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quantitative real-time PCR and expressed as age-
adjusted residuals derived from an external reference 
population. The primary outcome was 10-year all-
cause mortality. Associations between LTL residuals 
and mortality were assessed using Cox proportional 
hazards models, both  as continuous variables and 
using a data-driven cut-point. Multivariable models 
adjusted for demographic characteristics, comorbid-
ity burden, laboratory parameters, and polypharmacy 

Abstract  Leukocyte telomere length (LTL) is a 
widely studied biomarker of biological aging, reflect-
ing cumulative cellular damage beyond chronological 
age. However, its prognostic relevance in clinically 
complex populations such as hospitalized older adults 
remains uncertain. In this prospective observational 
study, 872 patients aged ≥ 65 years admitted to acute 
care wards of IRCCS INRCA within the Report-
AGE cohort were included. LTL was measured by 
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were used. Effect modification by frailty was evalu-
ated through interaction and stratified analyses. Over 
a median follow-up of 126.8  months, 713 patients 
died. Shorter age-adjusted LTL was associated with 
increased mortality risk in univariable analysis 
(HR per 1 SD decrease = 1.10, 95% CI 1.02–1.19; 
p = 0.012). When dichotomized using an optimal 
cut-point, patients with shorter-than-expected telom-
eres exhibited significantly higher mortality (adjusted 
HR = 1.30, 95% CI 1.05–1.60; p = 0.016), regardless 
of clinical and laboratory covariates. A significant 
interaction with frailty was observed (p for inter-
action = 0.031), with the association between LTL 
and mortality being evident among patients without 
frailty. Age-adjusted LTL provides independent prog-
nostic information in hospitalized older adults and 
may reflect biologically meaningful heterogeneity 
associated with aging, particularly among individuals 
without frailty.

Keywords  Telomere length · Biological aging · 
Frailty · Mortality · Older patients

Introduction

Aging is a complex biological process driven by mul-
tiple factors, characterized by progressive molecular 
and cellular changes that contribute to a decline in 
physiological function and a higher vulnerability to 
disease and death. While chronological age is widely 
used as a measure of aging, it is an imperfect indica-
tor of biological aging, as it does not account for the 
considerable variability in health, functional decline, 
and survival observed among individuals, especially 
at older ages [1, 2]. Individuals of the same chrono-
logical age may exhibit markedly different trajectories 
of aging, reflecting differences in cumulative biologi-
cal damage, resilience, and adaptive capacity [3].

This heterogeneity has driven increasing interest 
in biomarkers of biological aging, which aim to cap-
ture the cumulative burden of molecular and cellular 
damage beyond the mere passage of time. Among 
the proposed biomarkers, leukocyte telomere length 
(LTL) has received considerable attention [4]. Telom-
eres are repetitive DNA-protein structures that protect 
chromosome ends from degradation and inappropri-
ate DNA damage responses. With successive cell 
divisions, telomeres progressively shorten, eventually 

contributing to cellular senescence, genomic instabil-
ity, and altered tissue homeostasis [5]. As a result, 
LTL is widely considered a proxy of biological aging, 
reflecting cumulative lifelong exposure to genetic, 
environmental, and lifestyle factors rather than 
chronological age per se [6–8]. Importantly, telomere 
length varies substantially even among individuals of 
the same chronological age, further underscoring het-
erogeneity in biological aging trajectories [9].

To disentangle biological from chronological 
aging, telomere length is increasingly operational-
ized as an age-adjusted measure. In this framework, 
LTL is modeled as a function of chronological age, 
and individual deviations from the expected value, 
expressed as residuals, serve as indicators of bio-
logical age. Positive residuals (longer telomeres than 
expected for a given age) may reflect slower biologi-
cal aging or greater biological resilience, whereas 
negative residuals suggest accelerated biological 
aging relative to chronological age. This approach 
has proven informative in large longitudinal cohorts, 
where shorter residual LTL has been associated with 
increased mortality risk, particularly from non-cancer 
causes [10].

In longitudinal studies, residual LTL has been 
shown to predict survival independently of chrono-
logical age, with stronger associations observed 
for cardiovascular and other non-cancer causes of 
death [11]. Similar associations have been reported 
in cohorts of older adults, including individuals 
aged > 65 years, where shorter telomeres were asso-
ciated with substantially higher mortality risk even 
after adjustment for major cardiovascular risk fac-
tors and comorbidities [12]. Recently, it was reported 
that frailty mediates the effect of LTL on mortality, 
suggesting that measuring LTL and frailty together 
may help to identify patients at higher risk of death. 
This in turn supports the implementation of preven-
tive strategies in patients with accelerated biological 
aging and frailty, according to the modern principles 
of predictive, preventive, and personalized medicine 
(PPPM/3PM) [13].

However, the majority of studies about the predic-
tive accuracy of LTL in geriatric subjects involved 
outpatient population. On the other hand, relatively 
little is known about the prognostic value of telomere 
length in hospitalized geriatric populations, who rep-
resent a particularly vulnerable subgroup of older 
adults. Hospitalized older patients are characterized 
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by high prevalence of multimorbidity, frailty, and 
functional impairment, conditions that may amplify 
the biological consequences of accelerated aging. In 
this context, biological age markers may offer addi-
tional prognostic information beyond traditional clini-
cal variables and chronological age alone. In one of 
the few studies conducted in acutely ill geriatric 
patients, no significant association between LTL and 
post-discharge mortality was observed, with comor-
bidity, functional status, and nutritional impairment 
emerging as the main determinants of survival [14]. 
However, that study relied on raw telomere length 
measurements and did not account for age-related 
telomere attrition, which may have obscured biologi-
cally meaningful inter-individual variability. Moreo-
ver, potential interactions with key geriatric con-
structs such as frailty were not explored.

The present study investigates the association 
between LTL, expressed as residuals relative to 
chronological age, and 10-year all-cause mortality in 
a cohort of hospitalized geriatric patients. By focus-
ing on long-term survival and on a clinically com-
plex population, this study aims to clarify whether 
telomere length captures biologically meaningful 
heterogeneity in aging that remains relevant even in 
late life and under conditions of frailty and high dis-
ease burden. In addition, we specifically investigated 
whether frailty modifies the association between LTL 
and mortality, testing the hypothesis that the prognos-
tic relevance of telomere-based biological aging is 
amplified in individuals with the greatest reduction in 
physiological reserve.

Materials and methods

Study design and participants

This study is a prospective observational analysis 
conducted within the framework of the Report-AGE 
project (ClinicalTrials.gov identifier: NCT01397682), 
an ongoing multicenter epidemiological cohort aimed 
at investigating clinical and biological determinants 
of outcomes in hospitalized older adults. The Report-
AGE project has been previously described in detail 
[15]. Participants were consecutively recruited among 
patients aged 65 years or older admitted to acute care 
wards, including geriatric medicine, cardiology, urol-
ogy, surgery, and neurology, at three Italian National 

Institute on Health and Aging (Istituto Nazionale di 
Ricovero e Cura dell’Anziano, Istituto a carattere sci-
entifico, IRCCS INRCA) hospitals between Septem-
ber 2011 and October 2021. During the overall enroll-
ment period, more than 5000 patients were included 
in the parent cohort, with written informed consent 
obtained from over 90% of eligible individuals.

Eligibility criteria for inclusion in the Report-AGE 
cohort comprised age ≥ 65 years, hospitalization last-
ing at least 24 h, and the ability to provide informed 
consent. Patients with hematological malignancies or 
active SARS-CoV-2 infection were excluded. For the 
purposes of the present analysis, patients who died 
during the index hospitalization were excluded to 
minimize potential bias related to acute terminal con-
ditions and to focus on post-discharge mortality.

The present study was conducted as a predefined 
substudy of the Report-AGE cohort and included 
patients discharged alive for whom biological sam-
ples were available and suitable for LTL assessment. 
Blood samples were collected at hospital admission 
and processed and stored according to standardized 
protocols. The resulting analytical sample consisted 
of 872 patients and was broadly representative of the 
overall cohort with respect to age distribution, sex, 
and long-term vital status. Vital status and mortal-
ity outcomes were ascertained through hospital dis-
charge records and linkage with national population 
registries, ensuring complete follow-up without the 
need for active participant contact. The study was 
conducted in accordance with the principles of the 
Declaration of Helsinki and was approved by the 
Ethics Committees of the IRCCS INRCA network 
(CE INRCA 20031, 04/02/2021). All participants 
provided written informed consent prior to enroll-
ment; consequently, individuals with severe cognitive 
impairment or impaired consciousness may be under-
represented in the study population.

Telomere length assessment

High molecular weight genomic DNA was extracted 
from peripheral blood leukocytes using a commercial 
kit (Qiagen, Milan, Italy), following the manufac-
turer’s instructions. DNA purity and concentration 
were assessed using a NanoDrop spectrophotometer 
(Thermo Fisher Scientific, Waltham, MA, USA) by 
measuring absorbance at 260 and 280 nm. LTL was 
quantified as the telomere-to-single copy gene (T/S) 
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ratio by quantitative real-time polymerase chain 
reaction (PCR), according to the method originally 
described by Cawthon [16], with minor modifications.

Briefly, each reaction was performed using 20 
ng of DNA in a 5 µL volume combined with 10 µL 
of master mix. A reference DNA sample was seri-
ally diluted (1.68-fold) to generate a standard curve 
consisting of five concentrations ranging from 30 to 
2 ng per reaction. To minimize inter-assay variabil-
ity, telomere and single-copy gene (36B4) amplifica-
tions were performed on the same plate. The 36B4 
gene, encoding the acidic ribosomal phosphoprotein 
P0, served as the reference gene in the conventional 
qPCR assay for telomere length measurement. Primer 
sequences and concentrations were as previously 
reported [16].

The thermal cycling conditions consisted of an 
initial denaturation step at 95 °C for 10 s, followed 
by 30 cycles of 95 °C for 5 s, 57 °C for 15 s, and 72 
°C for 20 s. All samples were analyzed in duplicate, 
and results were expressed as T/S ratios normalized 
to a calibrator sample (Roche, Milan, Italy), allowing 
comparison across different runs. Quantitative PCR 
reactions were performed using a Rotor-Gene real-
time PCR system (Qiagen).

All samples were analyzed in duplicate, and meas-
urements were accepted only when the difference 
between duplicate Ct values was below 0.5 cycles. 
Samples exceeding this threshold were reanalyzed. 
To further reduce technical variability, telomere and 
single-copy gene amplifications were performed 
on the same plate using the same calibrator sample 
across runs whenever possible.

Derivation of age‑adjusted telomere length residuals

Age-adjusted telomere length residuals were derived 
using an external reference population of apparently 
healthy individuals aged 40–90 years. This popula-
tion comprised 593 subjects (median age of 58 years 
(IQR 52–67), 38.4% males) drawn from a previously 
published cohort of community-dwelling individuals 
recruited in central Italy within prevention-oriented 
studies [17]. Participants underwent standardized 
clinical evaluation, including detailed medical his-
tory, physical examination, and laboratory test-
ing. Individuals with major chronic conditions were 
excluded, including diabetes (based on clinical his-
tory or fasting glucose criteria), cardiovascular 

disease (myocardial infarction, stroke, or peripheral 
vascular disease), and other relevant comorbidities, 
and were not receiving medications known to inter-
fere with metabolic or inflammatory pathways. All 
participants were Caucasian, sampled under fasting 
conditions, and derived from a geographically and 
lifestyle-homogeneous setting, broadly adhering to a 
Mediterranean dietary pattern. This reference cohort 
represents a geographically comparable reference to 
the Report-AGE study population [18].

Linear regression models were fitted with LTL 
as the dependent variable and chronological age as 
the independent variable. For each participant in 
the hospitalized geriatric cohort, telomere length 
residuals were calculated as the difference between 
observed telomere length and the value predicted 
by the age-specific regression line derived from the 
healthy reference population. Positive residuals indi-
cate longer-than-expected telomeres for age, whereas 
negative residuals indicate shorter-than-expected tel-
omeres. The same age-adjusted telomere residuals 
derived from the healthy reference population were 
used across all survival analyses, including explora-
tory analyses focused on 1-year, 5-year, and 10-year 
mortality.

Covariates

Comorbidities were recorded at admission and coded 
according to the International Classification of Dis-
eases, Ninth Revision (ICD-9). Multimorbidity was 
assessed using the Charlson comorbidity index (CCI). 
Frailty was quantified as previously described [19] 
using a frailty index (FI) based on the deficit accu-
mulation model [20, 21]. Frailty was defined as a 
FI ≥ 0.20 according to established thresholds [22]. 
Laboratory variables were assessed using standard 
commercial methods. The glomerular filtration rate 
(GFR) was estimated by the creatinine-based Berlin 
Initiative Study-1 (BIS1) equation specifinally used to 
estimate GFR in older adults [23]. All covariates were 
assessed at hospital admission.

Statistical analysis

Continuous variables are described as medians with 
interquartile ranges (IQRs), while categorical vari-
ables are reported as absolute numbers and percent-
ages. The distribution of continuous variables was 
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assessed using the Shapiro–Wilk test. Comparisons 
between survivors and non-survivors were performed 
using the Wilcoxon rank-sum test for continuous vari-
ables and the chi-square test for categorical variables, 
as appropriate.

LTL was analyzed as an age-adjusted measure. 
Age-adjusted telomere length residuals were obtained 
as described above and analyzed both as a continuous 
variable (per standard deviation decrease) and as a 
categorical variable based on a data-driven cut-point 
derived within the study population using maximally 
selected rank statistics, as implemented in the surv_
cutpoint function of the survminer R package. This 
approach identifies the threshold that maximizes sep-
aration in survival between groups while enforcing a 
minimum proportion of observations in each group 
(minprop = 0.10). This cut-point was used to dichot-
omize participants into groups with shorter versus 
longer telomere length relative to chronological age.

The association between age-adjusted telomere 
length residuals and all-cause mortality was inves-
tigated using Cox proportional hazards regression 
models. Univariable Cox models were first fitted 
to evaluate the crude association between telomere 
length residuals and mortality. Multivariable Cox 
models were then constructed to adjust for potential 
confounders, including demographic characteris-
tics, comorbidity burden, polypharmacy, and labo-
ratory parameters. Covariates were selected based 
on their clinical relevance and on significant differ-
ences observed between survivors and non-survivors 
at baseline. Continuous covariates were modeled per 
clinically meaningful increments where appropriate. 
Results of Cox regression analyses are presented as 
hazard ratios (HRs) with corresponding 95% con-
fidence intervals (CIs). The proportional hazards 
assumption was assessed using Schoenfeld residuals 
and was not violated.

To investigate whether the association between 
telomere length residuals and mortality differed 
according to frailty status, interaction terms between 
telomere length residuals and frailty strata were 
included in multivariable Cox models. Stratified 
analyses were subsequently performed to explore the 
association between telomere length and mortality 
within different frailty strata.

All statistical analyses were performed using R 
software (version 4.5.2). A two-sided p value < 0.05 
was considered statistically significant.

Results

Characteristics of the study population

The study population consisted of 872 hospitalized 
geriatric patients, of whom 159 were alive and 713 
died during follow-up. Median follow-up time, esti-
mated using the reverse Kaplan–Meier method, was 
126.8 months (IQR 111.5–134.6). Using the conven-
tional approach, median follow-up was 50.6 months 
(IQR 14.9–95.1). The median age of the cohort was 
84 years (IQR 80–88), with deceased patients being 
significantly older than survivors (85 vs. 79 years, 
p < 0.001). Women accounted for 53.6% of the popu-
lation, with no significant sex differences between 
survivors and non-survivors. Compared with survi-
vors, patients who died during follow-up exhibited 
a less favorable clinical and laboratory profile at 
admission. Specifically, deceased patients had lower 
red blood cell count and hemoglobin levels, lower 
serum albumin, reduced renal function as assessed 
by eGFR, and higher blood urea nitrogen levels (all 
p < 0.001). They also had a higher comorbidity bur-
den, as reflected by higher Charlson comorbidity 
index scores, and a greater number of prescribed 
medications (p < 0.001). Frailty was highly prevalent 
in the cohort and strongly associated with mortality. 
Patients with frailty (FI ≥ 0.20) accounted for more 
than half of deaths (50.8%), whereas they represented 
only 13.8% of survivors (p < 0.001). Detailed baseline 
characteristics stratified by vital status are reported in 
Table 1.

Distribution of telomere length residuals

LTL was expressed as age-adjusted residuals, calcu-
lated as the difference between observed values and 
those expected for a given age based on a healthy 
reference population previously characterized by our 
group [17]. In this framework, residuals reflect devia-
tions from physiological age-related telomere short-
ening, with negative values indicating shorter-than-
expected telomeres and positive values indicating 
longer-than-expected telomeres.

Telomere length values in the hospitalized geri-
atric cohort showed substantial dispersion around 
the age-specific regression line derived from the 
healthy reference population. This variability was 
observed across the entire age range, indicating 
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marked heterogeneity in biological aging among 
patients of similar chronological age.

When stratified by vital status, individuals who 
died during follow-up tended to exhibit more nega-
tive telomere length residuals compared with sur-
vivors (p < 0.001). This pattern was evident for 
overall mortality and became progressively more 
pronounced when mortality within 1 year (Fig. 1A) 
and within 5 years (Fig.  1B) was considered. 
Patients who died within 1 year after hospitalization 
showed the greatest downward deviation from the 
healthy reference trajectory.

Association between telomere length residuals and 
all‑cause mortality

In univariable Cox proportional hazards mod-
els, shorter age-adjusted telomere length residuals 
were associated with increased all-cause mortality 
(HR per 1 SD decrease = 1.10, 95% CI 1.02–1.19; 
p = 0.012). After multivariable adjustment, this 
association was attenuated and did not reach sta-
tistical significance (HR per 1 SD decrease = 1.08, 
95% CI 1.00–1.16; p = 0.062).

Table 1   Baseline characteristics of the study population according to 10-year survival status

Continuous variables are presented as median (interquartile range, IQR), and categorical variables as number (percentage). Com-
parisons between survivors and deceased patients were performed using the Wilcoxon rank-sum test for continuous variables and the 
chi-square test for categorical variables. WBC, white blood cells; RBC, red blood cells; AST, aspartate aminotransferase; ALT, alanine 
aminotransferase; CRP, C-reactive protein; LDH, lactate dehydrogenase; eGFR, estimated glomerular filtration rate

Variables Total (n = 872) Survivors (n = 159) Deceased (n = 713) P-value

Age (years) 84.0 (80.0–88.0) 79.0 (73.5–83.0) 85.0 (81.0–89.0)  < 0.001
Sex, n (%) 0.229
Female 467 (53.6%) 92 (57.9%) 375 (52.6%)
Male 405 (46.4%) 67 (42.1%) 338 (47.4%)
WBC (× 103/µL) 7.33 (5.77–9.61) 6.96 (5.76–8.93) 7.40 (5.78–9.79) 0.121
RBC (× 106/µL) 4.06 (3.63–4.50) 4.35 (3.92–4.65) 4.01 (3.56–4.45)  < 0.001
Hemoglobin (g/dL) 12.0 (10.6–13.4) 13.1 (11.7–14.0) 11.8 (10.3–13.1)  < 0.001
Platelets (× 103/µL) 205 (164–263) 203 (168–249) 207 (163–267) 0.361
AST (U/L) 17.0 (14.0–24.0) 18.0 (15.0–27.0) 17.0 (14.0–24.0) 0.041
ALT (U/L) 13.0 (10.0–21.0) 14.0 (11.0–22.5) 12.0 (10.0–20.0) 0.001
Gamma-GT (U/L) 24.0 (15.0–46.0) 21.0 (14.0–45.5) 25.0 (15.0–47.0) 0.493
Albumin (g/dL) 3.60 (3.20–4.00) 4.00 (3.50–4.30) 3.55 (3.20–3.90)  < 0.001
CRP (mg/dL) 1.12 (0.22–5.46) 0.40 (0.15–1.71) 1.50 (0.27–5.90)  < 0.001
CRP-to-albumin ratio 0.31 (0.06–1.66) 0.10 (0.03–0.47) 0.41 (0.07–1.82)  < 0.001
LDH (IU/L) 193 (153–261) 170 (139–239) 197 (156–262) 0.223
Glucose (mg/dL) 102.0 (89.0–125.0) 103.0 (92.0–123.5) 101.0 (88.0–125.0) 0.315
Sodium (mEq/L) 139.0 (136.0–141.0) 139.0 (137.8–141.0) 139.0 (136.0–141.0) 0.074
Potassium (mEq/L) 4.10 (3.75–4.50) 4.10 (3.77–4.40) 4.10 (3.75–4.50) 0.459
Chloride (mEq/L) 101.0 (98.0–103.9) 101.0 (99.0–103.1) 101.0 (98.0–104.0) 0.417
eGFR (mL/min/1.73 m2) 60.0 (43.0–78.0) 70.0 (54.8–83.3) 58.0 (39.0–76.0)  < 0.001
Azotemia (mg/dL) 46 (34–69) 38 (31–49) 48 (35–75)  < 0.001
Polypharmacy, n (%) 548 (62.8%) 68 (42.8%) 480 (67.3%)  < 0.001
Charlson index, n (%)  < 0.001
0 199 (22.8%) 57 (35.8%) 142 (19.9%)
1 225 (25.8%) 43 (27.0%) 182 (25.5%)
 ≥ 2 448 (51.4%) 59 (37.1%) 389 (54.6%)
Frailty, n (%) 384 (44.0%) 22 (13.8%) 362 (50.8%)  < 0.001
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When analyzed using a data-driven cut-point, 
shorter telomere length was independently associ-
ated with higher all-cause mortality (HR = 1.30, 

95% CI 1.05–1.60; p = 0.016; Table 2). This associa-
tion remained significant after adjustment for demo-
graphic variables, comorbidity burden, laboratory 
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Fig. 1   Telomere length in relation to age and survival at 1 and 
5 years. Scatter plots showing telomere length according to 
chronological age in hospitalized older adults. The black line 
represents the age-specific regression derived from a healthy 
reference population. Each point represents an individual 

patient, and vertical segments indicate the deviation from 
the expected telomere length based on age (residuals from 
the reference line). Patients are stratified by survival status 
(green = survived, red = deceased)

Table 2   Association between age-adjusted telomere length residuals and 10-year all-cause mortality assessed using univariable and 
multivariable Cox proportional hazards models

Telomere length was analyzed as a categorical variable using a data-driven cut-point (residual = 0.00518), with longer telomeres as 
the reference category. The multivariable model was adjusted for sex, hemoglobin levels, Charlson comorbidity index, platelet count, 
neutrophil-to-lymphocyte ratio, white blood cell count, estimated glomerular filtration rate (eGFR), and polypharmacy.

Variable Univariable HR (95% CI) p-value Multivariable HR (95% CI) p-value

Short telomeres (vs long) 1.36 (1.10–1.68) 0.004 1.30 (1.05–1.60) 0.016
Male sex 1.16 (1.02–1.32) 0.026 1.36 (1.16–1.59)  < 0.001
Hemoglobin (g/dL) 0.82 (0.79–0.85)  < 0.001 0.85 (0.81–0.89)  < 0.001
Charlson index = 1 1.24 (1.02–1.52) 0.033 1.09 (0.86–1.36) 0.481
Charlson index ≥ 2 1.79 (1.50–2.14)  < 0.001 1.31 (1.07–1.61) 0.010
Platelets (per + 10 × 103/µL) 1.01 (1.00–1.02) 0.046 1.01 (1.00–1.02) 0.203
Neutrophil-to-lymphocyte ratio 1.02 (1.02–1.03)  < 0.001 1.01 (0.99–1.02) 0.359
Mononuclear cells (monocytes + lym-

phocytes, per + 10%)
0.81 (0.77–0.86)  < 0.001 0.99 (0.90–1.07) 0.733

White blood cells 1.05 (1.03–1.06)  < 0.001 1.02 (1.00–1.05) 0.116
eGFR (per + 10 mL/min/1.73 m2) 0.85 (0.82–0.87)  < 0.001 0.93 (0.90–0.97)  < 0.001
Polypharmacy 1.01 (1.00–1.02) 0.239 1.36 (1.15–1.60)  < 0.001
ALT (per + 10 U/L) 1.00 (0.99–1.01) 0.095 1.00 (0.99–1.01) 0.535
CRP-to-albumin ratio 1.08 (1.05–1.10)  < 0.001 0.99 (0.95–1.02) 0.453
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parameters, renal function, and polypharmacy. Labo-
ratory covariates were chosen among those signifi-
cantly associated with mortality in univariable anal-
yses while avoiding collinearity by including only 
one variable among highly correlated measures. In 
multivariable models, male sex, higher comorbid-
ity burden, and polypharmacy were associated with 
increased mortality, whereas higher hemoglobin lev-
els and eGFR were protective. Additional adjustment 
for neutrophil-to-lymphocyte ratio and mononuclear 
cell percentage, included to account for differences 
in leukocyte subset composition, did not materially 
alter the association between telomere length and 
mortality.

In sensitivity analyses using sex-specific data-
driven cut-points, the association between shorter 
telomere length and mortality was consistent in both 

men (HR 1.24, 95% CI 1.00–1.55; p = 0.054) and 
women (HR 1.34, 95% CI 0.97–1.83; p = 0.073), 
although it did not reach statistical significance, 
likely due to reduced sample size.

To facilitate clinical interpretation and visualiza-
tion of survival differences, age-adjusted telomere 
length residuals were dichotomized using a data-
driven optimal cut-point. The optimal threshold 
was identified at a residual value of 0.00518, which 
maximized discrimination between survival groups. 
Patients were therefore stratified into two groups: 
those with shorter-than-expected telomeres (residu-
als ≤ 0.00518, n = 737) and those with longer-than-
expected telomeres (residuals > 0.00518, n = 135). 
Kaplan–Meier survival curves were constructed to 
compare long-term mortality between these groups 
(Fig.  2), and differences between curves were 
assessed using the log-rank test (p = 0.004).

Fig. 2   Kaplan–Meier survival curves for 10-year all-cause 
mortality according to age-adjusted telomere length residu-
als. Patients were stratified using a data-driven optimal cut-

point (residual = 0.00518) into shorter (≤ cut-point) and longer 
(> cut-point) telomere groups. Shaded areas represent 95% 
confidence intervals. Numbers at risk are shown below the plot
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Interaction between telomere length and frailty

In models including standardized telomere length 
residuals and their interaction with frailty, a sig-
nificant interaction was observed (p for interac-
tion = 0.031). A 1 SD decrease in telomere length was 
associated with increased mortality among patients 
without frailty (HR 1.13, 95% CI 1.01–1.25), whereas 
no significant association was observed in those with 
frailty (HR 0.95, 95% CI 0.85–1.06; Table 3).

Discussion

In this study, leukocyte telomere length (LTL), 
expressed as age-adjusted residuals derived from a 
healthy reference population, was independently asso-
ciated with long-term all-cause mortality in a cohort 
of hospitalized geriatric patients. Individuals with 
shorter-than-expected telomeres for their chronologi-
cal age exhibited a significantly higher risk of death 
in an analysis based on a data-driven survival thresh-
old, even after adjustment for demographic charac-
teristics, comorbidity burden, laboratory parameters, 
and pharmacological treatment, although the asso-
ciation was attenuated in continuous multivariable 
models. These findings suggest that LTL is associated 
with inter-individual differences in aging-related and 
clinical factors that are not fully explained by chrono-
logical age or traditional clinical predictors [4, 24].

Our results are consistent with previous longitu-
dinal studies showing an association between shorter 
telomeres and increased mortality, particularly from 
non-cancer causes. Large population-based cohorts 
have demonstrated that residual LTL predicts survival 
independently of chronological age, with shorter tel-
omeres associated with increased mortality risk, sup-
porting the idea that telomere dynamics may reflect 

fundamental biological constraints on human lifes-
pan [11, 25, 26]. Importantly, our study extends these 
observations to a clinically complex population of 
hospitalized older adults, in whom chronological age 
alone is often insufficient to discriminate prognosis 
due to high variability in health status, multimorbid-
ity, and functional reserve.

A key methodological strength of the present work 
lies in the derivation of telomere length residuals using 
an external population of healthy individuals. LTL 
residuals represent the variation in telomere length 
remaining after statistical adjustment for age, allowing 
the separation of age-related effects from those attrib-
utable to genetic, environmental, or disease-related 
factors [27]. This approach enabled us to contextual-
ize telomere length relative to expected age-related 
attrition and to interpret residual telomere length as a 
marker potentially reflecting biological heterogene-
ity beyond chronological age alone. However, LTL is 
influenced by multiple factors, including inflammation, 
immune activation, comorbidity burden, and leuko-
cyte composition, which may be particularly relevant 
in hospitalized older adults [5, 28, 29]. By anchoring 
telomere length to a healthy reference trajectory, we 
aimed to improve the interpretation of telomere length 
variability relative to chronological age in this geriatric 
population. Nevertheless, age-adjusted telomere residu-
als should not be interpreted as a direct measure of bio-
logical aging and likely reflect the influence of multiple 
aging-related and disease-related processes, including 
inflammation, immune system dynamics, and comor-
bidity burden [4].

Notably, the prognostic value of telomere length 
was modified by frailty status. The interaction anal-
ysis showed that shorter LTL was associated with 
increased mortality among patients without frailty, 
whereas no significant association was observed in 
those with frailty. These findings suggest that tel-
omere length may retain greater prognostic value 
among individuals without established frailty, 
whereas its prognostic relevance appears attenuated 
in frail patients, in whom multisystem impairment 
may already dominate risk [30].

Telomere shortening has been linked to cellular 
senescence, impaired tissue repair, immune dysregu-
lation, and chronic low-grade inflammation, processes 
that contribute to the development of frailty and 
related conditions such as sarcopenia [13, 31]. How-
ever, once frailty is established, these downstream 

Table 3   Association between standardized leukocyte telomere 
length (per 1 SD decrease) and all-cause mortality by frailty 
status. HRs (95% CIs) were estimated from multivariable Cox 
models including an interaction term. P for interaction was 
derived from the likelihood ratio test

Frailty status HR (95% CI) p

Fit (FI < 0.20) 1.13 (1.01–1.25) 0.031
Frail (FI ≥ 0.20) 0.95 (0.85–1.06) 0.361
P for interaction 0.031
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alterations may already be sufficiently advanced to 
reduce the ability of telomere length to further dis-
criminate risk. Conversely, in non-frail individuals, 
telomere length may retain prognostic discrimination 
that is no longer evident once frailty is established 
[32]. More broadly, LTL should be interpreted within 
the evolving landscape of biological aging biomark-
ers. Although telomere length has been extensively 
studied as a marker of biological aging, emerging 
approaches including epigenetic clocks [33], prot-
eomic signatures [34], inflammatory indices [19], and 
multimodal biological age models [35] may capture 
complementary dimensions of aging biology and may 
provide greater prognostic resolution in some set-
tings. In this context, TL may represent one compo-
nent of a multidimensional assessment of biological 
aging rather than a standalone biomarker. The pre-
sent findings should primarily be interpreted within 
the context of an observational prognostic biomarker 
study and not as direct evidence of specific biological 
mechanisms.

Several limitations should be acknowledged. 
First, telomere length was measured at a single time 
point, precluding assessment of telomere attrition 
rates over time. Second, although residualization 
against a healthy reference population strength-
ens biological interpretation, unmeasured con-
founding and cohort differences cannot be entirely 
excluded. Indeed, LTL remains influenced by mul-
tiple biological and clinical factors beyond aging 
processes per se, including inflammation, immune 
activation, comorbidity burden, renal dysfunc-
tion, and leukocyte subset composition. Third, the 
study population consisted of hospitalized geriatric 
patients, which may limit generalizability to com-
munity-dwelling older adults. However, this clini-
cal specificity may also be viewed as a strength, as 
it targets a population in which improved biologi-
cal risk stratification is particularly needed. Fourth, 
LTL was assessed using a quantitative PCR-based 
method, which, despite being widely adopted in 
research settings, may be subject to inter-assay vari-
ability and requires careful standardization. Differ-
ences in DNA extraction procedures, assay condi-
tions, calibrator selection, and data normalization 
strategies may further affect measurement consist-
ency [36]. Further studies are warranted to con-
firm the reproducibility and analytical robustness 
of this approach across laboratories. An additional 

limitation relates to the use of a data-driven cut-
point for telomere length stratification. Although 
this approach improved visualization and facilitated 
interpretation of survival differences, thresholds 
derived within the same cohort may be sensitive to 
sample-specific characteristics and may not gener-
alize to external populations. Therefore, the identi-
fied cut-point should be considered exploratory and 
requires validation in independent cohorts before 
potential clinical application. Accordingly, the 
survival differences observed using this threshold 
should be interpreted cautiously until external vali-
dation is available.

In conclusion, shorter age-adjusted LTL was 
associated with long-term mortality in hospital-
ized older adults and interacted with frailty, with its 
prognostic value being evident in individuals with-
out frailty but attenuated in those with established 
frailty. These findings support the potential rele-
vance of telomere length as a biomarker of biologi-
cal heterogeneity and vulnerability in late life and 
highlight the importance of integrating molecular 
aging markers with the assessment of clinical geri-
atric constructs. Future studies should investigate 
whether combining telomere-based measures with 
multidimensional frailty assessments can improve 
prognostic accuracy and inform personalized 
approaches to care in older populations.
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