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Abstract

Background

The incidence of atrial fibrillation (AF) increases with age. Telomere length is considered a

marker of biological ageing. We investigated the association between leukocyte telomere

length and incident AF in the Dutch Prevention of Renal and Vascular End-stage Disease

(PREVEND) study.

Methods

We included 7775 individuals without prevalent AF, and with leukocyte telomere length

measured. Mean telomere length was determined by a monochrome multiplex quantitative

polymerase chain reaction-based assay.

Results

Mean age of our cohort was 49±13 years, and 50% were men. During a mean follow-up of

11.4±2.9 years incident AF was detected in 367 (4.7%) individuals. Telomere length was

shorter in individuals developing incident AF compared to those without AF (p = 0.013). Inci-

dent AF was inversely related to the telomere length. In the quartile with the longest telo-

mere length 68 (3.5%) individuals developed AF, in the shortest telomere length quartile

100 (5.1%) individuals (p = 0.032). Telomere length was associated with incident AF in the

second shortest telomere length quartile using the longest telomere length quartile as refer-

ence (hazard ratio 1.64; 95% CI 1.02–2.66; p = 0.043). After including age or AF risk factors,

the relation between telomere length and incident AF was no longer significant. We found a

significant interaction of age, male sex, systolic blood pressure, BMI, heart failure, and myo-

cardial infarction with telomere length for the association with incident AF.

Conclusions

We found that shorter leukocyte telomere length is not independently associated with inci-

dent AF in a community-based cohort.
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Introduction

Advancing age is one of the major risk factors for atrial fibrillation (AF). The prevalence of AF

increases with advancing age, to approximately 8% in those older than 80 years.[1–3] Approxi-

mately 70% of the individuals with AF are 65 to 80 years of age.[4,5] At all ages, AF is more fre-

quently present in men than in women.[6–8] However, the exact reasons behind the influence

of age on AF are not completely understood.

Telomere length shortens with advancing age and is considered to be a marker of biological

aging.[9] Telomeres are DNA-protein complexes located at the ends of chromosomes, and are

essential structures preventing DNA degradation. The ability of protection and maintenance

of chromosomal stability becomes increasingly limited as a result of repeated cell division.

When cell proliferation, senescence, or apoptosis occurs, this results in loss of telomere length.

[10–12] Shortening of telomere length is observed in an inconsistent linear decline throughout

life, and is considered to be a marker for biological aging.[9] Telomere length shortening is

associated with cardiovascular diseases, including atherosclerosis, left ventricular hypertrophy

and heart failure.[12]

Interestingly, AF is more common in men than in women, and men have shorter telomere

lengths than women.[13] These observations may suggest a relation between telomere length

and incident AF. However, in previous studies no relation has been found.[14] We hypothesize

that shorter telomere length is associated with incident AF, as mechanism underlying the

observed association between age and sex with incident AF. We studied the association of telo-

mere length and incident AF in healthy individuals included in the community-based Dutch

Prevention of Renal and Vascular End-stage Disease (PREVEND) cohort.

Materials and methods

Population

The association of telomere length and incident AF was examined in the PREVEND study, a

community-based cohort, founded in 1997 in Groningen, the Netherlands. A detailed descrip-

tion of PREVEND has been published. In total, 8592 individuals were included in the PRE-

VEND study. AF assessment has been described previously.[3] In brief, at each three-year

interval study visit ECGs, blood and urine samples were collected. In addition, ECGs made at

hospital visits and hospital admission between the study visits were screened for AF. We

excluded individuals with no telomere length information (n = 518), individuals without ECG

data (n = 225), and individuals with prevalent AF (n = 74) from analysis (Fig 1). The medical

Ethics Committee of the University Medical Center Groningen approved the PREVEND

study, and the study was conducted in accordance with the Declaration of Helsinki. All partici-

pants provided written informed consent.

Covariate definitions

Systolic and diastolic blood pressure was calculated using an automatic Dinamap XL Model

9300 series device as the mean of the last two measurements of the two visits. Hypertension

was defined as self-reported use of anti-hypertensive treatment, or as systolic blood pressure

>140 mmHg, and diastolic blood pressure >90 mmHg. Antihypertensive treatment was

defined as angiotensin receptor blockers, angiotensin converting enzyme inhibitors, calcium

antagonists or diuretics. Body mass index (BMI) was defined as the ratio of weight to height

squared (kg/m2), and obesity as a BMI>30 kg/m2. A fasting plasma glucose�7.0 mmol/L

(126 mg/dL), or a non-fasting plasma glucose�11.1 mmol/L, or use of anti-diabetic treatment

was appointed as diabetes mellitus. Total serum cholesterol of>6.5 mmol/L (251 mg/dl) or a
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serum cholesterol of>5.0 mmol/L (193 mg/dL) if a history of myocardial infarction was pres-

ent or use of lipid lowering treatment was defined as hypercholesterolemia. Nicotine use in the

last 5 years was described as smoking. Myocardial infarction or stroke was defined as partici-

pant-reported hospitalization for at least 3 days for this condition. Previously, an expert panel

ascertained heart failure in detail.[15] The glomular filtration rate (eGFR) was measured using

the simplified modification of diet formula. Measurements of highly sensitive C-reactive pro-

tein (highly sensitive CRP) and N-terminal prohormone of brain natriuretic peptide (NT-

proBNP) were described previously.[16,17]

Follow-up

Duration of follow-up was defined as the time between the baseline screening visit to first AF,

the last contact date (end of the third PREVEND follow-up visit), or death. The latest last con-

tact date was December 31, 2010.

Leukocyte telomere length measurement

DNA was drawn from full blood using a standard DNA extraction kit (Qiamp, Qiagen, Venlo,

the Netherlands). Mean leukocyte telomere length was determined from blood taken at the

Fig 1. Exclusions for present study.

doi:10.1371/journal.pone.0171545.g001
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inclusion date using the monochrome multiplex quantitative polymerase chain method as

described previously.[18,19] DNA samples were stored in a -80˚C freezer, and no defrosting

cycles were done before analyses. Methods of measurements, the reference gene and primer

sequences have been described in detail before.[18] All DNA samples were assayed in tripli-

cate. The samples were measured on different plates but in the same well position. In brief, 7

concentrations of a reference DNA sample of DNA concentrations were prepared by serial

dilution and analyzed in triplicate in 384-well plates. As no-template control two wells received

water, two wells received a human control sample, and, as a positive/max control, two wells

were loaded with DNA of a human leukemia cell line with extreme long telomeres. The prim-

ers used for analyzes were; telomere, telg, ACACTAAGGTTTGGGTTTGGGTTTGGGTTTGGGTT
AGTGT and telc, TGTTAGGTATCCCTATCCCTATCCCTATCCCTATCCCTAACA, to generate a

short, fixed-length product. The S albumin primers were albu: CGGCGGCGGGCGGCGCGGGCT
GGGCGGaaatgctgcacagaatccttg albd: GCCCGGCCCGCCGCGCCCGTCCCGCCGgaaaa
gcatggtcgcctgtt.

Finally, in the PCR consisted of the following concentrations: 1U Titanium Taq DNA poly-

merase with the provided Titanium Taq PCR buffer, 0.75xSYBR Green I (Sigma), 0.2 mM of

each dNTP, 1 mM DTT, 1M betaine, 900nM of each telomere primers (Telg and Telc), 900nM

of each albumin (Albu and Albd). The intra-assay coefficient of variation was 2.0% (T), 1.85%

(S) and 4.5% (T/S ratio). Samples with a coefficient variation > 10% were re-run, when after

re-run a coefficient of variation remained� 10% the samples were omitted from statistical

analyses.

Statistical analyses

Characteristics of individuals are expressed as mean ± standard deviation, and median (inter-

quartile range) for continuous variables and numbers (%) for categorical variables. For

descriptive analysis, the fisher exact was used or Chi-square test for categorical data, the t-test

or the Wilcoxon rank-test for continuous variables, depending on the normality of the data.

For comparisons of more than two groups the Kruskal Wallis test or one way Anova test was

used, depending on the normality of the data. A p-value of<0.05 was considered statistically

significant for these tests. Leukocyte telomere length was expressed as a T/S, calculated by

dividing the telomere (T) expression by the expression of a reference gene (S). Eventually, the

leukocyte telomere length was calculated as (T/S ratio average—mean [T/S ratio average])

divided by standard deviation [T/S ratio average]. Since T/S ratios were skewed, ratios were

logarithmically transformed and centered around 0. Logarithmically-transformed T/S ratio

was discretized into quartiles. Time-to-event analyses using Cox proportional hazards models

evaluate the association of T/S ratios and incident AF. In model 1, we performed unadjusted

analyses, in model 2, we adjusted for age, in model 3 we adjusted for sex, in model 4 we

adjusted for sex, BMI, antihypertensive treatment, myocardial infarction, stroke, heart failure,

and PR-interval. As secondary analyses, Cox regression analyses were used to study the inter-

actions between AF risk factors and telomere length for the association with incident AF

(effect modification). Additionally, stratified Cox regression was performed for age categories

and for men and women separately. A p-value of<0.05 was considered statistically significant.

Results

Individual characteristics

The 7775 included individuals had a mean age of 48.9±12.6 years, and 50% were men. During

a mean follow-up of 11.4±2.9 years, 367 individuals developed incident AF (4.7%). Of the indi-

viduals with incident AF, 69% were men, and the mean age was 61.5±9.0 years (Table 1).

Telomeres and AF
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Individuals that developed AF were older, more often men, and had more cardiovascular risk

factors and diseases, except for smoking, which was less common in those with incident AF

(39% versus 45%, p = 0.04). The most common cardiovascular risk factor in those with inci-

dent AF was hypertension (54%), obesity (25%), hypercholesterolemia (12%), and diabetes

(10%).

Telomere length and risk of atrial fibrillation

Telomere length was shorter in individuals developing incident AF compared to those without

AF (p = 0.013). When discretizing individuals into quartiles based on the telomere length, the

number of individuals with incident AF was inversely related to the telomere length. In the

longest telomere length quartile 68 (3.5%) individuals developed incident AF, where 100

(5.1%) individuals developed AF in the shortest telomere length quartile (p = 0.032) (Fig 2, S1

Table). Telomere length was associated with incident AF in the second shortest telomere

length quartile using the longest telomere length quartile as reference (hazard ratio 1.64; 95%

confidence interval 1.02–2.66; p = 0.043). After age-adjusted analysis the relation between

short telomere length and incident AF was no longer significant. In additional regression mod-

els, adjustments for sex and cardiovascular risk factors were performed, but in none of the

Table 1. Baseline characteristics.

Clinical profile Total (n = 7775) Incident AF (n = 367) No AF (n = 7408) P-value

Telomere length 0.00 (-0.18–0.20) -0.03 (-0.21–0.13) 0.00 (-0.18–0.21) 0.013

Age-years 49±13 62±9 48±12 <0.001

Male sex 3872 (50%) 254 (69%) 3618 (49%) <0.001

BMI-kg/m2 25.6 (23.1–28.4) 27.5 (25.2–29.9) 25.5 (23.1–28.3) <0.001

Obesity 1210 (16%) 90 (25%) 1120 (15%) <0.001

Systolic blood pressure-mmHg 129±20 143±22 128±20 <0.001

Diastolic blood pressure-mmHg 74±10 79±9 74±10 <0.001

Heart rate-bpm 69±10 67±10 69±10 <0.001

Hypertension 2093 (27%) 198(54%) 1895 (26%) <0.001

Heart failure 17 (0.2%) 6 (1.6%) 11 (0.1%) 0.002

Diabetes mellitus 285 (4%) 35 (10%) 250 (3%) <0.001

Smoking 3442 (45%) 143 (39%) 3299 (45%) 0.040

Hypercholesterolemia 333 (4%) 42 (12%) 291 (4%) <0.001

Glucose lowering treatment 107 (2%) 11 (3%) 96 (2%) 0.020

Lipid lowering treatment 314 (5%) 41 (13%) 273 (4%) <0.001

Myocardial infarction 228 (3%) 50 (14%) 178 (2%) <0.001

Stroke 54 (0.7%) 8 (2.2%) 46 (0.6%) 0.003

Antihypertensive treatment 1036 (16%) 131 (41%) 905 (15%) <0.001

PR-interval-ms 158 (143–172) 168 (153–187) 158 (143–172) <0.001

Biomarker profile Total (n = 7775) Incident AF (n = 367) No AF (n = 7408) P-value

eGFR-ml/min/1.73m2 80.9±14.5 76.6±15.7 81.1±14.4 <0.001

Creatinine-umol/L 82.0 (73.0–92.0) 88.0 (77.0–98.0) 82.0 (73.0–91.0) <0.001

NTpro-BNP-ng/L 37.3 (16.6–72.6) 86.3 (40.8–195.5) 35.7 (16.0–69.0) <0.001

hs-CRP -mg/L 1.27 (0.55–2.94) 1.97 (0.94–3.66) 1.25 (0.54–2.89) <0.001

Glucose-mmol/L 4.9±1.2 5.4±1.7 4.9±1.2 <0.001

Data is expressed as mean ± standard deviation, median (interquartile range) or numbers (%). Telomere lengths are divided in quartiles. Abbreviations:

AF = atrial fibrillation, BMI = body mass index, eGFR = estimate glomerular filtration rate, hs-CRP = highly sensitive C-reactive protein, NT pro-BNP = N-

terminal prohormone of brain natriuretic peptide.

doi:10.1371/journal.pone.0171545.t001
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models a significant association was found (Table 2). We performed secondary analyses with

age as the time-variable, which led to similar findings as our primary analyses.

Effect modification of AF risk factors by telomere length

As secondary analyses, we studied effect modification of age, sex and other conventional AF

risk factors. For most AF risk factors, we found a significant interaction with telomere length

for the association with incident AF (S2 Table). For age, systolic blood pressure, BMI and

heart failure the interaction with telomere length was >1, meaning that the presence of the

risk factor weakens or counteracts the association between shorter telomere length and inci-

dent AF, or, equivalently that decrease in telomere length weakens or counteracts the associa-

tion between incident AF and the risk factor. For male sex and stroke, the interaction with

telomere length was<1, meaning that the presence of the risk factor strengthens the associa-

tion between shorter telomere length and incident AF, or, equivalently that decrease in telo-

mere length strengthens the association between incident AF and the risk factor. For

myocardial infarction, and antihypertensive treatment no effect modification was found.

In addition, we performed stratified analyses in three age categories <50 years, 50–65 years,

and>65 years. In the age category>65 years, the third shortest telomere length quartile was

associated with AF (hazard ratio 2.70; 95% confidence interval 1.09–6.66, p-value = 0.031). No

association between telomere length and incident AF was found in any of the other age catego-

ries or for one of the other telomere length quartiles (S3 Table).

In the analysis stratified for sex, the second shortest telomere length quartile in men was

associated with AF (hazard ratio 2.06; 95% confidence interval 1.13–3.76, p-value = 0.018). No

association between telomere length and incident AF was found for women (S4 Table).

Fig 2. Cumulative incidence curve of incident AF, by quartiles of leukocyte telomere length. Quartile 1

represents the shortest telomere length group. Quartile 4 represents the longest telomere length group.

doi:10.1371/journal.pone.0171545.g002
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Discussion

One of the main risk factors of AF is advancing age. We therefore hypothesized an association

between shorter telomere length and AF. However, the observed association between leuko-

cyte telomere length and AF diminished when age was included in the model. Effect modifica-

tion by most conventional risk factors was present, suggestive for a role of telomere length via

AF risk factors in development of AF, although more research is needed.

Telomere length, biological ageing and incident atrial fibrillation

Biological ageing is marked by shortening of telomere length, and short telomere length is

associated with several age-related cardiovascular diseases, including atherosclerosis, left

ventricular hypertrophy and heart failure.[12] Telomere length has been suggested to be sus-

ceptible to age-related diseases.[20] Our finding that telomere length is not independently

associated with AF is consistent with an analysis of the Cardiovascular Health Study investi-

gators, who also, found no association between telomere length and incident AF.[14] The

Cardiovascular Health Study analysis was restricted to individuals >65 years in the United

States, and sample size was modest (1639 individuals). We included 7775 individuals with a

wide age range between 29 and 74 years. Nevertheless, results of both studies were consistent.

Reasons for the absence of an independent relation between telomere length and incident

AF can be the following. First, telomere length was measured in leukocytes, and this may not

be fully representative of telomere length in atrial cells, [14] although several previous studies

found a positive relation between telomere length in leukocytes and AF-related cardiovascu-

lar diseases.[14, 21–24] Differentiated cardiomyocytes undergo limited cell division after

embryogenesis, and telomere length shortening in left atrial cardiomyocytes and dividing

leukocytes may be different. However, telomere biology in left atrial cardiomyocytes is

Table 2. Telomere length in quartiles and risk of incident AF.

Telomere quartiles HR(95% CI) P-value

Unadjusted model 1. (� -0.18) 1.43(0.85–2.39) 0.181

2. (-0.18–0.00) 1.64(1.02–2.66) 0.043

3. (0.00–0.20) 1.32(0.83–2.09) 0.245

4. (� 0.20) 1(reference)

Age-adjusted model 1. (� -0.18) 0.69(0.44–1.10) 0.123

2. (-0.18–0.00) 1.03(0.67–1.60) 0.882

3. (0.00–0.20) 1.05(0.68–1.64) 0.820

4. (� 0.20) 1(reference)

Sex-adjusted model 1. (� -0.18) 1.38(0.82–2.32) 0.221

2. (-0.18–0.00) 1.61(0.99–2.59) 0.053

3. (0.00–0.20) 1.31(0.82–2.07) 0.258

4. (� 0.20) 1(reference)

Model adjusted for sex, BMI, antihypertensive treatment, myocardial

infarction, stroke, heart failure, PR-interval

1. (� -0.18) 0.84(0.50–1.42) 0.517

2. (-0.18–0.00) 1.19(0.72–1.96) 0.490

3. (0.00–0.20) 1.19(0.71–1.98) 0.509

4. (� 0.20) 1(reference)

Hazard ratios are calculated for quartiles with shorter telomeres with the longest quartile as reference (quartile 4). The telomere length is the ratio of

telomere expression divided by reference gene and is standardized per standard deviation. Log transformed T/S ratios were centered around 0.

Abbreviations: AF = atrial fibrillation, BMI = body mass index, CI = confidence interval, HR = Hazard ratio.

doi:10.1371/journal.pone.0171545.t002
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thought to play a role in the initiation of AF.[14] Premature apoptosis of cardiomyocytes

resulting from loss of telomere length may contribute to fibrous replacement, and subse-

quently facilitate electrical chaotic activity (re-entry) that occurs in AF.[25–27] Secondly,

other risk factors may contribute more than telomere length to the association of ageing and

AF. Chronological ageing has been proven a risk factor of incident AF after adjustments for

presence of cardiovascular risk factors and diseases, in numerous community-based cohorts.

[3,14,28,29] With ageing stiffening of the left ventricle, and subsequent more diastolic dys-

function, atrial enlargement may occur, which may set the stage for AF.[30,31] Also sinus

node dysfunction, and increase in premature atrial beats with ageing may be other mecha-

nisms increasing the susceptibility for AF.[32–35] Thirdly, since we found modification by

most conventional risk factors of the relation between telomere length and incident AF, it is

possible that telomere length is not directly and independently related to development of AF,

but via AF risk factors. Whether the presence of an AF risk factor itself influences the relation

between telomere length and incident AF, or whether telomere length influences the relation

between an AF risk factor and incident AF cannot be determined on present data. The fur-

ther clarify the importance of effect modification of most AF risk factors by telomere length

more studies are warranted, that compare patients with the same risk factors but different

telomere lengths. Finally, other not-measured or subclinical risk factors and diseases poten-

tially present in individuals at risk for AF may have influenced the association between age-

ing and development of AF (residual confounding).

Strengths and limitations

Strengths of our analysis are the well-characterized large cohort, and the prospective design.

The study also had several limitations. First, AF ascertainment is insensitive to asymptomatic

paroxysms of AF, so asymptomatic AF may have been overlooked. And no information on

temporal patterns of AF was available. Secondly, undetected age-related (cardiovascular) dis-

eases may have influenced the results (residual confounding). Thirdly, telomere length was

measured in leukocytes, and not in atrial cardiomyocytes. Fourthly, telomere length is mea-

sured at one time-point, and telomere length declines throughout life and the rate of telo-

mere length attrition could affect the incidence of AF.[9] Fifthly, long term storage may had

an impact on telomere length, but the time frame of data collection was relatively small in

our study, thus large differences in telomere length between sampling dates seem unlikely.

All DNA samples were stored at -80˚C, and no defrosting cycles were done before analyses.

Lastly, results cannot be extended to other ethnicities, telomere lengths are longer in Afro-

Americans for example, since the majority of individuals included were of European

ancestry.

Future perspectives

Despite our study results, telomere biology may be of importance in the development of AF-

risk factors and AF-associated cardiovascular outcomes, such as stroke, heart failure, death,

and the progression of AF. Effect modification by AF-risk factors was present, suggestive for a

role of telomere length via AF risk factors in development of AF, although more research is

needed. Furthermore, in a cross-sectional analysis of patients with and without a history of AF

included in the Intermountain Heart Collaborative Study differences were found in telomere

lengths according to paroxysmal, persistent and permanent AF.[36] So, the progression of AF

may be associated with a higher rate of shortening of telomeres. Further investigation is

needed to study telomere biology in the setting of AF.

Telomeres and AF
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Conclusions

Shorter leukocyte telomere length is not associated with incident AF in the community-based

cohort of PREVEND. Effect modification by most conventional risk factors was present, sug-

gestive for a role of telomere length via AF risk factors in development of AF, although more

research is needed.
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ciation between shorter telomere length and incident AF, or, equivalently that a decrease in

telomere length strengthens the association between incident AF and the risk factor. Similarly,

an interaction hazard ratio >1 means that the presence of the risk factor weakens or counter-

acts the association between shorter telomere length and incident AF, or, equivalently that an
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the interaction-term of both. b All continues covariates were centered around their means.
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S4 Table. Cox regression models by sex. Hazard ratios are calculated for quartiles with

shorter telomeres with the longest quartile as reference. The telomere length is the ratio of telo-

mere expression divided by reference gene and is standardized per standard deviation. Log

transformed T/S ratios were centered around 0. Abbreviations: AF = atrial fibrillation, CI =

confidence interval, HR = Hazard ratio.

(PDF)

Author contributions

Conceptualization: MR.

Data curation: MR BG.

Formal analysis: BG.

Funding acquisition: MR PVDH.

Investigation: JES MR.

Telomeres and AF

PLOS ONE | DOI:10.1371/journal.pone.0171545 February 3, 2017 9 / 12

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0171545.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0171545.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0171545.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0171545.s004


Methodology: JES BG MR.

Project administration: JES.

Resources: MR PVDH.

Software: BG.

Supervision: MR.

Validation: BG MR.

Writing – original draft: JES MR.

Writing – review & editing: BG ICVG PVDH MR.

References
1. Flegel KM, Shipley MJ, Rose G. Risk of stroke in non-rheumatic atrial fibrillation. Lancet 1987; 1

(8532):526–529. PMID: 2881082

2. Wolf PA, Abbott RD, Kannel WB. Atrial fibrillation as an independent risk factor for stroke: the Framing-

ham Study. Stroke 1991; 22(8):983–988. PMID: 1866765

3. Vermond RA, Geelhoed B, Verweij N, Tieleman RG, Van der Harst P, Hillege HL, et al. Incidence of

Atrial Fibrillation and Relationship With Cardiovascular Events, Heart Failure, and Mortality: A Commu-

nity-Based Study From the Netherlands. J Am Coll Cardiol 2015; 66(9):1000–1007. doi: 10.1016/j.jacc.

2015.06.1314 PMID: 26314526

4. Feinberg WM, Blackshear JL, Laupacis A, Kronmal R, Hart RG. Prevalence, age distribution, and gen-

der of patients with atrial fibrillation. Analysis and implications. Arch Intern Med 1995; 155(5):469–473.

PMID: 7864703

5. Go AS, Hylek EM, Phillips KA, Chang Y, Henault LE, Selby JV, et al. Prevalence of diagnosed atrial

fibrillation in adults: national implications for rhythm management and stroke prevention: the AnTicoa-

gulation and Risk Factors in Atrial Fibrillation (ATRIA) Study. JAMA 2001; 285(18):2370–2375. PMID:

11343485

6. Phillips SJ, Whisnant JP, O’Fallon WM, Frye RL. Prevalence of cardiovascular disease and diabetes

mellitus in residents of Rochester, Minnesota. Mayo Clin Proc 1990; 65(3):344–359. PMID: 2248634

7. Lake FR, Cullen KJ, de Klerk NH, McCall MG, Rosman DL. Atrial fibrillation and mortality in an elderly

population. Aust N Z J Med 1989; 19(4):321–326. PMID: 2789508

8. Furberg CD, Psaty BM, Manolio TA, Gardin JM, Smith VE, Rautaharju PM. Prevalence of atrial fibrilla-

tion in elderly subjects (the Cardiovascular Health Study). Am J Cardiol 1994; 74(3):236–241. PMID:

8037127

9. Frenck RW Jr, Blackburn EH, Shannon KM. The rate of telomere sequence loss in human leukocytes

varies with age. Proc Natl Acad Sci U S A 1998; 95(10):5607–5610. PMID: 9576930

10. Oeseburg H, de Boer RA, van Gilst WH, van der Harst P. Telomere biology in healthy aging and dis-

ease. Pflugers Arch 2010; 459(2):259–268. doi: 10.1007/s00424-009-0728-1 PMID: 19756717

11. Zhu H, Belcher M, van der Harst P. Healthy aging and disease: role for telomere biology? Clin Sci

(Lond) 2011; 120(10):427–440.

12. Samani NJ, van der Harst P. Biological ageing and cardiovascular disease. Heart 2008; 94(5):537–539.

doi: 10.1136/hrt.2007.136010 PMID: 18411343

13. Gardner M, Bann D, Wiley L, Cooper R, Hardy R, Nitsch D, et al. Gender and telomere length: system-

atic review and meta-analysis. Exp Gerontol 2014; 51:15–27. doi: 10.1016/j.exger.2013.12.004 PMID:

24365661

14. Roberts JD, Dewland TA, Longoria J, Fitzpatrick AL, Ziv E, Hu D, et al. Telomere length and the risk of

atrial fibrillation: insights into the role of biological versus chronological aging. Circ Arrhythm Electrophy-

siol 2014; 7(6):1026–1032. doi: 10.1161/CIRCEP.114.001781 PMID: 25381796

15. Brouwers FP, de Boer RA, van der Harst P, Voors AA, Gansevoort RT, Bakker SJ, et al. Incidence and

epidemiology of new onset heart failure with preserved vs. reduced ejection fraction in a community-

based cohort: 11-year follow-up of PREVEND. Eur Heart J 2013; 34(19):1424–1431. doi: 10.1093/

eurheartj/eht066 PMID: 23470495

Telomeres and AF

PLOS ONE | DOI:10.1371/journal.pone.0171545 February 3, 2017 10 / 12

http://www.ncbi.nlm.nih.gov/pubmed/2881082
http://www.ncbi.nlm.nih.gov/pubmed/1866765
http://dx.doi.org/10.1016/j.jacc.2015.06.1314
http://dx.doi.org/10.1016/j.jacc.2015.06.1314
http://www.ncbi.nlm.nih.gov/pubmed/26314526
http://www.ncbi.nlm.nih.gov/pubmed/7864703
http://www.ncbi.nlm.nih.gov/pubmed/11343485
http://www.ncbi.nlm.nih.gov/pubmed/2248634
http://www.ncbi.nlm.nih.gov/pubmed/2789508
http://www.ncbi.nlm.nih.gov/pubmed/8037127
http://www.ncbi.nlm.nih.gov/pubmed/9576930
http://dx.doi.org/10.1007/s00424-009-0728-1
http://www.ncbi.nlm.nih.gov/pubmed/19756717
http://dx.doi.org/10.1136/hrt.2007.136010
http://www.ncbi.nlm.nih.gov/pubmed/18411343
http://dx.doi.org/10.1016/j.exger.2013.12.004
http://www.ncbi.nlm.nih.gov/pubmed/24365661
http://dx.doi.org/10.1161/CIRCEP.114.001781
http://www.ncbi.nlm.nih.gov/pubmed/25381796
http://dx.doi.org/10.1093/eurheartj/eht066
http://dx.doi.org/10.1093/eurheartj/eht066
http://www.ncbi.nlm.nih.gov/pubmed/23470495


16. Stuveling EM, Hillege HL, Bakker SJ, Asselbergs FW, de Jong PE, Gans RO, et al. C-reactive protein

and microalbuminuria differ in their associations with various domains of vascular disease. Atheroscle-

rosis 2004; 172(1):107–114. PMID: 14709363

17. Linssen GC, Bakker SJ, Voors AA, Gansevoort RT, Hillege HL, de Jong PE, et al. N-terminal pro-B-

type natriuretic peptide is an independent predictor of cardiovascular morbidity and mortality in the

general population. Eur Heart J 2010; 31(1):120–127. doi: 10.1093/eurheartj/ehp420 PMID:

19854731

18. Huzen J, Wong LS, van Veldhuisen DJ, Samani NJ, Zwinderman AH, Codd V, et al. Telomere length

loss due to smoking and metabolic traits. J Intern Med 2014; 275(2):155–163. doi: 10.1111/joim.12149

PMID: 24118582

19. Cawthon RM. Telomere length measurement by a novel monochrome multiplex quantitative PCR

method. Nucleic Acids Res 2009; 37(3):e21. doi: 10.1093/nar/gkn1027 PMID: 19129229

20. Blasco MA. Telomeres and human disease: ageing, cancer and beyond. Nat Rev Genet 2005; 6(8):611–

622. doi: 10.1038/nrg1656 PMID: 16136653

21. Brouilette SW, Moore JS, McMahon AD, Thompson JR, Ford I, Shepherd J, et al. Telomere length, risk

of coronary heart disease, and statin treatment in the West of Scotland Primary Prevention Study: a

nested case-control study. Lancet 2007; 369(9556):107–114. doi: 10.1016/S0140-6736(07)60071-3

PMID: 17223473

22. Vasan RS, Demissie S, Kimura M, Cupples LA, White C, Gardner JP, et al. Association of leukocyte

telomere length with echocardiographic left ventricular mass: the Framingham heart study. Circulation

2009; 120(13):1195–1202. doi: 10.1161/CIRCULATIONAHA.109.853895 PMID: 19752323

23. van der Harst P, van der Steege G, de Boer RA, Voors AA, Hall AS, Mulder MJ, et al. Telomere length

of circulating leukocytes is decreased in patients with chronic heart failure. J Am Coll Cardiol 2007; 49

(13):1459–1464. doi: 10.1016/j.jacc.2007.01.027 PMID: 17397675

24. Collerton J, Martin-Ruiz C, Kenny A, Barrass K, von Zglinicki T, Kirkwood T, et al. Telomere length is

associated with left ventricular function in the oldest old: the Newcastle 85+ study. Eur Heart J 2007;

28(2):172–176. doi: 10.1093/eurheartj/ehl437 PMID: 17215319

25. Anderson KR, Sutton MG, Lie JT. Histopathological types of cardiac fibrosis in myocardial disease. J

Pathol 1979; 128(2):79–85. doi: 10.1002/path.1711280205 PMID: 572867

26. Angel N, Li LI, Macleod RS, Marrouche N, Ranjan R, Dosdall DJ. Diverse Fibrosis Architecture and Pre-

mature Stimulation Facilitate Initiation of Reentrant Activity Following Chronic Atrial Fibrillation. J Cardi-

ovasc Electrophysiol 2015; 26(12):1352–60. doi: 10.1111/jce.12773 PMID: 26249367

27. Allessie M, Ausma J, Schotten U. Electrical, contractile and structural remodeling during atrial fibrilla-

tion. Cardiovasc Res 2002; 54(2):230–246. PMID: 12062329

28. Lubitz SA, Moser C, Sullivan L, Rienstra M, Fontes JD, Villalon ML, et al. Atrial fibrillation patterns and

risks of subsequent stroke, heart failure, or death in the community. J Am Heart Assoc 2013; 2(5):

e000126. doi: 10.1161/JAHA.113.000126 PMID: 24002369

29. Chen LY, Sotoodehnia N, Buzkova P, Lopez FL, Yee LM, Heckbert SR, et al. Atrial fibrillation and

the risk of sudden cardiac death: the atherosclerosis risk in communities study and cardiovascular

health study. JAMA Intern Med 2013; 173(1):29–35. doi: 10.1001/2013.jamainternmed.744 PMID:

23404043

30. Van de Veire NR, De Backer J, Ascoop AK, Middernacht B, Velghe A, Sutter JD. Echocardiographically

estimated left ventricular end-diastolic and right ventricular systolic pressure in normotensive healthy

individuals. Int J Cardiovasc Imaging 2006; 22(5):633–641. doi: 10.1007/s10554-006-9082-y PMID:

16541230

31. Gates PE, Tanaka H, Graves J, Seals DR. Left ventricular structure and diastolic function with human

ageing. Relation to habitual exercise and arterial stiffness. Eur Heart J 2003; 24(24):2213–2220. PMID:

14659773

32. Jones SA, Boyett MR, Lancaster MK. Declining into failure: the age-dependent loss of the L-type cal-

cium channel within the sinoatrial node. Circulation 2007; 115(10):1183–1190. doi: 10.1161/

CIRCULATIONAHA.106.663070 PMID: 17339548

33. Dewland TA, Vittinghoff E, Mandyam MC, Heckbert SR, Siscovick DS, Stein PK, et al. Atrial ectopy as a

predictor of incident atrial fibrillation: a cohort study. Ann Intern Med 2013; 159(11):721–728. doi: 10.

7326/0003-4819-159-11-201312030-00004 PMID: 24297188

34. Lin CY, Lin YJ, Chen YY, Chang SL, Lo LW, Chao TF, et al. Prognostic Significance of Premature Atrial

Complexes Burden in Prediction of Long-Term Outcome. J Am Heart Assoc 2015; 4(9):e002192. doi:

10.1161/JAHA.115.002192 PMID: 26316525

Telomeres and AF

PLOS ONE | DOI:10.1371/journal.pone.0171545 February 3, 2017 11 / 12

http://www.ncbi.nlm.nih.gov/pubmed/14709363
http://dx.doi.org/10.1093/eurheartj/ehp420
http://www.ncbi.nlm.nih.gov/pubmed/19854731
http://dx.doi.org/10.1111/joim.12149
http://www.ncbi.nlm.nih.gov/pubmed/24118582
http://dx.doi.org/10.1093/nar/gkn1027
http://www.ncbi.nlm.nih.gov/pubmed/19129229
http://dx.doi.org/10.1038/nrg1656
http://www.ncbi.nlm.nih.gov/pubmed/16136653
http://dx.doi.org/10.1016/S0140-6736(07)60071-3
http://www.ncbi.nlm.nih.gov/pubmed/17223473
http://dx.doi.org/10.1161/CIRCULATIONAHA.109.853895
http://www.ncbi.nlm.nih.gov/pubmed/19752323
http://dx.doi.org/10.1016/j.jacc.2007.01.027
http://www.ncbi.nlm.nih.gov/pubmed/17397675
http://dx.doi.org/10.1093/eurheartj/ehl437
http://www.ncbi.nlm.nih.gov/pubmed/17215319
http://dx.doi.org/10.1002/path.1711280205
http://www.ncbi.nlm.nih.gov/pubmed/572867
http://dx.doi.org/10.1111/jce.12773
http://www.ncbi.nlm.nih.gov/pubmed/26249367
http://www.ncbi.nlm.nih.gov/pubmed/12062329
http://dx.doi.org/10.1161/JAHA.113.000126
http://www.ncbi.nlm.nih.gov/pubmed/24002369
http://dx.doi.org/10.1001/2013.jamainternmed.744
http://www.ncbi.nlm.nih.gov/pubmed/23404043
http://dx.doi.org/10.1007/s10554-006-9082-y
http://www.ncbi.nlm.nih.gov/pubmed/16541230
http://www.ncbi.nlm.nih.gov/pubmed/14659773
http://dx.doi.org/10.1161/CIRCULATIONAHA.106.663070
http://dx.doi.org/10.1161/CIRCULATIONAHA.106.663070
http://www.ncbi.nlm.nih.gov/pubmed/17339548
http://dx.doi.org/10.7326/0003-4819-159-11-201312030-00004
http://dx.doi.org/10.7326/0003-4819-159-11-201312030-00004
http://www.ncbi.nlm.nih.gov/pubmed/24297188
http://dx.doi.org/10.1161/JAHA.115.002192
http://www.ncbi.nlm.nih.gov/pubmed/26316525


35. Thong T, McNames J, Aboy M, Goldstein B. Prediction of paroxysmal atrial fibrillation by analysis of

atrial premature complexes. IEEE Trans Biomed Eng 2004; 51(4):561–569. doi: 10.1109/TBME.2003.

821030 PMID: 15072210

36. Carlquist JF, Knight S, Cawthon RM, Le VT, Jared Bunch T, Horne BD, et al. Shortened telomere length

is associated with paroxysmal atrial fibrillation among cardiovascular patients enrolled in the Intermoun-

tain Heart Collaborative Study. Heart Rhythm 2015; 13(1):21–7. doi: 10.1016/j.hrthm.2015.07.032

PMID: 26231419

Telomeres and AF

PLOS ONE | DOI:10.1371/journal.pone.0171545 February 3, 2017 12 / 12

http://dx.doi.org/10.1109/TBME.2003.821030
http://dx.doi.org/10.1109/TBME.2003.821030
http://www.ncbi.nlm.nih.gov/pubmed/15072210
http://dx.doi.org/10.1016/j.hrthm.2015.07.032
http://www.ncbi.nlm.nih.gov/pubmed/26231419

