Improving qPCR telomere length assays: Controlling for well position effects increases statistical power
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ABSTRACT
Objectives: Telomere length (TL) is commonly measured using quantitative PCR (qPCR). Although easier than the southern blot of terminal restriction fragments (TRF) TL measurement method, one drawback of qPCR is that it introduces greater measurement error and thus reduces the statistical power of analyses. To address a potential source of measurement error, we consider the effect of well position on qPCR TL measurements. Methods: qPCR TL data from 3,638 people run on a Bio-Rad iCycler iQ are reanalyzed here. To evaluate measurement validity, correspondence with TRF, age and between mother and offspring are examined. Results: First, we present evidence for systematic variation in qPCR TL measurements in relation to thermocycler well position. Controlling for these well-position effects consistently improves measurement validity and yields estimated improvements in statistical power equivalent to increasing sample sizes by 16%. We additionally evaluated the linearity of the relationships between telomere and single copy gene control amplicons and between qPCR and TRF measures. We find that, unlike some previous reports, our data exhibit linear relationships. We introduce the standard error in percent, a superior method for quantifying measurement error compared to the commonly used coefficient of variation. Using this measure, we find that excluding samples with high measurement error does not improve measurement validity. Conclusions: Future studies using block-based thermocyclers should consider well position effects. Since additional information can be gleaned from well position corrections, re-running analyses of previous results with well position correction could serve as an independent test of the validity of these results. 

INTRODUCTION
Telomeres are repetitive DNA sequences (5’-[TTAGGG]n-3’ in vertebrates) that cap both ends of linear chromosomes (Blackburn and Gall 1978; Meyne et al. 1989). Telomere length (TL) is implicated as a determinant of senescence, immune function, cancer and other traits (Eisenberg 2011) and in recent years has become a frequently measured biomarker in human and non-human studies.
The southern blot analysis of terminal restriction fragments (TRF) method of TL measurement was the first widely accepted technique used (Moyzis et al. 1988), and continues to be considered the ‘gold standard’ TL measurement method (Aubert et al. 2012). More recently, qPCR based methods have become the most widely used means of TL measurement (Cawthon 2002; Cawthon 2009). The qPCR method uses creatively designed primers with intentional sequence mismatches to amplify the telomere repeat sequence without primer dimer formation. The qPCR method is standardized to a ‘single-copy-gene’ control (similar to a ‘housekeeping’ gene control in expression analysis). The qPCR method requires roughly 1/50th the DNA of the TRF method and is considerably less expensive and time consuming (Aubert et al. 2012; Turner et al. 2014). Although more efficient, qPCR method results tend to have higher measurement error and yield less consistent results across laboratories when compared to TRF (Eisenberg 2014; Gardner et al. 2014; Haycock et al. 2014; Martin-Ruiz et al. 2014). For example, some common associations, such as the finding of shorter TL among males, are evident in some qPCR studies but not others, while TRF findings are more consistent (Gardner et al. 2014). This heterogeneity might result from increased measurement error in some laboratories limiting the statistical power to detect associations. There are many potential sources of differential error across laboratories including differences due to DNA extraction techniques (Boardman et al. 2014; Cunningham et al. 2013; Denham et al. 2014; Hofmann et al. 2014), dilution of DNA, primer choices, mastermix choices, pipetting errors, thermocycler and data analysis strategies. Here we explore a likely candidate source of measurement error: well position effects. Controlling for these well position effect might help to minimize measurement error and account for the observed heterogeneity of associations in studies.
Our preliminary experiments across several block based thermocyclers (Bio-Rad iCycler iQ, Bio-Rad MyiQ, Bio-Rad CFX 384, Roche LightCycler 480, MJ Research Chromo 4, and Eppendorf MasterCycler ep realplex) have shown systematic variation in estimated concentrations depending on well position on the thermocycler block. We are not aware of previous studies directly addressing this well position issue on TL measurement, although the concern has been implicitly acknowledged through the randomization of well positions across replicates in previous studies (e.g. Cawthon 2009; Drury et al. 2014). 
Here we seek to evaluate the importance of well position effects by first characterizing the degree of heterogeneity across wells, correcting for this heterogeneity, and then examining how the correction affects performance. To accomplish this, we re-analyze previously published (Eisenberg et al. 2012) qPCR based TL measurement data from over 3,000 individuals run using a modified version of the monochrome multiplex quantitative polymerase chain reaction (MMQPCR) protocol (Cawthon 2009). To evaluate whether correcting for well position effects improves assay performance we use three validation measures known to be strongly correlated with TL. Since random measurement error causes an attenuation of associations (Greene 2008 pg 325), methods which minimize measurement error will tend to increase the strength of associations and thereby increase statistical power. By using three distinct validation measures we gain convergent validity and lessen the probability of being misled by chance findings. First, we use TRF measures obtained on a subset of 190 individuals to compare unadjusted qPCR TL correlations with TRF to well-adjusted qPCR TL correlations with TRF. Second, we examine the strength of the established negative correlation between TL and age (n = 3,638)—again comparing unadjusted and well-adjusted correlations. Finally, since TL is highly heritable, we examine the mother-offspring correlation in TL (n = 1,500). 
We also examine three other additional aspects of TL data analysis methods that could influence performance. First, since a previous large study found a non-linear relationship between telomere (T) and single-copy-gene (S) amplicons (Kvale et al. 2012), we examine whether such a non-linear relationship is present in our data. Second, some, but not all, studies examining the association between qPCR and TRF measurements have shown non-linear associations (Elbers et al. 2013). We evaluate whether a quadratic fit between qPCR and TRF measurements better fits the data than a linear fit. Third, many telomere studies exclude samples with coefficients of variation (CV) across replicates greater than a particular threshold value (often 10% or 15%) in an effort to eliminate noisy samples (i.e. samples with low precision) which may reduce statistical power. We note that the CV is not an ideal statistic of measurement error because it is invariant to the number of replicate measurements. We examine how variable exclusion thresholds using standard error in percent of the mean (standard error/mean*100; SE%) affect assay performance. SE%, unlike CV, decreases with increasing numbers of replicates, better reflecting the precision of the estimate. 
 
MATERIAL AND METHODS

Samples and data
Samples and data are from the Cebu Longitudinal Health and Nutrition Survey (CLHNS), a birth cohort study in Cebu City, Philippines that began with enrollment of 3,327 pregnant mothers in 1983-1984 (Adair et al. 2011). Venous blood samples were collected in 2005, when the offspring were 20.8 - 22.5 years old and the mothers were 35.7 - 69.3 years old. Automated and manual DNA extraction (Puregene, Gentra) was conducted on venous blood from 1,893 mothers and 1,779 offspring. Written informed consent was obtained from all participants and data and DNA collection were conducted with approval and oversight from the Institutional Review Boards of University of North Carolina and Northwestern University. Telomere measurement and analysis in de-identified samples and data was not considered human subjects research by Northwestern University’s Institutional Review Board.

Telomere length measurement
 qPCR. Telomere lengths were measured using the MMQPCR assay (2009) with the following modifications as previously described (Eisenberg et al. 2012). Reactions were run with telomere primers (telg/telc) at 500 nM each and albumin (single-copy control) primers (albd/albu) at 300 nM each on a Bio-Rad iCycler iQ thermocycler with a modified thermo-profile: internal well factor collection for 1.5 min at 95°C, denaturation and Taq activation for 13.5 m at 95°, 2 repeats of: 2 s at 98° followed by 30 s at 49°, 34 repeats of: 2 s at 98°, 30 s at 59°, 15 s at 74° with signal acquisition, 30 s at 84°, 15 s at 85° with signal acquisition, followed by a melt curve for PCR product verification. Data were analyzed with a per-well efficiency calculation method (Ehrlenbach et al. 2009; Ehrlenbach et al. 2010; Willeit et al. 2010) using LinRegPCR version 12.7 (Ramakers et al. 2003; Ruijter et al. 2009). All T/S ratios were normalized to (divided by) the T/S value of the same control sample run with six replicates per 96 well plate. Previous experiments with the Bio-Rad control assay and this telomere length assay revealed that corner wells of the PCR plate had consistent and substantially discrepant results from other wells (this is a common problem to Bio-Rad iCycler and Bio-Rad CFX 384 well platforms operating within company specifications, and probably a more general problem with peltier based thermocyclers;Herrmann et al. 2007). Therefore, only negative controls were placed in two of the corner wells (Row H), while corner wells in Row A were left empty. More detailed information on the qPCR assay implementation is contained in Supplement 1. 
Southern blot TRF. Southern blot analysis of TRF was performed using the restriction enzymes HinfI and RsaI after verification of DNA integrity (Kimura et al. 2010). 190 samples were measured with 159 of these samples measured twice and averaged and the remainder measured only once. Of those 159 samples measured twice, the average SE% was 1.53% (equivalent to a CV in percent of 2.17%).

RESULTS

Well position
To examine how well position effects our MMQPCR results, first we calculated the mean T/S value in each well position across all 180 available runs. Each well position contained an average of 174.8 replicate values (range: 123-180). Figure 1 depicts this variation graphically and notes that the CV% of average values across the thermocycler block is 8%. As is apparent visually, T/S values tend to be lower closer to the center of the plate. In multivariate regression with T/S value as the outcome and number of wells distance from the closest X axis edge (left or right, 0-6 wells) and Y axis edge (top or bottom, 0-4 wells) as predictors, being one well closer to an X axis edge predicted a 0.0247 unit increase in T/S values (p < 0.001) while distance from Y axis edge was not a significant predictor (β = 0.0033, p = 0.468) and the overall adjusted R2 was 0.41. To analyze how well position affects individual well T/S values, we examined the degree to which the average T/S of each well position (from Figure 1) predicted each T/S value. The average T/S of each well position (shown in Figure 1) predicted 10.4% of the variation of the individual well T/S values (n = 14,677 wells; Figure 2). This suggests that 10.4% of the variation in T/S values is attributable to our measure of well position (and the remaining 89.6% to true TL variation across samples and other sources of error).
To control for these well position effects, every well specific T/S value was adjusted by subtracting the well position specific mean value (i.e. values in Figure 1) and adding the overall mean T/S value (overall mean T/S across all 14,677 wells). Unadjusted sample mean T/S values and well position adjusted sample mean T/S values were then related to our three validation measures. Across all three measures, correlations consistently increased in magnitude (Table 1).
To quantify the estimated power gains yielded from controlling for well position effects (Table 1) we compared the sample sizes needed to distinguish unadjusted versus well-adjusted qPCR TL  correlates as significantly different from zero (α = 0.05, power = 0.95.) For example, to detect the correlation of qPCR TL with TRF TL without well-position adjustment (r = 0.637) would require a sample size of 25.91, while a sample of 23.40 is required to detect the well-position corrected correlation coefficient (r = 0.663; power calculated using Stata sampsi_rho command). This equates to an 11% increase in sample size. Using the same procedure for age and mother-offspring correlations yields estimated increases in sample sizes of 11% and 27% respectively. Averaging these three estimates suggests that the well position correction yields a gain in power equivalent to a 16% increase in sample size.

Nonlinearity
Since a previous large scale analysis found a non-linear relationship between telomere (T) and single-copy-gene (S) amplicons (Kvale et al. 2012), we examine whether such a non-linear relationship is present in our data. By including a quadratic term in an OLS regression model with T as the outcome, no deviations from linearity were detected (quadratic term p = 0.894). 
Some previous studies have also found a nonlinear relationship between qPCR and TRF measurements (Elbers et al. 2013). As with T/S above, we tested this by including a quadratic term in an OLS regression model with TRF as the outcome (Figure 3). Again, no quadratic association is evident in our data (quadratic term p = 0.703). We note that the correlation of these 190 samples with age using MMQPCR is -0.508 (p < 0.0001) and using TRF -0.456 (p < 0.0001), suggesting that for this measure of assay validity our MMQPCR might perform better than TRF (but p = 0.51 of difference in these two correlation coefficients).

Coefficient of Variation and handling ‘noisy’ samples
Using the SE% measure (standard error/mean*100), we experimentally varied our exclusion criteria in an effort to find an optimum exclusion threshold. As noted above, the SE% measure is a better measure than CV because it decreases with increasing replicates to reflect the increasing precision of the estimate with increasing replicates. Well-adjusted qPCR mean TL were excluded if SE% was greater than 2, 4, 6, 8, 10, 12, 14, 16, 18, and 20% in an effort to find an exclusion point at which correlations were consistently higher across the three measures. For comparison, we note that the commonly used CV% exclusion criteria of 15% and 10% with three replicates is equivalent to a SE% of 8.66% and 5.77% respectively. As shown in Figure 4, no consistent optimal cut point is apparent nor is there a consistent directional relationship between the exclusion point and correlation magnitudes. For example, there is no meaningful difference in the correlation coefficient measured when using a threshold of >6 SE% and >20 SE%. However, using the more restrictive (i.e. lower SE%) threshold decreases the number of samples (up to 27% in the mother-offspring case). Further, correlation coefficients vary little between the 20% SE% threshold and no exclusion at all (values in Table 1).


DISCUSSION
Our analyses of MMQPCR results from over 3,000 human DNA samples across 180 qPCR runs on 96 well plates shows substantial well position effects. Correcting for these well position effects resulted in consistently improved measurement validity. Controlling for well position effects improves statistical power equivalent to an estimated 16% increase in sample size. Because our preliminary analyses had indicated more severe well position effects in corner wells, no samples analyzed here were placed in these wells. If samples had been placed in corner wells, we expect that well correction would have yielded an even larger improvement in measurement validity than what we report here.
The increase in statistical power equivalent to a 16% increase in sample size that we report with well position-correction represents a substantial reduction in the needed sample, and thus costs and participant burden, to conduct telomere-based research. The importance of well position correction and concomitant power gains is even more important in the case of small isolated populations and historically banked biological specimens where it may not be possible to increase sample size. If this method of well position correction also applies to data from other laboratories, this equates to a large untapped set of data. Not only will future analyses benefit, but by redoing previous analyses with well correction, new data is effectively derived from these existing data, allowing pseudo-replications of previous findings for trivial costs. If previously observed unadjusted associations between TL and other variables become stronger with well position adjustment, this would suggest that the association in question is more likely to be correct (and vice versa).
We note that while these results provide verification of our MMQPCR measurements and recommendations for future analytical strategies, results may vary across instruments and laboratories. Adjustments for well position effects need to be made for each particular instrument (i.e. well position effects should not be assumed to be the same for even the same make and model of instrument without first verifying). We also stress that external validity measures need to be measures that are not the intended focus of study. Our analytical strategy systematically seeks higher associations with these external variables, so the estimated correlations with these variables may be over-inflated. For example, in our study after the implementation of well-position corrections based in part upon the strength of association between TL and age, it would now be dubious to compare the qPCR measured age related decline in our population with other populations (although our standardizing to three different external measures mitigates this concern). But, if a study focuses on the relationship between TL and disease status, using the association between TL and age would be an appropriate validation.
In additional analyses of our MMQPCR data, we show that there is a linear relationship between telomere (T) and single-copy-gene (S) amplicons, that our MMQPCR measures have a linear relationship with TRF and that excluding noisy samples (i.e. high SE% samples) does not improve measurements. While it is unclear why we did not find non-linear relationships like some previous studies, one possibility is that there are genetic polymorphisms (e.g. copy number variants and/or SNPs) in some of the single copy gene controls used (there are several in use in the literature) in some studies, or specific to some populations, which cause samples with high or low S values to have only average T values. The single-copy control primer pair in the albumin gene was chosen for this study because we observed fewer polymorphisms in the corresponding genomic sequence, according to online databases and SNPbrowser 4.0 (Applied Biosystems), than the beta-globin primers also tested in the MMQPCR protocol. To test for this possible influence of single copy amplicon choice influencing linearity, future studies which show a non-linear association between T and S could examine whether the same pattern is shown for other single-copy controls run on the same samples. Non-linear associations between T and S due to genetic polymorphisms in S might also lead to non-linear relationships between uncorrected T/S values and TRF values.
Alternative thermocycler technologies may eventually minimize or eliminate altogether the well position effects reported here. Peltier element based thermocycler blocks are the dominant technology employed for qPCR, but are thought to lead to limitations in temperature uniformity across the block (Javorschi-Miller and Orlic 2011)--which might explain the well position effects observed here. We are aware of two alternatives to Peltier based thermocyclers which have considerably improved temperature uniformity and which might therefore help eliminate systematic well position effects on the qPCR telomere assay: 1) rotary real-time PCR thermocyclers which spin samples in a centrifuge and cycle temperatures with air cooling and heating and 2) a thermocycler block filled with a thermal conductive fluid that is mixed with electromagnetic paddles to improve uniformity (Javorschi-Miller and Orlic 2011). The highest throughput version of the rotary thermocycler, the Qiagen Rotor-Gene Q, can accommodate up to 100 wells per run. Only one thermocycler, the Illumina Eco, has a block containing thermal conductive fluid. However, the Eco has been discontinued and only had a block size of 48 wells. While the Rotor-Gene Q appears as the obvious choice to eliminate well-position effects, the well-to-well variation of this platform has not been investigated and a recent comparison of samples measured using TRF and singleplex qPCR measured TL on the Rotor-Gene Q found correlations between TRF-qPCR slightly lower (p = 0.077 for differences in correlation coefficients) than found in this study (Gutierrez-Rodrigues et al. 2014), suggesting that other sources of variation beyond well position effects might emerge in some implementations on the Rotor-Gene Q. While the Rotor-Gene Q still seems likely to prove a good alternative technology to yield more accurate measures, because wells are arranged in a ring, manual pipetting is difficult, multichannel pipettes cannot be used and costly robotics equipment are required to achieve high throughput. 
In summary, we show that analysis strategy of qPCR TL data matters. In particular, in our data, well position correction yields power gains equivalent to an estimated 16% increase in sample size. 

ACKNOWLEDGEMENTS

We thank Karen Mohlke and Swarooparani Vadlamudi for preparing the DNA samples and Abraham Aviv’s laboratory for running TRF analyses. Rosana Risques and Steven Hunt gave valuable feedback on drafts of this manuscript. Cori Mar and Matt Dunbar provided assistance in generating heat-map figures. We especially thank the many researchers at the Office of Population Studies, University of San Carlos, Cebu, the Philippines, for their central role in study design and data collection, and the Filipino participants, who provided their time and samples for this study.




REFERENCES

[bookmark: _ENREF_1]Adair LS, Popkin BM, Akin JS, Guilkey DK, Gultiano S, Borja J, Perez L, Kuzawa CW, McDade T, and Hindin MJ. 2011. Cohort profile: the Cebu longitudinal health and nutrition survey. Int J Epidemiol 40(3):619-625.
[bookmark: _ENREF_2]Aubert G, Hills M, and Lansdorp PM. 2012. Telomere length measurement-caveats and a critical assessment of the available technologies and tools. Mutat Res 730(1-2):59-67.
[bookmark: _ENREF_3]Blackburn EH, and Gall JG. 1978. A tandemly repeated sequence at the termini of the extrachromosomal ribosomal RNA genes in Tetrahymena. J Mol Biol 120(1):33-53.
[bookmark: _ENREF_4]Boardman LA, Skinner HG, and Litzelman K. 2014. Telomere Length Varies by DNA Extraction Method: Implications for Epidemiologic Research—Response. Cancer Epidemiol Biomark Prev 23(6):1131.
[bookmark: _ENREF_5]Cawthon RM. 2002. Telomere measurement by quantitative PCR. Nucleic Acids Res 30(10):e47.
[bookmark: _ENREF_6]Cawthon RM. 2009. Telomere length measurement by a novel monochrome multiplex quantitative PCR method. Nucleic Acids Res 37(3):e21.
[bookmark: _ENREF_7]Cunningham JM, Johnson RA, Litzelman K, Skinner HG, Seo S, Engelman CD, Vanderboom RJ, Kimmel GW, Gangnon RE, Riegert-Johnson DL et al. . 2013. Telomere length varies by DNA extraction method: implications for epidemiologic research. Cancer Epidemiol Biomarkers Prev 22(11):2047-2054.
[bookmark: _ENREF_8]Denham J, Marques F, and Charchar F. 2014. Leukocyte telomere length variation due to DNA extraction method. BMC Res Notes 7(1):877.
[bookmark: _ENREF_9]Drury SS, Mabile E, Brett ZH, Esteves K, Jones E, Shirtcliff EA, and Theall KP. 2014. The association of telomere length with family violence and disruption. Pediatrics 134(1):e128-137.
[bookmark: _ENREF_10]Ehrlenbach S, Willeit P, Kiechl S, Willeit J, Reindl M, Schanda K, Kronenberg F, and Brandstatter A. 2009. Influences on the reduction of relative telomere length over 10 years in the population-based Bruneck Study: introduction of a well-controlled high-throughput assay. Int J Epidemiol 38(6):1725-1734.
[bookmark: _ENREF_11]Ehrlenbach S, Willeit P, Kiechl S, Willeit J, Reindl M, Schanda K, Kronenberg F, and Brandstatter A. 2010. Raising the bar on telomere epidemiology. Int J Epidemiol 39(1):308-309.
[bookmark: _ENREF_12]Eisenberg DT. 2014. Inconsistent inheritance of telomere length (TL): is offspring TL more strongly correlated with maternal or paternal TL? Eur J Hum Genet 22(1):8-9.
[bookmark: _ENREF_13]Eisenberg DT, Hayes MG, and Kuzawa CW. 2012. Delayed paternal age of reproduction in humans is associated with longer telomeres across two generations of descendants. Proc Natl Acad Sci 109(26):10251-10256.
[bookmark: _ENREF_14]Eisenberg DTA. 2011. An evolutionary review of human telomere biology: The thrifty telomere hypothesis and notes on potential adaptive paternal effects. Am J Hum Biol 23(2):149-167.
[bookmark: _ENREF_15]Elbers CC, Garcia ME, Kimura M, Cummings SR, Nalls MA, Newman AB, Park V, Sanders JL, Tranah GJ, Tishkoff SA et al. . 2013. Comparison Between Southern Blots and qPCR Analysis of Leukocyte Telomere Length in the Health ABC Study. J of Gerontol Ser A: Bio Sci and Med Sci 69(5):527-531.
[bookmark: _ENREF_16]Gardner M, Bann D, Wiley L, Cooper R, Hardy R, Nitsch D, Martin-Ruiz C, Shiels P, Sayer AA, Barbieri M et al. . 2014. Gender and telomere length: systematic review and meta-analysis. Exp Gerontol 51:15-27.
[bookmark: _ENREF_17]Greene WH. 2008. Econometric analysis. Upper Saddle River, N.J.: Prentice Hall.
[bookmark: _ENREF_18]Gutierrez-Rodrigues F, Santana-Lemos BA, Scheucher PS, Alves-Paiva RM, and Calado RT. 2014. Direct Comparison of Flow-FISH and qPCR as Diagnostic Tests for Telomere Length Measurement in Humans. PLoS ONE 9(11):e113747.
[bookmark: _ENREF_19]Haycock PC, Heydon EE, Kaptoge S, Butterworth AS, Thompson A, and Willeit P. 2014. Leucocyte telomere length and risk of cardiovascular disease: systematic review and meta-analysis. BMJ 349:g4227.
[bookmark: _ENREF_20]Herrmann MG, Durtschi JD, Wittwer CT, and Voelkerding KV. 2007. Expanded Instrument Comparison of Amplicon DNA Melting Analysis for Mutation Scanning and Genotyping. Clin Chem 53(8):1544-1548.
[bookmark: _ENREF_21]Hofmann JN, Hutchinson AA, Cawthon R, Liu CS, Lynch SM, Lan Q, Rothman N, Stolzenberg-Solomon R, and Purdue MP. 2014. Telomere length varies by DNA extraction method: implications for epidemiologic research-letter. Cancer Epidemiol Biomarkers Prev 23(6):1129-1130.
[bookmark: _ENREF_22]Javorschi-Miller S, and Orlic ID. 2011. Real-Time PCR Instrumentation: an Instrument Selection Guide. In: Kennedy S, and Oswald N, editors. PCR Troubleshooting and Optimization: The Essential Guide: Caister Academic Press.
[bookmark: _ENREF_23]Kimura M, Stone RC, Hunt SC, Skurnick J, Lu X, Cao X, Harley CB, and Aviv A. 2010. Measurement of telomere length by the Southern blot analysis of terminal restriction fragment lengths. Nat Protocols 5(9):1596-1607.
[bookmark: _ENREF_24]Kvale M, Lapham K, Hoffmann T, Sciortino S, Walter L, Banda Y, Listerman I, Lin J, Hesselson S, Kwok P et al. . 2012. The Kaiser Permanente/UCSF Genetic Epidemiology Research Study on Adult Health and Aging: A genome-wide association study of telomere length in a multi-ethnic cohort of 100,000 subjects. American Society of Human Genetics 61st Annual Meeting. Montreal, Canada.
[bookmark: _ENREF_25]Martin-Ruiz CM, Baird D, Roger L, Boukamp P, Krunic D, Cawthon R, Dokter MM, van der Harst P, Bekaert S, de Meyer T et al. . 2014. Reproducibility of telomere length assessment: an international collaborative study. Int J Epidemiol.
[bookmark: _ENREF_26]Meyne J, Ratliff RL, and Moyzis RK. 1989. Conservation of the human telomere sequence (TTAGGG)n among vertebrates. Proc Natl Acad Sci 86(18):7049-7053.
[bookmark: _ENREF_27]Moyzis RK, Buckingham JM, Cram LS, Dani M, Deaven LL, Jones MD, Meyne J, Ratliff RL, and Wu JR. 1988. A highly conserved repetitive DNA sequence, (TTAGGG)n, present at the telomeres of human chromosomes. Proc Natl Acad Sci U S A 85(18):6622-6626.
[bookmark: _ENREF_28]Ramakers C, Ruijter JM, Deprez RH, and Moorman AF. 2003. Assumption-free analysis of quantitative real-time polymerase chain reaction (PCR) data. Neurosci Lett 339(1):62-66.
[bookmark: _ENREF_29]Ruijter JM, Ramakers C, Hoogaars WM, Karlen Y, Bakker O, van den Hoff MJ, and Moorman AF. 2009. Amplification efficiency: linking baseline and bias in the analysis of quantitative PCR data. Nucleic Acids Res 37(6):e45.
[bookmark: _ENREF_30]Turner KJ, Vasu V, Greenall J, and Griffin DK. 2014. Telomere length analysis and preterm infant health: the importance of assay design in the search for novel biomarkers. Biomark Med 8(4):485-498.
[bookmark: _ENREF_31]Willeit P, Willeit J, Mayr A, Weger S, Oberhollenzer F, Brandstatter A, Kronenberg F, and Kiechl S. 2010. Telomere length and risk of incident cancer and cancer mortality. JAMA 304(1):69-75.




TABLE AND FIGURES LEGENDS

Table 1. Changes in correlation coefficients with measures of external validity before and after well-position correction.



Figure 1. Average qPCR telomere length measures by well across 180 qPCR runs. Wells A1, A11 and A12 contained no sample, control samples were in wells F1, F11, F12, G1, G11, G12, negative water controls in H1, H11 and H12 and all other wells contained experimental samples.  


Figure 2. Average telomere length of each well position (from Figure 1) predicts each well specific telomere length measure. 10.4% of the variation in T/S values is attributable to well position.


Figure 3. qPCR versus Southern Blot telomere length measurements. No quadratic association is evident (quadratic term p = 0.703).


Figure 4. Correlation coefficients between TL and validation measures in relation to varying the SE% exclusion cut points. Circles represent correlations of qPCR measures with TRF, diamonds of qPCR measures with age and squares of mother-offspring qPCR TL correlations. Numbers below each symbol note sample size.
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