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Background: Average telomere length in whole blood has become a biomarker of aging, disease, andmortality risk
across a broad range of clinical conditions. The most common method of telomere length measurement for large
patient sample sets is based on quantitative PCR (qPCR). For laboratory-developed tests to be performed on clinical
samples, they must undergo a rigorous analytical validation, currently regulated under CLIA.
Methods:Wholebloodsamples from40donorswereused in theanalytical validationofmethods for relativeaverage
telomere length (rATL) measurement. Three technical replicate DNA samples were extracted from each whole blood
sample and placed in three independent wells on a sample plate. Each of these sample plates was assayed 12 times
during the validation process. The study was conducted over a 20-day period, once in the morning and once in the
evening, using 3 different operators.
Results:Ourprocess of rATLmeasurement beginningwithDNAextraction followedbyqPCR-based assay resulted in
repeatability and reproducibility CV of <5% and amplification efficiencies near 100%. The validated assay was used to
establish a reference interval derived from 2 cohorts of individuals: (a) San Francisco Bay area (n = 504) and (b) a US
cross-sectional, demographic population (n = 357).
Conclusions:We present advances in the establishment of a highly reproducible analytically validated process for
determining rATLs in a CLIA laboratory environment.

IMPACT STATEMENT
Leukocyte telomere length is emerging as a biomarker for age-related disease risk. The challenge of comparing

telomere length analyses across laboratories includes reconciling differentmethodologies, varied standardization,

and high variability. Adoption of stringent controls and performance characteristics are central to pursuing clinical

indications associated with small dynamic ranges of telomere lengths. We present the rigorous CLIA-inspired

analytical validation of a relative average telomere length (rATL)measurement process, whichweused to establish

a normal reference interval. Given the growing number of associations between leukocyte telomere length and

disease risk, particularly cardiac, increased consistency within and between assays benefits affected individuals.
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Early work on telomere biology in the 1970s and
1980s by Blackburn, Greider, and Szostak was rec-
ognized with award of the Nobel prize for the dis-
covery of telomerase, the enzyme that lengthens
telomeres by adding telomeric DNA (TTAGGG re-
peats) to the 5′ ends of chromosomes, and the
discovery of how telomeres protect the ends of
chromosomes from abnormal recombination and
genomic instability (1). The fruits of this research
over the past 30-plus years are now being directed
toward clinical practice (2). An important compo-
nent for successful telomere analysis in a clinical lab-
oratory environment is a validated, scalable, and
reproducible assay for average telomere length
measurement.
Currently, there are many methods of telo-

mere length analysis, which provide a variety of
useful data (3–8). Quantitative PCR (qPCR)2-
based assays for telomere length measurement
are high-throughput techniques that require low
nanogram amounts of DNA (9, 10). Previous stud-
ies have used qPCR methodology developed by
Cawthon's laboratory (9, 10), which reports relative
average telomere length (rATL) by taking the ratio
of a telomere signal to a normalizing single copy
gene signal (the T/S ratio). To perform consistently
across assays, qPCR methods require plate-to-
plate controls, standard curves to calculate abso-
lute amounts, and QC samples to confirm the
validity of T/S ratios across the values found in the
patient population.
As molecular diagnostic tools became estab-

lished for human health monitoring, strict quality
measures for laboratory-developed tests and their
proper implementation are paramount. Assay per-
formance characteristics established via a rigor-
ous analytical validation ensure the consistency of
performance of the laboratory-developed test
within an individual laboratory. An assay's analyti-
cal validation should be designed to demonstrate

its underlying performance for multiple character-
istics including: linearity, precision/reproducibility,
analytical sensitivity, interfering substances, re-
portable range, and reference intervals (normal
values required for test performance). These met-
rics are recommended for clinical test perfor-
mance authentication.
In this report, we detail the analytical validation

of a process for determining rATL from whole
blood in a clinical laboratory setting. The analytical
validation, based on the guidelines established un-
der CLIA and in accordance with CLSI guidelines,
includesmethodology for DNA extraction followed
by analysis with a multichrome triplex qPCR assay.
Using this validated process, we analyze the telo-
mere lengths fromhealthymales and females ages
20–80 years to establish a reference population.

MATERIALS AND METHODS

rATL assay

We measure 3 targets (1 telomere sequence and
2 independent single copy genes) in a singlewell (see
Table 1 in the Data Supplement that accompanies
the online version of this article at http://www.jalm.
org/content/vol2/issue1). The telomeres are mea-
sured using the G-strand forward/C-strand re-
verse primer pair (Table 2 in the online Data
Supplement), detected by EvaGreen® (Biotium);
the single copy gene β-2-microglobulin (B2M)3 is
measured using B2M-forward/B2M-reverse/B2M
probe primer/probe set (Table 2 in the online Data
Supplement); the single copy gene RNase P ismea-
sured using the RNase P copy number variation
(CNV) reference kit (Thermo Fisher Scientific). Each
of the targets is quantified using the absolute
quantification method on the Roche LightCycler®

480 instrument and the second derivative method
(11). The final qPCR reaction mixture includes 5 ng

2Nonstandardabbreviations:qPCR, quantitative PCR; rATL, relative average telomere length; T/S, telomere/single copy genes; CNV, copynumber
variation; Cq, quantification cycle; WAC, whole assay control; LOD, limit of detection; TRF, terminal restriction fragment.
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template DNA, 300 nmol/L G-strand forward (Inte-
grated DNA Technologies), 300 nmol/L C-strand
reverse (IDT), 300 nmol/L B2M forward (IDT), 300
nmol/L B2M reverse (IDT), 100 nmol/L B2M probe
(IDT), 1× TaqMan® Copy Number Reference assay
RNase P (Thermo Fisher, 20× stock), 1× EvaGreen®

(Biotium, 20× stock), and 1× QuantiFast® Multiplex
PCR Master Mix (QIAGEN, 2× stock) with a 10-μL
reaction volume. The amplification, data acquisi-
tion, andmelt curve cycling conditions are outlined
in Table 3 in the online Data Supplement.

Statistical analysis of the analytical
validation qPCR data

The amplification efficiency, E, was calculated
from the slope of the standard curve:

E � 10��
1

β/log (2) � � 1
where the slope (β) is estimated from the regres-
sion of the qPCR measurements vs the (known)
telomere amplification product, RNase P ampli-
fication product, and B2M amplification product
concentrations over the linear range of the telo-
mere length assay. Statistical tests for linearity of
signal response vs known (log) concentrations
are performed for each standard curve using
the polynomial method originally proposed by
Kroll et al. (12) and as recommended per CLSI
EP06-A (13).
Mixed effects linear regression models and

ANOVA were used to estimate the precision of the
rATL assay. Specifically, ANOVA was used to de-
compose the total variability in rATL measure-
ments into components of variance for between
and with run, day, and replicate error.

Derivation of assay variance

Estimates of the interassay variance were de-
rived from the average T/S ratio calculated for the
3 replicates of each donor sample across 12 inde-
pendent assays (n = 36 T/S ratios/donor). The T/S
ratios, from the multiple assays, were analyzed us-
ing a random effects model with “Assay” being the
random effect. From these analyses, estimates of

repeatability (intra), reproducibility (inter), and to-
tal run variability were determined. A separate
mixed-effects model accounting for operator, day,
and shift within day was also fit to the data, and the
variance components were expressed as percent
of overall CV for precision.

Determination and evaluation of
amplification efficiencies

Donor and control samples were processed on
a Roche LightCycler 480 II using its internal “Sec-
ond Derivative Maximum Method” algorithm (11).
We refer to the crossing point used by the Roche
software as quantification cycle (Cq) per minimum
information about quantitative real-time PCR ex-
periments (MIQE) guidelines (14). A 1-U change in
Cq measurement represents a 2-fold increase in
DNA abundance if PCR efficiency is 100%. During
the analytical validation, a 2-fold 8-point dilution
series was used, such that ideally a Cq change of 1
is expected between each dilution in the standard
curve. The slope for qPCR measurements for both
T and S concentrations was used to calculate the
observed PCR amplification efficiency.

RESULTS

Multichrome triplex qPCR assay for
evaluation of rATL

Analytical validation experimental design. Forty in-
dependent donors were used in this study, which
began with 3 separate DNA extractions each by
different operators from a single blood draw from
each donor (Fig. 1A in the online Data Supple-
ment). Each of the replicate extractions was placed
on the same sample plate and assayed for rATLs
(Fig. 1B in the online Data Supplement). The iden-
tical plate layout (Fig. 1B in the online Data Supple-
ment) was repeatedly assayed over a 20-day
period, once in the morning and once in the eve-
ning, using 3 different operators. From these data,
we calculated repeatability and reproducibility.
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Assay performance

Determination of the telomeric content in a popu-
lation of cells. To report rATL, we compare the T
and S signals as a T/S ratio. We first combine the
B2M and RNase P single copy gene signals to rep-
resent a single S signal (Fig. 2 in the online Data
Supplement). Using 2 single copy genes as the S
signal helps ensure the likelihood of the S signal
representing the genome and minimizes potential
error in S, thus improving precision and reproduc-
ibility of T/S ratios. Linear regression analysis of
each amplicon, telomeric, B2M, and RNase P,
across our standard curve range (3.0–0.023 ng/μL),
shows notable correlation with respect to Cq and
concentration (R2 = 0.999) (Fig. 2 in the online Data
Supplement). These data indicate that the multi-
plex reaction does not negatively affect amplifica-
tion of any of the targets across the concentration
range of the standard curve.

Specificity in the rATL triplex assay

Previous studies have shown that B2M provides
an effective marker for use in CNV studies (15).
Additionally, we chose a commercially available
CNV kit that uses the RNA subunit of RNase P. The
single copy gene melt curve peaks (Fig. 3, A and B,
in the online Data Supplement) did not overlap
with each other when evaluated in a duplex reac-
tion or with the telomeric melt curve peak as seen
inmonoplex on the same assay plate (Fig. 3C in the
online Data Supplement). Three individual melt
curve peaks can be identified in the triplex reaction
(Fig. 3D in the online Data Supplement).

Analytical validation of the rATL assay

Range and variance of T/S ratios during analytical
validation. The 40 donor samples for this study
had T/S ratios ranging from 0.76 to 1.23 (Fig. 1A).
The intraassay CV for precision was 3.68% (Fig.

Fig. 1. Precision and reproducibility of the rATL.
(A), Average ± 1 SD. Donor sample T/S ratios. A random effects model was used. (B), Intraassay CV. (C), Interassay CV. (D),
Overall CV for precision. Closed circles, CV model accounting for effects of operator, day (DaywOP), and shift. Open dia-
monds, CV model accounting for the effect of plate. Red line, 95th percentile CI.
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1B, Table 1) and interassay average CV for precision
was 1.33% (Fig. 1C, Table 1). Inspection of the results
across all donor samples confirms that the variance
component associated with the triplicate repeats
within a plate dominates the total variance (Fig.
1D). The difference in intra- and interassay CVs indi-
cates the majority of variation in this process arises
from the technical replicate extractions rather than
from the rATL assay performance.

Controls for evaluating the multichrome
triplex rATL assay

The performance of the multichrome triplex
rATL assay relies in part on appropriate sample
controls. QC DNA and whole assay control (WAC)
were included on every sample plate. The mean
T/S ratio ± 1 SD for QC DNA 1 (QC1), QC DNA 2
(QC2), and QC DNA 3 (QC3) are 0.74 (0.02) (low),
1.15 (0.04) (medium), and 1.79 (0.09) (high), re-
spectively (Fig. 2A). The mean T/S ratio ± 1 SD for
the WAC was 1.00 (0.04) (Fig. 2A). The total aver-
age CV obtained from the distribution of CVs
across all WACs was 4.13% and across all QCs
low, medium, and high (QC1, QC2, and QC3) was
2.37%, 3.79%, and 4.95%, respectively.

Application of appropriate reference DNA
for the standard curve

In qPCR analysis, reference sample DNA from
which the standard curve is constructed may not
necessarily reflect the nature of the DNA being ana-
lyzed in clinical samples. To approximate DNA from
humanwhole blood, we useDNAextracted from the
pooled blood of 100 humanmales as our reference
DNA.When this reference DNA ismeasured as a do-
nor sample, its resulting T/S value has amean at 1.00
(0.017) (n = 8), which is the value assigned to the
“standard.”

PCR amplification efficiencies

A reference standard curve of dilutions ranging
from 3 to 0.023 ng/μL (Table 4 in the online Data
Supplement) was used for each rATL assay. The am-
plification efficiencies observed across the full valida-
tion study had a mean of 104.3% and 101.7% for T
and S, respectively (Fig. 2B). With a CV <3% in each
case, confirming that T and S amplification had simi-
lar kinetics and nearly identical efficiencies.
We used Levey–Jennings charts (16) as a statisti-

cal tool used to track the assay's consistency over
time across repeated assays. Evaluation of average
T (Fig. 2C) and S (Fig. 2D) amplification efficiencies
obtained from individual assays shows that the
observed T and S amplification values remained
within 2 SD (Fig. 2, C and D), indicating consistency
of the multichrome triplex rATL assay across time
and operators.

Interoperator consistency

Three different operators were used for the
analytical validation studies. The observed CVs
across donor samples were <3% (Fig. 4A in the
online Data Supplement). The average T/S ratio ±
1 SD for all QC samples were consistent across
operators (Fig. 4B in the online Data Supple-
ment). These data indicate a robust perfor-
mance of the multichrome triplex rATL assay
across operators and time.

Table 1. Analytical validation assay performance
characteristics.

Performance
characteristics Assay data
Precision, intraassay 3.68%
Reproducibility, interassay 1.33%
PCR efficiency, T 104%
PCR efficiency, S 102%
Linearity range 0.007–4 ng/μL
LOB Telomere: 0.0001 ng/μL

B2M: 0.0003 ng/μL
RNase P: 0.01 ng/μL

LOD Telomere: 0.002 ng/μL
B2M: 0.002 ng/μL
RNase P: 0.002 ng/μL
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Linearity series

A linearity series study was used to verify the
measuring interval for the standard curve in the
multichrome triplex rATL assay that ranges from 3
ng/μL to 0.023 ng/μL DNA. For this study the range
tested includedpoints +66% than the highest stan-
dard and 10-fold lower than the lowest standard.
The DNA linearity series was: 5 ng/μL, 1.67 ng/μL,
0.56 ng/μL, 0.19 ng/μL, 0.06 ng/μL, 0.02 ng/μL, 0.007
ng/μL, and 0.002 ng/μL (seven 3-fold dilutions). The
CV for the concentrations in the linearity series was

<10% with the exception of the 0.002 ng/μL, which
wasexpected, as it is near the limit of detection (LOD)
(Table 4 in the online Data Supplement).

Performance specification

In addition to reproducibility, repeatability, PCR
efficiency, and linearity, the LOD and the limit of
the blank define the boundaries of a qPCR assay
(17). From the rATL qPCR assay performance char-
acteristics, we determined assay specifications (Ta-
ble 1) that will be used to maintain the robustness

Fig. 2. qPCR controls and amplification efficiencies are consistent.
(A), Average ± 1 SD. T/S ratio for QCs andwhole assay controls. (B), PCR amplification (Amp) efficiencies, average ± 1 SD. (C), T. (D),
S. Levey–Jennings charts show averages ± 1, 2, and 3 SD (average, light blue; ± 1 SD, blue; ± 2 SD, light red; and ± 3 SD, dark red).
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of the assay in the clinical laboratory setting across
operators, time and reagent lots.

Companion analyses to the multichrome
triplex rATL analytical validation

Interfering substances. Two common substances,
hemoglobin and lipids, could be encountered at
higher than normal levels in whole blood samples.
The recommended level for interference testing
(13) for hemoglobin is 2 g/dL, and for lipids, it is
13.6 nmol/L. Fifteen donor samples were spiked
with hemoglobin (Sigma-Aldrich) for final concen-
trations of 0, 2, 4, and 6 g/dL and with Intralipid 20
(Sigma-Aldrich) for final concentrations of 0, 13.6,
27.2, and 40.8 nmol/L before DNA extraction. The
average telomere length (T/S ratios) in the pres-
ence of the 2 substances for all 15 donors did not
change even with increasing concentrations of
substances (Fig. 5 in the online Data Supplement).

Whole blood sample stability analysis

rATL measurements can be affected by preana-
lytical whole blood sample handling conditions. A
stability study was performed on identical whole
blood samples that were subjected to different
temperatures for extended times before DNA ex-
traction and processing in the rATL assay. The tem-
peratures and duration tested were as follows:
≥37 °C for 3 days; 2–8 °C for 10 days, and ≤−65 °C
for 120 days (Table 5 in the online Data Supple-
ment). The mean deviation was calculated using
(Σ|x − μ|)/N, where μ = mean, x = each value, and
N = the number of values. All mean deviationswere
≤0.10, which is indistinguishable from the assay
CV. There was no observable impact of preanalyti-
cal whole blood sample handling on the reported
results of the rATL assay across the range of times
and temperatures tested.

Telomere restriction fragment (TRF) analysis

TRF analysis of telomeric DNA is the gold stan-
dard for measuring absolute telomere length (3).

We performed TRF analysis in triplicate on 30 DNA
samples extracted from whole blood (Fig. 3A). Si-
multaneously, we processed the DNA samples for
relative telomere lengths using the multichrome
triplex rATL assay. Using linear regression analysis,
we evaluated the correlation (R2 = 0.748) between
the absolute and relative telomere lengths (Fig.
3B). Because both measures represent indepen-
dent variables, we confirmed the correlation using
Deming regression analysis (Fig. 3C). In addition to
the donor DNA samples, we included our reference
standard DNA sample on each gel. From these rep-
licate control samples (n = 8), we calculated the accu-
racy (18). We found that the average telomere length
of the control standard was 6.2 (0.38) Kb and the T/S
ratio was 1.01. The TRF coefficient of variance for the
replicate control samples was 6.2%.

Comparison of average telomere length
qPCR assays

To date, the most widely reported qPCR mea-
sure of rATL is the monochrome monoplex assay,
whichmeasures the amplification products for the
telomere and one single copy on separate qPCR
plates (19). The multichrome triplex measures the
telomere and two single copy gene amplification
products in the samewell on the same qPCR plate.
A comparison of these assays using a subset of the
San Francisco sample group (n = 313) resulted in
T/S ratios of similar trends, but the rATL values for
the monochrome monoplex were higher by 0.1
(Fig. 4A). Evaluation of both methods by linear re-
gression analysis resulted in an R2 value of 0.812
(Fig. 4B).

Evaluating the rATL reference population

Telomere length analysis of a typical reference sam-
ple group. We have combined 2 typical population
cohorts to create a typical reference population
defined as the range of T/S ratios typically found
in a population of individuals with no known
diseases or conditions (Fig. 6 in the online Data
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Fig. 3. Absolute telomere lengths correlate to the rATL.
(A), Telomere restriction fragment analysis was performed. Mosaic M (MM) was included on every experiment. DNA ladders
were included on either both sides of the gel (III, VII) to facilitate data analysis. Linear regression (B) and Deming regression
analysis (C) was performed from 3 replicate TRF and 2 replicate rATL analyses.
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Supplement). The first cohort was composed of
San Francisco Bay area donor individuals, and the
second closely resembled the US demographics
(Supplemental Table 6 in the online Data Supple-
ment). To combine the T/S ratios from the 2 typical
population cohorts (Fig. 7A in the online Data Sup-
plement), similarities between their distributions
within the same age range (40–80 years) were

compared (Fig. 7B in the online Data Supplement).
The cohorts' T/S ratios when analyzed individually
and combined showed a log normal distribution
(Fig. 7B in the online Data Supplement). The aver-
age T/S ratios from the total population (n = 861)
ranged from 0.58 to 1.55, with amean of 0.95. This
reference sample group illustrates variability in T/S
ratios regardless of age or sex (Fig. 5A). The refer-

Fig. 4. Comparison between monochrome monoplex and multichrome triplex rATL assays.
(A), A subset of the reference range population was evaluated using both a monochrome monoplex and the multichrome
triplex assays. The results are similar with the T/S ratios from the monochrome monoplex assay trending higher. (B), Linear
regression analysis of was performed and shows correlation between the 2 assays.
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ence range is normally distributed (Fig. 5B), indicat-
ing a lack of selection or donor bias.

DISCUSSION

Historically, telomere length attrition has been as-
sociatedwith aging.While strictly true, we andothers

(reviewed in 20) show only modest decreases in
leukocyte telomere lengths with increasing chro-
nological age (Fig. 5). Greater changes in telomere
length can be attributed to chronic inflammation
associated oxidative stress (21, 22), which is linked
to several diseases for which leukocyte telomere
length may be an early risk indicator, i.e., cancer

Fig. 5. Establishment of a normal reference range for rATL.
(A), Average T/S ratios for the reference population of donors (female: n = 449, male: n = 412). (B), Distribution of average T/S
ratios across the reference range population (n = 861).
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(23), stroke (24), myocardial infarction (24, 25),
cardiovascular disease (26), type II diabetes (24),
insulin resistance (27), and all-cause mortality
(28).
Telomere length, as a biomarker, demonstrates

only a relatively small dynamic range (approximately
2-fold) across individuals (29). Interpreting the clinical
significance of small telomere length changes is still
more challenging when the assay has high CVs
(often in excess of 10%). The more precise and
reproducible the telomere length assay, the
more confidently clinical questions can be an-
swered. Pursuit of critical clinical questions using
telomere length as a biomarker requires robust
methodology to establish performance specifica-
tions stringent enough to differentiate between the
subtle differences in telomere length attributable to a
disease state.
Currently, one of the largest applications for telo-

mere length as a biomarker is in the identification of
individuals at high risk for cardiovascular disease. Up
to 40% of people suffering a cardiac event were
otherwise considered as low risk under current
guidelines (30). Multiple studies report associations

between shortened telomere length and cardiovas-
cular disease using quartile, or even tertile, distri-
butions. One can only hypothesize if a more
reproducible rATL assay had been available, the clin-
ical significance could be further revealed. Studies
comparingdifferent telomere lengthanalysismethods
(31) and clinical association between disease risk and
telomere length (24) argue for theneed for robust, pre-
cise,andreproducibletelomerelengthmeasurements.
We report a CLIA-certified laboratory's analytical

validation of the process for robustly measuring
rATL from whole blood. Our rATL measurement
process consists of the extraction and quantifica-
tion of whole blood genomic DNA and qPCR anal-
ysis thereof. We find the greatest source of
variability during the analytical validation studies rep-
resented by our intraassay CV of 3.7% originated
from the independent triplicateDNAextractions.We
have tested storage of the whole blood to ensure
maintenance of high-integrity DNA.Our stringent as-
say controls and specifications ensure precision and
reproducibility of rATLmeasurements acrossa refer-
ence sample group and allow for further clinical pur-
suit of telomere length as a biomarker.
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