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Abstract

Leukocyte telomere length, representing the mean length of all telomeres in leukocytes, is
ostensibly a bioindicator of human aging. The authors hypothesized that shorter telomeres might
forecast imminent mortality in elderly people better than leukocyte telomere length. They
performed mortality analysis in 548 same-sex Danish twins (274 pairs) aged 73-94 years, of
whom 204 pairs experienced the death of one or both co-twins during 9-10 years of follow-up
(1997-2007). From the terminal restriction fragment length (TRFL) distribution, the authors
obtained the mean TRFL (mTRFL) and the mean values of the shorter 50% (mTRFL5p) and
shortest 25% (MTRFL,5) of TRFLs in the distribution and computed the mode of TRFL
(MTRFL). They analyzed the proportions of twin pairs in which the co-twin with the shorter
telomeres died first. The proportions derived from the intrapair comparisons indicated that the
shorter telomeres predicted the death of the first co-twin better than the mTRFL did (mTRFL:
0.56, 95% confidence interval (Cl): 0.49, 0.63; mTRFLsgq: 0.59, 95% ClI: 0.52, 0.66; mTRFLs5:
0.59, 95% CI: 0.52, 0.66; MTRFL: 0.60, 95% ClI: 0.53, 0.67). The telomere-mortality association
was stronger in years 3—4 than in the rest of the follow-up period, and it grew stronger with
increasing intrapair difference in all telomere parameters. Leukocyte telomere dynamics might
help explain the boundaries of the human life span.
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Shortened mean leukocyte (and lymphocyte) telomere length (LTL) has been found to be
associated with a host of aging-related diseases and lifestyle factors, including
cardiovascular disease (1-8), dementia (9-11), obesity and insulin resistance (5, 6, 12-14),
cigarette smoking (12, 15), psychological stress (16), and low socioeconomic status (17), all
of which diminish the human life span (age of death from natural causes). Moreover, both
life span (18) and LTL (3, 5, 15, 19, 20) are longer in women than in men. Although
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telomere dynamics (telomere length and age-dependent attrition rate) apparently contribute
to morbidity and mortality in rare Mendelian disorders (21, 22), they are unlikely to be
determinants of mortality among persons in the general population who succumb to aging-
related diseases at ages substantially younger than their life expectancy. Shortened LTL in a
middle-aged male who dies from atherosclerotic coronary heart disease probably is not the
cause of his demise but is a lengthy record of underlying processes that have led to his
disease.

A fundamental question, however, is whether leukocyte telomere biology influences the life
span of persons who have avoided or survived the diseases of aging to join the ranks of the
old and very old. Might leukocyte telomeres in some of these persons become critically
shortened to impede the proliferative response that is vital for immune function and thereby
contribute to their mortality? In this way, leukocyte telomere parameters might limit the life
span of some persons who have survived to reach old age because of their genetic
endowments and because they have lived under favorable environmental circumstances that
reduce extrinsic mortality. However speculative this notion may be, it cannot gain currency
without a demonstration of some connection between mortality and LTL in the elderly.
Unfortunately, studies that have explored this connection have yielded contrasting findings
(7,11, 22-25).

It is possible, therefore, that there simply is no link between mortality in the elderly and
leukocyte (lymphocyte) telomere biology. Alternatively, failure to demonstrate such a link
could arise for a number of reasons, including the nature of the cohort (model) and the
insensitivity of methods used to measure telomere length to capture subtle differences in
telomere parameters among individuals (reviewed by Aviv et al. (26)).

In the present work, using refined methods of measuring telomere length, we explored the
links between mortality and not only LTL but also parameters that characterize the shorter
telomeres in leukocytes of the elderly, among same-sex Danish twins (i.e., each twin pair
was either male or female). We focused our analysis on those twin pairs who had
experienced the death of one or both co-twins since leukocyte collection. However, we also
performed standard individual-level survival analyses including all 548 twin individuals;
that is, we also used the twins who were from pairs in which no deaths occurred over the 9-
10 years of follow-up.

Our findings point to an association between shortened leukocyte telomeres and mortality in
the elderly, casting a new perspective on the link between telomere biology and the human
life span.

MATERIALS AND METHODS

Participants

Leukocyte DNA samples were obtained from the repository of the Longitudinal Study of
Aging Danish Twins, which was started in 1995 (27). A total of 689 twins provided blood
samples during the 1997 survey of the Longitudinal Study of Aging Danish Twins.
Leukocyte telomere parameters were measured in 548 of these twins. This subset had the
same age distribution at blood sampling and the same life span as the entire cohort. Age at
the time of death was obtained from the Danish civil registration system, which records the
date of death of all Danish persons residing in Denmark. This research was approved by the
scientific-ethical committee for Vejle and Funen counties, and all participants provided
written informed consent.
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Measurement and derivation of the terminal restriction fragment parameters

Leukocyte DNA was isolated using a salting-out method (28). The integrity of the DNA was
assessed through electrophoresis of 0.5 pg of DNA on 1.0 percent agarose gels (200 V for 2
hours) and staining with ethidium bromide. Samples were digested overnight with the
restriction enzyme digest set AHpAl (3.1 U)/MnA (3.1 U) (New England Biolabs, Ipswich,
Massachusetts). A previous restriction digest set, Hinf1/Rsal (3-6, 11, 21), yielded terminal
restriction fragments that included the proximal telomere segments that are not strictly
TTAGGG repeats, which extend to the nearest restriction sites on each chromosome.
However, the Hphl/ MnA restriction digest set cuts DNA at telomere repeat variant
TGAGGG and degenerate versions of telomere repeats, which are present in the proximal
region of human telomeres (29, 30). In this way, the length of the fragments (telomeres) was
measured with a shorter noncanonical telomere segment.

DNA samples (3 ug each) from each twin pair were resolved on the same 0.6 percent
agarose gel (20 cm x 20 cm) at 50 V (GNA-200; GE Healthcare, Piscataway, New Jersey).
A reference molecular weight DNA ladder (1-kilobase DNA ladder plus A DNA/Hinalll
fragments; Invitrogen, Carlsbad, California) was resolved between the two samples, so that
the parameters of the terminal restriction fragments from each twin were calculated on the
basis of a common adjacent molecular weight DNA ladder. After 16 hours, the DNA was
depurinated for 15 minutes in 0.25 ~ hydrochloric acid, denatured for 30 minutes in sodium
hydroxide (0.5 mol/liter)/sodium chloride (1.5 mol/liter), and neutralized for 30 minutes in
Tris (0.5 mol/liter), pH 8/sodium chloride (1.5 mol/liter). The DNA was transferred for 1
hour to a positively charged nylon membrane (Roche Applied Science, Indianapolis,
Indiana) using a vacuum blotter (Boeckel Scientific, Feasterville, Pennsylvania). The
membranes were hybridized at 65°C with the telomeric probe [digoxigenin 3-end labeled
5’-(CCTAAA)3] overnight in 5x saline-sodium citrate (0.15 mol/liter sodium chloride and
0.015 mol/liter sodium citrate), 0.1 percent A-lauroylsarcosine (Sigma-Aldrich, St. Louis,
Missouri), 0.02 percent sodium dodecyl sulfate, and 1 percent blocking reagent (Roche).
The membranes were washed three times at room temperature in 2x saline-sodium citrate/
0.1 percent sodium dodecyl sulfate (15 minutes) and once in 2x saline-sodium citrate (15
minutes). The digoxigenin-labeled probe was detected by means of the digoxigenin
luminescent detection procedure (Roche) and exposed on x-ray film.

All autoradiographs were scanned, and the terminal restriction fragment length (TRFL)
signal was digitized. The optical density values versus DNA migration distances were
converted to optical density (adjusted for background)/molecular weight versus molecular
weight. The background was fixed as the signal at the nadir of the low molecular weight
region. The upper limit was set at a molecular weight of 20 kilobases. In this way we were
able to capture a wider distribution of TRFLs, including fragments of very low molecular
weight (illustrated in figure 1). The mean TRFL (mTRFL) was calculated and used as a
measure of LTL. We also obtained the mean values of TRFLs in the lowest 50 percent
(MTRFLs5g) and the lowest 25 percent (NTRFL,s5) of the TRFL distribution (figure 1).

We derived an empirical cumulative distribution curve for the DNA sample from each
individual and fitted the data by least squares to four-parameter logistic dose-response
distribution curves. We then obtained the maximum first derivative of the fitted curve using
PROC EXPAND in SAS (SAS Institute, Inc., Cary, North Carolina), which provided the
mode (MTRFL) of each individual’s TRFL distribution (figure 1). Because the distribution
was skewed, the MTRFL was shifted towards the lower molecular weight, and as such it
was more representative than the mTRFL of the contribution of the shorter telomeres to the
distribution.
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The only information provided to researchers in the laboratory that measured leukocyte
telomere parameters was the identification of twins as pairs so that their DNA samples could
be resolved in lanes adjacent to the same molecular weight ladder. Otherwise, these
researchers were completely blinded to the characteristics of participants. Duplicate
measurements (on different gels and different occasions) were obtained for 414 samples.
Because of an insufficient amount of DNA or poor autoradiograph quality, single
measurements were obtained for 134 samples. Results were electronically transmitted and
merged with the covariate data of the Longitudinal Study of Aging Danish Twins. The
coefficient of variation for the mTRFL in this elderly cohort derived from the duplicate
samples was 3.4 percent.

Statistical analysis

RESULTS

For each individual, we focused our analysis on the mTRFL, mTRFLgg, mTRFL5s5, and
MTRFL of the distribution. We computed the proportion of times the co-twin with the
shorter telomeres died first. We compared these proportions with the null hypothesis of
equality (50 percent/50 percent), using the standard binomial test.

Survival analysis using Cox’s sex-specific proportional hazards model (i.e., with sex-
specific baseline hazard functions) was conducted in order to study the relation between
telomere length and time from date of blood sampling to death. Since any correlation
between twins in a pair could lead to confidence intervals that were too narrow, the analyses
were performed using the robust estimator of variance, assuming independence between
pairs. First, we estimated hazard ratios using telomere length parameters as independent
covariates. Second, we estimated hazard ratios using both telomere variables and age as
independent covariates. In addition, we tested models for the interaction of telomere length
with age.

All analyses were carried out using Stata, version 9 (Stata Corporation, College Station,
Texas).

Of the 274 twin pairs in the study, there were 184 pairs of women, 90 pairs of men, 121
pairs of monozygotic twins, and 153 pairs of dizygotic twins. Table 1 displays the ages and
telomere parameters of females and males in these twin pairs.

As of March 2007, after 3,991 years of follow-up, 289 deaths (180 females and 109 males)
had occurred among the twins whose leukocyte telomere parameters were measured in this
study. The numbers of pairs in which no twin died, one twin died, or both died were 70, 119,
and 85, respectively. Hence, at least one twin died in 204 pairs (out of 274).

Figure 2 displays, in yearly intervals, the cumulative proportion of pairs in which the co-
twin with shorter telomeres died first during the follow-up period. The telomere-mortality
association was stronger in the third-to-fourth year than in the rest of follow-up period.
Moreover, the proportions of pairs in which the co-twin with the shorter telomeres died first
were similar when results were stratified by gender, years of follow-up, or zygosity,
although there was more variation and wider confidence intervals because of the smaller
sample sizes (data not shown).

Table 2 summarizes the findings obtained at the end of follow-up, showing that the
proportions were significantly higher than 50 percent form TRFLgy, mTRFL,s, and
MTRFL. The proportion for mTRFL was of borderline significance.
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Figure 3 shows that during the entire follow-up period, the increased intrapair difference in
telomere parameters was associated with a higher probability that the co-twin with the
shorter telomeres would die first. This was particularly apparent for the parameters
representing the shorter telomeres in the TRFL distribution (MTRFL, TRFLsg, and
TRFLs).

The relation of telomere parameters with survival time was also studied in the full sample (7
= 548) using Cox regression. The proportional hazards assumption underlying the Cox
model was tested (using the Schoenfeld residual test) and was not found to be violated in
any of the applied models.

Table 3 displays the hazard ratios for leukocyte telomere parameters in the full sample.
When only telomere parameters were included in the model but hazards were allowed to
vary between sexes, shorter telomere length was disadvantageous for survival. The hazard
ratios for the telomere parameters ranged from 0.54 (95 percent confidence interval (Cl):
0.30, 0.98) for mTRFLy5 to 0.74 (95 percent Cl: 0.52, 1.07) for MTRFL. Age was a
significant predictor of survival. When we controlled for effects of age on mortality, which
gave a better fit to the data in terms of Akaike’s Information Criterion, the hazard ratios
ranged from 0.77 (95 percent Cl: 0.49, 1.20) for mTRFLsq to 0.87 (95 percent Cl: 0.61,
1.23) for MTRFL; however, they were not significantly different from 1. For mTRFL, the
hazard ratio adjusted for age (and sex) was 0.81 (95 percent Cl: 0.64, 1.03), with a hazard
ratio of 1.10 (95 percent Cl: 1.07, 1.13) for age. Variables for interaction and age squared
did not improve the fit of the model to the data.

DISCUSSION

The core hypothesis tested in this work was that leukocyte telomere parameters, particularly
those representing the shorter telomeres in the telomere length distribution, could predict
mortality in elderly twins. On the basis of our analysis of four different but related measures
of the TRFL distribution in leukocytes, we feel that we have validated the hypothesis. Our
refined method of telomere length measurement and the intrapair comparisons made in
same-sex twin pairs were instrumental in proving the hypothesis.

Resorting not only to all-genome TRFL analysis but also to single telomere length analysis,
a previous study found that exceptionally old persons (aged 90-104 years) displayed an
overrepresentation of ultrashort telomeres (<3 kilobases) in their leukocytes (31). Here we
showed that for the entire follow-up period, the association of mortality with mTRFL, which
corresponds to LTL, was of only borderline significance, while measures that corresponded
to the shorter telomeres in the telomere length distribution (MTRFL, mTRFL5q, and
MTRFL,s5) were better predictors of mortality (table 2, figure 2). Moreover, the differences
in the telomere parameters between the co-twins displayed a “dose-response” pattern, so that
a greater intrapair difference in telomere parameters was associated with a heightened
probability of mortality in the co-twin with the shorter telomeres (figure 3).

Five studies have thus far explored the relation between LTL and survival in elderly persons
(7, 11, 23-25). In two studies, examining leukocytes, investigators observed that persons
with relatively short LTL were more likely to die earlier than their peers (7, 11), but
researchers in the other studies (23-25) did not confirm this finding using lymphocytes (23,
25) or leukocytes (24).

Why then is it so important to resolve the controversy as to whether or not LTL can in some
way predict mortality in the elderly?
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Life expectancy has increased considerably in many countries because of the decline in
environmental causes of death during the preceding two centuries and the improvements in
medical intervention during the last half century. A sizeable increase in life expectancy in
the future may therefore hinge on genetic factors that impose a barrier to the expansion of
the human life span (32, 33). One of these factors might be LTL and related telomere
parameters.

LTL is a complex genetic trait (19, 20, 34-36). It is highly variable both at birth (37, 38) and
afterwards (3-9, 12, 15, 16). Moreover, the rate of age-dependent LTL is also highly
variable among individuals (14). On the basis of our findings in elderly twins, we offer the
following broad paradigm for the relation between leukocyte telomere parameters and
human aging: Birth telomere length is one of the parameters that define the oldest age that
might be attained by an individual, based on his/her genetic endowment under favorable
environmental circumstances that reduce extrinsic mortality. However, the rate of LTL
attrition, which is influenced by both genetic and environmental factors, is an indicator of
whether this landmark is reached. Environmental variables such as cigarette smoking (12,
15), obesity (12, 14), and other unhealthy lifestyle factors (17, 39) may accelerate LTL
attrition. In this way, not only heredity but also the environment might be a determinant of
leukocyte telomere parameters in elderly persons who have avoided or survived the diseases
of aging. The associations of these parameters with mortality in the elderly suggest potential
telomeric constraints that might hinder sizeable increases in the life span of some persons.
These constraints arise from both genetic and environmental factors that account for
variation in leukocyte telomere parameters among humans.

We doubt that use of different blood cell types accounted for the discrepancies among
previous studies exploring the link between survival and LTL in the elderly (reviewed by
Aviv et al. (26)). We note, however, that the demographic characteristics of these studies
varied considerably; for example, the cohorts were of different ages and lived in different
countries (7, 11, 23-25), and one cohort consisted of persons with dementia (11). In
addition, to obtain mean telomere length, four of the studies employed real-time polymerase
chain reaction (7, 11, 23, 25), while the fifth used TRFL analysis (24).

Intrapair comparison of co-twins of the same sex is optimal in exploring the relation
between mortality and telomere parameters in the elderly. Our present work underscores the
power of this approach. While the intrapair comparisons demonstrated strong connections
between leukocyte telomere parameters and mortality, survival analysis in the full sample
(which included twin pairs with both co-twins still alive during the follow-up period)
identified only a trend in age- and sex-adjusted telomeric parameters as predictors of
survival. This survival analysis lacks control for genetic and child-rearing environmental
factors, and it requires statistical adjustments for both age and sex. Thus, it is considerably
less powerful than the intrapair analysis.

In addition, the techniques used to measure telomere length in previous studies might have
been insufficiently accurate. The larger the inaccuracy associated with a measurement, the
lower its statistical power (37, 41). The Danish twins who were targeted in the present
project illustrate this concept. A previous analysis of LTL in these twins provided only
marginal and statistically nonsignificant support for an association between survival and
LTL in the elderly (24). Given the importance of resolving the question of whether
leukocyte telomere parameters can predict mortality in the elderly, we restudied these
elderly twins. The different conclusions derived from the two studies reflect crucial
differences in methodology and analytical approach. First, results of the present TRFL
analysis are much more reproducible and accurate than results of the analysis used originally
(the coefficient of variation was 3.4 percent for the present study vs. 12 percent for the
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previous one). Second, the method we used provided not only the LTL (mTRFL), but also
other direct and modeled parameters of the telomere length distribution. In this way, we
could assess the relation between mortality and subsets of telomeres of shortened lengths.
These additional parameters were, in fact, better predictors of mortality than the mTRFL.
Third, we also examined the relation between the magnitude of the intrapair difference in
telomere parameters and mortality, showing that the greater the difference, the greater the
likelihood that the co-twin with the shorter telomeres would die first. Lastly, the number of
co-twins who died during followup was larger and the duration of follow-up was longer in
the present study than in its predecessor (24).

A potential shortcoming of our study is that it lacked data regarding the cause of death.
Since autopsies are infrequently performed in the general population, death certificates have
been used in many studies as a source of information on cause of death. This, for instance,
was the case in a previous work that examined the connection between survival and LTL in
the elderly (7). However, death certificates are notoriously inaccurate in diagnosing the
cause of death (42, 43). Little additional insight would have been gained even if we had
attempted to link major causes of death (i.e., cardiovascular disease, cancer, infection, and
dementia) with leukocyte telomere parameters, since the immune system, namely
leukocytes, may play a role in them all.

What might be the implications of our findings? The weight of the evidence indicates that in
the general population, short LTL is not a determinant of either aging or aging-related
diseases, including cardiovascular disease (1-8) and dementia (9-11). Rather, LTL isa
proxy for underlying mechanisms that bring about aging. In this sense, aging-related
diseases, which are associated with shortened LTL, might be regarded as outcomes of
accelerated aging.

The question, however, is whether in some elderly persons, LTL may be transformed from a
bioindicator of aging to a determinant of life span. If telomere dynamics played such a
unique role, they might do so by causing replicative senescence in subsets of hematopoietic
stem cells, progenitor cells, or peripheral leukocytes (44, 45), thereby curtailing the immune
response and setting a limit on the human life span. Epidemiologic research—which, for
obvious reasons, cannot provide evidence of causality—is unlikely to answer this question.
We note, however, that in cultured cells it is not the mean length of telomeres but the
shortest telomeres that trigger replicative senescence (46, 47). As we have shown here, in
the elderly, the shorter telomeres in leukocytes predict mortality better than does LTL.

In conclusion, our findings suggest that short telomeres in leukocytes forecast mortality in
the elderly. Since, in any phase of the human life span, LTL is ultimately the product of both
genetic endowment and the environment, intensive research should be undertaken to fathom
the genes and environmental factors that determine leukocyte telomere parameters at birth
and thereafter.
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TRFL terminal restriction fragment length
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Distribution of terminal restriction fragment lengths (TRFLs) among 548 same-sex twins
(274 pairs) aged 73-94 years in whom leukocyte telomere parameters were measured,
Longitudinal Study of Aging Danish Twins, 1997-2007. The left-hand panel depicts a
Southern blot in which the horizontal lines mark the scan limits of the TRFL distribution
used for determining TRFL. The inset in the right-hand panel presents the results of a
densitometric scan of TRFL (optical density (OD)/molecular weight (MW) vs. molecular
weight) from which the cumulative empirical distribution curve was obtained. In the right-
hand panel, the dashed line denotes the fitted four-parameter logistic dose-response curve;
the solid line represents the data. The two horizontal arrows indicate the cumulative lower
25% and 50% of the TRFL distribution, from which the mean values were obtained. The
curve identified by the vertical arrow is the computed first derivative of the logistic dose-
response curve, which was used to obtain the mode of the TRFL (denoted by the peak of the
curve). kb, kilobases.
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FIGURE 2.

Cumulative proportion of 274 same-sex twin pairs (7= 548) in which the co-twin with
shorter telomeres died first during a follow-up period of 9-10 years, Longitudinal Study of
Aging Danish Twins, 1997-2007. The four panels display data for four leukocyte telomere
parameters pertaining to terminal restriction fragment length (TRFL): the mean (nTRFL),
the mode (MTRFL), and the means of the shorter 50% (MTRFL5g) and shortest 25%
(mTRFLy5) of the distribution. In each panel, the upper graph displays the cumulative
proportion of twin pairs in which the co-twin with the shorter telomeres died first. The lower
graph displays the cumulative numbers of co-twins with relatively shorter telomeres (open
bars) and longer telomeres (closed bars) who died first during the follow-up period. Bars,
95% confidence interval (Cl). The numbers shown above each 95% CI are p values.
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Mortality according to intrapair difference in telomere length among 274 same-sex twin
pairs (1= 548) during 9-10 years of follow-up, Longitudinal Study of Aging Danish Twins,
1997-2007. The four panels display the proportions of pairs in which the co-twin with the
shorter telomeres died first, according to the intrapair difference in one of four leukocyte
telomere parameters pertaining to terminal restriction fragment length (TRFL): the mean
(mMTRFL), the mode (MTRFL), and the means of the shorter 50% (MTRFLsgg) and shortest
25% (MTRFLys5) of the distribution. Numbers of twin pairs are given in parentheses. Bars,
95% confidence interval (ClI). The numbers shown above each 95% CI are p values.
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TABLE 2

Intrapair comparisons for 204 same-sex twin pairs aged 73-94 years in which one or both co-twins died
during follow-up, Longitudinal Study of Aging Danish Twins, 1997-2007

Leukocyte No.inwhich  Proportion 95% p
telomere shorter twin (of 204) confidence value
parameter  gied first” interval

mTRFL 115 0.56 0.49,0.63  0.08
MTREL7 122 0.60 0.53,0.67  0.006
mTRFLsof 121 0.59 0.52,0.66  0.009
mTRFLzsf 120 0.59 0.52,0.66 0.014

*
Number of twin pairs in which the co-twin with the shorter telomeres died first.

7LmTRFL, mean terminal restriction fragment length; MTRFL, mode of terminal restriction fragment length; mTRFL50, lowest 50% of the

terminal restriction fragment length distribution; mTRFL25, lowest 25% of the terminal restriction fragment length distribution.
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TABLE 3

Hazard ratio for 548 same-sex twins (274 pairs) aged 73-94 years, according to leukocyte telomere length and
age, Longitudinal Study of Aging Danish Twins, 1997-2007*

Model and leukocyte Hazard 95%
telomer e parameter ratio confidence
interval
Model 17
MTRELY 0.74 0.52, 1.07
mTRFL? 0.72 0.55, 0.92
MTRFLg? 058  0.36,0.94
MTRFL,s? 054  0.30,0.98
Model 25
MTRFL 0.87 0.61,1.23
Age (per year) 1.10 1.08,1.13
mTRFL 0.81 0.64, 1.03
Age (per year) 1.10 1.07,1.13
MTRFLg 0.77 0.49, 1.20
Age (per year) 1.10 1.07,1.13
MTRFL,s 0.79 0.45, 1.37
Age (per year) 1.10 1.07,1.13

*
A total of 289 deaths occurred during 3,991 person-years of follow-up. The average duration of follow-up was 7.28 years (range, 0.06-10.3).
Baseline hazards were allowed to vary between the sexes.

fHazard ratio per 1-kilobase increase in telomere length.

’tMTRFL, mode of terminal restriction fragment length; mTRFL, mean terminal restriction fragment length; mTRFL5(, lowest 50% of the

terminal restriction fragment length distribution; mTRFL25, lowest 25% of the terminal restriction fragment length distribution.

§Hazard ratio per 1-kilobase increase in telomere length, adjusted for age at blood sampling (i.e., by adding age as a covariate).
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