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A B S T R A C T  

Telomere length (TL) has emerged as a promising replicative cellular aging marker that reflects both 

genetic and non-genetic influences. Quantitative PCR (qPCR) TL measurement has been favored as a 

cost-effective method that can be easily implemented, especially in population studies with limited 

quantities of source material. However, several recent reports have revealed inconsistencies in telomere 

length measurements when applying different DNA extraction methods to the same source material. 

In this study we tested three DNA extraction methods on saliva samples from 48 participants of the 

National Growth and Health Study (NGHS) collected with DNA Genotek’s Oragene kit. The chosen 

extraction kits represent three distinct approaches to genomic DNA extraction from lysed cells and we 

employed two different operators to carry out all assays on the same samples. We measured DNA yield 

and quality and calculated the between-operator agreement of qPCR TL measurements (intraclass 

correlation, ICC). Our analyses showed that while both QIAamp and Agencourt DNAdvance had 

higher agreement between the 2 operators (ICC=0.937, CI [0.891, 0.965] and ICC=0.95, CI [0.911, 

0.972] respectively), compared to PrepIT kit (ICC=0.809, CI [0.678, 0.889]), QIAamp extracted DNA 

samples were notably degraded. Using generalizability theory, we found that the participant-by-

extraction-method interaction explained about 10% of total variation in TL, suggesting that TL 

differences across methods are somewhat participant-specific. Therefore, our results suggest that the 

among the three DNA extraction methods tested, Agencourt (magnetic bead purification) is the 

preferred kit, and we also strongly recommend against combining different extraction methods within 

a study population. 
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1 Introduction 

Telomeres, the protective complexes at the ends of eukaryotic chromosomes, are made up of short 

tandem DNA repeats and their associated proteins (Blackburn, 2001). Telomeres naturally shorten with age 

through successive rounds of DNA replication, which leads to cell cycle arrest and senescence (Chan & 

Blackburn, 2002) when telomeres are critically short. This process can be accelerated due to reactive 

oxidative stress (Ahmed & Lingner, 2018; Fouquerel et.al., 2019) or inflammation (Jose et.al., 2017). 

Telomere length (TL) has emerged as a useful biomarker of cellular aging and associated diseases. TL 

variation over time is shaped by both genetic and non-genetic influences throughout life (Broer et al., 2013; 

Factor-Litvak et al., 2017; Lin & Epel, 2022; Shalev et al., 2013). Therefore, TL values reflect both 

inheritance and the cumulative effects of environmental exposures and lived experience, allowing them to 

serve as a risk factor for disease susceptibility (Aviv & Shay, 2018; Blackburn et al., 2015; Cheng et al., 2021; 

de Meyer et al., 2018; Haycock, 2017; Ridout et al., 2017; Ruiz et al., 2021; Schneider et al., 2022; Wang et 

al., 2021; Willis et al., 2018). 
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As molecular biology has advanced, three main approaches have been developed to measure TL (Lai 

et.al., 2018; Lin et.al., 2019; Lindrose et.al., 2021). Traditionally, telomeres have been measured by telomere 

restriction fragment (TRF) length analysis, a type of Southern blot, in which genomic DNA is digested by 

restriction enzymes and incubated with a telomere-specific probe. The size of the terminal telomere-specific 

fragment reflects the sum of telomere length as well as some subtelomeric DNA. Fluorescent in situ 

hybridization (FISH) is another technique developed to quantify telomere repeats in individual cells or 

chromosomes, after flow cytometry of cell populations (Flow-FISH) (Baerlocher et.al., 2006) or in 

metaphase cells (Q-FISH) (Poon & Lansdorp, 2001). A third approach emerged with quantitative PCR 

(qPCR) technology, making it possible to measure telomere length as amplification of telomere repeats 

relative to amplification of a single copy gene  (Cawthon, 2002, 2009). This represents another way to 

measure bulk telomere length, starting with a small DNA sample (Figure 1). 

Figure 1: qPCR TL measurement (Cawthon, 2002) involves PCR amplification and quantification of telomeric 

DNA sequence (T) and a Single Copy Gene DNA sequence (S) with appropriate primers. The Single Copy Gene 

product serves as an internal control and the ratio T/S reflects relative telomere length. 

Telomere length measurements, like all bioassays, are prone to measurement variation. Telomere 

length varies widely from person to person and can change within individuals. The environmental effects 

that influence TL can be small compared to the measurement variation, making it necessary to sample many 

individuals in order to make powerful comparisons. The epidemiological studies that link TL to disease 

states and risk factors are founded on TL measurements made from population studies, and in some cases, 

from multiple timepoints gathered over extended periods of time. The TRF and Flow-FISH methods pose 

logistical challenges for large epidemiological and population studies. TRF analysis requires large quantities 

of high-molecular weight genomic DNA and Flow-FISH requires immediate processing of freshly collected 

blood, which is not compatible for analysis of archived samples. qPCR is relatively low-cost and can be 

carried out with small quantities of DNA, which is obtainable from most archived samples. In this regard, 

qPCR TL measurement can facilitate large epidemiological and population-based studies that typically 

require hundreds or thousands of samples. The large-sample requirement has motivated developing the 

most reliable, standardized qPCR TL measurement techniques possible. 

While qPCR assays are straightforward and relatively inexpensive, many factors can contribute to 

variability in qPCR measurements. These include tissue type used for DNA extraction, the method of 

sample collection, sample storage conditions, DNA extraction technique, variation in assay procedures and 

between-operator variation at each step. There is a need to systematically study how each of these factors 

Quantitative PCR (qPCR) Analysis 
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impacts the qPCR TL assay, and where variation might introduce inconsistencies in final TL measurement. 

(Lin et.al., 2019; Lindrose et.al., 2021). 

Toward this goal, this manuscript focuses on qPCR-based TL measurements of DNA acquired from 

saliva samples collected passively, using DNA Genotek’s Oragene kit (DNA Genotek). Saliva presents an 

attractive sample source for a number of reasons. Relative to blood, saliva collection is less invasive and 

can be gathered passively or collected with swabs, making it ideal for children or animal subjects. Saliva 

collection poses no risk of blood-borne pathogen exposure and allows collection from participants living 

in relatively remote places, where venous blood draw is less feasible. Travel restrictions imposed during the 

COVID pandemic highlight the advantages of home collection, with participants shipping the collected 

saliva directly to research sites. Once on site, saliva samples are easier and less expensive to store, usually at 

room temperature. 

2 Methods 

We started with saliva samples from 48 participants and estimated the reliability of qPCR TL data 

assayed from DNA extracted using three different extraction kits, by two different operators. Our 

extraction kit choices represent three distinct approaches to genomic DNA extraction from lysed cells: 

precipitation by salt exclusion (PrepIT), binding to and elution from a silica membrane column (QIAamp), 

or binding to and elution from magnetic beads (Agencourt). We employed 2 different laboratory technicians 

(operators) to complete all three extraction methods on the same samples. We measured DNA yield, DNA 

quality, and estimated reliability of qPCR telomere length measurements (TL). Reliability estimates included 

intraclass correlations (ICC) as well as two agreement coefficients from generalizability theory. Intraclass 

correlation (ICC) measures the reproducibility of quantitative measurements and is a more appropriate 

method to assess TL assay precision (Eisenberg, 2016; Verhulst et.al., 2015). Estimated intraclass 

correlations (ICC) of qPCR TL included within-operator ICCs (across two runs per DNA sample) stratified 

by DNA extraction method, between-operator ICCs stratified by DNA extraction method, and between-

extraction-method ICCs. Generalizability theory models decomposed sources of TL variation and 

estimated coefficients of (i) relative agreement, i.e., the degree to which two operators or two DNA extraction 

methods agreed on the rank ordering of participants with respect to TL; and (ii) absolute agreement, i.e., the 

degree to which two operators agreed with respect to TL in an absolute sense.  

2.1 Sample collection, DNA extraction from Human Saliva, and TL Length measurement 

DNA purification of saliva lysates was carried out, using three different kits representing three unique 

extraction techniques: PrepIT, through salting-out; QIAamp, using silicon spin columns; and Agencourt, 

using magnetic bead preps (Figure S1). The saliva samples for this study were originally collected for the 

National Growth and Health Study (NGHS, nghstoday.com, PIs Barbara Laraia and Elissa Epel). Part of a 

large set, the first 48 samples with at least 3 ml of saliva left were used for further analysis in this study. The 

samples from this subset (Table S1) were collected between November 2015-April 2016, using DNA 

Genotek Oragene tubes (cat # ORG-500) and stored at room temperature, in the supplied collection kit 

lysing solution until extraction in late 2019. Just after purification, DNA quantity of each sample was 

measured through two or three independent approaches: through photometry (using the UV-Vis Nanodrop 

function), fluorescence (using Picogreen), and amplification and measurement of the human genomic, 

single-copy RNAse P gene (Agencourt preps only). The quality of each DNA sample was inferred, using 

the UV-Vis Nanodrop function and samples with OD260/OD280 >1.7 and < 2.0 and OD260/OD230 

>1.0 were judged to be relatively free of contaminants. DNA quality was further characterized by visual 

inspection after running samples normalized for DNA concentration on standard 0.8% agarose gels. 

Samples were independently judged to be intact or ‘degraded’ by both operators. DNA preparations were 

stored at -80˚C until telomere length measurements were made, within 2 weeks of extraction. 

https://journals.aijr.org/index.php/exr
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2.2 qPCR (TL) Assay 

The telomere length measurement assay (qPCR, TL) was adapted from the original method published 

by Cawthon (2002) and represents a ratio of two qPCR reactions: Telomere over Single copy gene (T/S, 

Figure 1). Monoplex qPCR assays were carried out on a Roche 480 Lightcycler PCR machine. The telomere 

thermal cycling profile consisted of: 

Cycling for T(telomere) PCR: Denature at 96°C for 1 minute, one cycle; denature at 96°C for 1 second, 

anneal/extend at 54°C for 60 seconds, with fluorescence data collection, 30 cycles.  

Cycling for S (single copy gene) PCR: Denature at 96°C for 1 minute, one cycle; denature at 95°C for 

15 seconds, anneal at 58°C for 1 second, extend at 72°C for 20 seconds, 8 cycles; followed by denature at 

96°C for 1 second, anneal at 58°C for 1 second, extend at 72°C for 20 seconds, hold at 83°C for 5 seconds 

with data collection, 35 cycles. 

The primers for the telomere PCR are tel1b [5'-CGGTTT(GTTTGG)5GTT-3'], used at a final 

concentration of 100 nM, and tel2b [5'-GGCTTG(CCTTAC)5CCT-3'], used at a final concentration of 900 

nM. The primers for the single-copy gene (human beta-globin) PCR are hbg1  

[5'-GCTTCTGACACAACTGTGTTCACTAGC-3'], used at a final concentration of 300 nM, and hbg2  

[5'-CACCAACTTCATCCACGTTCACC-3'], used at a final concentration of 700 nM. 

House-made master mixes were utilized, and the final reaction mix contained 20 mM Tris-HCl, pH 

8.4; 50 mM KCl; 200 mM each dNTP; 1% DMSO; 0.4x Syber Green I; 22 ng E. coli DNA; 0.4 Units of 

Platinum Taq DNA polymerase (Invitrogen Inc.); and approximately 10 ng of genomic DNA per 11 

microliter reaction. Tubes containing 26, 8.75, 2.9, 0.97, 0.324 and 0.108ng of a reference DNA were 

included in each PCR run so that the quantity of targeted templates in each research sample could be 

determined relative to the reference DNA sample by the standard curve method. The same reference DNA 

was used for all PCR runs, Human Genomic DNA, from buffy coat (Sigma Aldrich, Cat#11691112001). 

Control DNA was extracted Genomic DNA from cancer cell lines and represented a wide range of telomere 

length: Hela, 293T, H1299, UMUC3, UMUC3 transfected by a lentivirus that overexpresses hTER to 

extend telomeres. The transfected cells were cultured and harvested after 8 and 12 population doublings 

post transfection. The PCR efficiency of single copy gene and telomere primers was > 95% and 90% 

respectively. 

2.3 Data analysis 

The DNA stock samples for this study were normalized to 20ng/l in three 96-well plates (3 plates). 

Each sample was measured in triplicate on 384-well T & S plates. The T/S ratio for each sample triplicate 

was measured twice (2 runs). When the duplicate T/S value and the initial value varied by more than 7% 

for any sample, it was run a third time and the two closest values were reported. The repeat plate was a 

mixture from all study plates and was used to make batch adjustments. All assays for the study were 

performed using the same lots of reagents. Lab personnel who performed the assays were provided with 

de-identified samples and were blind to all demographic and clinical data.   

For this study, TL of all DNA samples was measured at least twice. 116 extract samples (40%) were 

assayed a 3rd time; 20 samples (7%) were assayed a 4th time and 6 samples (2%) were assayed 

5 times. There is partial data for a few extracts derived from the 48 starting saliva samples: due to 

insufficient starting material, there are no QIAamp extract measurements and only half of the Agencourt 

measurements for saliva #39; Agencourt DNA from one operator was low or missing for saliva samples 

#47 and #48, and PrepIT DNA was missing for saliva #8.  

2.4 Methods for ICC and Generalizability (G) Theory 

The ICC calculations were made using the rptR package supplemented by the Telomere Research 

Network (www.trn.tulane.edu). ICC coefficients between operators were calculated using the average of 

two TL runs by each operator. ICC coefficients between methods were calculated using the average TL 

https://journals.aijr.org/index.php/exr
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measurements by both operators. Samples with missing T/S value were not included in the calculation. The 

confidence intervals were estimated by parametric bootstrapping (n=1000). 

Agreement coefficients.  We used generalizability theory to estimate telomere length agreement across 

operators, stratified by extraction method (Model 1) and across both operators and extraction methods 

(Model 2). Application of generalizability theory proceeds in two steps (Brennan, 2001; Shavelson & Webb, 

1991). In the first step, a generalizability (G) study estimates variance components of outcome response 

(telomere lengths) that are attributable to the sources under investigation (e.g., study participants, operators, 

extraction methods). In the second step, a decision (D) study uses the G study variance component 

estimates to calculate agreement coefficients.   

Model 1 targeted between-operator, within-extraction-method agreement. As such, Model 1 analyses 

were stratified by extraction method and corresponding G studies estimated variance components for the 

following sources: participants (p), operators (o), and residual (r). In Model 1, the residual confounds the 

participants-by-operator (po) and random error (e) sources of variation. Model 2 targeted between-operator-

and-method agreement and the G study estimated variance components for the following sources: 

participants (p), operators (o), extraction methods (m), participants-by-operator (po), participants-by-method 

(pm), operator-by-method (om), and residual (r). In Model 2, the residual confounds participant-by-operator-

by-method (pom) and random error (e) sources of variation. Initially, Model 2 was fit to data from all three 

extraction methods. Subsequently, Model 2 was fit to data from each pair of extraction methods. All G 

study models were fit using SAS PROC MIXED with restricted maximum likelihood. For each G study, 

we descriptively report the percentage of total variation attributable to each estimated variance component. 

In G theory parlance, participants, operators, and extraction methods are considered facets of 

measurement. Participants are also considered the objects of measurement. In this study, participants and 

operators were regarded as random facets because the goal of the analyses is to generalize to the population 

of potential participants and operators. On the other hand, extraction methods were considered a fixed 

facet because there was no intention to generalize the results to other existing or potential extraction 

methods.  

Two types of agreement coefficients are reported: absolute and relative. Absolute agreement directly 

compares telomere length values across levels of one or more facets, i.e., to obtain a high level of agreement, 

two operators would require highly similar length assessments. Relative agreement compares rank ordering 

of participants (in terms of telomere length) across levels of one or more facets, e.g., one operator may 

systematically generate shorter telomere lengths, but both operators agree on the rank ordering of 

participants with respect to telomere lengths. Both absolute and relative agreement coefficients have a 

possible range of [0,1]. Absolute agreement represents the proportion of total variation that is exclusively 

attributable to the objects of measurement, here participants. For Model 1, absolute agreement () was 

estimated via Equation 1, where, e.g., �̂�𝑝
2 represents the variance component estimate for participants (Table 

2 in main text). For relative agreement (E𝜌2), the denominator includes all sources of variation attributable 

to participants (including participant-related interaction effects) plus random errors.  For Models 1 and 2, 

relative agreement was estimated via Equations 2 (Table 2 in main text) and 3 (Table 3 in main text), 

respectively.  

�̂�M1 =
�̂�𝑝
2

�̂�𝑝
2 + �̂�𝑜

2 + �̂�𝑟
2 

Eq. 1 

E�̂�M1
2 =

�̂�𝑝
2

�̂�𝑝
2 + �̂�𝑟

2 
Eq. 2 

E�̂�M2
2 =

�̂�𝑝
2

�̂�𝑝
2 + �̂�𝑝𝑜

2 + �̂�𝑝𝑚
2 + �̂�𝑟

2 
Eq. 3 
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3 Results 

Saliva samples for this study were a subset from a larger collection, originally gathered for the National 

Growth and Health Study (NGHS, nghstoday.com). Our samples came from mothers and children of 

different races and include 14 mother-child pairs (Table S1). The three approaches routinely used to extract 

DNA from whole cells are: salting out, binding to and elution from a silicon spin column, and binding to 

and release from magnetic beads. Three kits were chosen to represent each of these approaches (Figure 

S1). The overall study design is illustrated in Figure 2.  

Figure S1 summarizes the three approaches to DNA extraction, all starting with lysis of cells. The 

PrepIT Kit, depicted in the left column, is based on the principle of salt exclusion. DNA from the cell lysate 

is made insoluble in a very high ionic strength solution before being precipitated with isopropanol, washed 

with ethanol, and then hydrated. In the center, with the QIAamp kit, lysed cells are bound to a proprietary 

silica membrane column. After successive washes, DNA is eluted from the column. The Agencourt Kit, on 

the right, works by binding DNA to magnetic beads which are attracted to and released from a magnetic 

plate, with successive washes before final elution from the magnetic beads. 

Saliva Volume  

(x2 operators) 

Extract principle Kit name Manufacturer 

0.4ml Salting out PrepIT.L2P DNA Genotek 

0.4ml Silicone membrane column QIAamp DNA Mini QIAGEN 

0.5ml Magnetic beads Agencourt DNAdvance Beckman Coulter 

Figure 2: A. Study overview. DNA was extracted from 48 saliva samples by two operators, using three different 

DNA extraction kits, based on three distinct extraction methods. DNA quantity was determined with light 

spectrometry, Picogreen fluorescence and amplification of RNAse P, a single-copy gene. DNA integrity was 

measured by observation after electrophoresis on 0.8% agarose gels. B. DNA extraction kit summary. 

 DNA from each saliva sample was extracted by two operators (on 2 different days) using the three 

different techniques, such that each saliva sample yielded 6 individual extractions. Both operators used 

identical lots of kit reagents. DNA quantity was measured three ways: through spectrometry (using the UV-

Vis Nanodrop function), fluorescence (using Picogreen) and amplification and measurement of the human 

genomic, single-copy RNAse P gene. The quantity of RNase P gene within a sample represents the quantity 

of human genome and can thus be used to quantify human DNA samples (Figure 2).  

B. DNA extraction methods included in this study. 

A. Study Overview 

Extracted by 2 operators. 

3 DNA extraction kits 48 saliva samples  

TL by qPCR 

Data analysis 

DNA quantification and quality assessment 

• Spectrometry 

• Fluorescence 

• Quantification of single-copy gene  

• Visualization on agarose gels 
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 Apparent DNA yield varied widely, according to both extraction method and measurement 

technique. The PrepIT, salting-out treatment gave the highest, most variable extract yields (average 

174.1 ng/l +/- 19.2). QIAamp (silicon spin columns) gave consistently lower, less variable results (average 

16.7 ng/l +/- 1.2), and Agencourt magnetic bead treatment delivered intermediate amounts of DNA 

(average 32.2 ng/l +/- 2.4), Figure 3). Given the different volumes of saliva used for each kit following 

the instructions of a specific kit, we normalized the DNA yields to represent the total yields/ml of saliva. 

The raw DNA concentration data for every DNA sample are listed in Table S2.  

 

 

 

Figure 3.: Quantification of saliva DNA 

(mg/l of starting saliva sample) with 

Nanodrop UV-VIS spectrometry (solid), 

Picogreen fluorescence (checkered) or PCR 

amplification of the single copy RNAseP 

gene (no fill) extracted with QIAmp columns 

(green) PrepIT salting-out (blue) or 

Agencourt magnetic beads (red). 

 

 

 

 

 

  

 

Linear regressions found Agencourt DNA levels to be highly correlated across all pairings of the three 

measurement techniques, despite differences in DNA concentration across techniques (Figure 4). These 

characteristic differences may stem from inherent properties of each measurement method. Spectrometric 

DNA quantification was determined using the formula, dsDNA concentration = 50 μg/mL × OD260, 

without normalization to a standard curve. DNA quantity by both Picogreen and the RNase P assay was 

carried out using relative measurement to a standard curve made by serial dilution of the same commercial 

human genomic DNA (Sigma Aldrich cat# 11691112001). However, Picogreen measures total dsDNA 

including both human gDNA and bacterial gDNA, which is known to be present in saliva samples. This 

could explain why Picogreen values were consistently greater than RNase P values. 

The quality of each DNA sample was inferred, using the UV-Vis Nanodrop function. Although pure 

DNA has an OD260/OD280 ratio of 1.8, conventionally, a ratio between 1.7 and 2.0 is considered 

acceptable, and we therefore used this criterion. Low OD260/OD230 readings indicate the presence of 

impurities, however, there is no consensus as to what value should be used as the cutoff. We empirically 

considered DNA with OD260/OD230 >1.0 to be relatively free of contaminants and found a number of 

QIAamp extracted DNA preps with OD260/230 values <1.0 (Table S2). DNA quality was further 

characterized by visual inspection after running samples normalized for DNA concentration on standard 

0.8% agarose gels. Samples were independently judged to be intact or ‘degraded’ by both operators. Gel 

visualization revealed the QIAamp preps to be consistently degraded to a small degree, whereas PrepIT 

DNA and Agencourt preps appeared intact (Representative gel images of 4 saliva samples extracted by the 

3 kits are shown in Figure 4B and images for all samples in Figure S2). The lower yields for QIAamp preps 

are likely attributable to this persistent DNA degradation factor. 

https://journals.aijr.org/index.php/exr
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E. 

 

Figure 4:(A) Comparison of Agencourt (magnetic bead prep) DNA extract yield measurements. DNA 

concentration is expressed as ng/l and yields are normalized to represent total yield/ml of starting saliva 

sample. The three measurement methods are highly correlated (P, **** <0.0001): (B) PicoGreen fluorescence 

with Nanodrop UV-Vis OD260; (C) RNAse P amplification with PicoGreen fluorescence; and (D) RNAse P 

amplification with OD260. (E) Saliva DNA extracted by QIAamp mini kit exhibits partial degradation 

compared with Agencourt or PrepIT. 

To evaluate the telomere length data, comparisons were first made between extraction methods by 

averaging the data from both operators for analysis (See Table S3 for complete set of telomere length 

values.). Significant differences in TL (T/S qPCR ratios) were found, dependent on extraction technique. 

M   1     2    3   4   1    2     3    4   1     2     3      4   

Agencourt PrepIT QIAmp 
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T/S ratios obtained with QIAamp were greater than PrepIT which were greater than Agencourt 

(Figure 5A). Further, Agencourt and QIAamp each had strong between-operator correlations, whereas the 

between-operator correlation for PrepIT was less substantial (Figure 5 B, C, D). 

 

 

Figure 5: TL qPCR correlation. A. Systematic differences in TL, with different DNA extraction methods (P, 

**** < 0.0001). B-D. TL correlation between two operators, based on extraction technique: B. Agencourt 

qPCR TL, operator 1 vs. operator 2. C.  PrepIT qPCR TL, operator 1 vs. operator 2. D. QIAamp qPCR TL, 

operator 1 vs. operator 2. 

To further characterize these comparisons, we estimated intraclass correlations (ICC) to assess 

agreement between T/S values across extraction techniques, between operators, and between runs. 

Consistent with linear regression correlations depicted in Figure 5, ICCs between two operators for 

Agencourt and QIAamp DNA were high but lower for PrepIT. Agencourt is better correlated with both 

QIAamp and PrepIT, compared with QIAamp versus PrepIT. In addition, ICC between two runs of the 

same DNA sample was very high, and no difference between the three kits was present. This is likely 

because the between run ICC is a reflection of the precision of the analytical components of the assay, not 

of inherent DNA quality or operator handling (Table 1). 
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Table 1: ICC coefficients for within-operator between-run, between-operator, and between-extraction method 

TL measurements. 

Method / 

Operator 

Agencourt /  

Op 1  

Agencourt /  

Op 2 

Prep IT /  

Op 1 

Prep IT /  

Op 2 

QIAamp /  

Op 1 

QIAamp / 

 Op 2 

Agencourt / 

Op 1 

 0.985 

CI = [0.972, 

0.991] 

          

Agencourt / 

Op 2 

0.950 

CI = [0.911, 

0.972] 

0.991 

CI = [0.985, 

0.995] 

        

Prep IT /  

Op 1 Agencourt vs. Prep IT 

0.839 

CI = [0.732, 0.905] 

0.993 

CI = [0.988, 

0.996] 

      

Prep IT /  

Op 2 

 0.809 

CI = [0.678, 

0.889] 

 0.989 

CI = [0.979, 

0.994] 

    

QIAamp /  

Op 1 Agencourt vs. QIAamp 

 0.876 

CI = [0.793, 0.932] 

Prep IT vs. QIAamp 

 0.755 

CI = [0.606, 0.861] 

0.990 

CI = [0.981, 

0.994] 

  

QIAamp /  

Op 2 

0.937 

CI = [0.891, 

0.965] 

0.985 

CI = [0.974, 

0.992] 

We applied generalizability theory to decompose sources of TL variation and estimate agreement 

coefficients. The first set of generalizability theory analyses focused on between-operator agreement of TL 

measures, stratified by DNA extraction method. Absolute between-operator agreement was high for 

Agencourt and QIAamp, whereas absolute agreement was lower for PrepIT in this study (Table 2). 

Corresponding absolute and relative agreement coefficients had similar values because variation attributable 

exclusively to operators was negligible. 

Table 2: Between-operator agreement of TL measures, stratified by DNA extraction method:  Variance 

component estimates and agreement coefficients. 

 Percentage of TL measure variation by source Agreement coefficients 

Method participant operator residual Absolute Relative 

Agencourt 94.63 0.04 5.33 0.946 0.947 

PrepIT 81.80 0.33 17.87 0.818 0.821 

QIAamp 92.35 0.06 7.59 0.924 0.924 

Note: In Model 1, the residual confounds the participant-by-operator and random error sources. 

The second set of generalizability theory analyses focused on between-operator-and-method 

agreement of TL measures. Because telomere lengths generated from the three extraction methods had 

differing mean levels (Figure 5A), we emphasized relative agreement for these comparisons. Considering 

all three extraction methods simultaneously, the relative agreement coefficient equaled 0.742 (Table 3). 

Relative agreement levels for each pair of extraction methods were roughly similar, ranging from 0.696 to 

0.779. Not surprisingly, the percentage of total variation attributable to extraction methods was substantial 
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(29.6% when considering all three extraction methods). The percentage of variation attributable to 

extraction method across the three pairwise analyses are consistent with what we know about the relative 

performance of the three methods: Agencourt tends to yield the lowest T/S ratios, PrepIT middling, and 

QIAamp the highest. The participant-by-method interaction explained about 10% of total variation in 

telomere lengths, suggesting that differences in relative length estimates across methods are somewhat 

participant-specific.  

Table 3.: Between-operator-and-method agreement of TL measures:Variance component estimates and 

agreement coefficients. 

Extraction 

Methods 

Percentage of total telomere length variation by source Relative 

Agreement participant operator method po pm om residual 

All three 

 Methods 

52.34 0 29.26 1.29 10.17 0.18 6.77 0.742 

Agencourt 

 v PrepIT 

65.25 0.30 14.09 1.08 7.96 0 11.31 0.762 

Agencourt 

 v QIAamp 

41.58 0 46.57 0 8.06 0.03 3.75 0.779 

PrepIT 

 v QIAamp 

56.54 0 18.45 3.01 14.49 0.29 7.22         0 .696 

Abbreviations for variance sources: po, participant-by-operator; pm, participant-by-method, om, operator-by-method. In Model 2, the residual 

confounds the participant-by-operator-by method (pom) and random error sources. 

4 Discussion 

Over the 20 years that qPCR telomere length methods have been developed, it has become clear that 

individual labs can generate different TL qPCR values for the same set of biological samples. The reasons 

for this are complicated, with variation arising from many possible sources. In addition to DNA extraction 

kits and quantification methods, other contributing factors (not addressed in this study) include: the use of 

different reference DNAs for standardization of TL values, selection of different master mixes for the PCR 

reaction, different single copy gene assays used in calculating T/S ratios, and different approaches to data 

analysis. In this single-lab analysis of 3 contributing factors, DNA extraction method, DNA quantification 

technique and human operator, several trends emerged.    

Agencourt kit gave the best quality DNA and most consistent TL results 

We have shown that qPCR TL measurements vary depending on which kit is used to extract DNA. 

Often, DNA yield was higher with the PrepIT (salting out) kit, but there was only modest correlation of 

PrepIT TL values between two operators. Based on both linear regression and ICC, both Agencourt 

(magnetic bead separation) and QIAamp (silicon spin column separation) kits resulted in high between-

operator TL measure agreement. Nevertheless, since the QIAamp DNA was consistently partially 

degraded, while Agencourt DNA remained intact, we recommend Agencourt as the better DNA extraction 

technique. 

TL data gathered from DNA extracted by different methods cannot be combined. 

Despite starting from the same saliva samples, the TL values obtained from the three extraction 

techniques varied, but not in a systematic way that would make it appropriate to apply a ‘correction factor’ 

to arrive at similar TL measurements from DNA extracted different ways. This is demonstrated by the 

between-operator-and-method agreement and variance component estimates (Table 3). Variation due to 

the extraction method main effect, while substantial, is not considered in the estimation of relative 

agreement. Yet, the agreement coefficients, ranging from 0.70 to 0.78, were not high. We also found that 

the participant-by-method interaction explained about 10% of total variation in telomere lengths, suggesting 
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that differences in relative length estimates across methods are somewhat participant-specific. Therefore, 

we would strongly recommend applying the same DNA purification kit to all samples within a given study. 

It is not appropriate to combine samples extracted with different kits. 

Comparison to another TL method needed to estimate qPCR TL assay accuracy in saliva DNA.  

We found that despite absolute differences in in DNA yield, DNA quality and TL values, Agencourt 

and QIAamp data were highly correlated. Unfortunately, most of our DNA, extracted from saliva, was not 

concentrated enough to carry out TRF Southern blot analysis. Furthermore, TRF analysis of a subset of 

highly concentrated Agencourt DNA extracts (executed as described in (Kimura et al., 2010), and shown 

in Figure S3), revealed an average telomere length of 3.8 +/- 0.1Kb, considerably shorter than the expected 

telomere length seen with TRF analysis in human DNA extracted from blood, which is about 9.5 +/- 0.7 

in newborns and 7.8 +/- 0.7 in adults (Factor-Litvak et.al., 2016), suggesting telomere degradation in DNA 

extracted from saliva. This apparent degradation of our telomere-specific DNA on a Southern blot gel did 

not correlate with the clean migration of bulk DNA we observed on 0.8% agarose gels when assessing 

DNA integrity. Since we were unable to directly compare qPCR TL values to a different telomere 

measurement technique, our differences in TL values remain highly correlated but relative. Our study 

measured assay reliability (agreement) but not absolute TL validity (accuracy), as we cannot compare qPCR 

TL with another method expressed as basepairs. The relative nature of qPCR TL measurement is an 

inherent limitation and suggests a strong need to develop other DNA-based methods to measure absolute 

telomere length.  

Some new approaches involve whole genome sequencing followed by analysis of the repetitive 

telomeric sequences(Lee et.al., 2017). Nanopore technology, in which long sequencing reads enable the 

measurement of the entire telomere sequence is especially promising (Fang et al., 2022; Tham et al., 2023). 

Perhaps, with further characterization, high-throughput qPCR TL results could be reliably and accurately 

validated.  

5 Conclusions 

As telomere length continues to evolve as a replicative aging marker in population studies, qPCR 

remains a more practical technique for studies with limited available source material. Saliva is a cost-

effective, non-invasive choice for sample collection. In this work we examined the impacts of DNA 

extraction methods and DNA quality on assay precision and identified potential sources of assay variation 

and ways to improve precision. From this work, we provide some recommendations: 

Extraction method matters. We found that the Agencourt kit, which involves purification of DNA 

through binding to magnetic beads, gave the best quality DNA and most consistent TL results. 

Alternative purification techniques led to inconsistent yield and/or a greater tendency for degradation. 

TL data from DNA extracted by different methods cannot be combined. We found that TL 

values varied with extraction technique and a significant percentage of variation is participant specific. 

Whatever extraction technique is employed, we recommend that DNA extracted through different 

methods never be combined for analysis. 

Comparison to another TL method is needed to estimate qPCR TL assay accuracy in saliva 

DNA. Our extractions did not yield DNA of sufficient quantity and quality for comparison to TRF 

analysis. New approaches and technologies may reveal new ways to measure telomeres with base-pair 

precision. 
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