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	Background	 Progressive telomere shortening with cell division is a hallmark of aging. Short telomeres are associated with 
increased cancer risk, but there are conflicting reports about telomere length and mortality in breast cancer 
survivors.

	 Methods	 We measured peripheral blood leukocyte telomere length at two time points in women enrolled in a multieth-
nic, prospective cohort of stage I to stage IIIA breast cancer survivors diagnosed between 1995 and 1999 with a 
median follow-up of 11.2 years. We evaluated associations between telomere length measured at mean 6 (base-
line; LTL0; n = 611) and 30 months (LTL30; n = 478) after diagnosis and the change between those time points 
(n = 478), with breast cancer–specific and all-cause mortality using Cox proportional hazards models adjusted for 
possible confounders. Statistical tests were two-sided.

	 Results	 There were 135 deaths, of which 74 were due to breast cancer. Neither baseline nor 30-month telomere length 
was associated with either all-cause or breast cancer–specific mortality (LTL0: hazard ratio [HR] = 0.83, 95% confi-
dence interval [CI] = 0.67 to 1.02; HR = 0.88; 95% CI = 0.67 to 1.15; LTL30: HR = 0.78, 95% CI = 0.59 to 1.05; HR = 0.86; 
95% = CI = 0.58 to 1.26, respectively). However, participants whose telomeres shortened between baseline and 
30 months were at a statistically significantly increased risk of breast cancer–specific (HR = 3.03; 95% CI = 1.11 
to 8.18) and all-cause mortality (HR = 2.38; 95% CI = 1.28 to 4.39) compared with participants whose telomeres 
lengthened. When follow-up was censored at 5-years after diagnosis, LTL0 (HR = 0.66; 95% CI = 0.45 to 0.96), LTL30 
(HR = 0.51; 95% CI = 0.29 to 0.92), and change in telomere length (HR = 3.45; 95% CI = 1.11 to 10.75) were statisti-
cally significantly associated with all-cause mortality.

	Conclusions	 Telomere shortening was associated with increased risk of breast cancer–specific and all-cause mortality, sug-
gesting that change in blood telomere length over time could be a biomarker of prognosis. Research on determi-
nants of telomere length and change is needed.

		  JNCI J Natl Cancer Inst (2014) 106(4): dju035 doi:10.1093/jnci/dju035

Telomeres are protective structures that cap the end of eukaryotic 
chromosomes (1), comprising multiple 5′-TTAGGG-3′ repeats, 
ending in a single-stranded overhang of the G-rich sequence (2). 
Telomeres protect chromosome ends from end-to-end fusion, 
nucleolytic decay, degradation, and atypical recombination (3).

Quantitative polymerase chain reaction (Q-PCR) offers a 
fast, high-throughput, and reproducible way to measure rela-
tive leukocyte telomere length (LTL), which correlates well with 
Southern blot measurements of absolute LTL (4). DNA from 
peripheral blood leukocytes is amplified for telomeric repeats 
and a single copy control gene, allowing calculation of the ratio 
of telomere copy number to single gene copy number (T/S ratio) 
(5). A lower T/S ratio reflects shorter LTL. Several studies (6–10), 
but not all (11–13), have reported associations between shorter 
LTL and increased risk for cancer, including breast cancer, and 

meta-analyses suggested a 1.4- to threefold increased risk of can-
cer in those with shortest vs longest telomeres (14,15). However, 
associations between shorter telomeres in patients with cancers 
compared with control subjects appear to be weaker in prospec-
tive than in retrospective studies (16). Few studies have examined 
associations between LTL and mortality in breast cancer survi-
vors (17–19), and results have been conflicting. One study found 
no association between LTL and outcome (19); in another, longer 
LTL statistically significantly correlated with increased risk of all-
cause mortality in a subgroup of patients with HER-2/neu–nega-
tive tumors (18). A case–control study reported that patients with 
node-positive tumors and shorter telomeres had increased sur-
vival compared with patients with longer telomeres (17). Finally, 
a recent population-based prospective study of 47 102 individuals 
found increased hazard ratios (HRs) of early death after a diagnosis 
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of any cancer (HR = 1.42; 95% confidence interval [CI] = 1.13 to 
1.80) or breast cancer (HR = 1.20; 95% CI = 0.99 to 1.46) for short-
est telomeres compared with longest (20).

Longitudinal changes in LTL might be more informative than 
cross-sectional measurements because they reflect characteristics 
affecting rate of attrition in specific individuals: shortening of LTL 
over 2.5  years was related to greater cardiovascular mortality in 
men followed for 12 years (21).

Here, we examined the association between longitudinal change 
of LTL and breast cancer–specific and all-cause mortality over a 
median of 11.2 years of follow-up in the Health Eating Activity and 
Lifestyle (HEAL) study, a cohort of breast cancer survivors diag-
nosed with stage I to stage IIIa breast cancer (22). We investigated 
these associations for baseline (mean = 6 months after diagnosis; 
n = 611), 30 months of follow-up (mean = 30 months after diagno-
sis; n = 478), and changes in LTL between those time points.

Methods
Study Setting, Participants, and Recruitment
The HEAL study is a multicenter, multiethnic, prospective cohort 
study that enrolled 1183 women diagnosed with breast cancer. 
Aims, study design, and recruitment procedures have been pub-
lished previously (22).

Women were recruited through Surveillance, Epidemiology, 
and End Results (SEER) registries in New Mexico (n = 615; aged 
>18 years; with in situ stage IIIA breast cancer diagnosed 1996–
1999); Los Angeles County, California (n = 366; aged 35–64 years; 
with stage 0–IIIA breast cancer diagnosed 1995–1998), and western 
Washington (n = 202; aged 40–64 years; with stage 0–IIIA breast 
cancer diagnosed 1997–1998). The study was approved by institu-
tional review boards of participating centers, in accordance with an 
assurance filed with and approved by the US Department of Health 
and Human Services. Written informed consent was obtained from 
each subject.

Baseline surveys were conducted on average 6 months after diag-
nosis. Of 1183 participants, 944 women completed the 30-month 
data collection. We excluded 336 participants with in situ disease 
given the low likelihood of mortality in these women, 24 partici-
pants with nonfatal breast cancer events less than 9 months before 
their 30-month interview to avoid potential confounding from 
possible recent treatment, and 106 participants with 30-month 
LTL measurements only; leaving 611 participants with complete 
data on baseline LTL and 478 participants with complete data for 
LTL at both time points.

Data Collection and Covariables
Assays.  Thirty milliliter fasting blood samples were collected from 
patients at baseline and at 30 months, processed within 3 hours, and 
stored at −80º C until analysis. DNA was extracted using Qiagen 
Midi-Prep (Germantown, MD) columns from buffy coat prepara-
tions. LTL from baseline (LTL0) and 30-month samples (LTL30) 
was measured by Q-PCR (5). Samples were run in triplicate, and the 
median was used for calculations. The amount of telomeric DNA 
(T) was divided by the amount of single-copy control gene DNA 
(S), producing a relative, unit-less measurement of telomere length 
(T/S ratio). Two control samples were run in each experiment to 

allow for normalization between experiments, and periodic repro-
ducibility experiments were performed. Intra- and interassay coef-
ficients of variation (CV) were 6% and 7%, respectively.

We calculated change in LTL as difference between LTL0 and 
LTL30, divided by elapsed time between the two measurements. 
For baseline and 30-month LTL we rescaled the variables to have 
a unit standard deviation, calculated as (telomere length – mean)/
standard deviation. Negative values imply telomere shortening, 
and positive values imply telomere lengthening. We categorized 
the rate of change as 1 = any telomere lengthening or 2 = any tel-
omere shortening.

Covariables.  Standardized questionnaire information, includ-
ing medical history, demographic, and physical activity assess-
ments (23), was collected at baseline and at 30 months. Participants 
completed a quality-of-life assessment between 24 and 59 months 
after diagnosis (24), which contained a four-item scale to meas-
ure perceived stress (25). Response categories ranged from one to 
five, with higher scores associated with more stress. Scores were 
summed, and the total was divided into low stress (<12) and high 
stress groups (>12), where 12 was the median value. Dietary intake 
over the previous month (Washington and California) or year (New 
Mexico) was assessed at 30  months using self-administered food 
frequency questionnaires (26); nutrient data were converted using 
Nutrition Data Systems for Research (University of Minnesota).

Body mass index (BMI; components measured in Washington 
and New Mexico; self-report in California) was calculated as kilo-
grams per meter squared. A race/ethnicity/study site four-category 
variable was created to adjust for race and site-associated con-
founding because these were highly correlated. The four categories 
were non-Hispanic whites (New Mexico), non-Hispanic whites 
(Washington), Hispanics, and blacks.

Stage of Disease and Cancer Treatment.  Disease stage was 
obtained from local SEER registries before participant recruitment 
and classified as stage I  (localized) or Stage II to IIIA (regional) 
breast cancer based on American Joint Committee on Cancer 
stage of disease classification (27). Treatment received and estro-
gen receptor (ER) and progesterone receptor (PR) status were 
abstracted from medical records; the latter were categorized as 
1 = positive, 2 = negative, or 3 = unknown/borderline. Breast cancer 
treatment was categorized into three groups: surgery only; surgery 
and chemotherapy; surgery and radiation. Chemotherapy was cate-
gorized as 5-fluorouracil, cyclophosphamide, taxanes, doxorubicin, 
other, and combination therapy.

Outcome Assessment.  Individuals were followed until their last 
follow-up assessment or SEER vital status update, whichever was 
most recent. All-cause mortality was defined as time from either 
baseline or 30-month follow-up interview to death from any cause, 
or patients were censored at December 31, 2009. Median follow-
up was 11.2  years. Breast cancer mortality was defined as death 
from breast cancer or end of follow-up, with the same intervals as 
for all-cause mortality. Because 5-year survival rates are a common 
statistic for breast cancer survival (28), we censored data at 5 years 
after diagnosis to investigate more proximal associations of LTL 
with outcome.
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Statistical Analysis
Analyses were performed using STATA 11 (StataCorp, College 
Station, TX). Correlations between continuous variables were 
estimated using Pearson correlation coefficients. Differences in 
distribution of LTL by participant characteristics were estimated 
using either the χ2 test or analysis of covariance, adjusting for 
age. Covariables with missing data were assigned to a “missing” 
category. These categories were omitted in analysis of covari-
ance and χ2 analyses but included when testing inclusion in Cox 
models. We used Pearson correlations to calculate associations 
between LTL30 and dietary nutrients, correcting for multiple 
testing.

Hazard ratios for all-cause or breast cancer–specific mortality 
and 95% confidence intervals were based on the partial likeli-
hood for Cox’s proportional hazards model. Tests of the propor-
tional hazard assumption were carried out using Schoenfeld 
residuals and held for all covariables tested, with the exception 
of age. We thus stratified the model by age at entry (either age 
at baseline or at 30  months, as appropriate; ie, stratified Cox 
regression estimates), allowing different strata to have different 
baseline hazard functions. This corresponds to adjusting for age 
using categorical indicators for age. Age was used as the under-
lying time metric, with entry and exit time defined as the par-
ticipant’s age at baseline (for LTL0), and at 30-month follow-up 
interview for change in length and age at death or end of follow-
up, respectively.

We adjusted for race/study site to adjust for the multisite design 
of the study and included age because it correlates strongly with 
telomere length. We examined the effect of the following variables 
on the Cox models testing associations between LTL and all-cause 
or breast cancer–specificmortality by sequentially adding the vari-
able of interest and using the likelihood ratio test: physical activity, 
cigarette smoking (ever/never), stress (low vs high), BMI, tumor 
stage, ER and PR status, micronutrient intake, tamoxifen, and 
treatment. Of these, only tumor stage at diagnosis had a statistically 
significant effect; treatment had a similar effect as tumor stage but 
was not included because of the high degree of correlation between 
the two variables. Inclusion of other variables did not substantially 
alter the models.

We estimated the relationship between LTL0, LTL30, and the 
difference between these measures and breast cancer–specific and 
all-cause mortality, adjusted for tumor stage and ethnicity/site, and 
stratified by age. P values were estimated using the Wald test for 
trend. When estimating the association between change in tel-
omere length and mortality, we also adjusted by LTL0, to account 
for regression to the mean.

We determined whether associations of telomere length 
with outcome were the same across subgroup categories using 
a test of homogeneity and trend across groups—specifically 
stage, ER status, BMI less than 25 kg/m2 and greater than 
25 kg/m2 (events were too few to investigate additional BMI 
subgroups), and breast cancer treatment. Adjusting for multi-
ple comparisons for each endpoint, statistical significance was 
set at P = .01 (ie, 0.05/4). Small numbers of deaths in premeno-
pausal participants prevented comparisons between pre- and 
postmenopausal subgroups. All tests of statistical significance 
were two-sided.

Results
Characteristics of HEAL participants are shown in Table 1. Median 
follow-up time from baseline interview was 11.2  years; 135 par-
ticipants died, of whom 74 died from breast cancer. Fifteen partici-
pants died between their baseline and 30-month interview. There 
were no differences in telomere length between these two groups 
(data not shown).

Associations Between Demographic and Clinical 
Variables and Telomere Length
Telomere data were normally distributed. Mean telomere lengths 
at baseline and 30  months were 0.82 and 0.77, respectively. 
LTL0 correlated statistically significantly with LTL30 (r = 0.77; 
P < .001). Age negatively correlated with LTL0 (r  = −0.33; P < 
.001) and LTL30 (r  =  −0.39; P < .001). Telomeres were longer 
at both baseline and 30-month time points in black women 
compared with other racial/ethnic groups, adjusted for age  
(P < .001) (Table 1). Participants with higher levels of stress had 
shorter telomeres at baseline (P = .05) and 30 months (P = .008). 
At 6 months after diagnosis, postmenopausal women had shorter 
telomeres than premenopausal women (P = .02). Change in tel-
omere length was not associated with any patient characteristics 
examined, either as a continuous (data not shown) or categori-
cal variable (any shortening/any lengthening). Micronutrient 
intake (eg, folate, vitamin B12, vitamin D) was not associated 
with LTL30 (data not shown).

Telomere Lengthening
One hundred fifty-four (32.2%) participants had telomeres that 
lengthened between baseline and 30 months, whereas 324 (67.8%) 
participants had telomeres that shortened between these two time 
points.

Telomere Length and Survival
With full follow-up, neither baseline nor 30-month telomere 
length was statistically significantly associated with either all-
cause or breast cancer–specific mortality (LTL0: HR = 0.83, 95% 
CI  =  0.67 to 1.02; HR  =  0.88, 95% CI  =  0.67 to 1.15; LTL30: 
HR = 0.78, 95% CI = 0.59 to 1.05; HR = 0.86, 95% CI = 0.58 
to 1.26, respectively) (Table  2). In comparison, participants 
whose telomeres shortened between baseline and 30  months 
had statistically significantly worse outcome (all-cause mor-
tality: HR  =  2.38; 95% CI  =  1.28 to 4.39; breast cancer–spe-
cific mortality: HR  =  3.03; 95% CI  =  1.11 to 8.18) compared 
with women whose telomeres lengthened. Confidence intervals 
were wide for the latter because of small numbers of events. 
We observed similar results when we restricted the analysis to 
postmenopausal women.

When we censored follow-up at 5 years, LTL0 and LTL30 had a 
statistically significant inverse association with all-cause mortality 
(LTL0: HR = 0.66, 95% CI = 0.45 to 0.96; LTL30: HR = 0.51, 95% 
CI  =  0.29 to 0.92) but not with breast cancer–specific mortality 
(LTL0: HR = 0.69, 95% CI = 0.46 to 1.04; LTL30: HR = 0.57, 95% 
CI = 0.28 to 1.13), although effect sizes were similar.

Change in telomere length was associated with all-cause mor-
tality (HR = 3.45; 95% CI = 1.11 to 10.75); however, confidence 
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intervals were wide. There was no statistically significant associa-
tion between change in length and 5-year breast cancer–specific 
mortality, but again, effect sizes suggested an association between 
telomere shortening and poor outcome.

Finally, we examined the modifying effect of subgroups on 
associations between telomere length and mortality. For partici-
pants with ER-negative tumors, longer telomeres at 30  months 
were associated with decreased risk of both breast cancer–spe-
cific and all-cause mortality (HR = 0.01, 95% CI = 0.01 to 1.01; 
HR = 0.02, 95% CI = 0.01 to 0.71, respectively) compared with 
those with ER-positive tumors (HR = 3.09, 95% CI = 0.16 to 17.99; 
HR = 0.74, 95% CI = 0.11 to 5.01; respectively) using fully adjusted 
models. However, after adjustment for multiple testing (statistical 
significance set at P  =  .01) the differences in effects of telomere 
length at 30 months between ER-negative and ER-positive tumors 
were not statistically significant (Ptrend = .03; Ptrend = .05, respectively) 
(Table 3). There was no evidence of effect modification for other 
subgroups examined.

Discussion
Herein we describe associations between LTL and change (any 
shortening/any lengthening) between 6 and 30  months after 
diagnosis and mortality in a multiethnic cohort of breast cancer 
survivors followed for a median of 11.2 years. LTL was inversely 
associated with age and menopausal status, which may act as a 
proxy for age. Participants with higher levels of stress had shorter 
telomeres at both time points, which supports findings in female 
caregivers (29) and more modest associations in healthy women 
aged 35 to 75 years (30).

LTL at either time point was not statistically significantly asso-
ciated with either breast cancer–specific or all-cause mortality. 
Within the initial 5  years of follow-up, the association between 
shorter telomeres at baseline and mortality was statistically signifi-
cant. Telomere shortening from baseline to 30 months was associ-
ated with increased risk of both all-cause and breast cancer–specific 
mortality.

A recent study of 47 102 healthy participants followed for 
20 years reported that decreasing quartiles of LTL were associated 
with reduced survival after a diagnosis of cancer (log-rank P < .001) 
(20). In a cohort of 787 healthy individuals followed for 10 years, 
short telomeres at baseline were associated with risk of cancer mor-
tality (HR = 2.13; 95% CI = 1.58 to 2.86) (31,32). Low telomere 
DNA content, measured by slot-blot titration, in archival breast 
tumor tissues from a subset of 530 HEAL cohort participants was 
associated with increased risk of recurrence, death from breast can-
cer, or new primaries (relative hazard  =  2.88; 95% CI  =  1.16 to 
7.15) (33). However, another study examining LTL and telomerase 
expression in tumor samples of 348 breast cancer patients found no 
association with outcome (19). A case–control study of 265 breast 
cancer patients and 466 control subjects found a statistically sig-
nificant association between increasing LTL and worse outcome 
(HR = 2.92; 95% CI = 1.33 to 6.95) (17), as did a population-based 
cohort study of women with HER-2/neu–negative breast tumors 
(HR = 1.90; 95% CI = 1.12 to 3.22) (18). Differences in population 
studied (eg, tumor stage) and techniques used to measure telomere 
length might account for these differences.
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Table 3.  Hazard ratios (HRs) and 95% confidence intervals (CIs) of all-cause and breast cancer–specific mortality in subgroups of Health, 
Eating, Activity and Lifestyle participants using a multifactorially adjusted model*

Subgroup

Baseline telomere length 30-month telomere length Change in telomere length

HR (95% CI) Ptrend† HR (95% CI) Ptrend† HR (95% CI) Ptrend†

Breast cancer–specific mortality
BMI ≤25 kg/m2 1.22 (0.08 to 17.34) .88 0.54 (0.01 to 29.01) .83 3.87 (0.81 to 18.34) .40
BMI >25 kg/m2 0.31 (0.05 to 1.78) 0.32 (0.02 to 4.81) 1.73 (0.58 to 5.14)
SEER stage I, local 0.57 (0.07 to 4.52) .86 0.66 (0.03 to 13.69) .64 2.96 (0.80 to 10.87) .54
SEER stage II– 

IIIA, regional
0.44 (0.06 to 3.10) 0.25 (0.02 to 5.87) 1.71 (0.51 to 5.74)

ER negative‡ 0.26 (0.03 to 2.97) .31 0.01 (0.01 to 1.01) .03 1.07 (0.24 to 4.67) .15
ER positive 1.22 (0.19 to 7.99) 3.09 (0.16 to 17.99) 4.18 (1.17 to 14.93)
Treatment§
Surgery only 3.69 (0.19 to 77.87) .07 0.92 (0.02 to 53.40) .42 3.12 (0.07 to 13.92) .21
Chemotherapy + 

surgery
0.15 (0.02 to 0.98) 0.12 (0.01 to 2.26) 0.17 (0.01 to 3.18)

Surgery only 3.69 (0.19 to 77.87) .69 0.92 (0.02 to 53.40) .17 3.12 (0.07 to 13.92) .22
Radiotherapy + 

surgery
8.23 (0.32 to 90.41) 12.51 (0.23 to 65.50) 20.71 (0.54 to 79.27)

All-cause mortality
BMI ≤25 kg/m2 0.50 (0.08 to 3.28) .60 0.23 (0.02 to 2.55) .97 2.40 (0.94 to 6.08) .61
BMI >25 kg/m2 0.27 (0.07 to 1.12) 0.25 (0.03 to 1.91) 1.76 (0.85 to 3.64)
Unknown
SEER stage I, local 0.34 (0.07 to 1.48) .83 0.31 (0.05 to 2.04) .67 1.80 (0.90 to 3.59) .65
SEER stage II– 

IIIA, regional
0.41 (0.08 to 2.23) 0.16 (0.01 to 2.24) 2.40 (0.85 to 6.73)

Unknown
ER negative‡ 0.29 (0.04 to 2.26) .58 0.02 (0.01 to 0.71) .05 1.06 (0.36 to 3.02) .28
ER positive 0.58 (0.13–2.49) 0.74 (0.11 to 5.01) 2.12 (1.01 to 4.46)
Unknown
Treatment§
Surgery only 0.39 (0.05 to 3.17) .69 0.19 (0.01 to 2.78) .97 0.36 (0.03 to 4.54) .94
Chemotherapy + 

surgery
0.23 (0.05 to 1.12) 0.20 (0.02 to 1.93 0.31 (0.04 to 2.73)

Surgery only 0.39 (0.05 to 3.17) .45 .19 (0.01 to 2.78) .46 0.36 (0.03 to 4.54) .67
Radiotherapy + 

surgery
1.25 (0.11 to 13.93) .77 (0.04 to 13.61) 0.79 (0.04 to 13.89)

*	 Multifactorially adjusted model: telomere length, race/ethnicity/study site; tumor stage at diagnosis; stratified by age at blood draw. BMI = body mass index;  
ER = estrogen receptor; SEER = Surveillance, Epidemiology, and End Results.

†	 Test for homogeneity of trends significant at P = .01 after correction for multiple testing.

‡	 Patients with unknown ER status were excluded.

§	 Comparing chemotherapy + surgery vs surgery only; and radiotherapy + surgery vs surgery only.

To our knowledge there are no studies examining changes 
in LTL over time in breast cancer survivors. Longitudinal stud-
ies of LTL have indicated that both lengthening and shortening 
are observed over time. A study in 959 healthy individuals found 
stable or increased LTL over 10 years in approximately one-third 
of participants, and individual telomere attrition rate inversely 
correlated with initial LTL (r = −0.752; P =  .001); however, they 
found no association with rate of individual telomere attrition or 
prediagnostic telomere length and later tumor development (34). 
Although dependency of LTL attrition on baseline LTL has been 
attributed to regression to the mean, a study correcting for this 
statistical artifact found that a modest but statistically significant 
effect remained, indicating that high baseline LTL is associated 
with higher LTL attrition even when correcting for the regression 
to the mean effect (35). Similarly, telomere shortening and length-
ening was observed in 787 healthy individuals followed for 10 years 
(31). Finally 10 men diagnosed with prostate cancer underwent a 

lifestyle intervention; after 5 years, participants’ LTL increased by 
a median of 0.06 units, compared with a decrease of −0.03 units in 
control subjects (P = .03) (36).

Recent reports have suggested that telomere lengthening is 
a measurement artifact (37,38). However, models were adjusted 
for baseline LTL, and we show that, regardless of initial telomere 
length, patients whose telomeres shortened were more likely to die 
of breast cancer or any cause. Increased mortality became more 
apparent as follow-up was extended, compared with results cen-
sored at 5 years. Conversely, long telomeres at baseline were associ-
ated with overall survival only in the short term (5-year censored), 
but not the longer term (full follow-up). This may suggest that, 
although shorter telomeres at time of diagnosis increase risk of 
mortality in the short term, long-term risks might be modifiable, 
because risk of mortality is not related to baseline LTL, but rather 
to rate of change over time, which may be amenable to interven-
tion (39).
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Telomere shortening may play different roles in cellular trans-
formation. At critically short telomere lengths, cells enter p53- or 
Rb-dependent replicative cellular senescence (40–42). However, 
in the absence of appropriate checkpoint mechanisms, telomere 
shortening may contribute to neoplastic transformation through 
chromosomal instability, subsequent to breakage–fusion–bridge 
cycles (43–45). The basis for the associations between improved 
outcome and telomere lengthening are not yet well understood. It 
is possible that lengthening in healthy cancer survivors may protect 
cells from entering into breakage–fusion–bridge cycles, especially 
if those cells tend to lack some of the checkpoints necessary to trig-
ger cellular senescence.

Limitations of our study include relatively small number of 
events and the lack of statistical power to effectively test asso-
ciations between LTL in clinically important subpopulations: 
although we observed differential effects in ER-positive and 
ER-negative tumors, these results should be interpreted with cau-
tion. Although we did not see effects by other subgroups exam-
ined, we cannot discount inadequate power. These issues could 
be addressed in future larger cohort studies or pooled analyses 
of existing breast cancer cohort studies. There was also a pos-
sible selection bias in this study: because we excluded partici-
pants receiving treatment for recurrence within 9 months of their 
30-month interview, associations with early breast cancer mortal-
ity would not be observed. Lack of available data on complete 
blood counts limits investigation into the effect of treatment on 
leukocyte subsets (46,47), which may alter observed LTL. Finally, 
although we did not observe associations between chemotherapy 
received and LTL, we were not able to evaluate combinations, 
dosage of specific chemotherapeutic agents, or duration of treat-
ment in detail

This is the first study to link telomere lengthening in periph-
eral blood leukocytes over time to survival in a well-charac-
terized, multiethnic cohort of breast cancer survivors. These 
findings should be confirmed in a larger cohort and point to the 
need to determine causes of telomere change and to test inter-
ventions that may slow the rate of shortening of telomeres in this 
population.
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