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Inverse Association of Telomere Length 
With Liver Disease and Mortality in the 
US Population
Puru Rattan ,1 Daniel D. Penrice ,1 Joseph C. Ahn ,1 Alejandro Ferrer,3 Mrinal Patnaik,2 Vijay H. Shah ,1 
Patrick S. Kamath ,1 Abhishek A. Mangaonkar,2 and Douglas A. Simonetto 1

Physiologic aging leads to attrition of telomeres and replicative senescence. An acceleration of this process has been 
hypothesized in the progression of chronic liver disease. We sought to examine the association of telomere length (TL) 
with liver disease and its impact on mortality risk. A cohort of 7,072 adults with leukocyte TL measurements from the 
National Health and Nutrition Examination Survey 1999- 2002 with mortality follow- up through 2015 was analyzed. 
Liver disease was defined by aminotransferase levels and classified into etiology- based and advanced fibrosis categories. 
Multivariable- adjusted linear regression models estimated effect sizes, with 95% confidence intervals (CIs), of the pres-
ence of liver disease on TL. Cox regression models evaluated associations between TL and all- cause mortality risk 
using adjusted hazard ratios (HRs). The cohort was representative of the US population with mean age 46.1  years 
and mean TL 5.79 kilobase pairs. No overall association between TL and liver disease was found; however, there was 
a significant negative association of TL and advanced liver fibrosis in individuals aged 65 and above. The liver disease 
cohort (HR 1.22, 95% CI 0.99- 1.51) and those with metabolic syndrome (HR 1.26, 95% CI 0.96- 1.67) had increased 
mortality risk with shorter TL. The relationship between TL and all- cause mortality was stronger in women (HR 1.51, 
95% CI 1.02- 2.23) and in non- Hispanic Whites (HR 1.37, 95% CI 1.02- 1.84). Conclusion: Shortened leukocyte TL 
is independently associated with advanced liver disease at older ages, and with a higher risk of all- cause mortality in 
those with liver disease. These associations reaffirm the need to better understand the role of telomeres in the progres-
sion of liver disease. (Hepatology Communications 2022;6:399-410).

Chronic liver disease (CLD) plays an increas-
ingly relevant role in global morbidity and 
mortality. Due to the eventual development 

of cirrhosis and its complications such as hepatocel-
lular carcinoma, CLD accounts for at least 2 million 
deaths each year, ranking as the 11th most common 
cause of death in the United States(1) and glob-
ally.(2) Independent of etiology, CLD results in pro-
gressive hepatic fibrosis as a consequence of chronic 

inflammation leading to replicative hepatocyte senes-
cence. This mechanism has long linked telomere 
maintenance(3,4) and telomere length (TL)(5,6) to the 
development of cirrhosis.

Telomeres are DNA- protein structures found at 
the end of all eukaryotic chromosomes that, along 
with the telomerase holoenzyme, allow organisms 
to mitigate loss of genetic information from incom-
plete lagging- strand DNA replication.(7) In humans, 
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Health Statistics; NDI, National Death Index; NHANES, National Health and Nutrition Examination Survey; TL, telomere length.
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telomeres consist of hundreds to thousands of tandem 
repeats of a six- nucleotide sequence (TTAGGGn) 
coated by numerous six- protein complexes known 
as shelterin.(8- 10) Despite these protective and main-
tenance mechanisms, telomere attrition is a physio-
logic aging phenomenon; eventually telomeres reach 
a threshold length that signals entry into replicative 
senescence.(11,12)

Animal studies have formed the backbone of our 
understanding of the links between CLD and telo-
mere biology. Not only do telomerase- deficient mice 
have increased rates of cirrhosis development,(3) but 
there is increasing evidence that functioning telo-
mere machinery is essential for hepatocyte regener-
ation.(13,14) Telomerase variants in humans have also 
shown an increased association with cirrhosis,(4,15) 
while recent insights into metabolic syndrome (MetS) 
and human telomeres suggest a possible role of TL 
in the progression of nonalcoholic fatty liver disease 
(NAFLD).(16,17) Additionally, alterations in telomere- 
related proteins, most commonly dyskerin and others 
comprising the shelterin complex, have been found to 
result in clinical syndromes characterized by critically 
short TL. These rare, but increasingly recognized, 
short telomere syndromes often present with distinct 
liver disease phenotypes such as cryptogenic cirrhosis 
and nodular regenerative hyperplasia.(18- 20)

In this study, we sought to leverage cross- sectional 
data from the National Health and Nutrition 
Examination Survey (NHANES) to explore the rela-
tionship between telomeres and liver disease at the 
population level. These survey data have been used to 
examine associations between leukocyte TL, as a proxy 
for somatic TL, and a multitude of clinical states, 
including presumed NAFLD(21,22); however, broader 
expansion to include other liver diseases and to assess 
the contribution of TL to long- term survival in CLD 

remain unmet needs. Therefore, in this cohort repre-
sentative of the US population, we aimed to explore 
the association between TL and presence of advanced 
liver disease, as well as the impact of TL on survival 
in those with liver disease.

Patients and Methods
Continuous NHANES is a survey conducted by 

the National Center of Health Statistic’s (NCHS) 
Division of Health and Nutrition Examination 
Surveys (DHANES) in the Centers for Disease 
Control and Prevention. The survey collects data 
about health, nutritional status, and health behav-
iors of participants using personal interviews as well 
as standardized physical examinations and labora-
tory tests. This iteration of the NHANES began in 
1999 and since then has conducted annual surveys of 
approximately 5,000 people with 2- year data- release 
cycles. These participant cohorts are carefully con-
structed using a complex, multistage probability sam-
pling design to provide estimates representative of the 
noninstitutionalized, civilian resident population of 
the United States.(23)

Our analyses are restricted to two cycles of 
Continuous NHANES collected from 1999 to 2002. 
During this period, all participants aged 20 or older 
were asked if they would be willing to provide whole- 
blood DNA for future research. There were 7,827 par-
ticipants, from a total of 21,004 (Fig. 1), who met these 
criteria, and their peripheral leukocyte telomeres were 
measured. We excluded all individuals aged 85 and 
above (n = 226) to reduce survivor bias. Furthermore, 
samples with telomere lengths longer than the 99th 
percentile were excluded (n  =  76). The distribution 
of this sample of measured TLs is known to have 
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an extreme right skew with biologically implausible 
lengths from possible assay errors.(24) The final TL 
analysis cohort (n = 7,072) excluded pregnant individ-
uals (n = 440) and any participants who lacked labora-
tory tests vital for defining liver disease (n = 13) such 
as platelet count, or alanine aminotransferase (ALT), 
and aspartate aminotransferase (AST) levels.

Every participant in the NHANES provided writ-
ten informed consent, and the survey data collection 
was approved by the NCHS Research Ethics Review 
Board. The data used for these analyses were com-
pletely de- identified and released as public- use data, 
and therefore deemed exempt from review by our 
institutional review board.

tl measuRement
The DHANES provided aliquots of purified DNA 

to the laboratory of Dr. Elizabeth Blackburn at the 

University of California, San Francisco. Quantitative 
polymerase chain reaction, as described previously,(25,26) 
was used to measure leukocyte TL relative to stan-
dard reference DNA (T/S ratio). The relationship 
between the T/S ratio to a standardized kilobase pairs 
(kbp) length was kbp = (3,274 + 2,413*[T/S])/1,000. 
The final TL values were validated and underwent a 
quality control review before being linked with the 
Continuous NHANES 1999- 2002 data.(27)

DeFinition oF liVeR Disease
The presence of liver disease in the TL analysis 

cohort was sequentially defined and stratified into three 
etiology- based groups using a combination of labora-
tory values and responses to interview questionnaires 
(Supporting Fig. S1). Initially, any participant with evi-
dence of active infection with either hepatitis B virus 
(positive for hepatitis B surface antigen), or hepatitis 
C virus (HCV; positive for HCV RNA or positive 
for antibodies to HCV with nonnegative HCV RNA) 
was labeled as having viral liver disease (n = 155). Next, 
possible alcohol- associated liver disease (n  =  714) was 
defined by the presence of elevated ALT or AST 
(>19 IU for females and >29 IU for males)(28) and evi-
dence of either (1) current heavy alcohol use (≥3 drinks 
per day for females, ≥4 drinks per day for males, or 
binge drinking [≥4 drinks on same occasion for females, 
≥5 drinks on same occasion for males] on 5 or more 
days per month), (2) current moderate alcohol use (≥2 
drinks per day for females, ≥3 drinks per day for males, 
or binge drinking ≥2 days per month), or (3) a history of 
daily binge drinking. From the remaining participants, 
MetS- related liver disease (n  =  1,203) was defined in 
the individuals with elevated ALT or AST (>19 IU for 
females and >29  IU for males) who also met the cri-
teria for MetS. The presence of three or more of the 
following conditions defined MetS: (1) impaired glyce-
mic control (hemoglobin A1c ≥ 5.7%, or fasting serum 
glucose ≥100  mg/ dL, or use of diabetes medications), 
(2) either increased waist circumference (≥88  cm for 
females, ≥101 cm for males) or elevated body mass index 
(≥30  Kg/m2), (3) low high- density lipoprotein choles-
terol (<50 mg/dL in females, <40 mg/ dL in males), (4) 
high triglyceride levels (≥150 mg/dL), or (5) hyperten-
sion (systolic blood pressure ≥130 mm Hg or diastolic 
blood pressure ≥85  mm  Hg). Finally, a fourth group 
of uncharacterized liver disease (n  =  955) consisted of 
individuals with abnormal ALT or AST (>25  IU for 

Fig. 1. Flowchart of cohort selection for current analysis from 
NHANES 1999- 2002.
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females and >33 IU for males) who did not meet any of 
the criteria for viral, alcohol- associated, or MetS- related 
liver disease. The remaining participants (n  =  4,418) 
were presumed to not have liver disease. The liver dis-
ease cohorts were further classified into those with or 
without advanced fibrosis based on the AST- to- platelet 
ratio index (APRI; 100 × [AST/AST upper limit of 
normal]/[platelet count]). As APRI is independent of 
age, it was preferred over other age- dependent noninva-
sive indices for advanced fibrosis, such as the Fibrosis- 4 
Index. A threshold of APRI greater than or equal to 0.7 
was used to define advanced fibrosis.(29)

CoVaRiates
Several self- reported behaviors and sociodemo-

graphic characteristics are available in the NHANES, 
allowing us to use multiple covariates that have a 
potential association with leukocyte TL. The covari-
ates chosen included the age and dummy variables 
indicating the presence of female sex, diabetes, MetS, 
smoking history, current excess alcohol use, as well as 
race/ethnicity.

The relationship with age was explored as a contin-
uous variable in years, as well as approximately equal 
age groups: 20- 34, 35- 49, 50- 64, and over 65  years. 
Additionally, an age- squared term was calculated and 
included to account for the potential nonlinear asso-
ciation between age and the outcomes. The presence 
of cardiovascular disease or malignancy was based on 
the participants’ responses on the NHANES med-
ical conditions questionnaire. Smoking history was 
defined as having smoked at least 100 or more cig-
arettes in an individual’s lifetime. Individuals with 
heavy or moderate current use of alcohol were labeled 
with a current excess alcohol use dummy variable. 
Race/ethnicity were collected in five categories by 
Continuous NHANES: non- Hispanic White, non- 
Hispanic Black, Mexican American, other Hispanic, 
and other/multi- racial. These categories were grouped 
into a dummy variable with non- Hispanic White 
being the reference category and non- Hispanic Black, 
all Hispanic (Mexican American and other Hispanic), 
and other/multi- racial being the remaining categories. 
Where appropriate, these possible confounders were 
added as explanatory variables to create multivariable- 
adjusted regression models.

moRtality Data
The National Death Index (NDI) is a database 

of all deaths in the United States maintained by the 
NCHS. Importantly, the NCHS has linked most of 
their surveys, including the Continuous NHANES, to 
the NDI to facilitate mortality follow- up for a large 
proportion of the participants surveyed. The iteration 
of the NDI used in these analyses had follow- up data 
for the NHANES 1999- 2002 participants from the 
date of survey participation through December 31, 
2015. Survivors past this date were censored at this 
date. NDI data were not available for only 3 partici-
pants from our final TL analysis cohort, allowing us 
to analyze the relationship between TL, liver disease, 
and all- cause mortality among a sample of 7,069 
participants.

statistiCal analyses
The NCHS analytic guidelines requires that all 

statistical analyses using the Continuous NHANES 
account for the complex survey design to produce 
estimates and variances representative of the civilian 
noninstitutionalized US population. Therefore, sample 
weights as well as the geographical clustering indica-
tors (primary sampling units and strata) were incor-
porated into the analyses. The descriptive statistics 
presented here summarize categorical variables with 
nationally representative proportions, while continu-
ous variables are summarized with estimated means— 
both with an adjusted 95% confidence interval (CI).

The association between TL and the presence of 
liver disease was explored using multivariable- adjusted 
linear regression models with TL as a continuous 
dependent variable. Models were created for both the 
presence of elevated liver tests and the presence of 
advanced fibrosis as explanatory variables of interest. 
These models were adjusted by age, an age- squared 
term, as well as dummy variables for sex, diabetes, 
MetS, smoking, and excess alcohol use.

A set of Cox regression models was used to esti-
mate the effect TL on the risk of mortality. The 
models were constructed with a time- on- study time 
scale measured in months. Data were censored at time 
of death or December 31, 2015, as provided in the 
linked NDI files. Three sets of models were created to 
explore the effects of TL on mortality risk: (1) in the 
full analysis cohort stratified by liver disease etiology, 
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(2) in the liver disease subset stratified by race/eth-
nicity, and (3) in the liver disease subset stratified by 
sex. Further details regarding the construction of these 
models is contained in the Supporting Methods.

All analyses were performed using R version 3.6.2 
(R Foundation for Statistical Computing, Vienna, 
Austria).

Results
CoHoRt CHaRaCteRistiCs anD 
liVeR Disease seVeRity

Among 7,072 eligible Continuous NHANES 
1999- 2002 participants, 4,229 (60%) had normal ami-
notransferase levels, whereas 2,843 (40%) had eleva-
tions of these enzymes. The distribution of liver disease 
among characterized (viral hepatitis, MetS- related, or 
alcohol- associated) disease with no advanced fibro-
sis, characterized disease with advanced fibrosis, and 
uncharacterized disease was 68%, 4.4%, and 27%, 
respectively. In comparison to those without liver dis-
ease, the characterized liver disease cohort was found 
to be older and included higher proportions of indi-
viduals with MetS, obesity, diabetes, and self- reported 
excess alcohol use. The proportion of self- reported 
cardiovascular disease or a malignancy, however, did 
not differ among the cohorts. The advanced fibro-
sis cohort had significantly fewer women, and more 
individuals with a smoking history when compared to 
those without liver disease (Table 1). Within charac-
terized liver disease, the MetS- related cohort was not 
only older but also contained far more women than 
the viral hepatitis and alcohol- associated cohorts. 
Additionally, those with viral hepatitis were more 
likely to identify as non- Hispanic Black when com-
pared with the total population and the other subsets 
of characterized liver disease. The average TL among 
the different etiologies, however, was not significantly 
different (Supporting Table S1).

Notably, decreasing mean TL was observed with 
increasing severity of liver disease. This directionality 
between TL and advanced fibrosis was also present in 
an unweighted analysis of the mean TL within par-
ticipants grouped by age, sex, and presence of MetS 
(Supporting Table S2). The distribution of TL in the 
survey cohort was further examined by determining spe-
cific quantiles of TL grouped by decade of age (Fig. 2), 

which demonstrated a consistent downtrend in TL with 
increasing age. Additional exploratory analysis stratified 
by presence of advanced fibrosis revealed a widening gap 
in median TL at older ages (Fig. 3).

liVeR Disease anD tl
The presence of liver disease, defined as either ele-

vated aminotransferase levels or presence of advanced 
fibrosis, did not appear to have a significant effect on 
TL after adjusting for age, sex, MetS, smoking, and 
excess alcohol use (Fig. 4, top row). However, within 
the specified age groups, these models revealed a sig-
nificant negative association between the presence of 
advanced fibrosis and TL in individuals aged 65 and 
older (Fig. 4, bottom row). Similar models restricted 
to either those with MetS or with excessive alcohol 
use (Supporting Figs. S2 and S3) showed a similar 
pattern; however, the sample sizes within each age 
group were too small for the estimates to be reliable 
based on the NCHS analytic guidelines.

all- Cause moRtality anD tls 
in liVeR Disease

The 7,069 participants from the TL analysis cohort 
with available mortality data had a median follow- up 
time of 172  months (interquartile range, 160- 186). 
During this period, the all- cause cumulative mortal-
ity was 23% (1,630 deaths). Table 2 lists the adjusted 
Cox regression models examining the relationship 
between TL and all- cause mortality risk in the com-
plete cohort and specified subsets of the characterized 
liver disease cohort. A decrease in TL was associated 
with increased risk of all- cause mortality in the full 
cohort (Hazard Ratio [HR] 1.20; 95% CI, 1.04- 1.38), 
with similar trends observed in those with liver dis-
ease (HR 1.22; 95% CI, 0.99- 1.51) and a subset with 
MetS- related liver disease (HR 1.26; 95% CI, 0.96- 
1.67). Notably, this association was not observed in 
individuals with alcohol- associated liver disease (HR 
1.13; 95% CI 0.77- 1.68). Additionally, when TL was 
represented as decade- specific quartiles, being in the 
lowest 25th percentile (first quartile) of TL conferred 
a 24% increased risk of all- cause mortality when com-
pared with the longest quartile (fourth quartile) in the 
full cohort.

The relationship between all- cause mortality risk 
and race/ethnicity within the characterized liver 
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disease is given in Table 3. Non- Hispanic White 
individuals demonstrated 37% higher risk of all- cause 
mortality with decreasing TL (HR 1.37; CI, 1.02- 
1.84), whereas combined Black or Hispanic ethnicity 
(Table 3; non- White category) showed no association 
of TL with all- cause mortality (HR 1.01; CI, 0.79- 
1.31). Similar associations of TL and all- cause mor-
tality in these race/ethnicity groups were seen in the 
full cohort as well (Supporting Table S3).

In addition to the marked sex imbalance in the 
composition of the advanced fibrosis subset, a signifi-
cantly protective effect of the female sex on the risk of 
mortality was seen in the full cohort (Supporting Table 
S5; HR 0.73; 95% CI, 0.65- 0.82). Therefore, another 
set of models was created to explore the role of sex in 
the relationship between TL and mortality risk in liver 
disease (Table 4). Although males showed no associ-
ation between shortened TL and mortality risk (HR 
0.91; 95% CI, 0.65- 1.28), females had almost a 50% 
increase in all- cause mortality risk with a unit decrease 

in TL (HR 1.49; 95% CI, 1.15- 1.94). Being in the 
shortest quartile of TL also conferred an increased risk 
of all- cause mortality, when compared with the lon-
gest quartile, in the female cohort (HR 1.51; 95% CI, 
1.02- 2.23). Both of these patterns were also seen in 
the full TL analysis cohort but with a lower effect size 
in the female cohort (Supporting Table S4).

Discussion
This study, based on a representative sample of the 

US adult population with up to 16- year survival fol-
low- up, revealed that shortened leukocyte TL is not 
only independently associated with advanced liver dis-
ease at older ages, but also with a significantly higher 
risk of mortality among those with liver disease. The 
observed negative impact of shorter TL on survival 
is particularly evident in women and non- Hispanic 
White populations.

Fig. 2. Leukocyte TL quantiles by age groups (20- 84) with 95% CIs in NHANES 1999- 2002.
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The earliest links between TL and CLD were elu-
cidated in a series of small studies in which TL was 
measured in liver tissue from humans with various 
stages of liver disease.(5,30,31) The more advanced stages 
of disease tended to have shorter TL, specifically in 
hepatocytes,(6) and it was hypothesized that frequent 
replication in these disease states led to increased 
attrition of hepatocyte telomeres. Subsequently, ani-
mal studies have demonstrated the importance of 
functional telomere machinery for hepatocyte regen-
eration(3,13) and the identification of specialized 
hepatocytes with increased telomerase activity that 
are necessary for tissue renewal.(14,32) Even though 
humans with telomerase mutations have been found 
to have a higher risk of developing cirrhosis,(4) large- 
scale studies with regard to TL have not previously 
shown a clear causative relationship with the progres-
sion of liver diseases.(16,17,33) In our study, the associ-
ation between the possible presence of advanced liver 
disease and leukocyte TL is present only at older ages, 

but not in the population as a whole or in younger 
age cohorts. Complementing prior discoveries, our 
findings further suggest that advanced liver disease 
results in accelerated telomere attrition rates com-
pared to those without liver disease; thus, the absolute 
difference only becoming apparent after many years of 
hepatic injury.

The shortening of telomeres with each cell replica-
tion has resulted in TL being considered a proxy for 
the biological age of the human body, and therefore 
intrinsically linked to its longevity.(11) The seminal 
analysis exploring this link revealed that lower leuko-
cyte TL was associated with a higher risk of all- cause 
mortality (HR 1.86; CI, 1.22– 2.83) in 143 Utah res-
idents all above the age of 60.(34) A subsequent study 
with 64,637 Danish participants similarly found a 
subtle yet significant signal with a higher risk of all- 
cause mortality (HR 1.02, 95% CI 1.02- 1.03) for each 
200- bp decrease in TL.(35) A recent meta- analysis 
summarily confirmed this relationship, revealing a 9% 

Fig. 3. Median leukocyte TL across age groups: comparison of advanced fibrosis versus no advanced fibrosis.
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Fig. 4. Estimated coefficient (effect size) of liver disease on TL by age groups using multivariable- adjusted linear regression models. 
Models including uncharacterized liver disease (left panel) and models with only characterized (viral hepatitis, MetS- related, alcohol- 
associated) liver disease (right panel) are both present. Stratified by explanatory liver disease variable used (left axis) and age subset (right 
axis). All models adjusted by age and age- squared, and dummy variables adjusted for the presence of female sex, diabetes, MetS, smoking 
history, and excess alcohol use.

taBle 2. CoX RegRession suRViVal moDel in Full CoHoRt anD liVeR Disease etiology 
suBsets: eFFeCt oF tl (as Continuous VaRiaBle) anD BetWeen tl QuaRtiles (CompaReD WitH 

longest QuaRtile) on all- Cause moRtality

TL Analysis Cohort 
(n = 7,069)

Characterized Liver 
Disease (n = 2,071)

MetS- Related Liver Disease 
(n = 1,203)

Alcohol- Associated Liver 
Disease (n = 713)

Deaths HR (95% CI) Deaths HR (95% CI) Deaths HR (95% CI) Deaths HR (95% CI)

All- Cause Mortality

TL (kbp) 1630 1.20 [1.04- 1.38] 516 1.22 [0.99- 1.51] 313 1.26 [0.96- 1.67] 151 1.13 [0.77- 1.68]

TL quartiles

First quartile 468 1.24 [1.02- 1.50] 157 1.22 [0.91- 1.63] 91 1.21 [0.80- 1.81] 46 1.28 [0.81- 2.04]

Second quartile 386 1.07 [0.90- 1.27] 116 1.00 [0.75- 1.35] 68 0.95 [0.64- 1.42] 36 1.08 [0.69- 1.68]

Third quartile 414 1.11 [0.92- 1.35] 117 0.99 [0.69- 1.43] 74 1.02 [0.58- 1.78] 34 1.10 [0.63- 1.92]

Fourth quartile (longest) 362 1.00 126 1.00 80 1.00 35 1.00

Note: All models adjusted for age, and dummy variables adjusted for female sex, race/ethnicity, smoking history, MetS, and presence of 
advanced fibrosis.
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increase in the risk of mortality (HR 1.09, 95% CI 
1.06- 1.13) with each kilobase- pair decrease in TL.(36) 
Both the Danish study and meta- analysis revealed a 
26%- 28% increase in mortality risk for the individuals 
in the shortest TL quartile when compared with the 
longest quartile. Our results not only support these 
findings, but also expand to individuals with liver dis-
ease as well as MetS- related liver disease. Interestingly, 
alcohol- associated liver disease had a much weaker 
correlation between shorter TL and mortality risk. 
It is not clear whether this is indicative of a specific 
characteristic of this disease state or due to accumu-
lation of non- liver- related mortality; thus, additional 
studies are required.

Yet another set of findings in our data revealed that 
within the characterized liver disease cohort, both 
non- Hispanic White individuals and women had 
a significant association with a decrease in TL and 
increased mortality risk, whereas non- White (specifi-
cally non- Hispanic Black and all Hispanic) individuals 
and males did not. There has historically been a lot of 
variability in the reported relationship between race/
ethnicity and TL; however, more recently there has 
been consensus that non- White populations tend to 
have longer TL.(37,38) Alternatively, it is well accepted 
that men have shorter TL in general when compared 
with women.(38,39) These differences have not been 
previously described in populations with liver disease.

Interestingly, the sex differences in the TL and 
mortality risk are also present in the total population, 
but this effect is much more prominent in the pres-
ence of liver disease. It is notable that this finding per-
sists, despite female sex being a protective feature with 
regard to mortality and that men tend to have shorter 
TL in comparison. Although not clearly demon-
strated, this finding perhaps suggests that women 
have intrinsically lower telomere attrition rates, and a 
unit decrease in TL confers a much higher mortality 
risk among those with liver disease.

Using Continuous NHANES data to evaluate liver 
disease has several limitations that merit acknowl-
edgement. The cross- sectional nature of the data set 
limits not only the analyses that can be performed 
but also restricts us from attributing directionality 
to the discovered associations. These definitions of 
liver disease rely on one- time laboratory measure-
ments of aminotransferase levels and platelet counts, 
which could represent acute changes rather than being 
reflective of CLD. Additionally, the determination of 
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alcohol use was dependent on self- reported answers 
to a questionnaire and could not be verified. With 
regard to the TL, only peripheral leukocyte TL was 
available, and although leukocyte TL has been shown 
to correlate with various metabolomic markers,(40) its 
relationship with hepatic parenchymal cells’ TL at 
all stages of liver disease is not clear. Finally, as TL 
data were only available for 1999- 2002 participants, 
there was limited power to discern differences among 
the individuals classified with advanced fibrosis, or to 
identify cohorts of rare diseases such as those individ-
uals with short telomere syndromes.

Despite these limitations, quite a few strengths 
of the study design add weight to our findings. The 
construct of the survey data allowed us to formulate 
estimates, devoid of ascertainment bias, which were 
representative of the noninstitutionalized, civilian 
population of the United States. With respect to the 
TL values, all measurements were performed at Dr. 
Blackburn’s laboratory over the same time period, 
allowing processing with a consistent and reliable 
methodology. Additionally, the availability of well- 
validated mortality follow- up data for up to 16 years 
through the NDI formed an important aspect of this 
study design.

Collectively, these analyses provide further evidence 
that TL is related to the progression of liver disease. 
Not only do they suggest that accelerated telomere 
attrition in liver disease becomes apparent with aging, 
but also reveal an association between TL and all- 
cause mortality in both liver disease and the gen-
eral population. Furthermore, the race/ethnicity and 

sex- related differences in mortality risk in those with 
liver disease represent especially intriguing findings, 
which in turn may reveal avenues of discovery in the 
study of TL and liver disease.

The establishment of such associations at a pop-
ulation level is a rudimentary, but important, step in 
addressing several questions related to telomeres and 
liver disease that remain unanswered. These include 
studying the role of TL in the development of liver 
fibrosis in various CLD, the progression to decom-
pensation and acute- on- chronic liver failure, and even 
the use of TL as a prognostic tool in liver transplant. 
Further clinical investigation of the patterns uncovered 
here, combined with the rapidly evolving understand-
ing of telomere machinery at the tissue level,(14,32) will 
be critical in determining the role of telomeres in the 
individualized management of CLD.
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