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A B S T R A C T   

Telomeres are located at the ends of chromosomes and have specific sequences with a distinctive structure that 
safeguards genes. They possess capping structures that protect chromosome ends from fusion events and ensure 
chromosome stability. Telomeres shorten in length during each cycle of cell division. When this length reaches a 
certain threshold, it can lead to genomic instability, thus being implicated in various diseases, including cancer 
and neurodegenerative disorders. The possibility of telomeres serving as a biomarker for aging and age-related 
disease is being explored, and their significance is still under study. This is because post-mitotic cells, which are 
mature cells that do not undergo mitosis, do not experience telomere shortening due to age. Instead, other 
causes, for example, exposure to oxidative stress, can directly damage the telomeres, causing genomic instability. 
Nonetheless, a general agreement has been established that measuring telomere length offers valuable insights 
and forms a crucial foundation for analyzing gene expression and epigenetic data. Numerous approaches have 
been developed to accurately measure telomere lengths. In this review, we summarize various methods and their 
advantages and limitations for assessing telomere length.   

1. Introduction 

Telomeres are repetitive deoxyribonucleic acid (DNA) sequences 
located at the ends of chromosomes and act as essential guardians of 
genomic stability. Telomere sequences in human consist of ‘TTAGGG’ 
repeats, spanning about 10–15 kilobase pairs (kbp). Structurally, telo-
meres feature a single-stranded overhang of approximately 300 base 
pairs (bp) in length at the 3’ terminus. 

Through interaction with shelterin proteins, telomeres fold into T- 
loops, playing a pivotal role in maintaining chromosome integrity by 
preventing end-to-end fusion and DNA loss [1–3]. With each cell divi-
sion, telomeres undergo gradual shortening due to the inability of the 
DNA replication machinery to fully replicate the 3’ end, termed the “end 
replication problem” [4,5]. Telomerase is a ribonucleoprotein enzyme 

responsible for maintaining the length of these telomeres [6]. It is 
composed of the telomerase RNA component (TERC) and telomerase 
reverse transcriptase (TERT). TERC recognizes the telomeric sequence 
and serves as the template for the synthesis of telomeric DNA, adding 
telomeric repeats (TTAGGG) to the single-stranded 3’ overhang, while 
TERT provides the necessary catalytic activity. Telomerase activity, in 
particular, tends to be high in germ cells and stem cells, while in most 
human somatic cells, it tends to be low or even non-existent, leading to a 
continuous telomere reduction with divisions [7,8]. 

When telomeres reach critically short lengths, their protective 
function diminishes, triggering cellular stress. In post-mitotic cells, there 
is no telomere shortening, as these cells are mature and do not undergo 
mitosis anymore. Instead, telomeres can be directly damaged through 
other causes, such as oxidative stress [9]. Whether through telomere 
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shortening or telomere damage, cells with critically short telomeres can 
enter a state known as "cellular senescence," where they cease to divide 
and lose optimal functionality. This phenomenon is recognized to be 
related to aging and age-related diseases [10,11]. In addition, shortened 
telomeres induce chromosomal instability, which may lead to fusion and 
other types of damage to the unprotected chromosome ends.[12]. 

The measurement of telomere lengths provides profound insights 
into diverse biological phenomena, including cellular aging, disease 
susceptibility, and overall well-being [10]. The link between shorter 
telomeres and increased risks of age-related conditions such as cardio-
vascular disease, cancer, and neurodegenerative disorders suggests the 
role of telomere lengths as a possible biomarker in aging research [11]. 
Shorter telomeres have been associated with a higher risk of developing 
cardiovascular complications, such as atherosclerosis and coronary ar-
tery disease [13]. Similarly, in cancer, telomere length has been impli-
cated in the development and progression of various malignancies [14]. 
Neurodegenerative disorders, such as Alzheimer’s and Parkinson’s dis-
ease, have also been linked to telomere shortening, indicating a poten-
tial connection between telomere length and cognitive decline [15]. 

Various techniques are employed to quantify telomere lengths, and 
these techniques have evolved significantly over time. They range from 
traditional methods such as polymerase chain reaction (PCR) [16] and 
Terminal Restriction Fragment (TRF) analysis [7], to more advanced 
techniques like Next-Generation Sequencing (NGS) [17], which have 
been developed since the introduction of Single Telomere Length 
Analysis (STELA) [18]. The data on telomere lengths acquired from 
these methods offer researchers insights into the dynamics of cellular 
aging, trends in disease progression, and genetic damage [19]. Our re-
view paper presents a thorough overview of the different methods used 
to measure telomere lengths (Table 1). Understanding the characteris-
tics of each method and selecting them appropriately can enhance the 
reliability and significance of research outcomes. 

2. Terminal restriction fragment (TRF) 

The process begins with treating a DNA sample with specific re-
striction enzymes. These enzymes selectively digest DNA, cutting non- 
TTAGGG portions of the telomeric DNA sequences [7]. Different sets 
of restriction enzymes can influence the measurement outcome by 
varying the segments they remove; therefore, the choice of restriction 
enzymes is critical. It is recommended to consult established protocols 
[20] to select the most effective enzyme combination for the experi-
ment, ensuring the sub-telomeric regions are excluded as much as 
possible for the analysis. 

The digested DNA samples are then separated based on size using 
agarose gel electrophoresis. Longer telomere fragments migrate more 
slowly through the gel, while shorter fragments migrate more quickly. 
After gel electrophoresis, the DNA fragments are transferred from the gel 
to a membrane using a technique known as Southern blotting (Fig. 1A). 
The blotted membrane is then probed with labeled probes comple-
mentary to the telomeric DNA sequences [21]. Following hybridization, 
the probes that have bound to the telomeric sequences are detected 
using either X-ray or a chemiluminescence imager for chem-
iluminescently labeled probes for quantification [21]. The resulting 
pattern observed on the membrane indicates the distribution of telomere 
lengths within the sample. For quantitative analysis, software tools such 
as ImageQuant™, TeloTool, and WALTER Tool are utilized to accurately 
calculate the results [22–24]. 

TRF is considered the gold standard for measuring the absolute 
telomere length. The wide availability of commercial kits for experi-
mentation allows for the measurement of telomere length in various 
tissues and cells [25]. However, TRF analysis provides an average 
measure of telomere length and does not capture the length of the 
shortest telomeres [22]. The method requires a substantial amount of 
DNA (>1 ug), which can be challenging when dealing with limited 
sample quantities. Additionally, especially due to the Southern blotting 

step, TRF is time-consuming and requires meticulous attention from the 
experimenter. The choice of restriction enzymes can influence the re-
sults obtained from the same DNA sample, potentially leading to vari-
ations in results [20]. 

3. Quantitative-polymerase chain reaction (Q-PCR) 

Telomere length measurement using Q-PCR involves quantifying the 
abundance of telomeric DNA repeats [16]. This method utilizes a 
reference DNA sample with a known telomere length to establish a 
standard curve by measuring the telomere signal (T) and comparing it to 
a signal from a reference single-copy gene (S), researchers can determine 
the T/S ratio, which correlates with the average telomere length 
(Fig. 1B). relative telomere length, and the values obtained may differ 
between and within samples. This variability is due to factors such as 
DNA quality, experimental process, and individual differences. [26]. 
However, the absolute telomere length can be determined by including a 
standard sample with a known telomere length in the analysis due to 
advancements in the experimental method [27]. 

Q-PCR-based telomere length measurement is a valuable tool for 
exploring telomere dynamics and their potential implications, such as 
oxidative stress and inflammation [13]. When performing qPCR, it is 
crucial to recognize the differences between sample types, particularly 
in the selection of reference genes. While telomere sequences are highly 
conserved across mammalian species, the expression of single copy 
reference genes may vary between normal and malignant cells [28]. This 
variation in reference gene expression can have a significant impact on 
the accuracy of telomere length measurements. For instance, GAPDH, a 
commonly used reference gene, can be used as a single copy gene in 
HEK293T kidney cells, but its expression may be reduced in BAL fluid 
cells and biopsy tissues, making it unsuitable for these sample types 
[29]. Therefore, careful evaluation and verification of candidate refer-
ence genes for each sample condition are necessary to ensure reliable 
and comparable results across different studies. Q-PCR captures a 
snapshot of telomere length at a specific moment, but it can be used to 
monitor changes in telomere length over time through longitudinal 
studies. While qPCR is suitable for large-scale epidemiological studies, it 
is important to match and confirm the appropriate single-copy genes for 
comparison across different studies[30]. Although qPCR equipment is 
relatively common in molecular biology laboratories, the cost of re-
agents and consumables may be a limiting factor for large-scale 
research. 

4. FISH (Fluorescence In Situ Hybridization) based techniques 

4.1. Quantitative-FISH (Q-FISH) 

Q-FISH (Quantitative Fluorescence In Situ Hybridization) is an 
advanced technology designed to visualize and quantitatively measure 
telomeres within cells. Q-FISH employs fluorescently labeled peptide 
nucleic acid (PNA) probes specific to the telomeric ’TTAGGG’ repeat 
sequence, enabling the probes to bind to telomeres. This method allows 
for the visualization of all 46 chromosomes in metaphase, including 
chromosomes 1 to 22 and the sex chromosomes, thereby providing 
chromosomal-level telomere length information [31] (Fig. 1C). 

Q-FISH is also applicable for measuring telomere lengths in inter-
phase cells [31] and can be applied to formalin-fixed paraffin-embedded 
(FFPE) tissue sections[32], making it suitable for studying telomere 
length in specific tissues or organs. Q-FISH is particularly useful for 
investigating the shortest telomeres, which are crucial for genomic 
stability and cell viability [33,34]. A fluorescent microscope is essential 
in Q-FISH for visualizing and analyzing fluorescence signals to accu-
rately measure telomere length from Q-FISH images [35]. However, 
high-quality microscopes, particularly confocal microscopes, equipped 
with appropriate filters, are costly. Additionally, issues related to poor 
chromosome morphology can impact the quality of telomere length 
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Table 1 
Summary of methods used to measure telomere lengths and their advantages and limitations.  

Methods Required 
DNA 
volume/ 
cells 

Throughput Results Experiment 
time 

Advantages Limitations Reference  

(Appropriate 
number of 
samples)  

TRF > 1 ug 30 samples (In 1 
gel) 

- Average TL > 48 hr - Gold standard - Requires substantial 
amount of DNA 

[7]  

- Absolute TL - Widely available 
commercialized kit 

- Differences in 
results depending on 
X region    
- Labor intensive  

Q-PCR 20 ng 96 - 384 samples 
(using 96-well or 
384-well plates) 

- Average TL < 2 hr - Requires small amount 
of DNA 

- Need to check the 
single copy gene of 
the sample. 

[16]  

- Relative TL - Can be performed in 
high-throughput format 

- Does not provide 
absolute TL values      

Q-FISH 10–15 cells 10–15 cells - Shortest TL > 72 hr - Can be applied to 
formalin fixed paraffin- 
embedded tissue 
sections 

- Adequate number of 
metaphase cells 
required 

[31]  

- Relative TL - Able to meausure TL in 
each chromosome 

- High-resolution 
microscopes and 
equipment required  

chromosome specific 
TL (in metaphase) 

- Able to measure 
shortest TL 

- Time consuming 
and expensive    

Flow-FISH 1 × 10^5 
cells 

1 × 10^5cells - Average TL > 72 hr - Able to measure TL in 
each cell population 

- Interpretation 
challenges 

[37]  

- Relative TL - Can be performed in 
high-throughput format 

- Proper sample 
preparation is crucial  

- Cell population 
specific TL 

- Compatibility with 
other flow cytometry 
assays 

- Time consuming 
and expensive  

STELA 10–50 ng 30 samples (In 1 
gel) 

- Shortest TL > 72 hr - Able to meausure TL in 
each chromosome 

- Can only analyze 
chromosomes with 
known sub telomere 
sequences 

[18]  

(with known sequences)  

- Absolute TL - Only small amount of 
DNA required 

- Cannot be used in 
samples with 
damaged 
subtelomeric regions  

chromosome specific 
TL (with known 
subtelomeric regions 
only) 

- Able to measure 
shortest TL 

- Labor intensive  

U- STELA 10–50 ng 30 samples (In 1 
gel) 

- Shortest TL > 72 hr - Able to measure TL on 
all chromosomes 

- Chromosomes 
cannot be 
distinguished 

[43]  

(chromosomes cannot be 
distinguished) 

- Labor intensive  

- Absolute TL - Only small amount of 
DNA required 

Difficulties in the 
measurement of long 
TL  

- Able to measure shortest TL  
HT-STELA 10–50 ng - - Shortest TL > 72 hr - -Able to meausure TL in 

each chromosome 
- Can only analyze 
chromosomes with 
known sub telomere 
sequences 

[44]  

(with known sequences) -Essential equipment 
required  

- Absolute TL - Only small amount of DNA required  
chromosome specific 
TL (with known 
subtelomeric regions 
only) 

- Able to measure shortest TL  
- High Throughput   

TeSLA 10–50 ng 30 samples (In 1 
gel) 

- Shortest TL > 72 hr - Able to measure TL on 
all chromosomes 

- Cannot be used in 
samples with high 
heterogeneity 

[34]  

- Absolute TL - High accuracy and 
precision 

- Chromosome cannot 
be distinguished  

- Only small amount of 
DNA required 

- High cost and 
complexity  

- Able to measure shortest TL  
SCT-pqPCR 10 pg(single 

cell) 
96 samples - Average TL > 2 hr -Measure the length of a 

single cell 
-Accuracy in single 
cell separation 

[45]  

(continued on next page) 
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measurements [20,31,36]. 

4.2. Flow-FISH 

Flow-FISH combines PNA probes with flow cytometry to measure the 
average telomere length and gather multi-parameter information from 
thousands of cells simultaneously. Fluorescently labeled PNA probes 
specific to telomeric repeats are introduced into the cells and bind to the 
telomere sequences [31]. The cells, now labeled with fluorescent probes, 
are passed through a flow cytometer [37]. As each cell flows past a laser, 
the emitted fluorescence is detected. The intensity of fluorescence cor-
responds to the telomere length in individual cells (Fig. 1D). Flow-FISH 
can also be enhanced using multicolor antibody staining in conjunction 
with the PNA probes. Different fluorochrome-labeled antibodies can be 
used to identify various cellular features in conjunction with telomere 
length measurement [38,39]. Flow-FISH allows for the measurement of 
telomere lengths in each cell population and has been validated for 
clinical purposes. 

However, it is important to note that Flow-FISH analysis is applicable 
only to cultured or lymphoid cells that exist as single entities. Addi-
tionally, the requirement for a flow cytometer, may pose a significant 
constraint for laboratories operating under budgetary limitations [40]. 
While Flow-FISH may not be suitable for high-throughput analysis of 

consecutive samples compared to other methods like TRF and qFISH, it 
allows for the measurement of telomere lengths in a large number of 
cells simultaneously. This capability makes Flow-FISH a powerful tool 
for analyzing telomere lengths in a cell population, providing a relative 
high-throughput approach compared to other techniques that measure 
telomere lengths cell by cell. However, it is important to note that 
Flow-FISH may face challenges in continuously measuring telomere 
lengths of various cell types using only PNA probes, and it may not be 
the most optimal technique for single-cell analysis. Despite these limi-
tations, Flow-FISH remains a valuable method for assessing telomere 
lengths in a large number of cells due to its ability to process cells 
simultaneously.[41]. Therefore, optimizing the parameters of flow 
cytometry and exercising meticulous control over all steps within the 
protocol are crucial to obtaining accurate telomere length measurement 
results. 

5. Single telomere length analysis (STELA) methods 

5.1. STELA 

STELA is a method that combines ligation-PCR and Southern blotting 
to accurately determine the lengths of individual chromosome telo-
meres. A linker is ligated to the 5’ end of the telomere, enabling PCR 

Table 1 (continued ) 

Methods Required 
DNA 
volume/ 
cells 

Throughput Results Experiment 
time 

Advantages Limitations Reference  

(Appropriate 
number of 
samples)  

- Relative TL -Utilize from hard-to-get 
samples 

- Need to check the 
single copy gene of 
the sample.  

- single cell TL -High Throughput -process of prePCR  
STAR Assay < 1 ng 48 samples - shortes TL < 3 hr - Able to profile telomere 

maintenance 
mechanisms 

- Limited historical 
data 

[47]  

- Absolute TL - Requires small amount 
of DNA 

- High cost and 
complexity   

- Can be performed in high-throughput format  
Optical mapping 20 ug - - shortest TL > 24 hr - Able to meausure TL in 

each chromosome 
-Off target issue to 
CRISPR 

[52]  

- Absolute TL (with known sequences) - High cost and 
complexity  

- Chromosome 
specific TL 

- Able to measure 
shortest TL 

-Requires substantial 
amount of DNA  

TCA 1–2 × 10^6 
cells 

1–2 × 10^6 cells - Shortest TL > 72 hr - Able to directly 
visualize and quantify 
telomeres 

- Difficult to perform 
on large samples 

[56]  

- Absolute TL - High accuracy and 
precision 

- Limited historical 
data   

- Can be performed in 
high-throughput format 

- High cost and 
complexity  

Short Read > 2 ug - - Average TL > 72 hr* - Able to perform 
telomere length 
measurement and NGS 
analysis simultaneously 

- Difference in 
accuracy between 
WES and WGS 

Computel 
[17]  

- Requires substantial 
amount of DNA 

Tel-seq[61]   

- High accuracy and 
precision 

- Complex data 
processing 

Telomerecat 
[62]   

- Various analysis tools 
developed 

- High cost and 
complexity      

Long Read Nanopore ( 
> 2 ug) 

- - Chromosome 
specific TL 

> 72 hr* - Able to meausure TL in 
each chromosome 

- Lack of well- 
established analysis 
tools 

Nanopore 
[66]  

Hifiseq ( >
20 ug) 

(all chromosomes) (all chromosomes) - Requires substantial 
amount of DNA  

-Hifi: Average TL - Able to perform 
telomere length 
measurement and NGS 
analysis simultaneously 

- Complex data 
processing 

Hifiseq- 
Telomap 
[68]  

- High accuracy and 
precision 

- High cost and 
complexity   
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amplification based on unique subtelomeric sequences (Figure1 E). This 
process is followed by Southern blotting to measure each chromosome’s 
telomere length individually [18]. This technique excels at detecting the 
shortest telomeres and provides high-resolution analysis of telomere 
length, thereby offering a precise understanding of telomere heteroge-
neity within cell populations. 

However, the method’s applicability is limited for some chromo-
somes that lack the unique sequences necessary for designing the com-
plementary primer [20]. Challenges may also arise when analyzing 
samples with DNA damage or regions of chromosome arm deletion, 
leading to ineffective primer binding. STELA’s utility is primarily in cell 
lines and blood samples, and it is constrained by its labor-intensive 
nature and the requirements for Southern blotting and long-range PCR 
[18]. These factors can restrict its practicality for large-scale studies or 
in resource-constrained settings. 

5.2. Universal – STELA (U-STELA) 

U-STELA is a method for measuring telomere length that builds upon 
STELA [42]. Unlike traditional STELA, which targets chromosomes with 
known specific sequences, U-STELA enables the measurement of telo-
mere lengths across all chromosomes, thus earning the name ‘Universal’. 
U-STELA incorporates two ligation steps following treatment with re-
striction enzymes. First, DNA is digested by restriction enzymes, leaving 
a sticky overhang. Then, a complementary double-stranded oligonu-
cleotide is annealed and ligated to this overhang, tagging the DNA 
fragments. Telomeric fragments are tagged with a distal primer 
sequence by using a linker called a telorette on the 3′-overhang of 
telomeres, enabling PCR amplification. This process allows the tagged 
DNA fragments to undergo PCR amplification, generating sufficient 
material for analysis (Fig. 1E). 

Like STELA, U-STELA is useful for identifying critically short telo-
meres in samples of low concentrations. However, one significant limi-
tation is its difficulty in measuring long telomeres (10 kbp or higher) 
[34]. Furthermore, the method is sensitive to the amount of template 
DNA added [42], where an excessive amount of template DNA can cause 
a smear on the gel due to technical artifacts caused by incomplete 
amplicons acting as primers. 

5.3. High throughput STELA (HT-STELA) 

High Throughput (HT) STELA employs PCR amplification to amplify 
telomeric regions for subsequent high-throughput analysis using 
equipment like a bioanalyzer [43]. This method streamlines telomere 
length analysis by automating the workflow, significantly enhancing 
efficiency, and reducing manual labor by eliminating traditional gel 
electrophoresis and hybridization steps. Specific primers designed to 
target telomeric regions ensure amplification specificity [18]. This re-
duces nonspecific amplification of non-telomeric sequences during PCR, 
and thus improving the accuracy and reliability of this method. 

Unlike traditional STELA, which utilizes a complementary TTAGGG 
probe, HT-STELA’s TL measurement is based solely on analyzing the 
DNA fragment size, as PCR is performed using specific primers that 
complement known Telorette sequences. This approach enables rapid 
DNA fragment length measurement in a high-throughput manner, 
making this technique suitable for large-scale studies. However, this 
specificity limits TL measurement to only the targeted chromosomes. 
Furthermore, specialized equipment such as the bioanalyzer contributes 
to an increase in the overall cost and complexity of the method. 

6. Telomere shortest length assay (TeSLA) 

TeSLA is designed to measure the length of the shortest telomere in a 
cell, which plays a significant role in regulating cell cycle arrest and in 
age-related diseases [7,11,33,34]. This is an advancement over previous 
methods that focused on measuring average telomere length. 

TeSLA is a considered a refined form of telomere length measure-
ment which has evolved from STELA. TeSLA can measure telomeres of 
all chromosomes simultaneously, while STELA typically focuses on 
analyzing telomeres of specific chromosomes. Another distinction be-
tween TeSLA and STELA is the method employed to generate an artifi-
cial sequence for PCR in the sub-telomere region. TeSLA involves 
dephosphorylating the 5’ end using a phosphatase after subjecting the 
DNA to restriction enzyme treatment, thereby enabling the attachment 
of TeSLA’s adapter. The PCR product, through the artificial sequence 
thus produced, can measure the length of telomeres through the process 
of Southern blotting. This method enables specific and accurate mea-
surement of the shortest telomere without depending on chromosome- 
specific unique sequences (Fig. 1E). 

However, one of the drawbacks of TeSLA is that although it provides 
results for the shortest telomere length across all chromosomes, it lacks 
the capability to accurately calculate the shortest telomere on a specific 
chromosome [44]. Furthermore, there may be limitations in measuring 
telomere lengths in cases where telomeres display pronounced hetero-
geneity due to the alternative lengthening of telomeres (ALT), which is 
one of the mechanisms some cancer cells adopt for telomere mainte-
nance. The telomere length measurement capability of TeSLA is capped 
at a maximum length of approximately 18 kbp in cases of high hetero-
geneity. This limitation is especially relevant in cancer research, where 
ALT is frequently observed [34]. Additionally, the TeSLA method in-
volves Southern blotting and long-range PCR techniques, both of which 
are time-consuming and labor-intensive processes [20]. 

7. Single-cell telomere length measurement pqPCR (SCT-pqPCR) 

The measurement of telomere length in individual cells has tradi-
tionally been accomplished using FISH. However, this approach is 
limited by a slow processing rate as there is a limited number of samples 
that can be processed at a time. Traditional qPCR analysis also poses 
challenges in measuring telomere lengths due to the limited amount of 

Fig. 1. Schematic illustrations and examples of telomere lengths measurement methodsA. TRF: DNA is digested using restriction enzymes that do not 
recognize telomere sequences. Gel electrophoresis is then performed, followed by blotting onto a membrane. Abbreviations: kb: kilobase pairs; MWM: Molecular weight 
markers B. Q-PCR: The Q-PCR method compares the telomere length (T) to a single-copy gene (S) and represents it relative to each other, with the results expressed as 
a T/S ratio. We illustrate Q-PCR results from both long and short telomeres. In samples with long telomeres, the peak appears first, whereas in samples with short 
telomeres, the peak appears later.Abbreviations: S: Single-copy gene; T: Telomere length C. Q-FISH: PNA probe with a fluorescent dye is used to hybridize to the 
telomeric DNA repeats in cells. The PNA bound to telomeres can be observed through fluorescence microscopy. The fluorescence intensity is proportional to the 
telomere length. By quantifying the fluorescence signals, researchers can determine the relative telomere length of individual chromosomes.Abbreviations: PNA: 
Peptide nucleic acid D. Flow-FISH: Fluorescently labeled PNA probes specific to telomere repeats are hybridized to the telomeric DNA in cells. These cells are then 
passed through a flow cytometer, where the fluorescence intensity of each cell is measured. This intensity corresponds to the telomere length, allowing researchers to 
assess the distribution of telomere lengths in a cell population.Abbreviations: PNA: Peptide nucleic acid E. Southern and PCR base methods.STELA: Tagging telorette 
at the telomere end, and then the restriction enzyme action proceeds. PCR is performed on chromosomes known in the sub-telomere sequence to perform gel loading 
and Southern blotting.U-STELA: Tagging telorette at the telomere end, and then the restriction enzyme action proceeds. Attach binding adapters to the cleaved 
portion with restriction enzymes. PCR is advanced using restriction enzyme site adapter and Telorette.TeSLA: Tagging is performed at the end of the telomere using 
TeSLA-T. Enzyme digestion and dephosphorylation are performed. A TeSLA adapter that can be complementary to the dephosphorylation part as a white circle is 
attached. PCR was performed using TeSLA-T and TeSLA adapters.Abbreviations: kb: kilobase pairs; MWM: Molecular weight markers. 
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DNA found in a single cell, typically around 10 picograms (pg). 
To address these challenges, novel techniques named single-cell 

telomere quantitative PCR (SCT-pqPCR) have been developed [45]. In 
SCT-pqPCR, DNA is extracted from each isolated single cell using stan-
dard procedures. Given the minimal DNA content in a single cell (typi-
cally around 10 pg), pre-PCR amplification steps are performed to 
increase the DNA available for analysis. Subsequently, qPCR is con-
ducted to measure telomere length. This involves the design of specific 
primer sets for amplifying telomere regions and reference genes (such as 
Alu or B1) simultaneously. The ratio of telomere signal to reference gene 
signal is then utilized to calculate the relative telomere length. 
SCT-pqPCR provides a direct, high-quality approach for analyzing 
telomere length in individual cells. It establishes a direct correlation 
between average T/R values obtained through SCT-pqPCR and the ab-
solute telomere length. Moreover, SCT-pqPCR enables the measurement 
of telomere length in individual cells, regardless of their ability to 
divide. It also allows for the assessment of telomere length variation 
within populations of cells [46]. 

A limitation of SCT-pqPCR is the requirement for specialized 
equipment and expertise to perform the pre-PCR amplification steps and 
subsequent qPCR analysis. This may render the method inaccessible to 
researchers who lack the necessary resources or training. Therefore, 
careful optimization and validation of the pre-PCR protocol are crucial 
to ensure accurate results. Another potential limitation is the reliance on 
multicopy genes, such as Alu and B1, for normalization of telomere 
measurements. Although these genes are commonly used as reference 
loci, they may not always accurately represent the true DNA content or 
amplification efficiency in all cell types or experimental conditions. 
Furthermore, like any PCR-based method, SCT-pqPCR is vulnerable to 
potential contamination issues, which could result in false-positive re-
sults if not adequately controlled during the experimental procedure. 

8. Single telomere absolute-length rapid (STAR) assay 

The STAR assay quantifies the abundance of a telomere sequence by 
employing digital PCR [47]. Digital PCR involves dividing the DNA 
sample into thousands of individual reactions, with each potentially 
containing a single DNA molecule. Subsequently, it amplifies and de-
tects the target sequence in each reaction, leading to quantification of 
the target sequence in samples, even at very low concentrations [48]. 
During digital PCR, different amounts of synthetic telomere repeats are 
used. This generates cycle threshold (Ct) values, which are plotted 
against the total repeat length, forming a precise standard curve. This 
curve indicates high reproducibility and accuracy in telomere length 
measurements. 

The broad dynamic range of the STAR assay, from 0.2 kb to 320 kb, 
is demonstrated by its ability to accurately measure telomere lengths 
across this extensive spectrum. In the no-template controls, negligible 
amplification is observed up to a Ct value of 27, corresponding to 
~0.2 kb on the standard curve. However, the broad dynamic range is 
showcased by the assay’s capability to reliably quantify individual 
telomere lengths all the way up to 320 kb, with higher Ct values cor-
responding to longer telomere fragments. Its ability to accurately profile 
telomere maintenance mechanisms, including ALT, marks a significant 
advancement in cancer research. The STAR assay provides insights into 
cancer cell behavior and deepens our understanding of telomere dy-
namics during cancer progression [47]. 

9. Optical mapping in nano-channel array 

Optical mapping is a technology that directly visualizes and analyzes 
the structure and sequence of long biopolymer strands, such as DNA 
[49]. This technique involves aligning DNA molecules in 
nanometer-sized channels, labeling them with fluorescent dyes, and 
observing them under high-resolution microscopy. The nano-channels 
are microfabricated, typically ranging from tens to hundreds of 

nanometers in both width and depth, and are etched or manufactured 
onto a solid substrate, such as silicon or glass. These nano-scale channels 
serve as platforms for elongating and fixing individual DNA molecules 
[50]. To mark DNA molecules for visualization and detection within 
nanochannels, nicks are introduced at specific locations along the DNA 
strands using nickases. Labeling is achieved by incorporating modified 
nucleotides or fluorescent markers at these nicked sites [51]. Selectively 
introducing nicks at predetermined positions allows for the creation of a 
distinct barcode or signature, facilitating DNA mapping and sequencing. 

When optical mapping in a nano-channel array is used for the mea-
surement of telomere lengths, the Cas9n enzyme, a variant of the Cas9 
nuclease is used. The Cas9n enzyme is guided by a specific RNA mole-
cule (sgRNA) to target the repetitive sequences in telomeres. It cleaves 
one strand of the telomeric DNA at the target location, leaving the 
complementary strand intact. A specifically designed fluorescently 
labeled probe for the sequence adjacent to the cleavage site (UUAGG-
GUUAGGGUUAGGGUU) is then introduced [51]. This probe binds to the 
cleaved DNA, marking the telomeric region with fluorescence. After 
marking, the telomeric DNA is elongated and fixed within the nano-
channels, enabling high-resolution observation and examination. 
Techniques such as fluorescence microscopy or other imaging methods 
are used to visualize the labeled telomeres and accurately measure their 
length [52,53]. 

Operating nano-channel systems is complex. There is potential for 
technical errors as samples are handled at a nano-scale, such as 
incomplete elongation, twisting, and bending, especially during DNA 
alignment in nano-channels [54]. Furthermore, previous studies have 
reported that DNA cleavage patterns may occur unevenly due to dif-
ferences in the targeting efficiency or specificity of Cas9n [55]. These 
challenges should be considered in research involving nano-channel 
technology for measuring telomere lengths. 

10. Telomere length combing assay (TCA) 

TCA is an advanced technique designed to directly visualize and 
quantify individual telomere molecules [56]. DNA fibers are stretched 
onto glass plates, creating an extended conformation that resembles 
molecular combing. PNA probes, labeled with fluorescent materials, are 
used for the visualization of telomeres. Fluorescence microscopy quan-
tifies and measures the absolute telomere lengths at a rate of approxi-
mately 2 kilobases per micrometer (2kbp/μm). Through this process, 
TCA can provide a distribution profile of telomere lengths for the 
examined cell population. It is also expected that TCA may further be 
improved by using chromosome-specific subtelomere probes enabling 
measurement of chromosome specific telomere lengths [56]. This 
method’s ability to directly visualize telomeres offers insights into the 
heterogeneity of telomere lengths, enriching our understanding of the 
mechanisms behind aging and disease processes [57,58]. 

However, the specialized equipment and setups required for oper-
ating with long DNA strands on glass plates are not available in all labs. 
It also incurs significant costs for equipment and reagents, which can 
increase research expenses. Moreover, TCA involves lengthy sample 
preparation and may face potential limitations in measuring telomere 
lengths in multiple samples simultaneously. 

11. Sequencing based estimation techniques 

11.1. Short-read 

The advent of Next-Generation Sequencing (NGS) has significantly 
advanced DNA sequencing technology, revolutionizing genetic and 
medical research. Compared to traditional Sanger sequencing methods, 
NGS can swiftly sequence complete genomes, including both coding and 
non-coding regions such as telomeres [59,60]. Computational tools like 
Telocat, Computel, and Tel-seq estimate telomere length from genomic 
data, eliminating the need for laboratory experiments [17,61,62]. 
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Specifically, TelSeq identifies telomeric reads in Binary Alignment 
Map (BAM) format by searching for sequences with seven or more 
TTAGGG repeats. It normalizes telomere counts based on the GC 
composition of total reads (48–52%), ensuring accurate length estima-
tion by adjusting for GC bias. TelSeq calculates the mean telomere 
length, assuming a haploid cell contains 23 chromosomes [61]. This tool 
is compatible with both whole-genome sequencing (WGS) and 
whole-exome sequencing (WES) data. However, WGS is preferred for 
more accurate telomere length calculations due to its comprehensive 
genomic coverage. Although WES primarily targets protein-coding re-
gions, it may still capture non-coding DNA regions, including telomeres. 
Therefore, while WES may not offer the coverage or precision of WGS, it 
can still provide valuable data on specific non-coding regions [63]. 

11.2. Long-read 

Long-read sequencing provides the opportunity to generate longer 
sequences, ranging from hundreds to tens of thousands of base pairs, 
which allow for the examination of broader regions of the genome in a 
single sequence. The third generation of NGS technology can theoreti-
cally measure telomere length on a chromosome-by-chromosome basis 
and read the entire human genome [64]. However, its practical appli-
cation faces several technical challenges. The vast and complex nature of 
the human genome demands substantial time and resources for 
comprehensive reading and processing. Additionally, the intricacy of 
data processing and analysis, coupled with the challenges posed by re-
petitive sequences in telomeres, complicates accurate sequencing and 
telomere length measurement [65]. 

Specialized algorithms are essential for managing these sequences, 
making the creation of standardized methodologies for precise telomere 
length measurement crucial. Recent advancements have enabled the 
measurement of chromosome-specific telomere lengths, uncovering 
telomere dynamics across different chromosomes. In nanopore 
sequencing, an adapter-based method has been developed to measure 
telomere length. This process involves adding poly(A) sequences to the 
telomeres’ 3’ ends using terminal transferase, followed by annealing an 
oligo(dT) primer with a unique adapter sequence, known as TeloTag, to 
the poly(A) sequence. Analysis of the sequencing data processed in this 
manner allows for the measurement of telomere length [66]. 

Additionally, HiFi (High-Fidelity) sequencing technology allows for 
telomere length measurement in human cells. The PacBio HiFi platform 
uses circular consensus sequencing (CCS) to achieve high accuracy 
(>99.5%) for single-molecule real-time (SMRT) sequencing of long 
reads that have an average length of 10–25 kb [67]. Genomic DNA 
fragments containing telomeres are enriched using telobaits, designed to 
bind to telomeric single-stranded 3’ overhangs. These telobaits, 
featuring a single telomere repeat, a unique EcoRI site, and 3’ biotin 
labeling, allow for purification through magnetic beads, enabling 

precise telomere length measurement on the PacBio HiFi platform [68]. 
Tools like Telogator are also being used for measuring chromosome 
specific telomere lengths allowing for empirical investigation into how 
telomere length is associated with various biological processes such as 
cellular aging and cancer development. Tools like Telogator have 
emerged as valuable assets for reporting chromosome-specific telomere 
lengths, allowing for accurate measurement and enhancing our 
comprehension of telomere biology [69]. New tools for analyzing 
long-read data are actively being developed and more advanced analysis 
pipelines are expected to enhance the value of long-read sequencing 
data. Compared to the aforementioned short-read approaches, both 
short-read and long-read telomere length measurement require a large 
amount of DNA, but long-read sequencing generally requires an even 
larger quantity of DNA(>2–20 μg). 

12. Summary and outlook 

This review has shown the development of telomere length mea-
surement techniques, from TRF, a traditional telomere length measure, 
to the development of telomere length measurement using genetic 
analysis (Fig. 2). Each approach has its own merits and suitability for 
different objectives, such as assessing average telomere length or the 
shortest telomere length. The choice of an appropriate method depends 
on the specific research goals. For instance, TRF, qPCR, Flow FISH, and 
TCA are suitable for measuring mean telomere length, whereas tech-
niques like qFISH, STELA, and TeSLA are better suited for quantifying 
the shortest telomeres. The field of NGS is also divided into short-read 
and long-read, which are suitable for different telomere length 

Fig. 2. Timeline of telomere lengths measurement methods.  

Fig. 3. Classification of telomere length measurement methods based on 
telomere lengths, experiment time, and low/high throughput.Shapes and 
colors indicate the types of telomere length: Blue circles represent methods that 
measure average telomere length. Red triangles represent methods that can 
measure the shortest telomere. 
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measurement methods (Fig. 3). While STELA can indeed be used to 
measure chromosome-specific telomere lengths, further development is 
needed to achieve the precise differentiation of chromosome-specific 
telomere lengths, similar to the precision achieved in metaphase cell 
analysis of qFISH experiments. 

Advanced measurement techniques enable researchers not only to 
assess average telomere length but also to examine the distribution and 
potential interactions between telomeres on different chromosomes. As 
telomere length decreases, interactions among chromosomes within the 
nucleus may change, affecting chromatin organization and gene 
expression patterns[70]. Telomeres play a crucial role in maintaining 
chromosome stability and integrity throughout the cell cycle, which 
involves dynamic changes in chromatin structure to facilitate DNA 
replication, repair, and chromosome segregation[71]. This compre-
hensive approach provides deeper insights into telomere biology, 
elucidating its significance for genomic stability and cellular function. 
Precise measurement of telomere length at the chromosome level offers 
valuable information for investigating gene expression regulation and 
epigenetic modifications. Epigenetic regulation of telomere mainte-
nance has been shown to play a role in cell cycle control, and future 
developments in measuring chromosome-specific telomere lengths may 
shed light on these interactions. 

These advancements underscore the critical importance of accurate 
telomere length measurements in understanding the complexities of 
cellular biology and disease pathogenesis. They highlight the signifi-
cance of selecting the appropriate method for measuring telomere 
length based on research objectives, thereby emphasizing the value of 
technological advancements in advancing our understanding of telo-
mere biology. 
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