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Less Than Ideal Cardiovascular Health Is Associated With Shorter
Leukocyte Telomere Length: The National Health and Nutrition
Examination Surveys, 1999-2002
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Sharon K. Davis, MEd, MPA, PhD

Background—The associations between individual cardiovascular disease risk factors and leukocyte telomere length (LTL) have
been inconclusive. We investigated the association between LTL and overall cardiovascular health (CVH) as defined by the
American Heart Association and whether the association is modified by sex and race/ethnicity.

Methods and Results—We included 5194 adults (aged >20) from the National Health and Nutrition Examination Survey 1999—
2002. CVH was defined as a composite score of the 7 metrics (smoking, physical activity, diet, body mass index, blood pressure,
total cholesterol, and fasting blood glucose) and categorized as “poor,” “intermediate,” and “ideal.” LTL was assayed from whole
blood using the quantitative polymerase chain reaction method relative to standard reference DNA. Multivariable linear regression
models were used to estimate the association between CVH and log-transformed LTL. We found strong graded association
between CVH and LTL in the overall sample, with evidence of dose-response relationship (P for trend=0.013). Individuals with poor
and intermediate CVH had significantly shorter LTL than individuals with ideal CVH (—3.4% [95% Cl=—6.0%, —0.8%] and —2.4%
[—4.4%, —0.3%], respectively), after adjustment for demographic variables, socioeconomic status, and C-reactive protein. The
association was stronger in women (—6.6% [—10.2%, —2.9%] for poor vs ideal CVH) and non-Hispanic whites (—4.3% [—7.1%,
—1.4%] for poor vs ideal CVH).

Conclusions—The findings suggest that less-than-ideal CVH is associated with shorter LTL, but this association varies by sex and
race/ethnicity. Future longitudinal research is needed to elucidate the mechanisms that underlie the association between CVH and

LTL. (/ Am Heart Assoc. 2017;6:e004105. DOI: 10.1161/JAHA.116.004105.)

Key Words: aging * AHA Scientific Statement ¢ cardiovascular disease risk factors ¢ cardiovascular health « diverse
populations ¢ epidemiology * inflammation ° leukocyte telomere length  telomere genetics

elomeres are repetitive, noncoding DNA sequences
T (TTAGGG) located at the ends of chromosomes and
play a vital role in providing genomic stability and maintain-
ing chromosomal structural integrity." In vitro, telomeres
shorten progressively with each cell division, acting as an
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internal “molecular clock” of aging.? This process is further
enhanced by oxidative stress with each cycle of replication
in cultured cells.®> When telomeres become critically short,
they trigger an irreversible DNA damage leading to cellular
senescence or apoptosis, which may contribute to age-
related diseases.* In humans, leukocyte telomere length
(LTL), which mirrors the replicative history of hematopoietic
stems cells (HSCs), is a highly heritable trait and shows
large interindividual variation at birth and throughout life
course.>® LTL shortening therefore reflects the decline in
HSCs reserve attributed to lifelong accumulation of inflam-
mation and oxidative stress—two biological processes of
atherosclerosis and cardiovascular disease (CVD).> Conse-
quently, LTL has been proposed as a potential biomarker of
age-related CVD. Indeed, clinical studies have shown an
association between shorter LTL and increased risk of CVD,
including atherosclerosis, arterial stiffness, myocardial infarc-
tion, coronary heart disease (CHD), stroke, and heart failure,
independent of chronical age, although the causality of these
associations remain elusive.” "
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In addition, several epidemiological studies have reported
an association between LTL and individual CVD risk factors,
but the results have been inconsistent. Some studies have
demonstrated an association of shorter LTL with smoking,
obesity, physical inactivity, poor diet, hypertension, and type 2
diabetes mellitus.'>""” However, other studies did not find
such an association between LTL and individual CVD risk
factors.'® 2" For example, a recent study found no association
between LTL and type 2 diabetes mellitus in a large, nationally
representative sample of US adults.’® The reasons for these
inconsistencies remain the subject of further research, but it
has been attributed to differences in populations, methods
used to measure telomere length, poor measurements of
telomere length, small and nonrepresentative samples, or
failure to account for potential confounders.?” In addition,
these inconsistencies might also reflect the complex process
of LTL shortening, which is likely the result of multiple of CVD
risk factors working together synergistically rather than a
single CVD risk factor.”®> However, the majority of these
studies have focused on the association of LTL with individual
CVD risk factors. We are aware of only 1 study that has
evaluated an association between LTL and disease burden
across systems (CVD, stroke, pulmonary disease, diabetes
mellitus, kidney disease, arthritis, or depression) and showed
that LTL was strongly associated with a physiological index of
disease burden, but less strongly or not at all with disease in
individual systems.??

In this context, the American Heart Association (AHA)
Strategic Impact Goals 2020 introduced the concept of
“cardiovascular health” (CVH) to quantify an individual’s
overall burden of CVD risk factors.?* CVH was defined based
on 7 behaviors and health factors, including smoking, physical
activity, diet, body mass index, total cholesterol, fasting blood
glucose, and blood pressure. Each CVH metric was defined as
“ideal,” “intermediate,” and “poor.” Ideal CVH metrics have
consistently been found to be associated with reduced CVD
morbidity and mortality and greater longevity.?*?” Accumu-
lating evidence also suggests that individuals with ideal CVH
metrics develop less subclinical atherosclerosis, such as
coronary artery calcification, carotid intima media thickness,
and arterial stiffness.?® 3 Additionally, individuals with ideal
CVH have been found to be associated with lower burden of
inflammatory markers and oxidative stress.®>° These findings
underscore the strong predictive value of CVH for vascular
alterations or damages than the sum of its components. Given
that LTL registers the accruing burden of inflammation and
oxidative stress over the life course of an individual and its
strong relationship with atherosclerosis,®' it may be that LTL
is a better index of vascular alterations or damages associ-
ated with poor CVH than indices of inflammation and
oxidative stress, which reflect momentary metabolic status
at the time of blood collection. It might therefore be of

interest to examine the association between LTL and CVH. To
our knowledge, no previous study has examined the associ-
ation between LTL and the CVH construct as defined by AHA,
and it is also not clear whether this association is modified by
sex and racial/ethnic groups.

Therefore, the objective of this study was to examine the
association of CVH with LTL in a large, nationally represen-
tative, and ethnically diverse sample of US adults from the
National Health and Nutrition Examination Survey (NHANES)
1999-2002. In addition, we examined whether the associa-
tion was modified by sex and race/ethnicity. We also
assessed whether the association between CVH and LTL
was attenuated by adjustment for C-reactive protein, a global
biomarker of inflammation.

Methods

Sample and Procedures

We used data from the NHANES, a nationally representative
survey conducted by the National Center for Health Statistics
(NCHS), Centers for Disease Control and Prevention (CDC).
NHANES is a complex, stratified multistage probability sample
of the noninstitutionalized US population. For this analysis, we
merged NHANES surveys from 1999 to 2000 and 2001 to
2002 because these surveys collected DNA specimens for
examination of LTL on participants aged 20 years or older. Of
the 10 291 participants aged >20 years, 7826 (76.0%) had
LTL data. We excluded 653 participants who reported either
“other” or “other Hispanic” because of small sample size and
mixed composition. We also excluded 782 participants with
>85 years and those with self-reported history of CVD (heart
attack, angina, CHD, stroke, or heart failure) to reduce survival
bias among the extreme elderly? and potential bias attributed
to association of CVD with both LTL and CVH. Additionally, we
also excluded 1086 participants because of missing informa-
tion on CVH metrics, demographic, socioeconomic status
(SES), and C-reactive protein. This resulted in a final sample of
5194 participants. The NHANES surveys for 1999—-2002 were
approved by the NCHS ethics board and all participants
provided written informed consent. The NHANES data sets are
available in the public domain, and this study was exempted
from human subject review by the National Institutes of
Health Office for Human Subjects Research Protections.

LTL Measurement

Detailed analytical methods for assaying LTL have been
published elsewhere.?? Briefly, DNA was extracted from whole
blood and purified using the Puregene kit protocol (Gentra
Systems, Inc., Minneapolis, MN) by the NCHS, CDC. The LTL
assay was performed in the laboratory of Dr Elizabeth
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Table 1. Definition of CVH, NHANES, 1999-2002

CVH Component

Score

Definition

Smoking status

Poor (0)

Smoked at least 100 cigarettes
during their lifetime and
currently smoking either every
day or some days

Intermediate (1)

Smoked at least 100 cigarettes
during their lifetime but
currently did not smoke

Ideal (2) Never smoked 100 cigarettes
during their lifetime
Physical activity
Poor (0) No exercise

Intermediate (1)

1 to 149 minutes of moderate
exercise or 1 to 74 minutes of
vigorous exercise/week

Ideal (2) 150+ minutes of moderate
exercise or 75+ minutes of
vigorous exercise/week

Diet

Poor (0) <50 HEI-2005

Intermediate (1) 50 to 80 HEI-2005

Ideal (2) >81 HEI-2005

Body mass index

Poor (0) >30 kg/m?

Intermediate (1) | 25.0 to 29.99 kg/m?

Ideal (2) <25.0 kg/m?

Total cholesterol
Poor (0) >240 mg/dL

Intermediate (1)

200 to 239 mg/dL or treated to
<200 mg/dL

deal (2)

<200 mg/dL and untreated

Blood pressure

Poor (0)

SBP >140 mm Hg or DBP
>90 mm Hg

Intermediate (1)

SBP 120 to 139 mm Hg or DBP
80 to 89 mm Hg or treated to
<120/80 mm Hg

deal (2)

<120/80 mm Hg and untreated

Fasting blood sug

al

r

Poor (0)

>126 mg/dL fasting

Intermediate (1)

100 to 125 mg/dL fasting or
treated to <100 mg/dL

Ideal (2)

<100 mg/dL fasting and
untreated

CVH indicates cardiovascular health; DBP, diastolic blood pressure; HEI, The Healthy
Eating Index; NHANES, National Health and Nutrition Examination Survey; SBP, systolic
blood pressure.

Blackburn at the University of California, San Francisco (San
Francisco, CA), using the quantitative polymerase chain
reaction method. This method measures the ratio of telomere
length (T) relative to standard (S) single-copy gene reference,
known as the T/S ratio.*® Each sample was assayed twice,
and if the variability was >7%, then a third assay was run. The
2 closest T/S ratio values were used to calculate an average.
The interassay coefficient of variation was 4.4%. The CDC
conducted a quality-control review before linking the telomere
data to the NHANES 1999-2002 public-use data files.

Cardiovascular Health

CVH was assessed based on 7 metrics: smoking status;
physical activity; diet; body mass index; total cholesterol;
fasting blood glucose; and blood pressure. Each metric was

” |n

categorized into 3 levels of “poor,” “intermediate,” and “idea
and assigned scores of 0, 1, and 2, respectively, according to
the AHA definitions (as outlined in Table 1).2* A total CVH
score was calculated by summing scores for each of the 7
CVH metrics, ranging from 0 to 14, with the highest of
indicating better CVH. Total CVH score was then categorized
into poor (0-7), intermediate (8—10), or ideal (11-14) levels of
CVH according to previous literature.*

Smoking status was categorized as ideal (never smokers,
those who reported never having smoked 100 cigarettes
during their lifetime), intermediate (former smokers, those
who reported smoking at least 100 cigarettes during their
lifetime but currently did not smoke), and poor (current
smokers, those who smoked 100 cigarettes during their
lifetime and were still currently smoking). Physical activity
was assessed based on frequency and duration of moderate
and vigorous intensity of leisure, transportation, and house-
hold activities and classified as ideal (=150 min/week
moderate intensity, >75 min/week vigorous intensity, or
equivalent combination), intermediate (1-149 min/week
moderate intensity, 1-74 min/week vigorous intensity, or
equivalent combination), and poor (no moderate and vigorous
activity). Body mass index was classified as ideal (<25 kg/
m?), intermediate (25 to <30 kg/m?), and poor (>30 kg/m?).

Healthy dietary score was assessed based on the Healthy
Eating Index-2005 (HEI-2005). The HEI-2005 is a measure of
diet quality that evaluates the extent to which an individual’s
dietary conforms to the 2005 US Dietary Guidelines.® It is
composed of 12 nutrients- and food-based components
collected by 24-hour dietary recalls. The first 6 components,
including total fruit, whole fruit, total vegetables, dark green
and orange vegetables and legumes, and total grains and
whole grains, are each given a score of 0 to 5 points. The next
5 components, including milk, meat and beans, oils, saturated
fat, and sugar, are each given 0 to 10 points. The last
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component that reflects calories from solid fat, alcohol, and
added sugars is given 0 to 20 points. The total HEI-2005
scores of the 12 components range from 0 to 100. In this
analysis, participants with an HEI-2005 score <50 were
categorized as poor diet quality; those with a score of >50 to
<81 were assigned to intermediate diet quality; and those
with a score of >81 were assigned to ideal diet quality as
previously defined by Ford et al.>®

Total cholesterol, fasting glucose, and blood pressure were
measured according to a standard protocols. The use of
cholesterol-lowering, antihypertensive, and diabetic medica-
tions were determined based on self-report. Total cholesterol
status was classified as ideal (untreated and <200 mg/dL),
intermediate (treated to <200 or 200-239 mg/dL), and poor
(>240 mg/dL). Fasting blood glucose was classified as ideal
(untreated and <100 mg/dL), intermediate (treated to <100
or 100-125 mg/dL), and poor (=126 mg/dL). Blood pres-
sure was measured based an average of up to 3 systolic
(SBP) and diastolic blood pressure (DBP) readings. For
participants with only 1 blood pressure reading, that single
reading was used. Blood pressure was classified as ideal
(untreated and <120/<80 mm Hg), intermediate (treated to
<120/<80 mm Hg or 120-139/80-89 mm Hg), and poor
(>140/90 mm Hg).

Other Covariates

Other covariates included age (years), sex (women or men),
race/ethnicity (non-Hispanic whites, non-Hispanic blacks, and
Mexican-Americans), nativity (foreign-born or US-born), and
marital status (married/partner or never married/separated/
divorced/widowed). Education was classified into 4 groups:
less than high school, completed high school or General
Educational Development (GED), some college/associate
degree, and college graduate or more. Poverty income ratio
(PIR) was calculated as the family’s income divided by the
federal poverty level as defined by the Department of Health
and Human Services’ poverty guidelines.?” C-reactive protein
(mg/dL) level was measured by high-sensitivity latex-
enhanced nephelometry by the immunology Division, Depart-
ment of Laboratory Medicine, University of Washington
Medical Center. Age, PIR, and C-reactive protein were
included as continuous variables for this analysis.

Statistical Analysis

All statistical analyses were conducted using SAS survey
procedures (SAS 9.3; SAS Institute Inc., Cary, NC) and
accounted for the NHANES complex multistage sampling
design. Because the distribution of LTL was non-normal, it was
natural log-transformed before analysis. The characteristics of
the study sample across sex and racial/ethnic groups were

compared by calculating weighted means and SEs for
continuous variables and weighted percentages for categor-
ical variables. We also examined the characteristics of the
study sample according to the CVH categories. In addition, we
also calculated age-adjusted geometric means of LTL by
sociodemographic characteristics, C-reactive protein levels,
and CVH categories, adjusting for the age distribution of the
US population according to the 2000 census.

We used multivariable linear regression models to examine
the association between CVH and log-LTL. We ran 3
sequential models, adjusting for key confounders and/or
mediators. Model 1 was adjusted for demographic variables
(age, sex, race/ethnicity, marital status, and nativity). Model 2
was additionally adjusted for SES (education and income).
Model 3 was further adjusted for C-reactive protein to test
whether the relationship between LTL and CVH is partially
explained by the biomarker for the inflammation. In addition,
we also performed tests for interactions between CVH and
sex and race/ethnicity by including interaction terms in the
regression models. Given that the dependent variable LTL was
log-transformed, the regression coefficients () were expo-
nentiated using the formula 100%><(eﬁ—1), with the 95% Cls
estimated as 100%x (e®*'-9¢*S8_1) and presented as per-
cent differences comparing poor and intermediate CVH with
ideal CVH.®® Statistical tests for linear trends were evaluated
by entering CVH categories as ordinal variable in the
regression model. In addition, we also reported the stratified
analyses by sex and race/ethnicity given that there were
significant interactions by sex (P for interaction=0.048) and
race/ethnicity (P for interaction=0.065). All tests were
2-sided, and a P value of <0.05 was considered statistically
significant.

Results

Weighted distributions of baseline characteristics of the study
sample by sex and race/ethnicity are shown in Table 2. Of
the 5194 participants, 2725 were women and 2459 were
men. The study sample also comprised 2851 non-Hispanic
whites, 929 non-Hispanic blacks, and 1414 Mexican Amer-
icans. The average age of participants in the study sample
was 44.2 years, and there was no significant difference
between women and men (44.7 years vs 43.6 years;
P=0.272). However, there was significant difference in age
by race/ethnicity (P<0.001), with 45.3 years for non-Hispanic
whites, 41.1 years for non-Hispanic blacks, and 37.2 years
for Mexican Americans. Significant differences in sociodemo-
graphic and C-reactive protein levels were also observed by
sex and race/ethnicity. Table 3 presents the distribution of
baseline characteristics of the study sample according to the
categories of CVH. Overall, 22% of the study participants had
an ideal CVH (11-14), 44% had an intermediate CVH (8-10),
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Table 3. Weighted Characteristics of Study Participants According to CVH Categories, NHANES, 1999-2002

Poor Intermediate Ideal
Characteristic*'™ (Score 0-8) (Score 9-10) (Score 11-14) P Value
N (%) 1921 (33.8) 2337 (44.0) 936 (22.2)
Age (y), mean (SE) 49.4 (0.488) 43.8 (0.560) 37.1 (0.601) <0.001
Sex, n (%)
Men 975 (35.4) 1123 (46.4) 371 (18.2) <0.001
Women 946 (32.3) 1214 (41.8) 565 (26.0)
Race/ethnicity, n (%) <0.001
Non-Hispanic whites 990 (33.4) 1252 (43.1) 609 (23.5)
Non-Hispanic blacks 420 (40.4) 396 (45.1) 113 (14.5)
Mexican Americans 511 (29.1) 689 (51.9) 214 (19.0)
Education, n (%) <0.001
Less than high school 755 (47.2) 693 (43.3) 147 (9.5)
High school/GED 493 (40.7) 551 (43.6) 182 (15.7)
Some college/AA degree 437 (30.9) 626 (45.3) 278 (23.4)
College degree or above 236 (21.1) 467 (43.4) 329 (35.5)
Poverty income ratio, mean (SE) 2.90 (0.080) 3.17 (0.079) 3.50 (0.098) <0.001
Nativity, n (%)
US born 1576 (34.7) 1795 (43.4) 739 (22.1) 0.030
Foreign born 345 (27.1) 542 (49.4) 197 (23.5)
Marital status, n (%)
Married/partner 1247 (34.0) 1564 (43.9) 621 (22.1) 0.954
Never married, separated, divorced or widowed 674 (33.4) 773 (44.2) 315 (22.4)
C-reactive protein (mg/dL)!, GM (95% Cl) 0.31 (0.29, 0.33) 0.17 (0.16, 0.19) 0.1 (0.09, 0.11) <0.001

AA indicates associate in arts; CVH, cardiovascular health; GED, General Educational Development; GM, geometric mean; LTL, leukocyte telomere length; NHANES, National Health and

Nutrition Examination Survey.

“Estimates were expressed as n (%) or mean (SE). For variables with skewed distribution, estimates are expressed as GM and 95% Cl.

Percent (%), mean (SE), and GM (95% Cl) are based on weighted data.

P value from chi-square test and univariate linear regression.

SN is based on unweighted data.

IData were natural log-transformed before analysis because of skewed distribution.

and 34% had a poor CVH (0—7). Adults with an ideal CVH were
younger, more likely to be women and non-Hispanic whites,
and had higher education and PIRs, but lower levels of CRP,
compared to adults with intermediate or poor CVH (P<0.001
for all; Table 3).

Age-adjusted geometric means (GM) and 95% CI of LTL by
demographic, SES, C-reactive protein, and CVH categories are
presented in Table 4. Age-adjusted GM of LTL was longer in
women than in men (1.01 [95% CI=0.98, 1.04] vs 0.99 [0.96,
1.02]; P=0.038). Non-Hispanic blacks had longer age-adjusted
GM of LTL (1.04 [1.00, 1.07]) than Mexican Americans (1.00
[0.97, 1.03]) and non-Hispanic whites (0.97 [0.93, 1.01];
P=0.025). In addition, age-adjusted LTL increased progres-
sively with increasing categories of CVH (P for trend, <0.001)
and decreasing levels of C-reactive protein (P for
trend=0.021). Adults with an ideal CVH had longest age-
adjusted GM of LTL (1.03 [1.01, 1.06]) followed by adults with

an intermediate CVH (1.00 [0.97, 1.03]) and shortest among
adults with a poor CVH (0.98 [0.95, 1.02]; Figure). Further-
more, adults who had lower C-reactive protein levels had
longer age-adjusted GM of LTL than those with higher
C-reactive protein levels.

Table 5 shows the results of the multivariable regression
models estimating the association between CVH and LTL in
the overall sample. The results indicated that there was
significant positive dose-response relationship between CVH
and LTL in all adjusted models (P for trend, <0.05). In a model
adjusted for age, sex, race/ethnicity, marital status, and
nativity (model 1), adults having poor and intermediate CVH
were associated with shorter LTL compared to those with
ideal CVH (percent difference=—4.67% [95% Cl=—7.87,
—1.46], P=0.006 for poor vs ideal CVH and —2.98 [95%
Cl=—5.24, —0.72], P=0.011 for intermediate vs ideal CVH),
with a significant dose-response relationship (P for
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Table 4. Age-Adjusted Geometric Mean of Leukocyte

Telomere Length (T/S Ratio)* by Characteristics of Study

Participants, NHANES, 1999-2002

Geometric
Characteristic Mean'* (95% Cl) P Value
Age, y <0.001
20 to 39 1.11 (1.08, 1.14)
30 to 59 1.01 (0.98, 1.04)
60 or older 0.89 (0.87, 0.92)
Sex 0.038
Men 0.99 (0.96, 1.02)
Women 1.01 (0.98, 1.04)
Race/ethnicity 0.025
Non-Hispanic whites 0.97 (0.93, 1.01)
Non-Hispanic blacks 1.04 (1.00, 1.07)
Mexican Americans 1.00 (0.97, 1.03)
Education 0.011
Less than high school 0.97 (0.94, 1.00)
High school/GED 1.01 (0.97, 1.04)
Some college/associate 1.00 (0.97, 1.03)
degree
College degree or above 1.01 (0.98, 1.04)
Poverty income ratio 0.156
<1 1.00 (0.97, 1.03)
1103 0.99 (0.96, 1.02)
>3 1.01 (0.98, 1.04)
Nativity
US born 1.00 (0.97, 1.03) 0.983
Foreign born 1.00 (0.97, 1.03)
Marital status 0.166
Married/partner 0.99 (0.97, 1.02)
Never married, separated, 1.02 (0.99, 1.04)
divorced or widowed
C-reactive protein, mg/dL 0.021
<0.1 1.02 (1.00, 1.05)
0.1t 0.3 1.00 (0.97, 1.03)
>0.3 0.98 (0.95, 1.15)
CVH <0.001
Poor 0.98 (0.95, 1.02)
Intermediate 1.00 (0.97, 1.03)
Ideal 1.03 (1.01, 1.06)

CVH indicates cardiovascular health; GED, General Educational Development; LTL,
leukocyte telomere length; NHANES, National Health and Nutrition Examination Survey.

*T/S ratio, leukocyte telomere length relative to standard reference DNA.
fGeometric mean (95% Cl) is based on weighed data.

iA,c',e-adjusted by direct method to the year 2000 population using the age group 20 to

39 years, 40 to 50 years, and 60 years or older.
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Figure. Age-adjusted geometric mean of leukocyte telomere
length (log T/S ratio) by cardiovascular health categories in the
overall sample.

trend=0.007). After adjustment for income and education
(model 2), the association was slightly attenuated, but
remained statistically significant (percent difference=—3.88%
[95% Cl=—6.52, —1.25], P=0.005 for poor CVH and —2.56%
[95% Cl=—4.58, —0.54], P=0.015 for intermediate CVH; P for
trend=0.006). This association further attenuated, but largely
persisted, following additional adjustment for C-reactive
protein—a global biomarker for inflammation (model 3). In
the fully adjusted model, adults with poor and intermediated
CVH were associated with —3.41% ([95% Cl=—5.97, —0.84];
P=0.011) and —2.37% ([95% Cl=—4.41, —0.33]; P=0.024)
shorter LTL, respectively, compared to those with ideal CVH
(P for trend=0.013). In addition, elevated C-reactive protein
levels were associated with shorter LTL in the fully adjusted
model (percent difference=—1.60% [95% Cl=—2.69, —0.50];
P=0.006).

Further stratified analyses showed sex differences in the
association between CVH and LTL (P for interaction=0.048).
A strong and graded association between CVH and LTL was
observed in women, but not in men (Table 5). Compared to
those with ideal CVH, women with poor and intermediate CVH
were significantly associated with shorter LTL (percent
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Table 5. Percent Difference (95% CI) in the Association Between CVH and Leukocyte Telomere Length (Log-Transformed T/S
Ratio)*, NHANES, 1999-2002

Model 1 Model 2 Model 3
Percent’ Difference (95% CI) | P Value Percent Difference (95% Cl) P Value Percent Difference (95% Cl) | P Value
Overall sample (n=5194)
CVH
Poor —4.67 (—7.87, —1.46) 0.006 —3.88 (—6.52, —1.25) 0.005 —3.41 (-5.97, —0.84) 0.011
Intermediate —2.98 (—5.24, —0.72) 0.011 —2.56 (—4.58, —0.54) 0.015 —2.37 (—4.41, —0.33) 0.024
Ideal Referent Referent Referent
Pfor trend 0.007 0.006 0.013
C-reactive protein —1.60 (—2.69, —0.50) 0.006
Women (n=2725)
CVH
Poor —7.17 (—11.50, —2.83) 0.002 —7.00 (—10.74, —3.26) 0.001 —6.56 (—10.23, —2.88) 0.001
Intermediate —5.29 (—7.90, —2.68) <0.001 —5.22 (—7.56, —2.89) <0.001 —5.07 (—7.42, —2.711) <0.001
Ideal Referent Referent Referent
Pfor trend 0.002 <0.001 0.001
C-reactive protein —1.10 (—2.66, 0.46) 0.160
Men (n=2469)
CVH
Poor —1.93 (—4.61, 0.80) 0.161 —0.54 (—2.77, 1.70) 0.628 —0.12 (—2.35, 2.11) 0.913
Intermediate —0.24 (—3.20, 2.72) 0.869 0.54 (—2.35, 3.44) 0.705 0.72 (—2.21, 3.65) 0.619
Ideal Referent Referent Referent
Pfor trend 0.099 0.426 0.692
C-reactive protein —2.26 (—3.92, —0.61) 0.009
Non-Hispanic whites (n=2851)
CVH
Poor —5.67 (—9.18, —2.17) 0.003 —4.81 (—7.67, —1.95) 0.002 —4.26 (—7.08, —1.44) 0.004
Intermediate —3.62 (—6.24, —1.00) 0.008 —3.15 (—5.51, —0.80) 0.010 —2.94 (—5.33, —0.56) 0.017
Ideal Referent Referent Referent
Pfor trend 0.045 0.002 0.004
C-reactive protein —1.85 (—3.51, —0.18) 0.031
Non-Hispanic blacks (n=929)
CVH
Poor 1.74 (—3.15, 6.63) 0.473 1.85 (—2.85, 6.55) 0.428 2.29 (—2.44, 7.01) 0.331
Intermediate 0.37 (—3.50, 4.25) 0.845 0.40 (—3.38, 4.19) 0.829 0.54 (—3.27, 4.34) 0.775
Ideal Referent Referent Referent
Pfor trend 0.419 0.37 0.273
C-reactive protein —1.22 (—2.76, 0.33) 0.119
Mexican Americans (n=414)
CVH
Poor —0.45 (—5.27, 4.37) 0.850 —0.28 (—5.13, 4.56) 0.906 —0.01 (—4.83, 4.81) 0.996
Intermediate 0.72 (—2.79, 4.23) 0.677 0.81 (—2.67, 4.32) 0.638 1.01 (—2.52, 4.53) 0.564
Ideal Referent Referent Referent
Continued
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Table 5. Continued

Model 1 Model 2 Model 3
Percent” Difference (95% CI) P Value Percent Difference (95% CI) P Value Percent Difference (95% CI) P Value
Pfor trend 0.79 0.845 0.93

C-reactive protein

—1.35 (—1.97, —0.73) <0.001

Model 1 was adjusted for demographic variables, including for age, sex (except sex-specific estimates), race/ethnicity (except race/ethnicity-specific estimates), and marital status,
nativity; model 2 was further adjusted for SES (education and poverty income ratio); model 3 was further adjusted for C-reactive protein. CVH indicates cardiovascular health; LTL,
leukocyte telomere length; NHANES, National Health and Nutrition Examination Survey; SES, socioeconomic status.

*T/S ratio, leukocyte telomere length relative to standard reference DNA.

'Because the outcome variable was log-transformed T/S ratio, the regression coefficients were retransformed and expressed as percentage difference. The estimates accounted for the

complex survey design.

difference=—6.56% [95% Cl=—10.23, —2.88], P=0.001 for
poor CVH and —5.07% [95% Cl=—7.42, —2.71], P<0.001
for intermediate CVH) in the fully adjusted model (P for
trend=0.001). In addition, the association between CVH with
LTL was suggestively different by race/ethnic groups (P for
interaction=0.065). We observed a strong graded association
between CVH and LTL in non-Hispanic whites (P for
trend=0.004). Compared to these with ideal CVH, non-
Hispanic whites with poor and intermediate CVH had
significantly shorter LTL (percent difference=—4.26% [95%
Cl=—7.08, —1.44], P=0.004 for poor CVH and —2.94% [95%
Cl=[—5.33, —0.56], P=0.017 for intermediate CVH) in the
fully adjusted model 3. In contrast, we found no significant
association between CVH and LTL in non-Hispanic blacks and
Mexican Americans (Table 5).

Discussion

This is the first study to report a significant, inverse, graded
association between LTL and CVH, as defined by the AHA, in a
large, nationally representative sample of US adults. This
association was independent of chronological age, sex, race/
ethnicity, marital status, nativity, income, education, and
C-reactive protein. Moreover, the results showed sex and
racial /ethnic differences in the association between CVH and
LTL, with a strong graded association in women and non-
Hispanic whites, but there was no association in non-Hispanic
blacks or Mexican Americans. In a fully adjusted model,
individuals with intermediate or poor CVH were significantly
associated with 2.4% and 3.4% shorter LTL compared to those
with ideal CVH in the overall sample, respectively. Given that
our model-based estimate of age-associated rate of LTL
shortening was 0.5% per year, these differences are roughly
equivalent to 5 and 7 additional years of aging for participants
with intermediate or poor CVH, respectively, compared to
those with ideal CVH of the same chronological age in the
overall sample. For women with intermediate or poor CVH,
this translates into ~10 and 13 additional years of aging
compared to women with ideal CVH, respectively. Similarly,

non-Hispanic whites with intermediate or poor CVH had aged
the equivalent of 6 and 9 additional years compared to those
with ideal CVH, respectively. If no other factors invalidate
these comparisons, these findings suggest that achieving the
AHA’s ideal CVH may slow down the shortening of LTL,
particularly in women and non-Hispanic whites. However, it is
important to acknowledge that given the cross-sectional
nature of our findings and the complexity of LTL dynamics, the
clinical interpretations of these findings remain to be
explored. This is because LTL at birth is highly variable and
a major determinant of LTL through an individual’s life
course.>?" Thus, it is difficult to disentangle whether the
observed association between LTL and CVH is attributed to
short LTL at birth or age-dependent LTL shortening during
adulthood or combination. Future longitudinal studies must
therefore take these things into account perhaps using
repeated measurements of LTL and CVH in a wider age range
and diverse groups to confirm our findings and to draw more-
meaningful clinical evidence on the effects of change in CVH
on the rate of change in LTL over time.

The mechanisms linking CVH to LTL are currently unclear.
Poor CVH may affect LTL shortening through increase in the
burden of inflammation and oxidative stress.>® Studies in
cultured cells have shown that oxidative stress shortens
telomeres.® Chronic inflammation also contributes to LTL
shortening by increasing turnover of leukocyte and the rate of
HSC replication.®" Although not all studies,®® some studies
have also revealed that shorter LTL is associated with higher
levels of inflammatory markers, such as C-reactive protein,
tumor necrosis factor-o, and interleukin—é,40 and oxidative
markers in vivo.">'®?" In our study, we investigated whether
C-reactive protein (a general biomarker of inflammation)
explains the association between CVH and LTL. The associ-
ation between CVH and LTL attenuated, but it still remained
significant following adjustment for C-reactive protein. Thus, it
is likely that other unaccounted inflammatory and oxidative
stress processes may explain the association between CVH
and LTL. Alternatively, poor CVH may also affect LTL
shortening through atherosclerosis. Poor CVH has been
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strongly linked to the development of subclinical atheroscle-
rosis,’® which may influence LTL shortening through the
damage-repair feedback loop between atherosclerosis and
diminished HSCs reserve.*' It is also possible that early
determinants, such as genetic factors and epigenetic mech-
anisms that regulate the LTL dynamics, may also drive some
of the association between LTL and CVH. Future studies
should continue to identify and elucidate the mechanisms that
underlie the association between CVH and LTL.

Although previous studies have explored the relationships
between LTL and individual CVD risk factors, the results have
been inconsistent. Some studies have reported a significant
association of shorter LTL with cigarette smoking, obesity,
physical inactivity, poor diet, hypertension, and type 2
diabetes mellitus.’®>""” However, others have failed to repli-
cate these ﬁndings.m‘21 For example, a study by Menke et al
found no association between LTL and type 2 diabetes
mellitus using the same NHANES data.'® The reasons for
these inconsistencies are not completely understood, but it is
likely that LTL shortening is the result of the overall impact of
multiple CVD risk factors working in tandem than a single
CVD risk factor. Therefore, the current study significantly
contributes to the understanding of the relationship between
LTL and CVD by reporting a strong graded association
between LTL and CVH—a measure of cumulative burden of
CVD, even after accounting for sociodemographic factors and
inflammation marker. Furthermore, the current study also
addresses the limited data available on the sex and race/
ethnicity-related variations in the relationship between CVH
and LTL. Previous studies on LTL and CVD risk factors were
predominantly in non-Hispanic white populations. Studies on
sex-specific or non-Hispanic blacks and Mexican Americans
are limited. Our findings of sex and racial/ethnic differences
in the association between CVH and LTL provide important
justification for examining this relationship across subgroups.

We found a strong graded association between CVH and
LTL in women, but not in men. Previous studies of sex-specific
associations between LTL and CVD risk factors have been
equivocal. Similar to our study, 1 previous work reported an
inverse association between LTL and obesity-related mea-
sures in women, but not in men.*? Other studies have also
reported an inverse association of LTL with smoking, obesity,
poor dietary factors, and type 2 diabetes mellitus in women-
only samples.'#**** In contrast, 1 study reported associa-
tions of unhealthy lifestyle factors (smoking activity, alcohol
consumption, physical activity, and diet) with shorter LTL in
men, but not in women.2" The nature of this sex difference on
the association between CVH and LTL is unclear. Research
has suggested that sex differences in biological (eg, sex
hormones, menopausal status), behavioral, and psychosocial
factors might explain these differences.*>**¢ However, future
work should continue to investigate the role of sex as a

possible modifier and the factors that contribute to the sex
differences in CVH-LTL association.

We also observed evidence of racial/ethnic differences in
the association between CVH and LTL. Our results showed that
non-Hispanic blacks had significantly longer LTL compared to
non-Hispanic whites and Mexican Americans, consistent with
previous findings.*” We also found a strong graded association
between CVH and LTL in non-Hispanic whites, but not among
non-Hispanic blacks and Mexican Americans despite their
higher rates of poor CVH. Although limited data exist in non-
Hispanic blacks, our findings are consistent with 1 study that
reported no association between LTL and obesity measuresin a
small sample of non-Hispanic blacks.*® Three other studies also
reported no association of LTL with coronary artery calcification
and CHD in non-Hispanic blacks, but significant associations in
non-Hispanic whites.**>" To our knowledge, no data are
available in Mexican Americans regarding LTL and CVD risk
factors. It remains unclear why CVH is predictive of LTL in non-
Hispanic whites, but not in non-Hispanic blacks and Mexican
Americans. The lack of association in non-Hispanic blacks and
Mexican Americans in our study may be related to their younger
age, difference in distribution of leukocyte subtypes, and higher
interindividual variability of LTL, which may underestimate the
association of CVH with LTL in these subgroups.

However, there might also be several possible explanations
for the observed racial/ethnic differences in our study. One
possibility is that non-Hispanic blacks display lower leukocyte
and neutrophil counts than non-Hispanic whites; therefore,
they may benefit from fewer replications of hematopoietic
stem and progenitor cells,*’” leading to a longer LTL, and, in
turn, may play a protective role against the deleterious effect
of poor CVH on LTL. A second possibility could be attributed
to racial/ethnic differences in the prevalence of arterioscle-
rosis. Non-Hispanic whites experience higher rates of
atherosclerosis than non-Hispanic blacks and Mexican Amer-
icans.’?*® Moreover, LTL has been shown to be a stronger
predictor of atherosclerosis in non-Hispanic whites than in
non-Hispanic blacks.*”">" Therefore, the shorter LTL in non-
Hispanic whites with poor CVH might be indicative of the link
between diminished HSC reserves and the burden of
atherosclerosis.*’ A third possibility is that the adverse
effects of poor CVH on LTL in non-Hispanic blacks and
Mexican Americans might have been obscured by other
important social and environmental factors. Both non-
Hispanic blacks and Mexican Americans are more likely than
non-Hispanic whites to experience increased chronic stress,
discrimination, poverty, and adverse neighborhood conditions.
These factors have been shown to affect LTL shortening in
previous studies.’* > Alternatively, ancestry-related genetic
variations in LTL and/or gene-environment interactions may
also drive the observed racial/ethnic differences in the
association. A recent study, for example, showed that
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European ancestry displays shorter LTL than Africans and
African Americans attributed to polygenetic adaptation.’® A
genome-wide study also revealed an association between
genetic variants related to shorter LTL and CHD in European
descent.”” Future studies should continue to identify the
underlying biological factors that may explain the observed
racial /ethnic differences in LTL-CVH association.

The AHA’s 2020 Strategic Impact Goals was introduced to
reduce the burden of CVD and stroke morbidity and mortality
by achieving ideal CVH.>* Here, we have demonstrated that
adults with less-than-ideal CVH are associated with shorter
LTL compared to those with ideal CVH over and above
sociodemographic factors and inflammation marker, suggest-
ing that achieving AHA’s ideal CVH may have an additional
benefit of slowing down the rate of LTL shortening. Our
findings therefore underscore the importance of public health
promotion of ideal CVH aimed at preserving telomere length
or decreasing the rate of LTL shortening. However, caution
should be exercised in interpreting these findings that future
longitudinal studies will be needed to confirm our findings and
determine whether the association between LTL and CVH are
causal. More research is also needed to understand the
biological contributors to sex and racial/ethnic differences in
the association of LTL and CVH. Furthermore, our findings
appear to suggest that LTL may be one of the missing links
between CVH and CVD outcomes, which requires further
investigation whether LTL is a mediator in the association
between CVH and CVD events above and beyond inflamma-
tion biomarkers. If confirmed, LTL could be a promising
biomarker of an overall vascular health status in the general
population and, in particular, for targeting patients at high risk
of vascular alterations or damages.

Our results should be interpreted in the context of some
limitations. The main limitation in our study is that CVH and LTL
were associated at only 1 point in time. Therefore, the cross-
sectional nature of our study makes it difficult to determine
whether poor CVH has caused shortening of LTL or short LTL at
birth has contributed to poor CVH in adulthood. Hence,
longitudinal studies should be conducted to determine whether
change in CVH predicts change in the rate of LTL shortening.
Second, we used mean LTL measured in leukocyte cells, which
are a heterogeneous mix of cells with varying telomere length. It
is possible the association may vary depending on cell type (eg,
vascular cells) used to measure telomere length, although
previous work has indicated that telomere length is highly
correlated across different cells.®® Third, although we have
adjusted for important potential confounders and mediators,
residual confounding correlated with both CVH and LTL may still
exist, including other chronic diseases (eg, cancer), menopausal
status, sex-hormones, medication use, and genetic, behavioral,
psychosocial, and environmental factors. Additionally, physical
activity and diet were evaluated based on self-reported, so

misclassification attributed to recall bias and measurement
errors may underestimate some of the association. Finally, we
did not relate individual components of the CVH to LTL because
the main objective of the current study was to assess the
composite effects of the AHA’s CVH construct on LTL, but it is
possible that the different components of CVH may affect LTL
differently.

Despite these limitations, our study is unique in that we are
the first to report the association between LTL and CVH as
defined by the AHA. In addition, our study was conducted in a
large, ethnically diverse, and representative sample of US
adults, suggesting that our findings are generalizable. More-
over, our study significantly contributes to the limited and
conflicting literature by providing evidence of sex and racial
differences in the association between CVH and LTL. Addi-
tionally, we have also extended previous studies by examining
potential mediation of the CVH-LTL association by an
inflammation biomarker, C-reactive protein. Finally, the use
of reliable and standardized measures of CVH and LTL were
also an important strength of this study.

Conclusions

In this large and nationally representative sample, we found
that adults with less-than-ideal CVH had significantly shorter
LTL compared to those with ideal CVH, even after accounting
for sociodemographic factors and inflammation marker. These
findings suggest that achieving the AHA’s ideal CVH may have
an additional benefit of slowing down the shortening of LTL
and subsequently delaying vascular aging. Moreover, we also
found that the association between LTL-CVH differs by sex
and race/ethnicity, suggesting the importance of examining
this association by subgroups to gain better insights into sex-
and race-related disparities in CVD morbidity and mortality.
However, future longitudinal studies using repeated measures
of LTL and CVH are required to better understand how change
in CVH affects the rate of change in LTL shortening. If proven
true, LTL could potentially serve as a screening biomarker for
targeting patients at high risk of vascular alterations or
damages.
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