50) 
Men 40–59, women 51–59 0.72 0.58–0.90 .003 NA NA NA 1.15 0.87–1.52 .31 

Men ≥60, Women ≥60 0.51 0.38–0.68 <.001 NA NA NA 1.28 0.88–1.84 .19 

Triglycerides (reference, ≥150 mg/dL) 
150–199 mg/dL 1.33 1.01–1.75 .04 NA NA NA 1.17 0.88–1.54 .28 

200–499 mg/dL 1.51 1.17–1.95 .002 NA NA NA 1.10 0.84–1.45 .48 

≥500 mg/dL 1.09 0.51–2.30 .83 NA NA NA 1.00 0.49–2.04 .99 

Kidney disease (reference, no) 
Yes 3.40 2.62–4.40 <.001 NA NA NA 1.58 1.21–2.08 .001 

Ankle/brachial index (reference, >0.9 to ≤1.4) 
≤0.9 or >1.4 2.68 1.87–3.85 <.001 NA NA NA 1.51 1.07–2.13 .02 

Prevalent myocardial infarction or stroke (reference, no) 
Yes 5.73 3.99–8.22 <.001 NA NA NA 2.39 1.68–3.39 <.001 

Appendix Table 2B. Association Between Diastolic Blood Pressure SD Quartiles of 8 Nonurgenta Clinic Visits Within a 5-Year Period and Cardiovascular 
Mortality 

Abbreviations: NA, not applicable; LDL, low-density lipoprotein cholesterol; HDL, high-density lipoprotein cholesterol.
a Excluded hospitalizations, emergency room visits, urgent care visits, ambulance trips, and pregnancy clinical visits.
b Shared frailty Cox proportional hazards model adjusted for cohort, center, age, sex, and systolic blood pressure/diastolic blood pressure, as appropriate.
c Shared frailty Cox proportional hazards model adjusted for cohort, sex, center, age, baseline diastolic blood pressure, hypertension treatment, diabetes, 
body mass index, current smoking, current drinking, LDL, HDL, triglycerides, kidney disease, ankle/brachial index, prevalent myocardial infarction and
stroke, interaction of systolic blood pressure, and hypertension treatment. 
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Variable 

Unadjusted Model 1, adjustedb Model 2, adjustedc 

Hazard 
ratio 95% CI P value 

Hazard 
ratio 95% CI P value 

Hazard 
ratio 95% CI P value 

Diastolic blood pressure SD quartiles (reference, quartile 1) 
2 1.59 1.22–2.07 <.001 1.41 1.11–1.78 .004 1.36 1.05–1.77 .02 

3 1.49 1.13–1.95 .004 1.09 0.86–1.39 .47 1.06 0.81–1.39 .65 

4 2.53 1.95–3.28 <.001 1.49 1.18–1.88 <.001 1.39 1.07–1.80 .01 

Strong Heart Study (26) cohort (reference, Strong Heart Family Study (27) 
Strong Heart Study 4.84 3.99–5.86 <.001 1.35 1.05–1.74 .02 1.38 0.98–1.95 .06 

Sex (reference, female) 
Male 1.69 1.41–2.03 <.001 0.64 0.55–0.75 <.001 0.62 0.52–0.75 <.001 

Strong Heart Study site (reference, Oklahoma) 
Arizona 0.75 0.53–1.07 .11 0.92 0.69–1.22 .55 0.91 0.65–1.28 .60 

South Dakota 2.34 1.87–2.94 <.001 2.25 1.90–2.67 <.001 2.41 1.98–2.94 <.001 

Age at eighth blood pressure, y (continuous) 1.06 1.05–1.07 <.001 1.05 1.05–1.06 <.001 1.05 1.04–1.06 <.001 

Baseline systolic blood pressure, mm Hg
(continuous) 

1.02 1.01–1.02 <.001 1.01 1.00–1.01 <.001 1.00 1.00–1.01 .20 

Hypertension treatment (reference, no) 
Yes 2.22 1.84–2.67 <.001 NA NA NA 0.95 0.27–3.28 .93 

Diabetes (reference, no) 
Yes 2.64 2.20–3.16 <.001 NA NA NA 1.97 1.64–2.36 <.001 

Body mass index (kg/m2) baseline 
(continuous) 

0.99 0.99–1.00 .02 NA NA NA 0.99 0.98–1.01 .48 

Current smoker (reference, no) 
Yes 1.30 1.09–1.56 .003 NA NA NA 1.41 1.18–1.69 .001 

Current drinker (reference, no) 
Yes 0.69 0.58–0.83 <.001 NA NA NA 0.84 0.70–1.02 .07 

LDL (reference,<100 mg/dL) 
100–129 1.18 0.94–1.46 .15 NA NA NA 1.08 0.87–1.33 .51 

130–159 1.73 1.35–2.22 <.001 NA NA NA 1.32 1.04–1.68 .02 

160–189 1.60 1.08–2.36 .02 NA NA NA 0.95 0.67–1.36 .79 

≥190 1.18 0.59–2.36 .63 NA NA NA 0.90 0.47–1.74 .75 

Appendix Table 3A. Association Between Systolic Blood Pressure SD Quartiles of 8 Nonurgenta Clinic Visits Within a 5-Year Period and Major Adverse 
Cardiovascular Events 

Abbreviations: NA, not applicable; LDL, low-density lipoprotein cholesterol; HDL, high-density lipoprotein cholesterol.
a Excluded hospitalizations, emergency room visits, urgent care visits, ambulance trips, and pregnancy clinical visits.
b Shared frailty Cox proportional hazards model adjusted for cohort, center, age, sex, and systolic blood pressure/diastolic blood pressure, as appropriate.
c Shared frailty Cox proportional hazards model adjusted for cohort, sex, center, age, baseline systolic blood pressure, hypertension treatment, diabetes,
body mass index, current smoking, current drinking, LDL, HDL, triglycerides, kidney disease, ankle/brachial index, interaction of systolic blood pressure, 
and hypertension treatment. 

(continued on next page) 
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(continued) 

Variable 

Unadjusted Model 1, adjustedb Model 2, adjustedc 

Hazard 
ratio 95% CI P value 

Hazard 
ratio 95% CI P value 

Hazard 
ratio 95% CI P value 

HDL (reference, men <40; women <50) 
Men 40–59, women 51–59 0.72 0.58–0.90 .003 NA NA NA 1.05 0.84–1.30 .68 

Men ≥60, women ≥60 0.51 0.38–0.68 <.001 NA NA NA 0.99 0.74–1.32 .95 

Triglycerides (reference, <150 mg/dL) 
150–199 1.31 1.04–1.65 .02 NA NA NA 1.10 0.88–1.38 .40 

200–499 1.37 1.10–1.72 .005 NA NA NA 0.98 0.78–1.22 .85 

≥500 1.63 0.91–2.91 .10 NA NA NA 1.24 0.71–2.16 .46 

Kidney disease (reference, no) 
Yes 2.68 2.12–3.39 <.001 NA NA NA 1.42 1.12–1.79 .003 

Ankle/brachia index (reference, >0.9 to ≤1.4) 
≤0.9 or >1.4 2.11 1.51–2.95 <.001 NA NA NA 1.33 0.98–1.82 .07 

Appendix Table 3A. Association Between Systolic Blood Pressure SD Quartiles of 8 Nonurgenta Clinic Visits Within a 5-Year Period and Major Adverse 
Cardiovascular Events 

Abbreviations: NA, not applicable; LDL, low-density lipoprotein cholesterol; HDL, high-density lipoprotein cholesterol.
a Excluded hospitalizations, emergency room visits, urgent care visits, ambulance trips, and pregnancy clinical visits.
b Shared frailty Cox proportional hazards model adjusted for cohort, center, age, sex, and systolic blood pressure/diastolic blood pressure, as appropriate.
c Shared frailty Cox proportional hazards model adjusted for cohort, sex, center, age, baseline systolic blood pressure, hypertension treatment, diabetes, 
body mass index, current smoking, current drinking, LDL, HDL, triglycerides, kidney disease, ankle/brachial index, interaction of systolic blood pressure,
and hypertension treatment. 
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Variable 

Unadjusted Model 1, adjustedb Model 2, adjustedc 

Hazard 
ratio 95% CI P value 

Hazard 
ratio 95% CI P value 

Hazard 
ratio 95% CI P value 

Diastolic blood pressure SD quartiles (reference, quartile 1) 
2 0.99 0.77–1.28 .97 1.02 0.82–1.27 .84 0.98 0.78–1.25 .90 

3 1.22 0.96–1.57 .11 1.19 0.96–1.47 .11 1.10 0.87–1.39 .45 

4 1.24 0.97–1.6 .08 1.18 0.95–1.46 .13 1.11 0.87–1.40 .41 

Strong Heart Study (26) cohort (reference, Strong Heart Family Study [27]) 
Strong Heart Study 4.84 3.99–5.86 <.001 1.32 1.03–1.69 .03 1.36 0.97–1.90 .07 

Sex (reference, female) 
Male 1.69 1.41–2.03 <.001 0.66 0.56–0.77 <.001 0.65 0.54–0.78 <.001 

Strong Heart Study site (reference, Oklahoma) 
Arizona 0.75 0.53–1.07 .11 0.90 0.68–1.19 .46 0.88 0.62–1.23 .44 

South Dakota 2.34 1.87–2.94 <.001 2.13 1.80–2.53 <.001 2.29 1.88–2.79 <.001 

Age at 8th blood pressure, y (continuous) 1.06 1.05–1.07 <.001 1.06 1.05–1.07 <.001 1.06 1.04–1.07 <.001 

Baseline diastolic blood pressure, mm Hg
(continuous) 

1.02 1.01–1.02 <.001 1.01 1.00–1.01 .19 1.01 0.99–1.02 .34 

Hypertension treatment (reference, no) 
Yes 2.22 1.84–2.67 <.001 NA NA NA 1.50 0.42–5.43 .53 

Diabetes (reference, no) 
Yes 2.64 2.20–3.16 <.001 NA NA NA 2.00 1.67–2.40 <.001 

Body mass index (kg/m2) baseline 
(continuous) 

0.99 0.99–1.00 .02 NA NA NA 1.00 0.98–1.01 .50 

Current smoker (reference, no) 
Yes 1.30 1.09–1.56 .003 NA NA NA 1.41 1.18–1.69 <.001 

Current drinker (reference, no) 
Yes 0.69 0.58–0.83 <.001 NA NA NA 0.85 0.71–1.03 .09 

LDL (reference, <100 mg/dL) 
100–129 mg/dL 1.18 0.94–1.46 .15 NA NA NA 1.05 0.85–1.30 .63 

130–159 mg/dL 1.73 1.35–2.22 <.001 NA NA NA 1.31 1.03–1.66 .03 

160–189 mg/dL 1.60 1.08–2.36 .02 NA NA NA 1.01 0.71–1.43 .97 

≥190 mg/dL 1.18 0.59–2.36 .63 NA NA NA 0.90 0.47–1.74 .76 

Appendix Table 3B. Association Between Diastolic Blood Pressure SD Quartiles of 8 Nonurgenta Clinic Visits Within a 5-Year Period and Major Adverse 
Cardiovascular Events 

Abbreviations: NA, not applicable; HDL, high-density lipoprotein cholesterol; LDL, low-density lipoprotein cholesterol.
a Excluded hospitalizations, emergency room visits, urgent care visits, ambulance trips, and pregnancy clinical visits.
b Shared frailty Cox proportional hazards model adjusted for cohort, center, age, sex, and systolic blood pressure/diastolic blood pressure as appropriate.
c Shared frailty Cox proportional hazards model adjusted for cohort, sex, center, age, baseline diastolic blood pressure, hypertension treatment, diabetes,
body mass index, current smoking, current drinking, LDL, HDL, triglycerides, kidney disease, ankle/brachial index, interaction of systolic blood pressure, 
and hypertension treatment. 

(continued on next page) 
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(continued) 

Variable 

Unadjusted Model 1, adjustedb Model 2, adjustedc 

Hazard 
ratio 95% CI P value 

Hazard 
ratio 95% CI P value 

Hazard 
ratio 95% CI P value 

HDL (reference, men <40; women <50) 
Men 40–59 (Women 51–59 0.72 0.58–0.90 .003 NA NA NA 1.06 0.85–1.32 .60 

Men ≥60 (Women ≥60 0.51 0.38–0.68 <.001 NA NA NA 1.00 0.75–1.33 .98 

Triglycerides (reference, <150 mg/dL) 
150–199 1.31 1.04–1.65 .02 NA NA NA 1.09 0.87–1.36 .45 

200–499 1.37 1.10–1.72 .005 NA NA NA 0.99 0.79–1.23 .91 

≥500 1.63 0.91–2.91 .10 NA NA NA 1.26 0.73–2.19 .41 

Kidney disease (reference, no) 
Yes 2.68 2.12–3.39 <.001 NA NA NA 1.49 1.19–1.88 <.001 

Ankle/brachial index (reference, >0.9 to ≤1.4) 
≤0.9 or >1.4 2.11 1.51–2.95 <.001 NA NA NA 1.34 0.98–1.82 .06 

Appendix Table 3B. Association Between Diastolic Blood Pressure SD Quartiles of 8 Nonurgenta Clinic Visits Within a 5-Year Period and Major Adverse 
Cardiovascular Events 

Abbreviations: NA, not applicable; HDL, high-density lipoprotein cholesterol; LDL, low-density lipoprotein cholesterol.
a Excluded hospitalizations, emergency room visits, urgent care visits, ambulance trips, and pregnancy clinical visits.
b Shared frailty Cox proportional hazards model adjusted for cohort, center, age, sex, and systolic blood pressure/diastolic blood pressure as appropriate.
c Shared frailty Cox proportional hazards model adjusted for cohort, sex, center, age, baseline diastolic blood pressure, hypertension treatment, diabetes, 
body mass index, current smoking, current drinking, LDL, HDL, triglycerides, kidney disease, ankle/brachial index, interaction of systolic blood pressure,
and hypertension treatment. 
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PEER REVIEWED 

Summary 

What is already known on this topic? 

In non-Native populations in the US, vitamin D deficiency is associ-
ated with obesity prevalence and may be amenable to interventions
through changes in diet and vitamin supplementation. 
What is added by this report? 

This first report of vitamin D deficiency prevalence among American In-
dian adolescents and its association with cardiovascular disease risk 
factors demonstrated an independent association between the preval-
ence of metabolic syndrome and vitamin D deficiency. Thirteen years
after baseline, the incidence rate of diabetes was significantly higher
among American Indian adolescents with (vs without) vitamin D defi-
ciency. 
What are the implications for public health practice? 

These results may provide a path for developing measures to reduce
cardiovascular disease risk factors at an early age in American Indi-
ans. 

Abstract 

Introduction 
We aimed to describe the prevalence of vitamin D deficiency 
among American Indian adolescents and determine its association 
with cardiovascular disease (CVD) risk factors. 

Methods 
Our study population consisted of 307 adolescents (aged ≤20 
years) participating in the Strong Heart Family Study with serum 
25-hydroxyvitamin D (25[OH]D) measured on samples collected 
during baseline examinations (2001–2003). We defined baseline 
prevalence of vitamin D deficiency as 25(OH)D ≤20 ng/mL. We 
evaluated outcomes related to obesity (BMI, waist circumference, 
wait-to-hip ratio, and body fat percentage), diabetes, cholesterol, 
and metabolic syndrome. We used generalized estimating equa-
tions to determine whether the prevalence of the outcomes differed 
according to vitamin D deficiency status, while controlling for co-
variates. To determine incidence, we conducted a follow-up exam-
ination a median 5.8 years after baseline (2006–2009) and a 
second  follow-up  a  median  of  13.3  years  after  baseline  
(2014–2018). We calculated incidence rates (IR) per 100 person-
years for the total group and stratified by vitamin D deficiency 
status at baseline. Finally we used shared frailty cox proportional 
hazards models to determine if the risk of the outcomes differed 
according to vitamin D deficiency status, while controlling for co-
variates. 

Results 
The prevalence of vitamin D deficiency was 50.8% at baseline, 
and it was associated with the prevalence of obesity, low HDL-C, 
and metabolic syndrome, while controlling for covariates. By the 
first follow-up, the IRs per 100 person-years were the following: 
obesity (5.03), diabetes (1.07), any dyslipidemia (10.80), and 
metabolic syndrome (3.31). By the second follow-up, the IR of 
diabetes was significantly higher among those with (vs without) 
baseline vitamin D deficiency (1.32 vs 0.68 per 100 person-years; 
P = .02), although the association was not significant after adjust-
ing for covariates. 

Conclusion 
Vitamin D deficiency in adolescence may be associated with the 
CVD risk factors obesity, low HDL-C, and metabolic syndrome 

The opinions expressed by authors contributing to this journal do not necessarily reflect the opinions of the U.S. Department of Health 

and Human Services, the Public Health Service, the Centers for Disease Control and Prevention, or the authors’ affiliated institutions. 

www.cdc.gov/pcd/issues/2025/24_0354.htm • Centers for Disease Control and Prevention 
This publication is in the public domain and is therefore without copyright. All text from this work may be reprinted freely. Use of these materials should be properly cited. 

1 

https://doi.org/10.5888/pcd22.240354
www.cdc.gov/pcd/issues/2025/24_0354.htm
www.cdc.gov/pcd/issues/2025/24_0354.htm


PREVENTING CHRONIC DISEASE VOLUME 22, E13 

PUBLIC HEALTH RESEARCH, PRACTICE, AND POLICY  APRIL 2025 

and may also contribute to the development of diabetes later in 
life. 

Introduction 
According to National Health and Nutrition Examination Survey 
(NHANES) data for 2001 through 2018, only 25.5% to 27.5% of 
US adolescents have sufficient serum 25-hydroxyvitamin D 
(25[OH]D) (1). Racial and ethnic differences in 25(OH)D levels 
exist, with the prevalence of deficiency higher among non-
Hispanic Black and Hispanic groups than non-Hispanic White 
groups (1,2). However, information on 25(OH)D levels among 
American Indian adolescents is limited to a single study, which re-
ported a mean (SD) 25(OH)D level of 17.8 (0.4) ng/mL (deficient) 
in a population of American Indian children and adolescents (aged 
5–18 y) in Nebraska (3). 

Vitamin D deficiency may be associated with obesity and other 
cardiovascular disease (CVD) risk factors, such as dyslipidemia 
and diabetes among adults (4,5). Associations have been observed 
between vitamin D deficiency and obesity, elevated hypertension, 
low high-density lipoprotein cholesterol (HDL-C), and diabetes 
among children, adolescents, and young adults (aged 1–21 y) (6). 
However, these associations are largely from cross-sectional stud-
ies; the temporal relationship between vitamin D deficiency and 
CVD risk factors remains to be determined. Additionally, no cur-
rent studies have addressed associations between vitamin D defi-
ciency and CVD risk factors in the American Indian adolescent 
population (7). 

This study aimed to address this gap by using Strong Heart Fam-
ily Study (SHFS) data to establish the baseline prevalence of vit-
amin D deficiency among American Indian adolescents. Because 
low levels of 25(OH)D are amenable to interventions through diet, 
vitamin supplementation, and lifestyle modifications, if temporal 
relationships between vitamin D deficiency and CVD risk factors 
exist, there is potential to reduce and control obesity and other 
CVD-related factors at a young age (8). Therefore, the objectives 
of this study were to evaluate the cross-sectional associations 
between vitamin D deficiency and CVD risk factors, as well as as-
sociations between vitamin D deficiency and incident obesity, dia-
betes, dyslipidemia, and metabolic syndrome, among American 
Indian adolescents who participated in SHFS. 

Methods 
All data were collected, analyzed, and reported under agreements 
made with the sovereign tribal nations that partnered in this re-
search; the agreements preclude commonly accepted modes of 
data sharing. Requests to access the data set from qualified re-
searchers trained in human subject confidentiality protocols may 

be sent to the Strong Heart Study Coordinating Center at https:// 
strongheartstudy.org. Requests will be reviewed by tribal research 
partners before data can be released. This policy is consistent with 
the NIH Policy for Data Management and Sharing: Responsible 
Management and Sharing of American Indian/Alaska Native Parti-
cipant Data (9). 

Study population 

SHFS is a multicentered, family-based, prospective cohort study 
of CVD among American Indians (10,11). It includes 12 Americ-
an Indian communities and tribes living in central Arizona, south-
western Oklahoma, and North and South Dakota (10). Parti-
cipants include the original Strong Heart Study cohort members, 
their extended family members, and additional families from the 
same regions and communities. For this analysis, we included ad-
olescents  who  participated  in  the  baseline  examination  
(2001–2003) of the SHFS (11,12). We used information collected 
at baseline to determine prevalence measures of obesity, diabetes, 
any dyslipidemia, metabolic syndrome, and covariates (13,14). We 
invited all baseline participants to participate in a follow-up exam-
ination (2006–2009; median [range] years after baseline = 5.8 
[3.0–8.5])  (11).  We also  performed  a  second  follow-up  
(2014–2018;  median  [range]  years  after  baseline  =  13.3  
[11.1–15.5]). This second follow-up was limited in that it in-
cluded only collection of survey data (demographic and medical 
history questionnaire) and a medical record review for selected 
variables, including diabetes. We did not assess obesity, dyslip-
idemia, or metabolic syndrome at the second follow-up because 
we did not perform a physical examination. Information collected 
at baseline and follow-up was used to determine the incidence of 
obesity, diabetes, any dyslipidemia, and metabolic syndrome 
(13,14). 

25(OH)D assessment 

At the time of baseline recruitment, we collected and stored blood 
samples in a −80° C freezer. During an SHFS ancillary study in 
2014, we used tandem mass spectrometry to measure the predom-
inant circulating form of vitamin D, 25(OH)D, on blood collected 
during the baseline examination; this measurement took place 11 
to 13 years after baseline data collection. We defined vitamin D 
deficiency according to the Institute of Medicine–recommended 
serum cut points for 25(OH)D: deficient is defined as ≤20 ng/mL 
(≤50 nmol/L) and sufficient as >20 ng/mL (>50 nmol/L) (15). 

Obesity assessment 

At both baseline and follow-up, we assessed height, weight, waist, 
and hip circumference during the physical examination. We meas-
ured weight with a Tanita BWB-800 5 adult digital scale and 
height with a vertical mounted ruler (16). We calculated body 
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mass index (BMI) by dividing weight in kilograms by height in 
meters squared (kg/m2) (17). At baseline, because all participants 
were adolescents, we defined obesity as the 95th percentile and 
overweight as the 85th percentile of BMI based on age, defini-
tions developed by the National Center for Health Statistics (Table 
1) (18). At follow-up, when all participants were adults, we 
defined obesity as BMI ≥30 kg/m2 and overweight as BMI equal 
to 25.0–29.9 kg/m2 (17). 

Similarly, at baseline we defined high waist circumference on the 
basis of age- and sex-specific cutoffs for adolescents (19) and at 
follow-up as >40 in for men or >35 in for women (20). We calcu-
lated waist-to-hip ratio by dividing the waist circumference by the 
hip circumference. We defined high waist-to-hip ratio as ≥0.90 for 
males and ≥0.85 for females at baseline and follow-up. We used 
an impedance meter (model B14101, RJL Equipment Co) to es-
timate body mass and used equations based on total body water 
validated in American Indian populations (21). We defined high 
body fat as ≥25% for males and ≥35% for females at baseline and 
follow-up (21). We defined incident high BMI, high waist circum-
ference, high waist-to-hip ratio, or high body fat as the develop-
ment by the first follow-up examination among participants who 
did not have these conditions at baseline. 

Diabetes assessment 

We defined diabetes as taking diabetes medication, and/or having 
a fasting plasma glucose (FPG) level ≥126 mg/dL (22). We 
defined impaired fasting glucose (IFG) as an FPG from 110 mg/ 
dL to <126 mg/dL (16,22). To measure FPG, we drew blood after 
a 12-hour fast at baseline and first follow-up (23). In addition, to 
determine the use of medications for diabetes at baseline and the 
first follow-up, we asked participants to bring their medications to 
the physical examination and to recall (with assistance from an 
adult for minors) additional medications (24). At second follow-
up, based on medical record review, we classified a participant as 
having diabetes if FPG ≥126 mg/dL, hemoglobin A1c ≥6.5%, 2-
hour plasma glucose during an oral glucose tolerance test ≥200 
mg/dL, or the participant was using insulin, oral agents, or diet 
and/or exercise for diabetes treatment. We defined incident dia-
betes as the development of diabetes by the first or second follow-
up among participants who did not have diabetes at baseline. 

Dyslipidemia assessment 

To measure lipids, we drew blood after a 12-hour fast at baseline 
and first follow-up examination (14,23). At baseline, abnormal 
cholesterol was based on age- and sex-specific cutoffs for adoles-
cents (19) and at follow-up based on sex-specific cutoffs for adults 
(Table 1). We defined any dyslipidemia as high total cholesterol, 
high low-density lipoprotein cholesterol (LDL-C), low HDL-C, 

high non-HDL-C, high triglycerides, or taking lipid-lowering med-
ication (Table 1) (14,25). We defined  dyslipidemia incidence as 
the development of any dyslipidemia by the first follow-up exam-
ination among participants who did not have dyslipidemia at 
baseline. 

Metabolic syndrome assessment 

We defined metabolic syndrome as having at least 3 of the 5 com-
ponents for the syndrome: high waist circumference, high blood 
pressure, high triglycerides, high FPG, or low HDL-C. At 
baseline, we used age- and sex-specific cutoffs, and at follow-up, 
we used adult cutoffs (Table 1) (13,14). We measured blood pres-
sure in the right arm while the participant was in the seated posi-
tion after 5 minutes of rest, and we used the average of the second 
and third measurements for analysis (16,24). We defined metabol-
ic syndrome incidence as the development of metabolic syndrome 
by the first follow-up examination among participants who did not 
have it at baseline. 

Covariate assessment 

We selected several covariates, which investigations previously re-
ported to be associated with both vitamin D deficiency and the 
CVD risk factor outcomes (7,24,26). During the baseline and 
follow-up examinations, we collected self-reported data on demo-
graphic and clinical characteristics (age, sex, and current smoking) 
(14). At both baseline and first follow-up, we defined hyperten-
sion as having high blood pressure (Table 1) and/or taking anti-
hypertension medication. We estimated renal function by using the 
urinary albumin-creatinine ratio and defined albuminuria as ≥30 
mg/g. 

To determine the amount of vitamin D intake at baseline, we ad-
ministered a Block 119-item food frequency questionnaire (FFQ) 
(27). In addition to the questions on the standard Block FFQ, we 
included supplemental questions about consumption of common 
American Indian foods, such as menudo, pozole, guava, red or 
green chili, Indian taco, fry bread, corn tortilla, flour tortilla, and 
Spam (16,28). For each standard and supplemental food item lis-
ted on the FFQ, participants reported how often they consumed 
each in the previous year, consumption frequency (never, a few 
times per year, once per month, 2 or 3 times per month, once per 
week, twice per week, 2 or 3 times per week, 5 or 6 times per 
week, or daily), and portion size (small, medium, or large) (7,16). 
We used the Block database (Block Dietary Systems) to calculate 
micronutrient intakes, including vitamin D (28). 

Statistical analysis 

We used descriptive statistics to summarize the prevalence of 
25(OH)D according to the standardized cut point (20 ng/mL). For 
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the baseline cross-sectional analysis, we reported the mean (SD) 
for normally distributed continuous variables, the median (IQR) 
for skewed variables, or the frequency and percentage for categor-
ical variables. Because of the familial sampling design, our data 
were correlated. Therefore, we used generalized estimating equa-
tion (GEE) methods to determine whether risk factors at baseline 
differed between participants with and without vitamin D defi-
ciency, while accounting for clustering between families. Since 
vitamin D deficiency may vary according to sunlight exposure, we 
used study center as a surrogate for sunlight exposure. We sum-
marized the prevalence of vitamin D deficiency at each study loca-
tion and for all 3 centers combined. In addition, we evaluated the 
season of serum collection as a surrogate for sunlight exposure. 

To evaluate the cross-sectional association while controlling for 
covariates and accounting for the clustered family sampling study 
design, we used GEE methods to estimate multivariable logistic 
regression models and calculate prevalence odds ratios (PORs) 
and 95% CIs. We selected covariates (age, sex, study center, cur-
rent smoking, hypertension, BMI percentile, diabetes, or any dys-
lipidemia) on the basis of previously reported associations with 
vitamin D deficiency and outcomes (7,24,26). All selected covari-
ates were simultaneously entered in the multivariable models. Be-
cause metabolic syndrome is a combined outcome containing 
measures of obesity, lipids, blood pressure, and FPG, we adjusted 
the metabolic syndrome model for age, sex, study center, and cur-
rent smoking. 

To explore how baseline 25(OH)D levels may influence future 
CVD risk factors, we analyzed the incidence of CVD risk factors. 
We defined the incidence of CVD risk factors as the development 
of the risk factor, based on age- and sex-specific cut points, among 
participants who did not have the risk factor at baseline. After we 
made baseline exclusions for each outcome, we calculated the in-
cidence rate (IR) per 100 person-years for the total group and 
stratified by vitamin D deficiency status at baseline. We used Ka-
plan–Meier curves and log-rank tests to determine whether the 
probabilities of each CVD risk factor outcome differed between 
participants with or without baseline vitamin D deficiency (29). 

We assessed the multivariable relationship between vitamin D de-
ficiency and incident CVD risk factors by using a shared frailty 
Cox model based on proportional hazards to account for the re-
latedness among participants (29). We used this method to calcu-
late hazard ratios (HRs) and 95% CIs of associations between vit-
amin D deficiency and time to each incident CVD risk factor. 
Each reported analysis met the assumption of proportional haz-
ards. We used similar model-building procedures as we used in the 
cross-sectional analyses. Interaction between covariates and any 
dyslipidemia was evaluated by including appropriate cross-
product terms in the model, and no significant interactions were 

found. We also considered models with season of blood draw as a 
covariate (spring/summer vs fall/winter), waist circumference in-
stead of BMI as a covariate (in the diabetes and dyslipidemia mod-
els), and continuous outcomes instead of categorical outcomes. 
The outcomes of these analyses were not meaningfully different 
than those presented. We used a significance level of .05 for hypo-
thesis tests and performed statistical analyses in SAS version 9.4 
(SAS Institute Inc). 

Results 
Population characteristics and prevalence of vitamin
D deficiency 

At baseline, 320 participants met the inclusion criteria for being 
aged 20 years or younger. Of these, 307 (95.9%) had valid 
25(OH)D measurements. Of these 307, 38 (12.4%) did not parti-
cipate in the first follow-up examination. The mean (SD) age at 
baseline was 17.4 (1.5) years; 52.1% were female, 25.5% were 
smokers, 10.0% had hypertension, and none had albuminuria 
(Table 2). Median (IQR) vitamin D intake was 127.8 (61.9–267.3) 
IU, and 9.8% were taking vitamin D supplements. Of the 307 par-
ticipants at baseline, 156 (50.8%) had vitamin D deficiency. When 
stratified by study center, the prevalence of vitamin D deficiency 
was 80.0% in Arizona, 40.6% in Oklahoma, and 48.4% in the 
Dakotas (P < .001). The prevalence of vitamin D deficiency was 
significantly higher when data were collected in fall or winter than 
when collected in spring or summer (59.5% [50 of 84] vs 47.5% 
[106 of 223]; P = .03). 

Cross-sectional associations between vitamin D 
deficiency and CVD risk factors 

In the cross-sectional analysis at baseline of associations between 
vitamin D deficiency and measures of obesity, the frequencies of 
all outcome measures of obesity were higher among participants 
with vitamin D deficiency than among participants with sufficient 
25(OH)D levels (all P values < .01, Table 2). These outcome 
measures included the prevalence of obesity, overweight or 
obesity percentile, high waist circumference, high waist-to-hip ra-
tio, and body fat percentage. We found no significant difference in 
diabetes measures between participants with (vs without) vitamin 
D deficiency. Finally, the prevalence of the following outcome 
measures was significantly higher among participants with vitam-
in D deficiency than among participants without the deficiency: 
low HDL-C (66.1% vs 33.9%, P < .001), high triglycerides 
(63.6% vs 36.4%, P = .04), any dyslipidemia (60.5% vs 39.5%, P 
< .001), and metabolic syndrome (65.4% vs 34.6%, P = .02). 

In the assessment of the multivariable relationship between vitam-
in D deficiency and prevalence of CVD risk factors, controlling 
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for age, sex, study center, smoking, hypertension, diabetes, and 
any dyslipidemia, the odds of all measures of obesity were higher 
among American Indian adolescents with vitamin D deficiency 
than among those without the deficiency (P value for all outcomes 
< .05). The odds of prevalent low HDL-C were twice as high 
(POR = 2.02, 95% CI, 1.19–3.44), controlling for age, sex, study 
center, current smoking, hypertension, BMI ≥95th percentile, and 
diabetes (Figure 1). Finally, the odds of prevalent metabolic syn-
drome were a little over twice as high (POR = 2.19, 95% CI, 
1.12–4.28), controlling for age, sex, study center, and smoking 
(Figure 1). 

Figure 1. Baseline cross-sectional association between prevalence of
vitamin D deficiency and prevalence of CVD risk factors among American
Indian adolescents, Strong Heart Family Study. All models accounted for
the correlated family structure; see text for definitions of risk factors and 
details on how models were adjusted. Abbreviations: HDL-C, high-density
lipoprotein cholesterol; IFG, impaired fasting glucose; LDL-C, low-density
lipoprotein cholesterol; POR, prevalence odds ratio. 

Associations between vitamin D deficiency and
incidence of CVD risk factors 

Because we made exclusions at baseline for each outcome and the 
prevalence of each factor at baseline differed, the sample size 
differed for each outcome (Table 3). At first follow-up, sample 
sizes ranged from 115 participants for any dyslipidemia to 257 
participants for diabetes. Likewise, the IR per 100 person-years of 
each outcome ranged from 1.02 for diabetes at second follow-up 
(median 13.3 y after baseline) to 10.80 for any dyslipidemia at 
first follow-up (median 5.8 y after baseline). When stratifying by 
vitamin D deficiency status at baseline, the IRs for CVD risk 
factors were higher (but not significant) for participants with vit-
amin D deficiency at baseline, except for obesity, high body fat 
percentage, and any dyslipidemia, where the IR was slightly lower 
for participant vitamin D deficiency (but also not significant). Fi-

nally, the univariate IR per 100 person-years of diabetes at second 
follow-up was significantly higher among American Indian ad-
olescents with vitamin D deficiency at baseline compared with 
those without vitamin D deficiency (1.32 vs 0.68; P = .02) (Table 
3). In the multivariable analysis controlling for covariates, the risk 
of developing CVD risk factors was not significantly different 
among American Indian adolescents stratified by vitamin D defi-
ciency status (Figure 2). 

Figure 2. Association between vitamin D deficiency and development of
cardiovascular disease risk factors among American Indian adolescents,
Strong Heart Family Study. For each model, those who had the risk factor
at baseline were excluded, and all outcomes were directly measured at
the first follow-up (except for diabetes) at second follow-up. All models
accounted for the correlated family structure; see text for definitions of risk
factors and details on how models were adjusted. Abbreviations: HR,
hazard ratio; HDL-C, high-density lipoprotein cholesterol; IFG, impaired
fasting glucose; LDL-C, low-density lipoprotein cholesterol. 

Discussion 
This is the first study to evaluate the potential association between 
vitamin D deficiency and the prevalence and incidence of CVD 
risk factors among American Indian adolescents. Half (50.8%) of 
American Indians that made up the study population had vitamin 
D deficiency in adolescence, which is more than twice that of non-
Hispanic White adolescents from NHANES (1). Additionally, 
various indicators of obesity and adiposity, low HDL-C, and meta-
bolic syndrome were more prevalent among participants with 
versus without vitamin D deficiency, although the prevalence of 
diabetes was similar between vitamin D deficiency groups at 
baseline. When adolescents without risk factors were followed 
prospectively for incident outcomes, we observed no evidence of 
associations between baseline vitamin D deficiency and sub-
sequent development of obesity, dyslipidemia, diabetes, or meta-
bolic syndrome after a median follow-up of 5.8 years. However, at 
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13-year follow-up for diabetes, the unadjusted IR was signific-
antly higher for participants with baseline vitamin D deficiency 
versus without; however, the HR was not significant after adjust-
ing for covariates. This finding may be due to a smaller sample 
size after making baseline exclusions and the relatively short 
follow-up time. 

Inverse associations between 25(OH)D and CVD risk factors are 
well documented, although the causal mechanisms underlying 
these associations are not fully elucidated (30). Experimental evid-
ence indicates that low levels of 25(OH)D may play a role in regu-
lating gene expression or altering leptin and parathyroid hor-
mones to influence obesity via adipose tissue differentiation and 
growth (30). Alternative hypotheses suggest that the causal rela-
tionship may be reversed such that the state of obesity alters circu-
lating 25(OH)D concentrations. These mechanisms may include 
volumetric dilution over greater mass (31), greater storage of 
25(OH)D in adipose tissue, which reduces circulating levels (32), 
or decreased hepatic 25-hydroxylase activity that reduces bioactiv-
ity by suppressing 25-hydroxylation (33). 25(OH)D receptor poly-
morphisms have been associated with increased cholesterol and 
triglycerides, with the proposed pathway involving regulation of 
the synthesis of bile acid (34); 25(OH)D effects on lipid metabol-
ism may also occur via its role in regulating calcium and para-
thyroid hormone (34). Furthermore, evidence suggests that 
25(OH)D contributes to the regulation of pancreatic β-cell func-
tion through the expression of a calcium-binding protein. The lat-
ter protects against cytokine-mediated cell death, which is consist-
ent with in vivo findings that link vitamin D deficiency to im-
paired insulin secretion and glucose tolerance (35). 

Strengths and limitations 

A strength of our project is that it was conducted in a prospect-
ively followed cohort of American Indian populations in 3 re-
gions of the US, with assessment of risk factor incidence at 6 and 
13 years of follow-up. However, the cohort contained relatively 
few adolescents, so power to assess associations was limited; lar-
ger studies with young American Indians are needed to assess the 
potential relationship. In addition, data for the 13-year follow-up 
were not available for incident obesity, any dyslipidemia, and 
metabolic syndrome. Diabetes at second follow-up was not dir-
ectly measured by clinical assessment but defined according to 
medical record confirmation of self-reported diagnoses; thus, po-
tential exists for nondifferential misclassification. In addition, 
25(OH)D measurements were conducted on samples that were 
stored for 11 to 13 years before measurement. However, previous 
investigators have determined that 25(OH)D is stable under usual 
storage conditions of −80°C (36,37). Furthermore, if samples were 
degraded due to long-term storage, we would likely observe fewer 
participants with vitamin D deficiency and therefore the result 

would be biased toward the null (36). The larger SHFS and this 
substudy were designed to fill a gap in the literature on heart dis-
ease and its risk factors by including American Indians; thus, the 
generalizability of study results is limited to American Indian ad-
olescents from SHFS communities. Also, because no clinically 
relevant definition of vitamin D deficiency has been established 
for optimal cardiovascular health, we used 25(OH)D ≤ 20 ng/mL, 
which is recommended by the Institute of Medicine for optimal 
bone health (15). Some literature suggests that levels should be at 
least 25 ng/mL to 30 ng/mL for extra skeletal benefit (1,15); 
however, increasing the serum cut point to 25 ng/mL to 30 ng/mL 
would have increased the prevalence of vitamin D deficiency, thus 
making our analysis involving 20 ng/mL more conservative. Fi-
nally, the prevalence of vitamin D deficiency was higher in parti-
cipants from Arizona, which was unexpected because, compared 
with participants from Oklahoma and the Dakotas, Arizona parti-
cipants theoretically may receive more sunlight due to the climate 
in Arizona. However, perhaps people in Arizona spend more time 
inside due to the high temperatures. More studies are needed with 
direct measurements of sunlight exposure. 

Conclusions and implications for public heath
practice 

We demonstrated that vitamin D deficiency in adolescence is re-
lated to measures of obesity, low HDL-C, and metabolic syn-
drome in American Indian populations, which is consistent with 
other US populations (4,5). Furthermore, vitamin D deficiency 
early in life may be associated with the development of diabetes 
later in life; however, larger studies with longer follow-up are 
needed to confirm this observation. Because of these observations 
and because vitamin D deficiency is amenable to changes in diet 
and vitamin supplementation, the results of this study could 
provide evidence for public health strategies designed to reduce 
vitamin D deficiency. These could include community health pro-
grams targeting vitamin D supplementation among American Indi-
an adolescents. In addition, community education programs on the 
benefits of vitamin D supplementation, consuming foods high in 
vitamin D, and getting adequate amounts of sun exposure may re-
duce the high levels of vitamin D deficiency that we observed 
among American Indian adolescents. 
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Tables 

Risk factor Baseline definition Follow-up definition 

Overweight and obesity 

Obese BMI ≥95th percentile based on age BMI ≥30kg/m2 

Overweight or obese BMI ≥85th percentile based on age BMI ≥25 kg/m2 

High waist circumference 

Male ≥39.2 in for age 15 y ≥40 in 

≥39.6 in for age 16 y 

≥39.9 in for age 17 y 

≥40.0 in for age 18 y 

≥40.0 in for age 19 y 

Female ≥33.1 in for age 15 y ≥35 in 

≥33.5 in for age 16 y 

≥33.9 in for age 17 y 

≥34.3 in for age 18 y 

≥34.5 in for age19 y 

High waist-to-hip ratio 

Male ≥0.90 ≥0.90 

Female ≥0.85 ≥0.85 

High body fat percentage 

Male ≥25% ≥25% 

Female ≥35% ≥35% 

Impaired FPG ≥110 to <126 mg/dL ≥110 to <126 mg/dL 

Diabetes FPG ≥126 mg/dL and/or taking diabetes medication FPG ≥126 mg/dL and/or taking diabetes medication 

High total cholesterol ≥200 mg/dL ≥200 mg/dL 

High LDL-C ≥100 mg/dL ≥100 mg/dL 

Low HDL-C 

Male ≤40.2 mg/dL for age 15 y ≤40 mg/dL 

≤39.8 mg/dL for age 16–20 y 

Female ≤48.7 mg/dL for age 15 y ≤50 mg/dL 

≤49.1 mg/dL for age 16–17 y 

≤49.5 mg/dL for age 18 y 

≤49.9 mg/dL for age19 y 

High non-HDL-C ≥130 mg/dL ≥130 mg/dL 

Table 1. Definitions of Baseline and Follow-Up Cardiovascular Disease Risk Factors Used in the Strong Heart Family Studya 

Abbreviations: BMI, body mass index; FPG, fasting plasma glucose; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol.
a At baseline, because all participants were adolescents, we used age- and sex-specific cutoffs when they existed; otherwise, we used adult cutoffs. Be-
cause all participants were adults at follow-up, we used adult cutoffs. 

(continued on next page) 
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(continued) 

Risk factor Baseline definition Follow-up definition 

High triglycerides 

Male ≥138 mg/dL for age 15 y ≥150 mg/dL 

≥141 mg/dL for age 16 y 

≥143 mg/dL for age 17 y 

≥146 mg/dL for age 18 y 

≥149 mg/dL for age 19 y 

Female ≥127 mg/dL for age 15 y ≥150 mg/dL 

≥129 mg/dL for age 16 y 

≥135 mg/dL for age 17 y 

≥142 mg/dL for age 18 y 

≥149 mg/dL for age19 y 

Any dyslipidemia Any abnormal value of total cholesterol, LDL-C, HDL-C,
non-HDL-C, or triglycerides, listed above, and/or taking
lipid medication 

Any abnormal value of total cholesterol, LDL-C, HDL-C,
non-HDL-C, or triglycerides, listed above, and/or taking
lipid medication 

High blood pressure, mm Hg 

Male >126/81 for age 15 y >140/90 mm Hg 

>128/82 for age 16 y 

>128/83 for age 17 y 

>129/84 for age 18 y 

>130/85 for age 19 y 

Female >126/84 for age 15 y 

>128/84 for age 16 y 

>128/85 for age 17 y 

>129/85 for age 18 y 

>130/85 for age 19 y 

Hypertension High blood pressure based on the above criteria, and/or
taking antihypertensive medication 

High blood pressure based on the above criteria, and/or
taking antihypertensive medication 

Albuminuria Albumin-creatinine ratio ≥30 mg/g Albumin-creatinine ratio ≥30 mg/g 

Metabolic syndrome Any 3 of the following: high waist circumference, high
blood pressure, high triglycerides, or low HDL-C, based
on the criteria above, or FPG ≥100 mg/dL 

Any 3 of the following: high waist circumference, high
blood pressure, high triglycerides, or low HDL-C, based
on the criteria above, or FPG ≥100 mg/dL 

Table 1. Definitions of Baseline and Follow-Up Cardiovascular Disease Risk Factors Used in the Strong Heart Family Studya 

Abbreviations: BMI, body mass index; FPG, fasting plasma glucose; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol.
a At baseline, because all participants were adolescents, we used age- and sex-specific cutoffs when they existed; otherwise, we used adult cutoffs. Be-
cause all participants were adults at follow-up, we used adult cutoffs. 
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Variable at baseline Total (N = 307) 

Vitamin D deficiency status 

Deficient (n = 156) Not deficient (n = 151) P valuec 

Age, mean (SD), y 17.4 (1.5) 17.6 (1.5) 17.2 (1.4) .06 

Sex, no. (%) 
Female 160/307 (52.1) 99 (61.9) 61 (38.1) 

<.001 
Male 147/307 (47.9) 57 (38.8) 90 (61.2) 
Center, no. (%) 
Arizona 49/307 (16.0) 39 (80.0) 10 (20.0) 

<.001Oklahoma 101/307 (32.9) 41 (40.6) 60 (59.4) 
North and South Dakota 157/307 (51.1) 76 (48.4) 81 (51.6) 
Smokes, no. (%) 78/306 (25.5) 48 (61.5) 30 (38.5) .01 

Hypertension 

Has hypertension, no. (%)d 31/307 (10.1) 18 (58.1) 13 (41.9) .34 

Takes hypertension medication, no. (%) 1/307 (0.3) 0 1 (100.0) —e 

Blood pressure, mean (SD), mm Hg 

Systolic 113.0 (10.9) 113.8 (10.5) 112.8 (11.2) .79 

Diastolic 69.0 (9.9) 70.9 (9.3) 67.8 (10.3) .03 

Albuminuria, no. (%) 0 0 0 —e 

Plasma creatinine, mean (SD), mg/dL 0.8 (0.1) 0.7 (0.1) 0.8 (0.1) <.001 

Vitamin D 

Intake, median (IQR), IU 127.8 (61.9–267.3) 110.3 (52.8–207.8) 142.2 (84.1–349.9) .007 

Takes vitamin D supplements, no. (%) 29/296 (9.8) 14 (48.3) 15 (51.7) .60 

Data collected in fall or winter, no. (%) 84/307 (27.4) 50 (59.5) 34 (40.5) .03 

Obesity 

Overweight and obesityd

 BMI ≥ 85th percentile (overweight or obese) 161/306 (52.6) 99 (61.5) 62 (38.5) .001
 BMI ≥ 95th percentile (obese) 103/306 (33.7) 70 (68.0) 33 (32.0) <.001 

Waist circumference
 Measurement, mean (SD), inches 36.0 (7.1) 37.9 (7.2) 34.0 (6.3) <.001
 Has high waist circumference, no. (%)d 136/305 (44.6) 93 (68.4) 43 (31.6) <.001 

Waist-to-hip ratio
 Ratio, mean (SD) 0.9 (0.1) 0.9 (0.1) 0.8 (0.1) .005
 Has high ratio, no. (%)d 128/304 (42.1) 84 (65.6) 44 (34.4) <.001 

Table 2. Comparison of Baseline Demographic and Cardiovascular Disease Risk Factors Among American Indian Adolescents, Stratified by Vitamin D De-
ficiency Status,a Strong Heart Family Study, 2001–2003b 

Abbreviations: 25(OH)D, serum 25-hydroxyvitamin D; BMI, body mass index; HDL-C, high density lipoprotein cholesterol; LDL-C, low-density lipoprotein
cholesterol. 
a Vitamin D deficiency defined as 25(OH)D ≤20 ng/mL.
b Baseline measurements were taken during 2001–2003.
c Determined from generalized estimating equations, controlling for familial clustering; P <.05 considered significant.
d Based on age-specific and sex-specific cut points for adolescents. 
e Sample size not adequate to generate a P value. 
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(continued) 

Variable at baseline Total (N = 307) 

Vitamin D deficiency status 

Deficient (n = 156) Not deficient (n = 151) P valuec 

Body fat
 Body fat percentage, mean (SD) 31.9 (11.6) 36.3 (11.6) 27.3 (9.7) <.001
 Has high body fat percentage, no. (%)d 162/303 (53.4) 108 (66.7) 54 (33.3) <.001 

Diabetes
 Fasting plasma glucose, mean (SD), mg/dL 91.7 (17.1) 91.7 (15.9) 91.6 (18.2) .97
 Has diabetes, no. (%) 6/307 (2.0) 4 (66.7) 2 (33.3) .38
 Has diabetes or impaired fasting glucose, no. (%) 42/307 (13.7) 21 (50.0) 21 (50.0) .78
 Takes diabetes medication, no. (%) 3/307 (1.0) 2 (66.7) 1 (33.3) .38 

Lipids
 Total cholesterol, mean (SD), mg/dL 154.4 (30.0) 153.8 (30.6) 155.1 (29.4) .34
 Has high total cholesterol, no. (%) 25/307 (8.1) 16 (64.0) 9 (36.0) .34
 LDL-C, mean (SD), mg/dL 82.9 (24.6) 82.6 (25.6) 83.1 (23.7) .50
 Has high LDL-C, no. (%) 70/307 (22.8) 38 (54.3) 32 (45.7) .86
 HDL-C, mean (SD), mg/dL 49.4 (13.0) 47.9 (12.5) 51.0 (13.4) .11
 Has low HDL-C, no. (%)d 124/307 (40.4) 82 (66.1) 42 (33.9) <.001
 Non-HDL-C, no. (%), mg/dL 105.0 (30.9) 105.8 (31.7) 104.1 (30.2) .80
 Has high non-HDL-C, no. (%) 60/307 (19.5) 32 (53.3) 28 (46.7) .66
 Triglycerides, median (IQR), mg/dL 93.0 (73.0–133.0) 97.0 (77.0–141.5) 89.0 (70.0–119.0) .26
 Has high triglycerides, no. (%)d 66/307 (21.5) 42 (63.6) 24 (36.4) .04
 Takes lipid-lowering medication, no. (%) 0/307 0 0 —e

 Has any dyslipidemia, no. (%) 172/307 (56.0) 104 (60.5) 68 (39.5) <.001 

Composite cardiovascular disease risk factor 
Has metabolic syndrome 52/305 (17.0) 34 (65.4) 18 (34.6) .02 

Table 2. Comparison of Baseline Demographic and Cardiovascular Disease Risk Factors Among American Indian Adolescents, Stratified by Vitamin D De-
ficiency Status,a Strong Heart Family Study, 2001–2003b 

Abbreviations: 25(OH)D, serum 25-hydroxyvitamin D; BMI, body mass index; HDL-C, high density lipoprotein cholesterol; LDL-C, low-density lipoprotein
cholesterol. 
a Vitamin D deficiency defined as 25(OH)D ≤20 ng/mL.
b Baseline measurements were taken during 2001–2003.
c Determined from generalized estimating equations, controlling for familial clustering; P <.05 considered significant.
d Based on age-specific and sex-specific cut points for adolescents. 
e Sample size not adequate to generate a P value. 
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Risk factor 
No. of participants without
risk factor at baselinec 

Incidence rate per 100 person-years 

P valuedTotal Deficient Not deficient 

Obesity 

Obese (BMI ≥30 kg/m2)e 178 5.03 4.82 5.19 .46 

Overweight or obese (BMI ≥25 kg/m2)e 126 9.14 10.09 8.53 .50 

High waist circumference (>40 in for males, >35 in for
females)e 

146 6.63 7.45 6.16 .84 

High waist-to-hip ratio (≥0.9 for males, ≥0.85 for females) 153 10.07 11.69 8.93 .52 

High body fat percentage (≥25% males, ≥35% females) 123 9.10 8.11 9.63 .31 

Diabetes 

Has diabetes 257 1.07 1.34 0.80 .34 

Has diabetes or impaired fasting glucose 228 3.30 3.41 3.19 .91 

Has diabetes at second follow-up 242f 1.02 1.32 0.68 .02 

Lipids 

Has high total cholesterol (≥200 mg/dL) 243 2.97 3.02 2.91 .91 

Has high LDL-C (≥100 mg/dL) 203 6.24 6.28 6.19 .68 

Has low HDL-C (≤40 mg/dL for males, ≤50 for females)e 154 4.60 5.22 4.17 .57 

Has high non-HDL-C (≥130 mg/dL) 212 6.03 6.35 5.72 .82 

Has high triglycerides (≥150 mg/dL)e 205 4.63 5.03 4.28 .97 

Any dyslipidemia 115 10.80 9.44 11.65 .27 

Composite cardiovascular disease risk factor 
Metabolic syndrome 214 3.31 6.42 3.86 .13 

Table 3. Incidence of Cardiovascular Disease Risk Factors at First Follow-Up Among American Indian Adolescents, Stratified by Baseline Vitamin D Defi-
ciency Status,a Strong Heart Family Studyb 

Abbreviations: 25(OH)D, serum 25-hydroxyvitamin D; BMI, body mass index, LDL-C, low-density lipoprotein cholesterol, HDL-C, high-density lipoprotein
cholesterol. 
a Vitamin D deficiency defined as 25(OH)D ≤20 ng/mL.
b Baseline variables were measured during 2001–2003, the first follow-up variables were measured during 2006-2009, and the second follow-up variable
was measured 2014-2018. All variables presented were measured during the first follow-up using direct measurements during physical examinations. Dia-
betes was the only variable measured during the second follow-up, which was assessed through medical record review.
c Includes participants without the risk factor at baseline who were not missing at follow-up. 
d P values generated from univariate log-rank tests; P < .05 considered significant.
e Baseline measures for BMI, high waist circumference, low HDL-C, and high triglycerides are based on age-specific and sex-specific cut points for adoles-
cents. Otherwise, categories are based on adult standards.
f Includes participants without the risk factor at baseline or first follow-up who were not missing at the second follow-up. 
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PEER REVIEWED 

Summary 

What is already known on this topic? 

Peripheral artery disease (PAD) and dyslipidemia are both independ-
ent predictors of cardiovascular disease (CVD). Lipidomics can identi-
fy and quantify individual lipid species associated with subclinical PAD. 
What is added by this report? 

This is the first longitudinal lipidomic study of subclinical PAD in a large
community‐based cohort of American Indians. Altered baseline levels
of multiple individual lipid species and their changes were associated
with subclinical PAD, with some lipids also associated with coronary
heart disease risk beyond traditional risk factors. 
What are the implications for public health practice? 

Given the high prevalence of CVD risk factors among American Indi-
ans, early screening for PAD at younger ages is essential. 

Abstract 

Introduction 
Peripheral artery disease (PAD) and dyslipidemia are both inde-
pendent predictors of cardiovascular disease, but the association 
between individual lipid species and subclinical PAD, assessed by 
ankle-brachial index (ABI), is lacking in large-scale longitudinal 
studies. 

Methods 
We used liquid chromatography-mass spectrometry to repeatedly 
measure 1,542 lipid species from 1,886 American Indian adults at-
tending 2 clinical examinations (mean ~5 years apart) in the 
Strong Heart Family Study. We used generalized estimating equa-
tion models to identify baseline lipid species associated with 
change in ABI and the Cox frailty regression to examine whether 
lipids associated with change in ABI were also associated with in-
cident coronary heart disease (CHD). We also examined the lon-
gitudinal association between change in lipid species and change 
in ABI and the cross-sectional association of individual lipids with 
ABI. All models were adjusted for age, sex, body mass index, 
smoking, alcohol use, hypertension, estimated glomerular filtra-
tion rate, diabetes, and lipid-lowering medication. 

Results 
Baseline levels of 120 lipid species, including glycerophosphol-
ipids, glycerolipids, fatty acids, and sphingomyelins, were associ-
ated with change in ABI. Among these, higher baseline levels of 3 
k n o w n  l i p i d s  ( p h o s p h a t i d y l i n o s i t o l [ 1 6 : 0 / 2 0 : 4 ] ,  
triacylglycerol[48:2], triacylglycerol[55:1]) were associated with a 
lower risk of CHD (hazard ratios [95% CIs] ranged from 0.67 
[0.46–0.99] to 0.76 [0.58–0.99]), while cholesterol was associated 
with a higher risk of  CHD (hazard ratio [95% CI] = 1.37 
[1.00–1.87]). Longitudinal changes in 32 lipids were significantly 
associated with change in ABI during 5-year follow-up. Plasma 
levels of glycerophospholipids, triacylglycerols, and glycosylcer-
amides were significantly associated with ABI in the cross-
sectional analysis. 

Conclusion 
Altered plasma lipidome is significantly associated with subclinic-
al PAD in American Indians beyond traditional risk factors. If val-
idated, the identified lipid species may serve as novel biomarkers 
for PAD in this high-risk but understudied population. 
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Introduction 
Lower extremity peripheral artery disease (PAD) is characterized 
by a partial or complete obstruction of lower limb arteries by ath-
erosclerotic blockages. PAD affects more than 200 million adults 
globally and poses a substantial burden to public health (1). Pa-
tients with atherosclerotic PAD are at increased risk of myocardi-
al infarction, stroke, and death. American Indians have a higher 
prevalence than non-Hispanic White people of inpatient PAD and 
chronic limb-threatening ischemia (2). Dyslipidemia, defined as 
high levels of total or low-density lipoprotein (LDL) cholesterol or 
low levels of high-density lipoprotein (HDL) cholesterol, is asso-
ciated with PAD (3). Traditional lipid panels measure only bulk 
lipoproteins and fail to reflect the diverse molecular lipid species 
in a blood sample. A comprehensive profiling of all individual lip-
id species in our blood (ie, blood lipidome) is required to identify 
novel biomarkers and enhance our understanding of the mechan-
ism through which dyslipidemia may contribute to atherosclerotic 
PAD. 

Lipidomics is an emerging high-throughput biochemical tech-
nique that can identify and quantify hundreds to thousands of mo-
lecular lipid species in biofluids or tissues. Epidemiologic studies 
have used lipidomics to describe associations of altered lipid spe-
cies, such as ceramides (CERs), cholesterol, phospholipids, and 
fatty acids (FAs) with PAD in human populations (4,5). However, 
these studies were largely cross-sectional, had small sample sizes, 
and/or had low coverage of the blood lipidome. To our know-
ledge, no large-scale longitudinal lipidomic study has investigated 
the association between longitudinal change in blood lipidome and 
change in ankle-brachial index (ABI), a sensitive and cost-
effective tool for PAD screening, in any racial or ethnic group. 
The normal range for ABI is generally 0.9 to 1.4; an ABI <0.9 typ-
ically indicates occlusive PAD related to atherosclerosis, while an 
ABI >1.4 reflects noncompressible vessels, which may still sug-
gest underlying occlusive disease (6). Although the prevalence of 
ABI >1.4 among adults aged 40 years or older (mean age, 56.9 y) 
is relatively low (approximately 1.4%) in the general US popula-
tion (7), data from the Strong Heart Study cohort (8) showed a 
higher prevalence of ABI >1.4 (9.2%) among American Indians of 
similar age (mean age, 57.1 y). The higher prevalence among 
American Indians may be largely attributed to the higher rates of 
obesity and diabetes. 

The objective of our study was to investigate 1) whether changes 
in individual lipid species are associated with change in ABI over 
an average of 5-year follow-up among American Indians, inde-
pendent of baseline lipids and traditional risk factors; and 2) 
whether ABI-related lipid species are associated with incident 

CHD during an average of 18-year follow-up over traditional risk 
factors. We also analyzed the cross-sectional association of each 
lipid species with ABI at baseline and 5-year follow-up. 

Methods 
We conducted the first large-scale longitudinal lipidomic profiling 
of 3,645 fasting plasma samples from 1,886 unique American In-
dians attending 2 clinical examinations (1,886 at baseline; 1,759 at 
follow-up) approximately 5 years apart on average in the Strong 
Heart Family Study. By including participants with an ABI <0.9 
or an ABI >1.4, we aimed to capture a broad spectrum of lipid 
changes associated with cardiovascular health, rather than focus-
ing only on people with ABI values within the normal range. 

Study population 

The Strong Heart Family Study (2001–ongoing) is a family-based 
prospective study designed to identify genetic, metabolic, and be-
havioral factors for cardiovascular disease (CVD) and CVD risk 
factors among American Indians (9). Briefly, 2,786 tribal mem-
bers (aged ≥14 y) residing in Arizona, North Dakota, South 
Dakota, and Oklahoma were recruited and examined at baseline 
(2001–2003)  and  re -examined  a f te r  5 -year  fo l low-up  
(2006–2009). Details of the study design, laboratory protocols, 
and phenotype collection are available elsewhere (9). Participants 
were interviewed and had a physical examination at each visit, 
during which fasting blood samples were collected for laboratory 
tests. Laboratory methods were described previously (9). We in-
cluded in analysis 1,886 individuals (62.2% females; mean age, 
40.1 y) who were free of overt CVD at baseline and had complete 
clinical and lipidomic data. All study participants provided in-
formed consent, and protocols were approved by the institutional 
review boards of participating institutions and the American Indi-
an tribes. 

Measurement of ABI 

At baseline and at 5-year follow-up, blood pressure was measured 
in the right arm and bilateral ankles (both left and right posterior 
tibial artery) by using a handheld Doppler (Imex Medical Limited) 
while the participant was in a supine position. Each measurement 
was taken twice in immediate succession, and the average of the 2 
readings was used. If no pulse was detected either by palpation or 
Doppler, a second examiner was asked to confirm the absence and 
ankle blood pressure was obtained from the dorsalis pedis artery. 
The ABI for each leg was then calculated by dividing the average 
systolic blood pressure in the ankle (posterior tibial or dorsalis 
pedis) by the average systolic blood pressure in the right arm (bra-
chial artery). The worse of the 2 ABI values (ie, the lower value 
for ABI <0.9 or the higher value for ABI >1.4) was used to define 
ABI for each person. Change in ABI was calculated as the differ-
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ence in ABI between baseline and 5-year follow-up. Symptoms in-
dicative of PAD, such as intermittent claudication, were evaluated 
at both baseline and follow-up by using the Rose Angina Ques-
tionnaire (10), which asks about symptoms such as leg pain dur-
ing walking or resting and other signs of vascular insufficiency. 
PAD was defined as participants who had an ABI of either <0.9 or 
>1.4 in at least 1 leg during the clinical examination (6). Incident 
PAD was defined as not having PAD at baseline but having PAD 
at 5-year follow-up. 

Assessment of clinical covariates 

Information on demographic characteristics (age, sex), lifestyle 
(smoking, alcohol use, physical activity), medical history, and use 
of prescription medications was collected via standard question-
naires (11). Anthropometric measures (height, weight, waist cir-
cumference) and fasting blood samples were collected at each vis-
it. Smoking status was categorized as current, former, or never 
smokers, and alcohol use as current versus noncurrent drinkers. 
Hypertension was defined as blood pressure ≥140/90 mm Hg or 
use of antihypertensive medication, and type 2 diabetes as fasting 
glucose ≥126 mg/dL or use of hypoglycemic medication. CVD 
events included fatal and nonfatal myocardial infarction, CHD, 
sudden cardiac death, heart failure, and stroke. Use of lipid-
lowering and antihypertensive medication was recorded at each 
visit. 

Ascertainment of incident coronary heart disease
(CHD) 

Details on the ascertainment of incident CHD are available else-
where (12). In brief, CHD included definite CHD (fatal or non-
fatal), definite myocardial infarction (fatal or nonfatal), and sud-
den death due to CHD. CHD events were ascertained by annual 
review of hospitalizations, death records, and self-reports (with 
subsequent medical record verification) during follow-up visits. 
Time to event was recorded based on the date of baseline examin-
ation (2001–2003) to either the date of the first CHD event or the 
last follow-up (December 31, 2020). For participants who experi-
enced more than 1 CHD event during an average 18-year follow-
up period, we used the earliest event date in our analysis. 

Lipidomic data acquisition, preprocessing, and quality
control 

Methods for blood sample collection, lipidomic data acquisition, 
processing, and normalization are described elsewhere (13). 
Briefly, relative abundance of molecular lipid species in fasting 
plasma samples at 2 time points (~5 years apart) was quantified by 
untargeted liquid chromatography–mass spectrometry. After pre-
processing and quality control, we obtained 1,542 lipids (518 
known) in 3,950 samples (1,970 at baseline; 1,980 at 5-year 

follow-up). After further excluding outlier samples (n = 2 at 
baseline; n = 3 at follow-up) and people with prevalent CVD (n = 
12 at baseline; n = 87 at follow-up) or missing covariates (n = 70 
at baseline; n = 131 at follow-up), we included 1,886 participants 
(1,886 at baseline; 1,759 at 5-year follow-up) with complete clin-
ical and lipidomic data. We observed no clear batches in our 
lipidomic data. 

Statistical analysis 

Continuous variables, including lipid levels, were standardized to 
zero mean and unit variance. Multiple testing was controlled by 
false discovery rate by using the Storey Q-value method (14); Q 
<.05 was used to determine significance. 

Prospective association analysis 
To identify baseline plasma lipids that can predict change in ABI 
(ie, the difference in ABI between baseline and 5-year follow-up), 
we constructed a generalized estimating equation (GEE) model, 
which accounted for the relatedness among family members. In 
this model, the baseline level of each lipid was the predictor, and 
change in ABI was the outcome, adjusting for age, sex, body mass 
index (BMI), smoking status (current smoker vs ever smoker vs 
nonsmoker), alcohol use (yes/no), hypertension (yes/no), diabetes 
(yes/no), estimated glomerular filtration rate (eGFR), use of lipid-
lowering medication (yes/no) at baseline, and baseline ABI. We 
excluded participants with prevalent PAD at baseline from this 
analysis. 

To assess whether the identified lipids improved the prediction of 
PAD risk beyond known clinical factors, we used data from 2 
study centers (North and South Dakota and Arizona) as the train-
ing set (n = 995; 32 cases), and 1 center (Oklahoma) as the testing 
set (n = 788; 65 cases). We then compared a base model including 
traditional risk factors only (age, sex, BMI, smoking status, alco-
hol use, hypertension, diabetes, eGFR, and use of lipid-lowering 
medication) with a model that included both traditional risk factors 
and the lipids associated with change in ABI. We assessed the in-
cremental predictive value of lipids over known risk factors by 
area under the receiver operating characteristic curve (AUROC) 
(15). 

To further examine whether plasma lipids associated with change 
in ABI were also associated with incident CHD during an average 
of 18-year follow-up, we constructed a frailty Cox proportional 
hazards model. In this model, the baseline level of each ABI-
associated lipid was the predictor, and the time to incident CHD 
event was the outcome, adjusting for the same covariates as de-
scribed above, plus LDL cholesterol, HDL cholesterol, and phys-
ical activity at baseline. The frailty term was used to account for 
the relatedness among family members. 
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Repeated measurement analysis 
For the 1,459 participants free of prevalent CVD and PAD at 
baseline and 5-year follow‐up, we constructed GEE models to ex-
amine the longitudinal association between changes in lipid spe-
cies (difference in the relative abundance of each lipid) and change 
in ABI between 5-year follow-up and baseline. In the model, 
change in ABI was the outcome, and change in the relative abund-
ance of a lipid was the predictor. The model adjusted for age, sex, 
BMI,  smoking status  (current  smoker  vs  ever  smoker  vs  
nonsmoker), alcohol use (yes/no), hypertension (yes/no), eGFR, 
diabetes (yes/no), and use of lipid-lowering medication (yes/no) at 
baseline, as well as changes in continuous variables (ie, age, BMI, 
eGFR) and baseline lipid. The associations between changes in 
lipids and change in cardiometabolic factors, including BMI, 
systolic and diastolic blood pressure, eGFR, fasting blood plasma 
glucose, insulin, and insulin resistance, were similarly examined. 

Cross-sectional association analysis 
To identify lipids that are cross-sectionally associated with ABI at 
each point (baseline or 5-year follow-up), we constructed GEE 
models in which ABI was the outcome and the plasma level of 
each lipid was the predictor, adjusting for age, sex, BMI, smoking 
status (current smoker vs ever smoker vs nonsmoker), alcohol use 
(yes/no), hypertension (yes/no), eGFR, diabetes (yes/no), and 
lipid-lowering medication (yes/no). This analysis was conducted 
separately by using data collected at baseline or 5-year follow-up. 
Results from both points were then combined by fixed-effects 
meta-analysis. 

Sensitivity analysis 
To evaluate the robustness of our results, we conducted the fol-
lowing sensitivity analyses. First, to examine the potential effect 
of bulk lipids (ie, HDL cholesterol, triglycerides) and physical 
activity on our results for change in ABI or ABI at each point, we 
additionally adjusted for these variables in the models. Second, to 
examine whether sex modulated the association between lipid spe-
cies and ABI or change in ABI, we further included an interaction 
term (lipid × sex) in the model. Third, to examine whether the in-
clusion of symptomatic participants or the potential effect of PAD 
symptoms affected our results, we performed additional analyses. 
First, we excluded participants who reported symptoms indicative 
of PAD from the models. We excluded 423 symptomatic parti-
cipants from the prospective association analysis, 338 from the re-
peated measurement analysis, and 460 from the cross-sectional 
analysis. Second, we adjusted for PAD symptoms in the models. 

Results 
The mean age of participants was 40.1 years at baseline and 44.9 
years at follow-up (Table). The median ABI was 1.1 at baseline 

and 1.2 at follow-up, respectively. Most participants had an ABI 
within the normal range (0.9 ≤ ABI ≤ 1.4) at both baseline (1,828 
of 1,886; 96.9%) and follow-up (1,652 of 1,759; 93.9%). Among 
the 1,828 participants free of PAD at baseline, 97 participants 
(5.3%) developed incident PAD during an average 5-year follow-
up. 

Baseline lipids predict change in ABI beyond known
clinical factors 

We identified 358 lipids (143 known) significantly associated with 
change in ABI at P < .05. After correction for multiple testing, 120 
l ipids  (46  known:  13  triacylglycerols  [TAGs],  10  phos-
phatidylcholines [PCs], 9 phosphatidylethanolamines [PEs], 6 
phosphatidylinositols [PIs], 3 sphingomyelins [SMs], 2 diacylgly-
cerols [DAGs], fatty acid [FA{22:0}], fatty acid ester of hydroxy 
fatty acid [FAHFA {18:0/3:0}], and cholesterol, were signific-
antly associated with change in ABI at Q <.05. Of the 46 known 
lipids, higher baseline levels of the following 37 lipids — 13 
TAGs, 8 PCs, 6 PIs, 6 PEs, 2 DAGs, FA(22:0), and FAHFA(18:0/ 
3:0) — were positively associated with change in ABI (regression 
coefficient [β] = 0.03–0.08). In contrast, higher baseline levels of 
9 lipids (3 PEs, 3 SMs, 2 PCs, and cholesterol) were inversely as-
sociated with change in ABI (β, −0.05 to −0.07) (Figure 1). 

Figure 1. Baseline plasma lipid species associated with change in ABI (Q
< .05). Lipids significantly associated with incident CHD are highlighted in 
blue. “A” or “B” in name of lipids indicates isomers. Abbreviations: ABI,
ankle-brachial index; CHD, coronary heart disease; DAG, diacylglycerol; 
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eGFR, estimate glomerular filtration rate; HR, hazard ratio; FA, fatty acid;
F A H F A ,  f a t t y  a c i d  e s t e r  o f  h y d r o x y  f a t t y  a c i d ;  L P C ,
lysophosphatidylcholine; LPE, lysophosphatidylethanolamine; PC,
p h o s p h a t i d y l c h o l i n e ;  P E ,  p h o s p h a t i d y l e t h a n o l a m i n e ;  P I ,
phosphatidylinositol; SM, sphingomyelin; TAG, triacylglycerol. 

Addition of the top 9 of 46 lipids associated with change in ABI, 
namely FA(22:0), FAHFA(18:0/3:0), LPC(16:1), PI(16:0/20:4), 
PI(18:1/18:2) B, PI(18:0/18:2), PI(18:0/20:3) B, SM(d43:1) B, and 
LPE(20:3), significantly improved risk prediction for PAD over 
clinical factors (AUROC increased from 0.529 to 0.568, P = .04) 
(Figure 2). 

Figure 2. Incremental value of the identified plasma lipids associated with
change in ABI for PAD risk prediction. Data used from 2 study centers
(North and South Dakota and Arizona) as training set (n = 995, 32 cases), 
used for model training, and 1 center (Oklahoma) as the testing set (n = 
788, 65 cases), used to test classification performance. Model 1 (blue
line): traditional risk factors only, including age, sex, body mass index, 
smoking status, alcohol use, hypertension, diabetes, eGFR, and lipid-
lowering medication use at baseline. Model 2 (red line): clinical factors 
plus 9 lipids significantly associated with change in ABI. Compared with
Model 1, additional inclusion of plasma lipids (Model 2) significantly
increased risk prediction for PAD; P value for increase in AUROC = .04. 
Abbreviations: ABI, ankle-brachial index; AUROC, area under the receiver 
operating characteristic curve; eGFR, estimated glomerular filtration rate,
PAD, peripheral artery disease. 

ABI-related lipids associated with incident CHD 

Ninety study participants developed incident CHD during an aver-
age of 18 years of follow-up. Of the 46 known lipids whose 
baseline levels are associated with change in ABI during 5-year 
follow-up, baseline levels of 4 lipids were also significantly asso-
ciated with risk of CHD at P <.05, after adjusting for age, sex, 

BMI, smoking, alcohol use, diabetes, hypertension, eGFR, LDL 
cholesterol, HDL cholesterol, physical activity, and use of lipid-
lowering medication at baseline. Specifically, higher baseline 
levels of 3 known lipids, TAG(48:2), TAG(55:1), and PI(16:0/ 
20:4), were associated with a decreased risk of CHD (hazard ratio 
[95% CI] ranged from 0.67 [0.46–0.99] to 0.76 [0.58–0.99]), 
while a higher baseline level of cholesterol was associated with an 
increased risk of CHD (hazard ratio [95% CI] = 1.37 [1.00–1.87]) 
during an average of 18-years follow-up. 

Longitudinal changes in lipid species associated with
change in ABI during 5-year follow-up 

After adjusting for clinical covariates, baseline ABI, and baseline 
lipids, longitudinal changes in 188 lipids (61 known) were signi-
ficantly associated with change in ABI at P <.05. After correction 
for multiple testing, changes in 32 lipids (7 known) remained sig-
nificant at Q <.05. Of the 7 known lipids, 6 lipids, including 3 PIs, 
AC(18:2), CE(18:3), and LPE(22:5), were positively associated 
with change in ABI at Q <.05, whereas change in LPC(p-18:0)/ 
LPC(o-18:1) was inversely associated (Figure 3). Among lipid 
species associated with change in ABI, changes in most were also 
associated with changes in cardiovascular risk factors. 

Figure 3. Manhattan plot displaying the longitudinal associations between
change in plasma lipids and change in ABI during an average of 5-years
follow-up. The dashed lines represent significance level at P = .05 and Q = 
.05. Abbreviation: ABI, ankle-brachial index. 

Lipids cross-sectionally associated with ABI 

At baseline, 310 lipids (128 known) were associated with ABI at P 
<.05. Of the 128 known lipids, 123 lipids, including 37 TAGs, 24 
PCs, 17 PEs, 14 PIs, 10 DAGs, 8 acylcarnitine (ACs), 6 FAs, 2 
CERs, SM(d32:2) A, GlcCer(d14:1(4E)/20:0(2OH)) and CE(22:5) 
B were inversely associated with ABI, whereas 5 lipids, including 
2 PCs (LPC[20:0], LPC[o-16:0]), 2 PEs (PE[p-18:0/22:4]/PE[o-
18:1/22:4], PE[p-40:4]/PE[o-40:5] A), and PS(18:0/20:4), were 
positively associated. Of these, 51 (23 known) lipids remained sig-
nificant at Q <.05. 

At follow-up, 185 lipids (53 known) were associated with ABI at 
P <.05. Of the 53 known lipids, 22 lipids, including 13 PCs, 3 
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T A G s ,  2  P E s ,  F A ( 1 5 : 1 ) ,  A C ( 1 1 : 1 ) ,  C E R ( d 3 3 : 1 ) ,  
GlcCer(d14:1[4E]/20:0[2OH]), and CE(22:5) B were inversely as-
sociated with ABI at P <.05, whereas 31 lipids, including 9 PEs, 5 
PIs, 4 GlcCers, 3 ACs, 2 CEs, 3 SMs, 2 FAs, and CER(d42:2) B, 
were positively associated. Of these, 39 (9 known) lipids re-
mained significant at Q <.05. 

Meta-analysis combining results from both time points showed 
that 14 lipids, including 7 TAGs, 3 FAs, and LPC(p-18:0)/LPC(o-
18:1), were inversely associated with ABI, whereas 2 CEs and 
LPC(o-16:0) were positively associated at Q <.05 (Figure 4). 

Figure 4. Top-ranked plasma lipids associated with ABI at P < .05 
identified at baseline or 5-year follow-up. Lipids significantly associated 
with ABI (P < .05) at baseline, at follow-up, and in the meta-analysis are 
highlighted in blue. “A,” “B,” or “C” in name of lipids indicates isomers. 
Abbreviations:  ABI,  ankle-brachial  index;  AC; acylcarnitine;  CE,
cholesterol ester; CER, ceramide; eGFR, estimated glomerular filtration
rate; FA, fatty acid; GlcCer, glycosylceramide; HR, hazard ratio; LPC,
lysophosphatidylcholine; LPE, lysophosphatidylethanolamine; PC,
p h o s p h a t i d y l c h o l i n e ;  P E ,  p h o s p h a t i d y l e t h a n o l a m i n e ;  P I ,  
phosphatidylinositol; SM, sphingomyelin; TAG, triacylglycerol. 

Results from sensitivity analyses 

Additional adjustments for clinical lipids (ie, HDL cholesterol, 
triglycerides) and physical activity did not attenuate the observed 
associations. We did not observe significant sex difference in the 
associations of identified lipids with ABI or change in ABI. In ad-
dition, most lipids associated with change in ABI or ABI re-
mained significant even after excluding symptomatic participants 
or adjusting for symptoms. 

Discussion 
In this first large-scale longitudinal lipidomic profiling of subclin-
ical PAD, assessed by change in ABI, among American Indians, 
we had several significant findings. First, we found that baseline 
levels of multiple lipid species (eg, glycerophospholipids, glycer-
olipids, FAs, and SMs) were significantly associated with change 
in ABI beyond traditional risk factors. Some identified lipids (ie, 
TAG(48:2), TAG(55:1), PI(16:0/20:4), and cholesterol) were also 
significantly associated with risk of CHD during an average of 18-
years follow-up. Second, our repeated measurement analysis 
showed, for the first time, that longitudinal changes in several lip-
id species (ie, ACs, CEs, glycerophospholipids) were significantly 
associated with change in ABI, independent of clinical factors, 
baseline ABI, and baseline lipids. Third, cross-sectional analysis 
showed that altered levels of ACs, FAs, glycerophospholipids (ie, 
PCs, PEs, PIs), and TAGs were significantly associated with ABI 
among American Indians. Together, our results could shed light on 
lipidomic markers associated with subclinical PAD and deepen 
our understanding of how dyslipidemia may contribute to the de-
velopment of PAD. 

We observed that higher baseline levels of most glycerophosphol-
ipids (ie, PCs, PEs, PIs) were positively associated with change in 
ABI in American Indians. Moreover, longitudinal changes in gly-
cerophospholipids were significantly associated with cardiometa-
bolic traits such as BMI, blood pressure, fasting blood plasma 
glucose, and insulin resistance. These findings are in line with pre-
vious epidemiologic studies demonstrating that some glycerophos-
pholipids, such as PC(32:1), PC(32:3), PC(36:4), and LPC(16:1), 
were inversely associated with risk of PAD (16) and CHD (17) in 
non-Hispanic White and Asian people. 

Glycerophospholipids, such as PCs, PEs, and PIs, are key com-
ponents of apolipoprotein B (ApoB)-containing lipoproteins. 
These lipids are essential in maintaining membrane structure, 
fluidity, and cell signaling, and they regulate pathways involved in 
inflammation and oxidative stress (18). Alterations in the levels of 
PCs, PEs, and PIs can influence the size, density, and atherogenic 
potent ia l  of  l ipoproteins  such  as  LDL  choles terol  and  
lipoprotein(a) (Lp[a]), contributing to increased CVD risk. Spe-
cifically, PCs can be hydrolyzed by lipoprotenin-associated phos-
pholipase A2 (Lp-PLA2), producing lysophosphatidylcholine 
(LPC) and oxidized FAs (19). LPC is further converted into lyso-
phosphatidic acid (LPA) by autotaxin, which is often elevated in 
people with high Lp(a) levels (20). Elevated Lp(a) levels are asso-
ciated with increased LPA levels (21), promoting vascular inflam-
mation and oxidative stress, contributing to atherosclerotic plaques 
and PAD (20). Disrupted PE metabolism can induce oxidative 
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stress and endothelial dysfunction in arterial walls, exacerbating 
vascular pathologies (18). Dysregulation of the PI signaling path-
way can result in endothelial dysfunction and increased vascular 
inflammation, both of which are key factors in the development of 
PAD (22). 

Statin therapy, the most widely recognized cholesterol-lowering 
treatment for managing CVD, including PAD, can influence gly-
cerophospholipid levels. For instance, previous studies (23,24) 
showed that statins altered key lipid species such as PC(36:4) and 
PI(18:0/18:2), both of which are involved in lipoprotein metabol-
ism and cardiovascular risk. Notably, the ratio of PI(18:0/18:2) to 
PC(38:4) explained 58% of the relative CVD risk reduction asso-
ciated with pravastatin during a 12-month follow-up, independent 
of change in LDL cholesterol (23). Our study supports this find-
ing, as we observed that higher baseline level of PI(18:0/18:2) was 
positively associated with change in ABI. This finding aligns with 
a previous study (25) identifying PI(18:0/18:2) as a predictor of 
statin response in patients with familial hypercholesterolemia. 
These results highlight the potential of monitoring specific lipid 
species, such as PCs and PIs, as biomarkers for statin efficacy in 
the management of PAD. 

Besides glycerophospholipids, we also found that higher baseline 
levels of certain long- chain glycerolipids (eg, TAGs, DAGs), 
which have a higher number of carbon atoms and fewer double 
bonds, were positively associated with change in ABI, suggesting 
a protective role against subclinical PAD. This aligns with previ-
ous research demonstrating that elevated levels of long-chain un-
saturated glycerolipids (eg, TAG [48:2], TAG[55:1], DAG[36:1]) 
were associated with a reduced risk of CHD (17) in multiple popu-
lations. Moreover, we observed novel associations, including 2 
lipids (ie, TAG[48:2], TAG[55:1]) that demonstrated a protective 
effect on subclinical PAD and were also associated with a de-
creased risk of CHD. Conversely, our cross-sectional analysis 
found that some TAGs with a higher number of carbon atoms and 
double bonds (eg, TAG[56:5] C, TAG[55:5]/TAG[17:0/18:1/ 
20:4]) showed an inverse association with ABI. This observation 
is supported by previous studies reporting that 2 TAGs (ie, 
TAG[56:5] C and TAG[55:5]) were positively associated with the 
risk of diabetes in Asian (26) and non-Hispanic White people (27). 
These results suggest that the composition of specific TAG sub-
types may have differential associations with PAD. Further invest-
igation is warranted to validate these findings and deepen our un-
derstanding of these associations. 

Our findings that baseline levels of SMs were inversely associ-
ated with change in ABI corroborate previous studies reporting 
that higher plasma levels of SMs were associated with an in-
creased risk of atherosclerotic plaque (28) and CHD (29). As the 
predominant sphingolipids in mammalian cell membranes, SMs 

are crucial for signal transduction, apoptosis, regulation of inflam-
mation, and the oxidative stress response (30). The transformation 
of sphingomyelin to ceramide in LDL cholesterol by sphingomy-
elinase, which triggers ceramide aggregation, could represent an 
early stage in the development of atherosclerosis (31). 

Our repeated measurement analysis revealed, for the first time, the 
association between longitudinal changes in plasma lipidome and 
change in ABI, independent of clinical covariates, baseline ABI, 
and baseline lipids. Specifically, changes in ACs, CEs, and gly-
cerophospholipids (eg, PCs, PEs, PIs) were associated with change 
in ABI as well as changes in cardiovascular risk factors. Besides 
the contributions of glycerophospholipids to the change in ABI, 
changes in several lipid classes, such as ACs and CEs, were also 
associated with changes in multiple cardiometabolic traits. ACs, 
which are esters formed by carnitine and fatty acids, serve as 
transporters that move activated long-chain FAs into mitochon-
dria for β-oxidation, an essential process for cellular energy pro-
duction (32). An excess of ACs may indicate a bottleneck in the β-
oxidation pathway, suggesting potential mitochondrial dysfunc-
tion that could contribute to the development of PAD (33). Previ-
ous studies (34) showed that plasma concentrations of unsaturated 
cholesterol esters, such as CE(18:2) and CE(17:1), are elevated in 
patients with intermittent claudication compared with controls. 
Our study extends these findings by showing that changes in 
CE(18:3) were positively associated with changes in ABI among 
participants without intermittent claudication, suggesting its poten-
tial role as an early biomarker for subclinical PAD. Interestingly, 
no such association with CE(18:3) was observed in symptomatic 
participants in the prior studies (34). CEs serve as a storage form 
of cholesterol and are the primary neutral lipids found in lipid 
droplets. Their accumulation in macrophage foam cells, character-
ized by cholesterol ester-rich lipid droplets, is a key feature of ath-
erosclerosis (35). This differential association across symptomatic 
and asymptomatic stages suggests the importance of exploring lip-
id biomarkers like CE(18:3) to enhance early detection and pre-
vention strategies for PAD across its clinical spectrum. 

Although younger than the typical screening age for clinical PAD 
(around 50 years for smokers and 70 years for nonsmokers) (1), 
the American Indian population has a disproportionate share of 
PAD, with nearly twice the prevalence compared with the non-
Hispanic White population (36). This elevated prevalence is 
largely attributed to a higher prevalence of cardiovascular risk 
factors, including high rates of smoking (>40% were current 
smokers), obesity (55% at baseline, 60% at follow-up), and dia-
betes (17.9% at baseline, 23.4% at follow-up). These factors accel-
erate the onset of subclinical PAD, suggesting the need for early 
screening and prevention strategies in young, high-risk popula-
tions, especially in American Indians. 
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Strengths and limitations 

Our study has several strengths. The major strength is the longit-
udinal profiling of plasma lipidome in a large, community-based 
prospective cohort. To our knowledge, our study is the first and by 
far the largest longitudinal study examining the relationship 
between change in plasma lipidome and change in ABI across any 
racial or ethnic group. Second, we used an untargeted lipidomic 
approach, quantifying more than 1,500 distinct lipid species across 
14 known lipid classes in a large prospective cohort of American 
Indians. While existing biomarkers such as LDL-C, Lp(a), and 
ApoB are crucial, these markers, combined with other risk factors 
such as hypertension and tobacco use, still explain only a small 
proportion of CVD-related outcomes, including PAD, suggesting 
that additional unmeasured or unknown factors could improve 
early detection and prevention efforts. Lipidomics can offer a nu-
anced view by identifying individual lipid species that may not be 
identified by standard lipid panels. These newly discovered lipids 
offer supplementary value and could improve risk prediction bey-
ond established risk factors. Third, our statistical models adjusted 
for a wide range of traditional PAD risk factors, ensuring that the 
lipids identified in our study are independent of these risk factors. 
If validated, these newly identified lipid species may serve as nov-
el biomarkers for PAD prediction and risk stratification. Finally, 
we performed comprehensive statistical analyses, including cross-
sectional, prospective, and repeated measurement analyses, allow-
ing us to thoroughly investigate the association between lipid 
metabolism and ABI in this understudied population. 

However, our study has several limitations. First, although our re-
search identified numerous lipid species, many lipids are un-
known. More research is needed to further characterize these un-
known lipids if they are deemed of interest. Second, although our 
statistical models adjusted for many traditional risk factors, we 
cannot entirely rule out potential confounding by unknown or un-
measured factors. Third, our study included only American Indi-
ans, a population with high rates of dyslipidemia (78% among ad-
olescents and young adults vs 30% in in the same age groups in 
the US overall) (37), diabetes (3-fold higher age-adjusted rate than 
among the non-Hispanic White population) (38), and smoking 
(>40% of adults vs 27.4% of non-Hispanic White adults) (39). 
Due to these unique characteristics, our findings may not be gener-
alizable to other racial or ethnic groups with different genetic 
backgrounds or environmental exposures. Fourth, due to lack of an 
external cohort with a similar study design and longitudinal 
lipidomic data, we could not replicate our findings in an independ-
ent cohort. However, the large sample size of the study cohort and 
the identification of multiple lipid species associated with ABI us-
ing different statistical models lend credence to our findings. Fifth, 
while our study identifies novel lipid biomarkers that may en-
hance early prevention of PAD, the clinical application of these 

methods is limited by the emerging nature of lipidomics techno-
logy. Broader implementation in clinical practice, particularly in 
resource-limited settings, will require further validation, cost-
effectiveness analyses, and technologic advancements. Finally, the 
observational nature of our study precludes any inference about 
the causal role of altered lipid metabolism in PAD pathogenesis. 

Conclusion 

In this large-scale longitudinal lipidomic analysis, we have, for the 
first time, reported associations of multiple individual lipid spe-
cies with subclinical PAD, independent of traditional risk factors. 
These findings enhance our understanding of the mechanism 
through which dyslipidemia may contribute to PAD and provide 
potential novel biomarkers for early prediction and risk stratifica-
tion in American Indians, an important but traditionally understud-
ied racial minority population. 
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Table 

Characteristics Baseline (n = 1,886) 5-Year follow-up (n = 1,759) 

Age, mean (SD), y 40.1 (13.9) 44.9 (13.4) 
Female, no. (%) 1,175 (62.2) 1,103 (62.7) 
Body mass index,b mean (SD) 31.8 (7.5) 32.7 (7.7) 
Current smoking, no. (%) 757 (40.1) 670 (38.3) 
Current drinking, no. (%) 1,182 (62.6) 1,032 (58.9) 
Type 2 diabetes, no. (%) 338 (17.9) 412 (23.4) 
Systolic blood pressure, mean (SD), mm Hg 122.3 (15.3) 122.6 (16.3) 
Diastolic blood pressure, mean (SD), mm Hg 77.3 (10.6) 74.9 (11.1) 
eGFR, mean (SD), mL/min/1.73m2 114.9 (17.5) 108.6 (19.9) 
High-density lipoprotein cholesterol, median (IQR), mg/dL 49.0 (42.0–59.0) 48.0 (40.0–58.3) 
Low-density lipoprotein cholesterol, mean (SD), mg/dL 101.7 (29.9) 106.2 (30.7) 
Triglycerides, median (IQR), mg/dL 138.0 (99.0–195.0) 133.0 (96.5–188.0) 
Total cholesterol, median (IQR), mg/dL 182.0 (162.0–205.0) 186.3 (161.0–210.0) 
Ankle brachial index, median (IQR)c 1.1 (1.1–1.2) 1.2 (1.1–1.3) 
Physical activity, median (IQR), steps per day 5,147.5 (3,325.2–7,516.9) 5,841.0 (3,838.0–8,087.0) 
Lipid-lowering medication, no. (%) 61 (3.2) 172 (9.8) 
Antihypertensive medication, no. (%) 199 (10.6) 353 (20.1) 

Table. Characteristics of Study Participants in the Strong Heart Family Study at Baseline (2001–2003) and 5-Year Follow-Up (2006–2009)a 

Abbreviations: eGFR, estimated glomerular filtration rate.
a Values are as mean (SD) for normally distributed data or median (IQR) for nonnormally distributed data. Categorical variables are expressed as number
(percentage).
b Measured as weight in kilograms divided by height in meters squared.
c Ankle brachial index is the ratio of the systolic blood pressure in the ankle to the systolic blood pressure in the arm; the normal range is 0.9 to 1.4. 
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Summary 

What is already known on this topic? 

The shared frailty model has been a popular way of analyzing
clustered survival data, though other methods, like the marginal Cox
model, handle this data. 
What is added by this report? 

We used data on leukocyte telomere length and stroke to demonstrate
that the marginal Cox model produces very similar results to the
shared frailty model. 
What are the implications for public health practice? 

The marginal Cox model adds to the toolbox for analyzing clustered
survival data in population genetic studies, which investigate the
hereditary component of human diseases. Researchers may choose
the marginal Cox model when the model will be interpreted at the pop-
ulation level and a robust covariance estimator is required. 

Abstract 
Researchers need applicable tools to analyze and account for fa-
milial relatedness when working with family study data. In this 
brief article, we describe the application of 2 modeling strategies 
for studying the association between leukocyte telomere length 
and incident stroke based on data collected in the Strong Heart 
Family Study: the shared frailty model and the marginal Cox pro-
portional hazards model. Although these modeling strategies are 
based on different theoretical frameworks, their results were simil-
ar. Future simulation study may help us to better understand the 
limitations and performance of each strategy in a controlled envir-

Objective 
The Strong Heart Study (SHS) is a cohort study of cardiovascular 
diseases (CVD) among American Indians living in Arizona, Ok-
lahoma, North Dakota, and South Dakota. In Phase IV of the SHS 
(also called the Strong Heart Family Study [SHFS]), members of 
91 families from 12 tribal communities were recruited and as-
sessed for demographic, clinical, and behavioral characteristics 
(1,2). Participants have been followed for CVD outcomes to the 
present day. When analyzing data from the SHFS, we must ad-
dress relatedness among family members. 

The shared frailty model is one approach for analyzing clustered 
time-to-event data (3). We used it previously to determine the as-
sociation between leukocyte telomere length (LTL) and cardi-
ometabolic outcomes, such as stroke (4), carotid atherosclerosis 
(5), and diabetes (6). The marginal Cox proportional hazards mod-
el provides another approach to account for familial relatedness in 
survival data analyses (7). However, its application is less demon-
strated in family studies. 

In this report, we used both the shared frailty and the marginal 
Cox proportional hazards models to study the association between 
LTL and time-to-incident stroke. We hypothesized that results 
generated by both approaches would be similar. We aimed to illus-
trate the use of multiple tools for researchers to appropriately ana-
lyze family study data. 

Methods 
The Cox proportional hazards model (Cox model) is commonly 
used to identify risk factors that affect survival time among inde-
pendent participants. To analyze clustered data, the shared frailty 
model adds a random frailty term to the Cox model, which mod-
els the effect of cluster membership on the outcome risk (3). Con-
versely, the marginal Cox model (7–9) accounts for family re-
latedness by using a robust sandwich covariance estimator, which 
makes no distributional assumptions about the model parameters 

onment. 
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and is consistent even when model assumptions (eg, independ-
ence) are violated (10,11). 

Full details about the study design were published previously 
(1,2). We included data from 4,635 people from the original and 
family cohorts who were stroke-free at the time of their baseline 
examinations (1989–1991 and 2001–2003, respectively) and had 
LTL measurements. Participants were followed through Decem-
ber 31, 2018, for fatal and nonfatal stroke events (12,13), and they 
all gave informed consent. This study was approved by the institu-
tional review boards of the participating institutions, the participat-
ing tribes, and area offices of the Indian Health Service (4). 

Summary statistics were generated, and P values were obtained by 
using the χ2 test or Mann–Whitney test. Four shared frailty and 
marginal models were built in the same manner with time to first 
stroke as the outcome. We first studied the univariable association 
between age-adjusted LTL (in log quartile) and stroke. We then 
built 3 multivariable models with demographic (Model 2), behavi-
oral (Model 3), and clinical (Model 4) covariates added to the 
models sequentially to create our final model. Covariates were 
chosen based on our previous work and literature review (4). Haz-
ard ratios for each log LTL quartile were obtained. Type III tests 
assessed the significance of the frailty term. All models were cre-
ated in SAS, version 9.4 (SAS). 

Results 
Among our 4,635 participants, 2,645 belonged to 87 families, and 
1,990 were independent individuals considered as single-member 
families. Family sizes ranged from 1 to 109 (median, 31). In total, 
301 participants experienced incident stroke with a median follow-
up time of 16.8 years (interquartile range: 15.0–20.3) (Table 1). 
Those who had a stroke event were older, had higher blood pres-
sure, and had worse lipid profiles (higher triglyceride, higher total 
and LDL cholesterol, and lower HDL-cholesterol) than parti-
cipants free from stroke event during the follow up. The preval-
ence of atrial fibrillation, diabetes mellitus, and smoking was high-
er in those with a stroke event than those without a stroke event. 

Across both the shared frailty and marginal models, point estim-
ates, CIs, and P values are almost the same, except for the univari-
ate models that showed about 5%–10% differences (eg, hazards 
ratio of 0.88 and 0.90 from the frailty model vs 0.83 and 0.98 from 
the marginal model) (Table 2). For the shared frailty model, the 
frailty term was significant for all models except Model 1 (P = 
.06), though results for all models were similar to independent 
Cox models. Both methods showed that after adjustment for 
demographic, behavioral, and clinical covariates, participants 
whose LTL was in the third quartile had significantly lower risk of 
developing a stroke event during the 17-year follow-up period 

with a hazard ratio of 0.66 (95% CI, 0.46–0.94; P value, .02) com-
pared with participants with LTL in the first quartile. Participants 
with LTL in the second or fourth quartiles did not have signific-
antly different risks of developing a stroke compared with parti-
cipants with LTL in the first quartile. The shared frailty model and 
the marginal model generated similar estimates on the same set of 
data collected in the SHFS. 

Discussion 
Two modeling strategies, the shared frailty model and the margin-
al Cox proportional hazards model, generated similar estimates in 
studying the association between LTL and incident stroke based 
on the same data collected in the SHFS. Although previous stud-
ies have used the shared frailty model (4–6), our results show that 
the less complex marginal Cox model could be considered as a vi-
able alternative for clustered data, such as family or panel data. 
However, we must consider the advantages and disadvantages of 
each model when choosing the best model for a situation. 

The shared frailty model accounts for the relatedness between 
family members by introducing a random variable called a frailty 
to a Cox proportional hazards model (3). Each family is treated as 
a cluster, and each individual family member is treated as a ran-
domly selected individual from that cluster. One advantage of this 
model is that the differences between each of the clusters can be 
easily described (14). In addition, if the frailty term is found to be 
insignificant, we can reduce our model to an independent Cox 
model. The shared frailty model yields more efficient estimation 
when the distribution of the frailty term is modeled correctly. 
However, this is prone to misspecification because choices for this 
distribution are limited by software. Coefficients from the shared 
frailty model should be interpreted as conditional on the unob-
served frailty term (7). In contrast, the marginal Cox proportional 
hazards model uses a robust sandwich covariance estimator to ac-
count for the relatedness between family members. A benefit of 
this model is that the dependence between related observations is 
unspecified, which allows for greater flexibility in practice be-
cause we are not limited by our ability to correctly specify a frailty 
model (7). However, this model is still somewhat reliant on the 
specified model and can be affected if the coefficients are heavily 
biased by unobserved covariates. The marginal model can be inter-
preted at the population level (7). Both models are useful tools for 
analyzing survival data from family studies, such as the SHFS. A 
simulation study of the 2 modeling strategies would be helpful for 
us to better understand their limitations and performance under a 
controlled environment. In addition, future studies may consider 
comparing methods for clustered competing risks data. However, 
it is beyond the scope of this brief article aiming to demonstrate 
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the application of both methods in analyzing clustered survival 
data collected from family studies. 
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Tables 

Variables Total (N = 4,635) Incident stroke (n = 301) Stroke-free (n = 4,334) P valueb 

Leukocyte telomere length (LTL) 1.0 (0.9–1.2) 1.0 (0.8–1.4) 1.0 (0.9–1.2) .85 

Age, y 48.2 (36.8–56.5) 56.2 (50.0–63.1) 47.7 (35.7–55.8) <.001 

Sex, male, n (%) 1,900 (41) 120 (40) 1,780 (41) .68 

Phase I Cohort, yes, n (%) 2,369 (51) 237 (79) 2,132 (49) <.001 

Field sites, n (%) <.001
 Arizona 499 (11) 13 (4) 486 (11)
 Oklahoma 1,889 (41) 103 (34) 1,786 (41)
 Dakotas 2,247 (48) 185 (61) 2,062 (48) 

Education, y 12.0 (10.0–14.0) 12.0 (10.0–13.0) 12.0 (10.0–14.0) <.001 

Smoking, yes, n (%) 3,089 (67) 223 (74) 2,866 (66) .005 

Body mass index, kg/m2 29.9 (26.2–34.5) 30.0 (26.5–34.3) 29.9 (26.1–34.5) .77 

Atrial fibrillation, yes, n (%) 270 (6) 46 (15) 224 (5) <.001 

Diabetes mellitus, yes, n (%) 1,197 (26) 137 (46) 1,060 (25) <.001 

Systolic blood pressure, mmHg 121.0 (111.0–132.0) 128.0 (117.0–140.0) 121.0 (111.0–132.0) <.001 

Diastolic blood pressure, mmHg 76.0 (69.0–83.0) 77.0 (71.0–84.0) 76.0 (69.0–83.0) .03 

Total cholesterol, mg/dL 186.0 (162.0–211.0) 192.0 (169.0–216.0) 185.0 (162.0–210.0) <.001 

LDL cholesterol, mg/dL 102.0 (83.0–124.0) 106.0 (88.0–130.0) 102.0 (83.0–124.0) .006 

HDL cholesterol, mg/dL 46.0 (39.0–56.0) 44.0 (37.0–54.0) 46.0 (39.0–56.0) .002 

Triglycerides, mg/dL 123 (87.0–179.0) 130.0 (96.0–180.0) 122.0 (86.0–179.0) .05 

Table 1. Baseline Characteristics by Incident Stroke Statusa 

Abbreviations: LTL, leukocyte telomere length; LDL, low-density lipoprotein; HDL, high-density lipoprotein.
a Continuous variables are described by using the median (first quartile, third quartile). Categorical variables are described by using as count (percentage).
Participants were monitored for stroke events for a median follow-up time of 16.8 years (interquartile range, 15.0–20.3). Values are median (interquartile 
range) unless otherwise noted.
b Calculated by using the χ2 test for categorical variables and the Mann–Whitney test for continuous variables. 
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Model 
Log LTL
quartile 

Frailty model Marginal model 

Hazard ratio (95% CI) P valueb Hazard ratio (95% CI) P valuec 

Model 1, univariable model 2 vs 1 0.88 (0.64–1.23) 0.46 0.83 (0.61–1.13) .24 

3 vs 1 0.53 (0.37–0.77) <.001 0.54 (0.38–0.75) <.001 

4 vs 1 0.90 (0.66–1.23) 0.50 0.98 (0.73–1.30) .87 

Model 2, adjusted for demographic covariatesd 2 vs 1 0.95 (0.69–1.30) .75 0.95 (0.70–1.30) .75 

3 vs 1 0.61 (0.43–0.87) .007 0.61 (0.43–0.86) .005 

4 vs 1 0.90 (0.67–1.21) .49 0.90 (0.68–1.19) .47 

Model 3, adjusted for covariates in model 2 plus
behavioral covariatese 

2 vs 1 0.97 (0.71–1.33) .86 0.97 (0.71–1.33) .86 

3 vs 1 0.62 (0.44–0.89) .01 0.62 (0.44–0.88) .007 

4 vs 1 0.92 (0.69–1.24) .59 0.92 (0.70–1.22) .57 

Model 4, adjusted for covariates in models 2 and 3 plus
clinical covariatesf 2 vs 1 0.95 (0.69–1.32) 0.77 0.95 (0.69–1.31) .77 

3 vs 1 0.66 (0.46–0.94) .02 0.66 (0.46–0.93) .02 

4 vs 1 0.94 (0.69–1.26) .67 0.94 (0.70–1.25) .66 

Table 2. The Association Between Log LTL and Time to Incident Stroke, From the Frailty and Marginal Modelsa 

Abbreviations: LTL, leukocyte telomere length.
a For each frailty model, the significance of the frailty term was assessed using type III tests. The frailty term was significant for Model 2 (P < .001), Model 3
(P < .001), and Model 4 (P < .001) but insignificant for Model 1 (P .06).
b P values calculated by using the Wald test. Significant at P < .05. 
c P values calculated by using the robust Wald test. Significant at P < .05. 
d Demographic covariates: study site, cohort, and education.
e Behavioral covariates: smoking status and body mass index.
f Clinical covariates: atrial fibrillation, diabetes, systolic and diastolic blood pressure, total, LDL and HDL cholesterol. 
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