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ARTICLE INFO ABSTRACT
Keywords: Background: The objective of this study was to evaluate the use of telomere length measurements
Telomere length as diagnostic biomarkers during early screening for lung cancer in high-risk patients.
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Methods: This was a prospective study of patients undergoing lung cancer diagnosis at two
Spanish hospitals between April 2017 and January 2020. Telomeres from peripheral blood
lymphocytes were analysed by Telomere Analysis Technology, which is based in high-throughput
quantitative fluorescent in situ hybridization. Analytical predictive models were developed using
Random Forest from the dataset of telomere-associated variables (TAV). Receiver Operating
Characteristic curves were used to characterize model performance.

Findings: From 233 patients undergoing lung cancer diagnosis, 106 patients aged 55-75 with lung
cancer or lung cancer and COPD were selected. A control group (N = 453) included individuals of
similar age with COPD or healthy. Telomere analysis showed that patients in the cancer cohort
had a higher proportion of short telomeres compared to the control cohort. A TAV-based pre-
dictive model assuming a prevalence of 5 % of lung cancer among screened subjects showed an
AUC of 0.98 %, a positive predictive value of 0.60 (95 % CI, 0.49-0.70) and a negative predictive
value of 0.99 (95 % CI, 0.98-0.99) for prediction of lung cancer.

Interpretation: The results of this study suggest that TAV analysis in peripheral lymphocytes can be
considered a useful diagnostic tool during screening for lung cancer in high-risk patients. TAV-
based models could improve the predictive power of current initial diagnostic pathways, but
further work is needed to integrate them into routine clinical evaluation.
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1. Research in context
1.1. Evidence before this study

We searched PubMed for reviews, observational studies, clinical trials, and cohort studies in the use of telomeres as biomarkers for
diagnosis and prognosis of lung cancer up to October 1st, 2022, using the terms “telomere” or “telomere length” in combination with
each of the following terms: “lung cancer”, “NSCLC”, or “chronic obstructive pulmonary disease”. After reviewing the abstracts, we
identified 9 articles directly related to the study of telomere length and lung cancer. None of the studies used high-throughput
quantitative fluorescent in situ hybridization to assess telomere length. Other studies reviewing evidence of telomere length and
cancer were also considered. A total of 20 reviews were found on this topic of telomere biology and cancer or lung disease.

1.2. Added value of this study

In this study investigating the use of highly accurate and sensitive techniques for the analysis of telomeres, we found that patients in
the cancer cohort had a higher proportion of short telomeres compared to the control cohort, suggesting that technology could be
considered a useful diagnostic tool during early screening for lung cancer in high-risk patients.

1.3. Implications of all the available evidence

Based on the current evidence, the study of telomeres in peripheral blood cells should be further explored in clinical studies to
define its potential use in diagnostic pathways of lung cancer. Telomere evaluation in blood is an attractive potential biomarker as it is
non-invasive, inexpensive, and quantifiable. This is especially relevant for the screening of high-risk patients, such as smokers or those
with chronic obstructive pulmonary disease, as it has been estimated that underscreening in this population leads to increased cancer-
related mortality.

2. Introduction

Lung cancer is the leading cause of cancer death among both men and women worldwide, making up almost 25 % of all cancer
deaths [1]. In Spain it was estimated that 21.918 patients died from lung cancer in 2020, and 30.948 new cases were diagnosed in 2022
[2]. Although the overall 5-year survival rate of lung cancer patients in the US was only 20.5 % in 2020, if the cancer is localized at
diagnosis the 5-year survival rate raises to 59.0 % [3]. For this reason, early detection through screening programs has been strongly
recommended for asymptomatic patients at high risk for lung cancer, such as those aged 55-80 years who have a smoking history of 30
packs or more per year and currently smoke or have quit within the past 15 years. Patients with chronic obstructive pulmonary disease
(COPD) and smoking habit are at higher risk of lung cancer [4]. It has been demonstrated that early screening by low-dose computed
tomography (LDCT), as compared to chest X-rays, can strongly reduce mortality among these high-risk patients [5]. However, LCDT
screening remains low and it has been estimated that underscreening could be related to approximately 12,000 lung cancer-related
deaths per year in the US alone [6].

Telomeres, the nucleoprotein assemblages that protect the chromosome ends, have emerged in recent years as potential biomarkers
for risk evaluation in a variety of cancers [7-14]. Shorter telomeres have been associated to increased mortality in some cancer types
[7,11,15,16]. However, studies of telomere length variation and lung cancer have been ambiguous, as increased risk or increased
mortality have been found associated with both short [17-19], and long telomeres [13,20-24]. It is likely that biases in the population
studied, in the study design, or in the accuracy and sensitivity of the techniques used to measure telomere length, could be obscuring
the relationship between telomere length and lung cancer risk. Although telomere evaluation in peripheral blood lymphocytes is an
attractive potential biomarker, as it is non-invasive, inexpensive, and quantifiable, high accuracy and standardization of measurements
are essential for it to be useful [25].

Of the various technologies developed to measure telomere length, high-throughput quantitative fluorescent in situ hybridization
(HT Q-FISH) has been demonstrated to generate highly accurate and sensitive measurements of telomere length [26,27]. Recently an
extension of this technique which includes image capture and processing into an integrated Telomere Analysis Technology (TAT®) was
validated [28], and a study showed that TAT could be used to create predictive models for the early diagnosis of prostate cancer [29].
One of the advantages of TAT is that it can evaluate many telomere-associated variables (TAV) in the cell population, thus enriching
the interpretation of the telomeric status of the sample. Among other parameters, TAV can describe the full distribution of telomere
lengths, the proportions of short and long telomeres, or the percentage of cells with a specific telomere length average. The combi-
nation of these values generates unique profiles, or ‘TAV signatures’, which can be used to define diagnostic patterns and prognostic
use [28].

Here we use TAT with the main objective of evaluating the possibility of using telomere length measurements in peripheral blood
lymphocytes as potential diagnostic biomarkers in patients at high risk of lung cancer. To do so, we prospectively identified high risk
patients that were in the process of lung cancer diagnosis and analysed their telomeres by TAT. Based on the results, we developed
analytical predictive models to evaluate patients from a high-risk population with an increased risk of developing lung cancer.
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3. Materials and methods

The collection of blood samples from high-risk patients in the process of being diagnosed for possible lung cancer was conducted
prospectively at the University Hospital Virgen del Rocio (Seville, Spain) and the University Hospital 12 de Octubre (Madrid, Spain)
from April 2017 to January 2020. The samples from healthy subjects that were used as controls were collected at the Centre for blood
transfusion of the Autonomous Community of Madrid (Madrid, Spain) from subjects aged >18 and < 65 years, and at the Hospital
Principe de Asturias Hospital (Alcala de Henares, Spain) from subjects aged >65 years. All samples were analysed in the laboratories of
Life Length (Madrid, Spain). This study was approved by the Ethics Committee of the CEIC Hospital Universitario 12 de Octubre (code
17/026). The researchers informed each patient about the study to, its objectives, methods, duration scheme, expected benefits,
discomforts and possible risks. Each patient were given an information sheet and provided written informed consent. This study was
carried out in accordance with the Standards of Good Clinical Practice (GCP), the Declaration of Helsinki, and the Spanish Law 14/
2007 on Biomedical Research.

3.1. Patients and samples

The inclusion criteria for the patients at high risk of lung cancer were: age above 40 years; who smoked more than 400 cigarettes
(20 packs) per year; presented nodules after x-ray radiography and/or haemoptysis; were having a bronchoalveolar lavage (BAL) and
blood extraction performed following standard clinical practice for diagnosis; and gave informed consent to participate. After clinical
diagnosis of the subjects with possible lung cancer, they were divided into 4 groups: patients with lung cancer; patients with COPD;
patients with lung cancer and COPD, and patients without lung cancer or COPD.

The exclusion criteria for participation in this study for the patients at high risk of lung cancer were previous diagnosis of lung
cancer or any other type of oncological disease (except for basal cell carcinoma); active pulmonary tuberculosis; previous lung surgery;
presence of any chronic or acute inflammatory disease (except for COPD); and presence of risks derived from a blood extraction or the
performance of a BAL.

For the healthy subjects in the control cohort, the only exclusion criterion was not being diagnosed for any chronic disease.

Tobacco use by all subjects was segmented into 4 categories from no smokers (never smoke) to heavy/high smokers (>30 pack-year
smoking history). An electronic notebook was used to register clinical data associated with the subjects, including age and smoking
habits. For patients in hospitals, clinical data (spirometry, Eastern Cooperative Oncology Group [ECOG] status, family history of lung
cancer), and final diagnosis of lung cancer and/or COPD was also collected.

3.2. Telomere analysis

The study of the telomeres from blood samples was carried out in the laboratories of Life Length SL (Madrid, Spain) within the scope
of CLIA (99D2112462) and ISO 15189 quality standards. Telomere analyses were performed blindly with respect to all clinical data
and the final diagnosis of the patient. The telomeres were analysed by Telomere Analysis Technology (TAT®), a novel, laboratory-
developed, validated, high-throughput platform for the comprehensive study of telomere variables based on high-throughput quan-
titative fluorescence in situ hybridization (HT-Q-FISH) [26,28]. In short, peripheral blood lymphocytes were collected from the blood
and fixed in 384 well plates. Individual telomeres in the cell nucleus were visualized by hybridization with a fluorescent Peptide
Nucleic Acid probe (PNA) that recognizes telomere repeats (sequence: Alexa488-O0-CCCTAACCCTAACCCTAA, Panagene Inc, South
Korea). Quantitative image acquisition was then performed, and the fluorescent intensities translated to base pair through a standard
regression curve which is generated using control cell lines with known telomere lengths. The data generated a TAV profile with
descriptive statistics of telomere length, values for each percentile of telomere length, percentages of telomere length values
(ShortTel), percentages of cells with specific telomere values (ShortCell) and dispersion parameters for each sample. A summary list of
TAV is presented in Supplementary Table 1.

3.3. Data analysis and model generation

The software KNIME (Ziirich, Switzerland) was used for data processing [30]. Numeric variables were normalized using Z-score for
model generation and principal component analysis (PCA). Random Forest was used to generate the models for the full TAV set, also
using a PCA approach. The distribution of the classifications of samples for each set was forced to resemble the distribution of the
classifications of samples observed in the total set (both total and validation set had similar percentage of cancer cases), but the exact
samples for each classification on each set were selected at random among those from said classification. There were no set thresholds
pre-defined for evaluation of the models and, by default, it was 0.5.

Initial performance of each model was determined assessing firstly the Kappa of Cohen and the differential (AK Cohen) between the
lower and the highest K-Cohen obtain for each model set analysed. Likewise, the differential accuracy (A accuracy) was calculated for
each model set analysed. The differential values obtained in all cases were low (mostly below 0.05), which underscored the fitness of
the models for each analysis.

The selected TAV set used was obtained through a guided automated exploratory data analysis, using AutoDiscovery® method-
ology (Butler Scientifics, S.L.; Barcelona, Spain) followed by an expert clinician screening to study clinically valuable associations in
order to select the best predictor variables. The AutoDiscovery® methodology included multiple pairwise statistical comparisons,
effect size analysis (strength), and the Benjamini-Hochberg procedure for false-discovery rate calculation.
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Receiver Operating Characteristic (ROC) curves were used to characterize the performance of the models.

Role of the funding source

The study sponsor, Life Length SL, was fully involved in study design, data collection, analysis, and interpretation. It also
participated in the writing of the report and in the decision to submit the paper for publication. Full details of funding sources can be
found in ‘Funding’.

4. Results

The participating hospitals initially identified 233 patients who were undergoing lung cancer screens (Supplementary Fig. 1). Of
these, 52 patients were excluded due to lack of biopsy data or not meeting clinical criteria. After the diagnosis process a total of 181
subjects were distributed into four groups: patients with lung cancer (67 patients, 36 %), patients with COPD (11 patients, 6 %),
patients with lung cancer and COPD (81 patients, 42 %) and patients with no COPD or cancer (22 patients, 11 %). Healthy subjects
were selected in an independent process from two ongoing studies and included blood donors from two groups aged 40-65 years and
>65 years. The ‘cancer cohort’ (N = 148) included patients with lung cancer and with lung cancer and COPD, while the ‘control cohort’
(N = 1378) included patients presenting COPD, no COPD/lung cancer, and the healthy subjects (Supplementary Fig. 1). The main
characteristics of the patients in both cohorts are shown in Table 1. The median (IQR) ages of the patients were 67 (59-72) years and 53
(46-68) years in the cancer and in the control cohorts, respectively. For the rest of the study, patients aged 55-75 were selected
(Table 1).

4.1. Telomere length analysis

Blood samples from all patients in both cohorts were processed by TAT to analyse telomere length from peripheral lymphocytes.
Telomere length was analysed for the four groups of patients aged 55-75 under study, and the results of three variables are shown in
Fig. 1. The results show that patients with lung cancer and COPD present the longest telomere lengths in all percentiles and patients
with COPD the shortest (Fig. 1A). Significant differences are found between patients with COPD and patients without lung cancer or
COPD in percentiles >40. Additionally, patients with lung cancer and COPD and patients with lung cancer show the highest percentage
of short telomere length (<7,000 bp) and lowest percentage of long telomere length (>14,000 bp) (Fig. 1B). The profile in patients
with no lung cancer or COPD was different to the rest of the patients. Finally, patients with lung cancer and patients with lung cancer
and COPD present the highest percentage of cells with an average telomere length of <7,000 bp, and lowest percentage of cells with an
average telomere length of >14,000 bp (Fig. 1C). The profile in patients with no lung cancer and no COPD was different to the rest of
the patients, having a smaller percentage of cells with short telomeres.

Since the some of the groups were too small to allow further analysis, we grouped the patients in two cohorts: patients with lung
cancer (including those with cancer only and those with cancer and COPD, N = 106) and patients without cancer (patients with COPD
only and healthy subjects, N = 453). The distribution of telomere lengths revealed that the patients in the two cohorts presented
distinct profiles (Fig. 2). Patients in the cancer cohort presented a lower proportion of long telomeres compared with the control cohort
(Fig. 2A). Similarly, patients in the cancer cohort generated distributions of the telomeres with a given length (Fig. 2B) or of cells with
telomeres with a given length (Fig. 2C) that was significantly different from that of the control cohort. As there was a higher proportion
of males versus females in both cohorts (Table 1), a complementary analysis was conducted to evaluate if there were differences in

Table 1
Patient characteristics.
N Age, years, median (IQR) Male Smoking habits”, N (%)
% NA No Low Moderate Heavy
Total
Cancer cohort 148 67 (59-72) 81.8 9(6.1) 0 8(5.4) 32 (21.6) 99 (66.9)
Control cohort 1381 53 (46-68) 66.8 8(0.6) 1128 (81.7) 115 (8.3) 119 (8.6) 11 (0.8)
All patients
LC 67 64 (57-71) 76.1 6 (9.0) 0 5(7.5) 16 (23.9) 40 (59.7)
LC + COPD 81 69 (62-75) 86.4 3(3.7) 0 33.7) 16 (19.8) 59 (72.8)
COPD 11 66 (58-71) 72.7 3(27.3) 0 2(18.2) 1(9.1) 5 (45.5)
No LC diagnosis 22 59 (54-72) 77.3 5(22.7) 0 4 (18.2) 7 (31.8) 6 (27.3)
Healthy 1345 53 (46-68) 66.6 0 1128 (83.9) 107 (8.0) 110 (8.2) 0
Patients aged 55-75
LC 44 65 (60-70) 77.3 3(6.8) 0 4(9.1) 8 (18.2) 29 (65.9)
LC + COPD 62 65 (58-71) 85.5 1(.6) 0 1(1.6) 10 (16.1) 50 (80.6)
COPD 10 66.5 (60-70) 70.0 3(30.0) 0 1(10.0) 1(10.0) 5 (50.0)
No LC diagnosis 9 58 (56-61) 77.7 2(22.2) 0 2(22.2) 3(33.3) 2(22.2)
Healthy 434 64 (58-70) 60.1 0 362 (83.4) 33 (7.6) 39 (9.0) 0

Abbreviations: COPD, chronic obstructive pulmonary disease; IQR, interquartile range; LC, lung cancer; NA, not available; SD, standard deviation.
@ No = never smoke; low = <20 cigarette packs/year; moderate = 20-40 packs/year; heavy = >40 packs/year.
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Fig. 1. Distribution of telomere lengths in patients with lung cancer (N = 44), patients with COPD (N = 10), patients with lung cancer and COPD (N
= 62), and patients without lung cancer or COPD (N = 9). A, percentiles of telomere length. B, percentage of telomeres of a sample with a telomere
length under a given threshold (Short Tel). C, percentage of cells with a specific average telomere length.

Abbreviations: COPD, chronic obstructive pulmonary disease; LC, lung cancer.

telomere lengths according to sex (Supplementary Figs. S2-S4). No differences between sexes could be found (p > 0.05). Further, the
observed effects of lung cancer on telomere length were comparable for both sexes.

Discreet TAV that analyse the differences between the 1st and the 99th percentiles of the telomere lengths of a sample (P1-99), or
the interquartile of the telomere lengths of a sample (p25-75) also showed significant differences in the cancer versus control cohorts
(p < 0.0001 in both cases) (Fig. 3A and B). Thus, TAT analysis indicated that in the cancer cohort shorter telomeres were over-
represented and longer telomeres underrepresented if compared with the control cohort. Taken together, these results suggest that
telomere length measurements and TAV analysis could be used as potential biomarkers to distinguish between patients with or without
lung cancer.

4.2. Model construction and validation

TAV-based models were developed, and their performance was evaluated by ROC probability curves. Two different approaches
were used for the analysis: one that included an age- and gender-matched group of cancer and control patients in an approximately 1:1
proportion (lung cancer prevalence of 48 %), and one in which the control cohort subjects were overrepresented (lung cancer
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Fig. 2. Distribution of telomere lengths in patient samples of the cancer (N = 106) and control (N = 453) cohorts. A, percentiles of telomere length.
B, percentage of telomeres of a sample with a telomere length under a given threshold (Short Tel). C, percentage of cells of a sample whose telomeres
average a length under a given threshold (Short Cell). The differences between the curves are indicated by the grey bars and quantified in the
right axis.

prevalence of 5 %). The results showed that in the model with a lung cancer prevalence of 48 %, the area under the curve (AUC) was of
0.79 % (Fig. 4A). This model demonstrated a positive predictive value (PPV) of 0.79 (95 % CI, 0.65-0.88) and a negative predictive
value (NPV) of 0.83 (95 % CI, 0.63-0.94) for prediction of lung cancer (Table 2). When the model was generated with a lung cancer
prevalence of 5 %, the AUC was 0.98 % (Fig. 4B) and in this case the PPV = 0.60 (95 % CI, 0.49-0.70) and the NPV = 0.99 (95 % CI,
0.98-0.99) for prediction of lung cancer (Table 2).

5. Discussion

In this study we evaluated the use of telomere length measurements derived from peripheral blood lymphocytes as potential
diagnostic biomarkers in lung cancer. We showed that a cohort of patients diagnosed with lung cancer presented generally shorter
telomeres compared with the control cohort without cancer (including patients at high risk without cancer and healthy individuals).
This was reflected in a lower proportion of long telomeres, in the overall distribution of telomere lengths, and in the overrepresentation
of short telomeres over long telomeres in these patients. Based on these results, TAV-based predictive models were developed which
could be useful during the screening and diagnosis process of high-risk patients.

In our study shorter telomeres in the population of patients with lung cancer, compared with those of the control population, was
observed. An association between abnormally shorter telomeres and increased risk or increased mortality in lung cancer had been
reported [17,18,31]. In a large prospective study of heavy smokers who developed lung cancer, short telomere length determined
before diagnosis was associated with increased risk of death in patients with small cell lung cancer (SCLC) [19]. A random-effects
meta-analysis showed that patients with lung cancer had shorter telomere length than controls, with an odds ratio of 1.13 (95 %
CI: 0.82-1.81, p = 0.46) [32]. In contrast, some genetic association and prospective cohort studies have shown an association between
longer telomeres and adenocarcinoma histology in lung cancer [23,24,33-35]. This suggests the possibility that short telomeres could
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be associated with SCLC and long telomeres with risk of adenocarcinoma [19]. Telomere dysfunction could be at the basis of the cancer
and a variety of lung diseases [31,36,37]. Since our study was aimed at early screening of all patients at risk, no attempt at stratification
by histology was made. However, in our cancer cohort 89 % of patients were moderate or heavy smokers, and smoking, although
associated with all lung cancers, is most strongly related to risk of SCLC histology [38]. It is therefore possible that in our study the
population of heavy smokers was enriched with patients with SCLC and shorter telomeres. Further, COPD is also associated with
accelerated aging and shortening of telomeres [39,40], and COPD patients comprised 58 % of the cancer cohort.

Two models with different baseline prevalence of lung cancer were developed and evaluated. A prevalence of 48 % of lung cancer
patients was chosen as it represented the population of patients that start the diagnostic pathway and already present some symptoms.
In this setting a telomere evaluation would help clinicians in the diagnosis of the patient, complementary to other tests. The prevalence
of 5 % was chosen to represent the population of lung cancer patients within the total population at risk (e.g., asymptomatic smokers
aged >55 years). In this setting the telomere evaluation could contribute to evaluate the patient during early screening of asymp-
tomatic lung cancer. While the AUC was 0.79 for the high-prevalence model, it was 0.98 for the low-prevalence model, suggesting that
telomere length determination, together with TAV analysis, could help and could be of use in the screening of high-risk patients. This is
further supported by the high specificity (96 %) and high NPV (99 %) determined for the model with low prevalence, both parameters
especially relevant in a screening setting.

Although LDCT screening has proven to be highly effective due to its simplicity and high sensitivity, independent biomarkers could
greatly help to support the LDCT risk assessment [41]. For example, biomarkers could help reduce screening costs by refining the
screening selection criteria and making it independent of age and tobacco exposure. Also, in some patients, biomarkers could inform on
the prognosis of the disease at an early stage, or help assess the risk of indeterminate pulmonary nodules which are beyond the reach of
biopsy techniques [41]. Unfortunately, although many potentially useful biomarkers of various types have been explored and
described, to date none have been clinically validated for early lung cancer diagnosis [42-44]. The main hurdle for biomarker
development is the need for resource intensive, long term, longitudinal studies to demonstrate clinical utility. In this regard, it has been
suggested that a combination of multiple techniques and biomarkers, perhaps aided with computational models based on machine
learning, could be the best approach [45]. The TAV described here can generate unique profiles, or TAV signatures, that can be used to
define patterns of diagnostic and prognostic use [28,29]. When used to develop predictive models such as those described in this study,
they could be helpful tools during the screening of asymptomatic high-risk patients.

There are several limitations in our study that must be considered when interpreting the data. In addition to the possible bias in the
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Table 2

Performance of the TAV models in the validation cohort.

TAV model 1 (LC prevalence = 48 %)

Diagnosis

LC No LC Total Sensitivity: 0.88 (95 % CI, 0.68-0.97)
Predicted LC 22 6 28 Specificity: 0.71 (95 % CI, 0.48-0.89)
Predicted No LC 3 15 18 PPV: 0.79 (95 % CI, 0.65-0.88)
Total 25 21 46 NPV: 0.83 (95 % CI, 0.63-0.94)
TAV model 2 (LC prevalence = 5 %)

Diagnosis

LC No LC Total Sensitivity: 0.80 (95 % CI, 0.65-0.91)
Predicted LC 33 22 55 Specificity: 0.96 (95 % CI, 0.95-0.98)
Predicted No LC 8 582 590 PPV: 0.60 (95 % CI, 0.49-0.70)
Total 41 604 645 NPV: 0.99 (95 % CI, 0.98-0.99)

Abbreviations: CI, confidence interval; LC, lung cancer; NPV, negative predictive value; PPV, positive predictive value; TAV, telomere-associated

variables.
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lung cancer patients included in the cancer cohort mentioned before, which could have favoured some histologic types over others,
other aspects of the samples analysed could have impacted in the results obtained (e.g., ethnic origin, other comorbidities). Also,
although all patients in the cancer cohort were smokers, telomere length is determined by other environmental or genetic factors.
Further studies with a larger population are needed to validate the findings presented.

In conclusion, the preliminary results of this study suggest that telomere length measurements in peripheral lymphocytes could be
useful as diagnostic biomarkers during lung cancer screening in high-risk patients. TAV-based models could improve the predictive
power of current initial diagnostic pathways, but further work is needed to integrate them into routine clinical evaluation of patients at
risk.
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