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Shortened leukocyte telomere 
length is associated with reduced 
pulmonary function and greater 
subsequent decline in function in 
a sample of World Trade Center 
responders
Sean A. P. Clouston   1, Norman H. Edelman2, Abraham Aviv3, Candace Stewart4 & 
Benjamin J. Luft5

The objective of this study was to examine whether shorter leukocyte telomere length (LTL) is 
associated with more rapid pulmonary function decline in a longitudinal study of World Trade Center 
(WTC) responders. WTC responders (N = 284) participating in a monitoring study underwent blood 
sampling and were followed prospectively for spirometric outcomes. A single blood sample was 
taken to measure LTL using southern blotting. Outcomes included percent-predicted one-second 
forced expiratory volume (FEV1%), forced vital capacity (FVC%), and the FEV1/FVC ratio. In a subset, 
percent-predicted diffusing capacity (DLCO%) was also measured. Longitudinal modeling examined 
prospectively collected information over five years since blood was banked was used to examine the 
rate of change in pulmonary functioning over time. Severity of WTC exposure was assessed. Shorter 
LTL was associated with lower FEV1% and FVC% at baseline. For example, 29.9% of those with LTL 
<6.5 kbps had FEV1% <80% whereas only 12.4% of those with LTL ≥6.5 had FEV1% <80% (RR = 2.53, 
95%CI = [1.70–3.76]). Lower DLCO% was also significantly associated with shorter LTL. Longitudinal 
models identified a prospective association between shorter LTL and greater yearly rates of decline in 
FEV1% (0.46%/year, 95%CI = [0.05–0.87]) and in the FEV1/FVC ratio (0.19%/year, 95%CI = [0.03–0.36]). 
There were no associations between severity of exposure and either LTL or pulmonary function. 
Longitudinal analyses revealed that shorter LTL, but not severity of WTC exposures, was associated 
with poorer pulmonary functioning and with greater subsequent decline in pulmonary functioning 
over time. These findings are consistent with the idea that shortened LTL may act as a biomarker for 
enhanced pulmonary vulnerability in the face of acute severe toxic inhalation exposures.

Telomeres are nucleoprotein complexes, consisting of repetition of the TTAGGG nucleotide sequences forming 
the end of human chromosomes, that maintain chromosomal stability and control cellular senescence1. Shorter 
leukocyte telomere length (LTL), a measure of the mean length of repeated TTAGGG sequences in leukocytes, has 
been linked with decreased survival in older adults2. Recently, one systematic review and meta-analysis of 12,595 
individuals identified a consistent association between LTL and one-second forced expiratory volume (FEV1)3. 
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Together, these studies have revealed associations between shorter LTL and several measures of poorer lung 
function and increased risk of emphysema4–7. Supporting this, studies have also identified correlations between 
intense, long-term smoking and shorter LTL8, though associations were weak9. The primary explanation given 
is that LTL links physical exposures with progressive disease processes via accelerated aging10. However, increas-
ingly researchers have suggested that shorter LTL might also act as a biomarker of greater vulnerability to toxic 
exposures11. To date, nothing is known about the association between LTL and pulmonary function in the context 
of an acute but severe exposure to fine airborne particulate matter.

During the events of 9/11/2001, individuals who helped with rescue and recovery operations at the World 
Trade Center (WTC) were acutely exposed to a range of physical and psychological challenges including exposure 
to the WTC expelled dust cloud, smoke from open debris fires, and toxic dust while digging for survivors12. Since 
then, exposures at the WTC disaster site have been linked to significant reductions in percent-predicted FEV1 
(FEV1%)13 and increased prevalence of asthma14, as well as a number of age-related diseases including cognitive 
impairment15 and physical limitations16 suggesting that WTC exposures may have caused systemic degradation 
resulting in more rapid aging. After the WTC events, a number of investigators have examined potential ongoing 
risk and resilience factors that may influence the rate of decline in pulmonary functioning including, for example, 
smoking and smoking cessation17, as well as weight gain, and bronchodilator response18. To date, no studies have 
clarified cellular predictors of deficits or declines in pulmonary functioning among WTC responders.

The objective of the current study was to understand the association between LTL and pulmonary function in 
the face of severe exposures to inhaled particulate matter. In addition, the ability to follow pulmonary function 
over time after the acute exposure gave us the unique opportunity to test whether LTL was associated with subse-
quent rate of decline in pulmonary functioning.

Method
Setting.  This study represents a retrospective study of WTC responders who participated in a monitoring 
program at Stony Brook University (SBU). The SBU clinic monitors WTC responders residing on Long Island, 
NY. SBU’s population is similar in terms of exposure and age on 9/11/2001 to the general responder population12. 
Visits of responders take place at 12–18-month intervals and include a medical history, physical examination, and 
pulmonary function testing. Exposure assessments were done when responders were first enrolled in the clinic 
(between 2002–2011). Blood sampling was completed in the 2011/12 year. Pulmonary testing used in this study 
was completed prospectively following blood sampling.

Sampling.  Simulation power analyses suggested that a sample of 200 individuals were necessary to detect a 
moderate association (r = 0.20). Multivariable power analyses further clarified that a sample of 284 would be suf-
ficient to identify an association between LTL and FEV1% after controlling for age. Samples were eligible for this 
analysis if responders’ files had complete information on exposure, age, sex, and had valid pulmonary functioning 
tests and usable blood (N = 284).

To examine the association between LTL and change in pulmonary functioning over time, LTL data were 
merged with follow-up information collected in the years since LTL was collected. Spirometry data was collected 
on these responders a total of 1,355 times for an average of 4.8 pulmonary follow-ups collected since blood was 
retrieved for LTL assays.

Ethics approval and consent to participate.  This study was reviewed by the Institutional review board 
(CORIHS: IRBNET# 604113). Responders provided written informed consent.

Ethics, Consent, and Permissions
WTC responders in this study provided written informed consent. The Stony Brook Institutional Review Board 
approved this study (CORIHS#604113). All experimental conditions were performed in accordance with relevant 
guidelines and regulations.

Measures
Pulmonary functioning.  Spirometry was performed, as part of the parent surveillance program (train-
ing and data quality are overseen by CDC staff), by trained technicians before and after administration of an 
inhaled bronchodilator using an EasyOne spirometer [Medical Technologies USA] and associated race/gender/
age-specific predicted values19. Percent-predicted values of FEV1 (FEV1%) and forced vital capacity (FVC%) 
were reported, as was the FEV1/FVC ratio (in percent). Additionally, the bronchodilator response (BDR) for 
each responder using the post bronchodilator FEV1 expressed as a percentage of the pre-bronchodilator FEV120. 
Pulmonary functioning measures underwent validation and were deemed acceptable if there were no early pro-
cedural terminations, variable efforts, leaks, obstructed mouthpieces, or other physical artefacts. In a subset of 
subjects (n = 37) single breath diffusing capacity was reported as percent-predicted (DLCO%). For descriptive 
analyses, low FEV1% was defined as FEV1% <80%.

Medical histories were examined for diagnoses of obstructive airways disease, upper respiratory disease, 
asthma, pulmonary fibrosis, and cancer of the lung and bronchus. None of the subjects carried diagnoses of can-
cer or pulmonary fibrosis. However, since pulmonary fibrosis was considered to be of especial significance to this 
cohort, a pulmonary specialist [NHE] reviewed the reports of chest radiographs, which were available for 89.8% 
of the sample, for findings that might be considered consistent with early fibrosis.

Leukocyte telomere length.  Many studies have measured LTL using a PCR-based method, which quanti-
fies telomere DNA content as the ratio of telomeric to single copy gene PCR product21. However, this is not readily 
transformed into their units of measurement (kbps)22. This study therefore utilized southern blotting of terminal 
restriction fragments, a method that has been shown to provide the most specific and reliable measure of LTL 
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available23. LTL was expressed in kilobase pairs (kbps). For descriptive purposes, LTL was split into high versus 
low groups using an age-adjusted cutoff matching the lowest decile (cutoff = 6.5 kbps) from a population sample 
using the same method to measure LTL24.

Other variables.  WTC exposure severity was assessed during the enrollment visit using a structured history. 
An exposure severity index was created using a previously validated measure that utilized a Delphi technique to 
weight a range of pulmonary exposure measures experienced at the WTC both on 9/11/2001 and in the following 
months25.

Occupation was dichotomized into law enforcement (including New York Police Department, Federal Bureau 
of Investigations, other local police, and security workers), and non-traditional responders (including predom-
inantly construction and utility workers, but also reporters, therapists, medics, and other volunteers). Smoking 
status was assessed at baseline and characterized responders as current, former, or never smokers.

Statistical analysis.  Descriptive sample statistics used T-tests and proportions tests in bivariate analyses 
linking covariates. T-tests were also used to compare key study variables in those who were selected for LTL assays 
compared to those in the population who were not. Pearson’s correlation coefficients were reported to show unad-
justed associations between LTL and multiple measures of pulmonary functioning.

Longitudinal data were analyzed utilizing multilevel modeling to examine FEV1%, FVC%, and the FEV/
FVC ratio26. Models make use of all available data to provide reliable estimates but assume that data are 
multivariate-normal, and that data are missing at random due to processes that are captured by fixed or random 
effects components in the modeling process26. In addition to covariates included in the model, longitudinal anal-
yses adjust for individual-level time-invariant differences in pulmonary function, heteroskedasticity over time 
that is common in longitudinal modeling, and for regression toward the mean that occurs when individuals are 
monitored over time using the same test27. Analyses were separated into predictors of baseline differences in 
pulmonary function and predictors of change over time in pulmonary function. Beta-coefficients (B), standard 
errors (SE), and p-values derived from t-tests were reported. A two-tailed alpha = 0.05 was used to determine 
statistical significance. Due to potential multiple testing biases, the impact of adjusting alpha for false discovery 
rates was examined28; since this resulted in no change to substantive conclusions, we reported nominal p-values 
in all analyses. Adjusted R2 were reported and R2-change was used to examine changes to model fit. All analyses 
were completed using Stata 14/IC [StataCorp].

Role of the funding source.  The funders played no role in: study design; data collection, analysis, or inter-
pretation; developing the report for publication; or the decision to submit this paper for publication. The corre-
sponding author had full access to all data in the study and had final responsibility for the decision to submit this 
study for publication.

Results
Sample characteristics.  On average, the sample was made up of male law enforcement responders, half of 
whom arrived on 9/11/2001. The average LTL was 6.9 kbps. Most responders had at least some college education, 
and only one-eighth of those sampled currently smoked. The average responder had FEV1/FVC of 79.72%, and 
FEV1% was 92.82%. More than one-quarter of the sample had diagnosed asthma, approximately one-quarter 
had FEV1% <80%. Only a small number (n = 8) had radiographic signs suggestive of early pulmonary fibrosis 
Table 1.

Sample differences versus the population.  Comparing the sample of those whose blood was assayed 
for LTL to those without the LTL measure who were followed up in the same year (N = 4,290) we find that those 
with LTL data were not older (P = 0.595) and did not differ in terms of FVC% (P = 0.420), FEV1% (P = 0.714), or 
occupation (P = 0.484) compared to those who were not selected for the study.

Characteristics of those with shorter LTL.  Sample stratification into those with LTL <6.5 kbps (N = 67, 
23.6% of the sample of 284) versus those with LTL ≥6.5 kbps revealed that responders with short LTL were 
older, and had reduced FEV1%, FVC%, and DLCO% than those with longer LTL. For example, 44.8% of those 
with short LTL had FEV1% <80%, whereas only 18.0% of those with LTL ≥6.5 had FEV1% <80% (RR = 2.49, 
95%C.I. = [1.69–3.68]) Table 2.

LTL and change in pulmonary functioning over time.  Longitudinal analyses examining rate of change 
in pulmonary functioning over time (Table 3) revealed that the average responder experienced significant reduc-
tions in FEV1% (−5.62% per year) and in FEV1/FVC (−3.28% per year) during the study period. Analyses fur-
ther revealed that longer LTL was associated with slower rates of decline in FEV1% and in the FEV1/FVC ratio. In 
contrast, WTC exposure severity was associated with a small positive effect on longitudinal change in pulmonary 
functioning potentially indicative of pulmonary improvement after severe exposure. Furthermore, smoking sta-
tus at baseline was associated with longitudinal improvement in FEV1%, FVC%, and FEV1/FVC ratios, poten-
tially indicative of benefits to smoking cessation occurring during the study period Table 3.

Discussion
Decreased leukocyte telomere length (LTL), which has been postulated to be a cellular marker of systemic aging29, 
has been previously linked to poorer pulmonary functioning. However, to the authors’ knowledge, studies have 
not yet documented associations between pulmonary function and LTL after acute but severe inhalations of 
airborne particulate matter. Nor have prior studies examined the prospective association between LTL changes 
in pulmonary functioning over time, or the distribution of LTL among responders to the tragic events at the 
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WTC on 9/11/2001. This study examined linkages between LTL and pulmonary functioning in a sample of men 
and women who participated in the WTC response efforts during and after 9/11/2001. The current study then 
documented that responders with shorter LTL (LTL ≤6.5 kbps) were at heightened risk of having low pulmonary 
functioning. Longitudinal analyses further revealed that individuals with longer LTL had slower rates of change 
in FEV1% and FEV1/FVC over time. Yet, more severe exposures at the WTC site was not predictive of shorter 
LTL or decreased pulmonary functioning. Analyses supported the view that shorter LTL may predict more rapid 
declines in pulmonary functioning.

Characteristic Mean (SD)

LTL, kbps 6.94 (0.62)

Age, years 49.66 (8.87)

WTC Exposure Severity 18.61 (6.14)

FEV1% 92.82 (14.46)

FVC% 106.44 (17.15)

FEV1/FVC 79.72 (5.84)

DLCO%* 84.64 (20.74)

Bronchodilator Response (%) −1.41 (3.40)

Characteristic N (%)

Asthma 66 (27.7)

FEV1% <80% 69 (24.3)

Radiographic Evidence of Early Pulmonary 
Fibrosis† 8 (3.1)

Smoking Status

Never Smoker 185 (65.2)

Former Smoker 66 (23.2)

Current Smoker 33 (11.6)

Female Sex 14 (4.9)

Table 1.  Sample characteristics. Note: LTL: Leukocyte telomere length; FEV1%: Percent predicted one-second 
forced expiratory volume; FVC%: percent-predicted forced vital capacity; FEV1/FVC: the ratio (in percent) of 
one-second forced expiratory volume divided by forced vital capacity; WTC: World Trade Center; DLCO%: 
percent-predicted diffusing capacity of the lung for carbon monoxide. *37 responders had valid DLCO%. †255 
responders had x-ray information necessary to derive this measure.

Characteristics

LTL < 6.5 LTL ≥ 6.50

Mean (SD) Mean (SD) Diff. P

Age, years 53.34 (11.27) 48.53 (7.67) −4.81 0.001

WTC Exposure Severity 18.65 (5.75) 18.60 (6.26) −0.05 0.955

FEV1% 82.25 (17.72) 91.05 (13.66) 8.08 <0.001

FVC% 98.74 (20.67) 108.82 (15.19) 10.09 <0.001

FEV1/FVC% 79.07 (6.08) 79.93 (5.77) 0.86 0.291

DLCO%* 81.72 (11.18) 95.37 (18.12) 13.65 0.004

Bronchodilator Response (%) −1.69 (3.21) −1.32 (3.46) 0.38 0.429

Categorical Variable N (%) N (%) (95% CI) P

Asthma 25 (37.31) 60 (27.65) 1.39 (0.91–2.13) 0.132

FEV1% <80% 30 (44.78) 39 (17.97) 2.53 (1.70–3.76) <0.001

Radiographic Evidence of Early 
Pulmonary Fibrosis† 2 (3.28) 6 (3.09) 1.04 (0.31–3.55) 0.942

Smoking Status

   Never Smoker 39 (58.21) 146 (67.28) 1.00

   Former Smoker 20 (29.85) 46 (21.2) 1.44 (0.91–2.28) 
1.15 0.130

   Current Smoker 8 (11.94) 25 (11.52) (0.59–2.23) 1.22 0.694

   Female Sex 4 (5.97) 10 (4.61) (0.52–2.88) 0.653

Table 2.  Sample characteristics separated by those with and without short LTL. Note: LTL: Leukocyte telomere 
length; FEV1: One-second Forced Expiratory Volume; FVC: Forced Vital Capacity; FEV1%: Percent predicted 
FEV1; WTC: World Trade Center; DLCO: Diffusing capacity of the lung for carbon monoxide. *36 responders 
had valid %-Pred. DLCO. †255 responders had x-ray information necessary to derive this measure. P-values 
examining differences between responders with shorter and longer LTL were derived from Student’s T-tests for 
continuous measures and from nonparametric trend tests for categorical measures.
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Implications.  The present results appear to be relatively generalizable to the WTC responder cohort. For 
example, prior work has estimated that WTC exposures are associated with a 12% decrease in FEV1%13, while 
other work has identified associations between WTC exposure severity and increased risk of asthma14. The cur-
rent study documented a similar 11% lower FEV1% among sampled responders, similar overall levels of asthma 
to those reported in the greater WTC responder population14, and also replicated associations between age and 
both LTL and FEV1% reported in the literature. Additionally, the present study extends this line of research by 
showing that shorter LTL was correlated with reduced pulmonary function after the WTC acute toxic inhala-
tional exposure and by identifying for the first time a prospective association between shorter LTL and more rapid 
declines in FEV1% and FEV1/FVC over time.

Examining indicators of pulmonary functioning revealed associations between LTL and FEV1%, FVC%, and 
DLCO% but not with the FEV1/FVC ratio when first measured, measures of airways reactivity or the incidence of 
reported asthma, suggesting that the lung damage related to LTL was more likely to be of the parenchyma than the 
airways. However, we note that none of the radiographic reports indicated clear interstitial lung abnormalities. 
Critically, in this study longitudinal analyses revealed that shorter LTL was associated with more rapid declines 
in FEV1% and FEV1/FVC ratios in the years following the acute exposure. Accordingly, the present findings are 
consistent with the idea that LTL shortening served as a vulnerability marker for progressive pulmonary abnor-
malities, perhaps including airways, following exposure to an acute inhalation of dust at the WTC. However, 
there is a possibility that more rapid declines may simply be related to subclinical inflammatory processes ongo-
ing among those with reduced pulmonary functioning30. Thus, these results cannot rule out the possibility that 
declines in FEV1% co-occur with declines in LTL. Future work will be needed to examine the extent to which 
domains of changes in LTL co-occur with or instead predict changes in pulmonary functioning.

A major goal of aging research is to identify mechanisms and biomarkers of aging and of environmental 
exposures that might cause more rapid aging10. This study examined LTL and its associations with pulmonary 
functioning approximately one decade after severe exposures undergone during the WTC disaster. The findings 
supported prior research in identifying associations between age and LTL at a degree comparable to results in the 
general population31, but smaller than those reported in the Framingham study9. The results from this study were 
consistent with the interpretation that shorter LTL may be a marker of biologic vulnerability11 and of increased 
vulnerability to decline in pulmonary functioning in the context of a severe acute pulmonary exposure.

This study found inconsistent associations between exposure severity and pulmonary functioning in this 
cohort. A lack of association between LTL and exposure severity may be due to limited power in this study to 
detect differences. Similarly, the lack of association between smoking status and pulmonary functioning meas-
ures may stem from the small number of current smokers. Future work should identify stronger metrics of WTC 
pulmonary exposures in order to clarify results found here. Specifically, to our knowledge no WTC exposure 
measure has yet integrated specific WTC activities. Inclusion of specific activities may help in future analyses to 
better understand pulmonary reactions to WTC exposures.

Limitations.  This study was the first to examine associations between WTC exposures, LTL, and longitudinal 
changes in pulmonary functioning. Results are limited to participants whose biological data were successfully 
collected and assayed. Responders whose LTL were screened do not differ from other responders in terms of 
age, FEV1% or FVC% but it is unclear to what extend LTL in this sample is representative of WTC responders in 
general. The small sample size in this study resulted in a limited power to detect racial/ethnic differences in either 
LTL or in the outcomes of interest. Further research is needed with a larger sample size to determine the role of 
race/ethnicity in moderating these results. As this study lacked longitudinal information on LTL, this study can-
not discern whether declines in FEV1% are indicative of a shared systemic degradation that may also influence 
LTL. Further longitudinal work should examine whether rates of decline in LTL are concomitant with changes 
in pulmonary functioning in order to improve our understanding of this process. While pulmonary functioning 
tests are reliable, there remains variability in their rates of change over time that may be due to biological factors 
or measurement error. Further work using more specific measures indicative of particular disease processes may 

Characteristic

FEV1% FVC% FEV1/FVC%

B SE P B SE P B SE P

LTL 0.46 0.21 0.028 0.31 0.24 0.191 0.19 0.08 0.023

WTC Exposure Severity 0.06 0.02 0.008 0.07 0.03 0.007 0.00 0.01 0.902

Age in years 0.02 0.01 0.244 −0.03 0.02 0.042 0.05 0.01 <0.001

Never Smoker 1.00 1.00 1.00

Former Smoker −0.22 0.30 0.475 −0.28 0.35 0.422 0.02 0.13 0.897

Current Smoker 1.06 0.39 0.007 0.94 0.45 0.037 0.33 0.16 0.043

Slope −5.62 1.90 0.003 −2.84 2.17 0.190 −3.28 0.77 <0.001

Random Slope (SD) 0.79 0.10 0.72 0.14 0.23 0.03

Table 3.  Multivariable associations linking leukocyte telomere length and longitudinal rate of change in 
pulmonary functioning Note: LTL: Leukocyte telomere length; FEV1: One-second Forced Expiratory Volume; 
FVC: Forced Vital Capacity; FEV1%: Percent predicted FEV1; WTC: World Trade Center; B: Beta coefficient; 
SE: Standard error; P: p-values derived from two-tailed t-tests. *Note that only longitudinal associations were 
shown.
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help to clarify mechanisms linking pulmonary functioning with LTL. Finally, while exposure severity in this 
cohort was measured in a consistent and detailed manner, the generalizability of effects of pulmonary exposures 
in this cohort to other pulmonary exposures is limited.

Conclusions
Data from this cohort of WTC responders provide a resource with which to understand long-term effects of acute 
toxic inhalational pulmonary exposures. These data show that poorer pulmonary functioning at first test, sugges-
tive of parenchymal abnormalities, was associated with shorter LTL, Furthermore the data show that shorter LTL 
was associated with greater declines in pulmonary function with time following the acute exposure. Considering 
the lack of relationship between LTL and degree of toxic exposure these findings are consistent with the idea that 
shortened LTL acted as a vulnerability factor for pulmonary damage although we cannot rule out that it was a 
result of the exposure itself.

Data Availability
Data from the monitoring programs is publicly available through an independent application process at Icahn 
School of Medicine at Mount Sinai (https://icahn.mssm.edu/about/departments/environmental-public-health/
research/wtc-data-center). Deidentified data derived from this study can also be made available upon request by 
the corresponding author.

References
	 1.	 Sanders, J. L. & Newman, A. B. Telomere length in epidemiology: a biomarker of aging, age-related disease, both, or neither? 

Epidemiol Rev 35, 112–131 (2013).
	 2.	 Cawthon, R. M., Smith, K. R., O’Brien, E., Sivatchenko, A. & Kerber, R. A. Association between telomere length in blood and 

mortality in people aged 60 years or older. The Lancet 361, 393–395 (2003).
	 3.	 Albrecht, E. et al. Telomere length in circulating leukocytes is associated with lung function and disease. European Respiratory 

Journal 43, 983–992 (2014).
	 4.	 Mather, K. A. et al. No associations between telomere length and age-sensitive indicators of physical function in mid and later life. J 

Gerontol A Biol Sci Med Sci 65, 792–799 (2010).
	 5.	 Tomita, K. et al. Telomere shortening in alveolar macrophages of smokers and COPD patients. Open Pathology Journal 4, 23–29 

(2010).
	 6.	 Rode, L., Bojesen, S. E., Weischer, M., Vestbo, J. & Nordestgaard, B. G. Short telomere length, lung function and chronic obstructive 

pulmonary disease in 46,396 individuals. Thorax 68, 429–435 (2013).
	 7.	 Rutten, E. P. A. et al. Various Mechanistic Pathways Representing the Aging Process Are Altered in COPD. Chest 149, 53–61 (2016).
	 8.	 Latifovic, L., Peacock, S. D., Massey, T. E. & King, W. D. The Influence of Alcohol Consumption, Cigarette Smoking, and Physical 

Activity on Leukocyte Telomere Length. Cancer Epidemiol Biomarkers Prev 25, 374–380 (2016).
	 9.	 Mirabello, L. et al. The association between leukocyte telomere length and cigarette smoking, dietary and physical variables, and risk 

of prostate cancer. Aging Cell 8, 405–413 (2009).
	10.	 Mather, K. A., Jorm, A. F., Parslow, R. A. & Christensen, H. Is telomere length a biomarker of aging? A review. The Journals of 

Gerontology Series A: Biological Sciences and Medical Sciences 66, 202 (2011).
	11.	 Boonekamp, J. J., Simons, M. J. P., Hemerik, L. & Verhulst, S. Telomere length behaves as biomarker of somatic redundancy rather 

than biological age. Aging Cell 12, 330–332 (2013).
	12.	 Dasaro, C. R. et al. Cohort Profile: World Trade Center Health Program General Responder Cohort. Int J Epidemiol 46, e9 (2017).
	13.	 Aldrich, T. K. et al. Lung function in rescue workers at the World Trade Center after 7 years. N Engl J Med 362, 1263–1272 (2010).
	14.	 Wisnivesky, J. P. et al. Persistence of multiple illnesses in World Trade Center rescue and recovery workers: a cohort study. Lancet 

378, 888–897 (2011).
	15.	 Clouston, S. A. et al. Cognitive impairment among World Trade Center responders: Long-term implications of re-experiencing the 

9/11 terrorist attacks. Alzheimers Dement (Amst) 4, 67–75 (2016).
	16.	 Clouston, S. A., Guralnik, J. M., Kotov, R., Bromet, E. J. & Luft, B. J. Functional Limitations Among Responders to the World Trade 

Center Attacks 14 Years After the Disaster: Implications of Chronic Posttraumatic Stress Disorder. Journal of Traumatic Stress 30, 
443–452 (2017).

	17.	 Aldrich, T. K. et al. Lung function trajectories in World Trade Center-exposed New York City firefighters over 13 years: the roles of 
smoking and smoking cessation. Chest 149, 1419–1427 (2016).

	18.	 Skloot, G. S. et al. Longitudinal assessment of spirometry in the World Trade Center medical monitoring program. Chest 135, 
492–498 (2009).

	19.	 Hankinson, J. L., Odencrantz, J. R. & Fedan, K. B. Spirometric reference values from a sample of the general U.S. population. Am J 
Respir Crit Care Med 159, 179–187 (1999).

	20.	 de la Hoz, R. E., Jeon, Y., Miller, G. E., Wisnivesky, J. P. & Celedon, J. C. Post-traumatic Stress Disorder, Bronchodilator Response, 
and Incident Asthma in World Trade Center Rescue and Recovery Workers. Am J Respir Crit Care Med 194, 1383–1391 (2016).

	21.	 Verhulst, S. et al. Response to: Reliability and validity of telomere length measurements. Int J Epidemiol 45, 1298–1301 (2016).
	22.	 Kimura, M. et al. Measurement of telomere length by the Southern blot analysis of terminal restriction fragment lengths. Nat Protoc 

5, 1596–1607 (2010).
	23.	 Aviv, A. et al. Impartial comparative analysis of measurement of leukocyte telomere length/DNA content by Southern blots and 

qPCR. Nucleic Acids Res 39, e134 (2011).
	24.	 Fitzpatrick, A. L. et al. Leukocyte telomere length and cardiovascular disease in the cardiovascular health study. American journal of 

epidemiology 165, 14–21 (2006).
	25.	 Li, J. et al. Ten-year cancer incidence in rescue/recovery workers and civilians exposed to the September 11, 2001 terrorist attacks on 

the World Trade Center. Am J Ind Med 59, 709–721 (2016).
	26.	 Rabe-Hesketh S. & Skrondal A.: Multilevel and longitudinal modeling using Stata. STATA press, 2008.
	27.	 Liu, G. H. F., Lu, K. F., Mogg, R., Mallick, M. & Mehrotra, D. V. Should baseline be a covariate or dependent variable in analyses of 

change from baseline in clinical trials? Statistics in Medicine 28, 2509–2530 (2009).
	28.	 Benjamini, Y. & Hochberg, Y. Controlling the False Discovery Rate - a Practical and Powerful Approach to Multiple Testing. Journal 

of the Royal Statistical Society Series B-Methodological 57, 289–300 (1995).
	29.	 Harris, S. E. et al. The association between telomere length, physical health, cognitive ageing, and mortality in non-demented older 

people. Neurosci Lett 406, 260–264 (2006).
	30.	 Rosen, R. L. et al. Elevated C-reactive protein and posttraumatic stress pathology among survivors of the 9/11 World Trade Center 

attacks. J Psychiatr Res 89, 14–21 (2017).
	31.	 Muezzinler, A., Zaineddin, A. K. & Brenner, H. A systematic review of leukocyte telomere length and age in adults. Ageing Res Rev 

12, 509–519 (2013).

https://doi.org/10.1038/s41598-019-44625-1
https://icahn.mssm.edu/about/departments/environmental-public-health/research/wtc-data-center
https://icahn.mssm.edu/about/departments/environmental-public-health/research/wtc-data-center


7Scientific Reports |          (2019) 9:8148  | https://doi.org/10.1038/s41598-019-44625-1

www.nature.com/scientificreportswww.nature.com/scientificreports/

Acknowledgements
This study was funded by the Centers for Disease Control and Prevention to collect spirometry and other 
monitoring data (NIOSH/CDC 200-2011-39361), and to complete cellular assays (NIOSH/CDC U01 
OH0104016; U01 OH011478). Funding was also provided by the National Institutes of Health (NIH/NIA R01 
AG049953) to examine the potential for enhanced aging in the responder cohort.

Author Contributions
S.C. analyzed the data and wrote the manuscript; S.C. had the data and is responsible for the integrity of the 
work. N.E. interpreted the data and edited the manuscript. A.A. completed assays and edited the manuscript. C.S. 
cleaned the data, aided in data preparation, and edited the manuscript. B.L. pushed the scientific direction and 
edited the manuscript.

Additional Information
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-44625-1
http://creativecommons.org/licenses/by/4.0/

	Shortened leukocyte telomere length is associated with reduced pulmonary function and greater subsequent decline in functio ...
	Method

	Setting. 
	Sampling. 
	Ethics approval and consent to participate. 

	Ethics, Consent, and Permissions

	Measures

	Pulmonary functioning. 
	Leukocyte telomere length. 
	Other variables. 
	Statistical analysis. 
	Role of the funding source. 

	Results

	Sample characteristics. 
	Sample differences versus the population. 
	Characteristics of those with shorter LTL. 
	LTL and change in pulmonary functioning over time. 

	Discussion

	Implications. 
	Limitations. 

	Conclusions

	Acknowledgements

	Table 1 Sample characteristics.
	Table 2 Sample characteristics separated by those with and without short LTL.
	Table 3 Multivariable associations linking leukocyte telomere length and longitudinal rate of change in pulmonary functioning.




