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ABSTRACT: Besides the application of conventional qualitative PCR as a valuable tool to enrich or identify specific se-
guences of nucleic acids, a new revolutionary technique for quantitative PCR determination has been introduced recently.
It is based on real-time detection of PCR products revealed as a homogeneous accumulating signal generated by specific
dyes. However, as far as we know, the influence of the variability of this technique on the reliability of the quantitative as-
say has not been thoroughly investigated. A national program of external quality assurance (EQA) for real-time PCR deter-
mination involving 42 Italian laboratories has been developed to assess the analytical performance of real-time PCR proce-
dures. Participants were asked to perform a conventional experiment based on the use of an external reference curve
(standard curve) for real-time detection of three cDNA samples with different concentrations of a specific target. In this
paper the main analytical features of the standard curve have been investigated in an attempt to produce statistical diag-
nostics emerging from external quality control. Specific control charts were drawn to help biochemists take technical deci-
sions aimed at improving the performance of their laboratories. Overall, our results indicated a subset of seven laborato-
ries whose performance appeared to be markedly outside the limits for at least one of the standard curve features investi-
gated. Our findings suggest the usefulness of the approach presented here for monitoring the heterogeneity of results pro-
duced by different laboratories and for selecting those laboratories that need technical advice on their performance. (Int J
Biol Markers 2004; 19: 141-6)
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INTRODUCTION

Besides the traditional application of conventional
gualitative PCR as a valuable tool to enrich or identify
specific sequences of nucleic acids, a new revolutionary
technique for quantitative PCR has been introduced re-
cently, starting from the first experiments with real-time
PCR in 1993 (1). This technique alters the original con-
cept of molecular techniques serving mainly to provide
qualitative information (i.e., the presence or absence of a
genetic feature), but at the same time opens a new de-
bate on different aspects connected to quantitative PCR.
Various approaches can be followed in the choice of the
fragment to amplify, the labeling of probes, the quantita-
tive strategy, the type of external standard to be used, etc.
In addition to these general problems, the analytical as-

pects of the assay method should be accurately checked
and monitored.

External standard quantification is the method of
choice for nucleic acid quantification, particularly mRNA
quantification. It allows absolute and accurate quantifi-
cation down to a few molecules (<10 molecules) (2). The
dynamic range of a validated and optimized, externally
standardized real-time PCR assay can accurately detect
target mMRNA up to nine orders of magnitude or a billion-
fold range (3), generally with low variation (4). The relia-
bility of an absolute real-time PCR assay depends on the
presence of “identical” amplification efficiencies for both
the native target and the calibration curve in the reaction
and subsequent kinetic PCR (2, 3).

Figure 1 illustrates the three main analytical steps in-
volved in this technique: amplification of standard dilu-
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Fig. 1 - Steps involved in real-time PCR technique.

tions (panel A), generation of the standard curve (panel
B), and target quantification in unknown samples (panel
C). Typically, real-time PCR employs fluorescent probes
which generate a signal that accumulates during PCR cy-
cling at a rate proportional to the concentration of ampli-
fication products. Specifically, absolute quantification of
nucleic acid targets can be achieved using a standard
curve constructed by amplifying known amounts of cDNA.
To generate the standard curve, a set of 10-fold dilutions
of a positive control template is used as standard. For
each dilution, replicated determinations of the so-called
threshold cycle c, (defined as the fractional cycle where a
threshold amount of amplified cDNA is produced) are
performed and a straight line is fitted to the data by plot-
ting the c, averages as a function of the logarithm of the
known starting concentration of the standard [Log(N,)].
Finally, by applying a technique known as inverse regres-
sion, the straight line is used as a “calibrator” to estimate
the unknown starting DNA/cDNA concentration of dif-
ferent samples to be tested. Figure 1 shows that in the
whole analytical process a fundamental role is played by
the generation of the standard curve. In fact, the target
concentration of the unknown sample, the only measure
of interest from a clinical point of view, relies upon this
straight line.

As with any biological marker based on complex
technology, also in this case it is crucial to use external
quality control programs to establish the influence of the
variability of the technique on the reliability of the quan-
titative assay. A good quality control program should
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cover two principal aspects: monitoring and process
modifying. With regard to real-time PCR, the first aspect,
monitoring, concerns the quantification of unknown
samples, i.e., the final measurements provided by each
laboratory. In this case external quality control allows
monitoring of the actual practice of measurements on a
nationwide scale. The second aspect, process modifying,
should be based on the standard curve features. Here the
aim is to obtain indications that will help to understand
the reasons for the possible poor performance of some
laboratories and plan the necessary corrective action. In
an attempt to cover both aspects we developed an EQA
program to check the analytical performance related to
real-time PCR procedures based on TagMan™ probes.
The results concerning the first aspect have been submit-
ted elsewhere (5). In this paper we report the results re-
lated to the second aspect. The main analytical features
of the standard curve were investigated in order to pro-
duce statistical diagnostics that could serve as a basis for
modification of the assay procedure.

MATERIALS AND METHODS
Participants and exclusion criteria

Forty-eight laboratories joined the first round of ex-
ternal quality control and received the reference materi-

al. The experiment was completed within the assigned
time by 42 of them including 16 public hospital labora-
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tories, 13 academic laboratories, 11 private laboratories
and two industrial laboratories. The experiment was per-
formed in six AB5700 ABI PRISM® Sequence Detection
Systems (SDS) from Applied Biosystems (Foster City, CA,
USA), two AB7000s, 14 AB7700s, six AB7900s, 13 iCy-
cler iQ Real-Time PCR Detection Systems (Hercules, CA,
USA), and one DNA Engine Opticon® from MJ Research,
Inc. (Boston, MA, USA). Laboratories were identified
with a progressive random numeration to guarantee
anonymity. It should be noted that the quality control
schedule adopted here implies the following two prelim-
inary exclusion criteria:

1. laboratories providing at least one no-template control
(NTC) different from zero;

2. laboratories not providing values for one of the six
standards.

Two (L24 and L30) and six laboratories (L25, L32,
L34, L37, L40 and L41) were excluded according to the
first and second criteria, respectively. Thus, of the data
provided by the original 42 participating laboratories,
only those of 34 laboratories were taken into account in
the analysis.

Reagents

Each participating laboratory received by express
courier a kit containing five vials. Vial #1 contained 70
pL of a standard cDNA solution (5x10° cDNA copies/uL)
obtained by in vitro transcription of a fragment of the
hTERT (telomerase catalytic subunit) gene cloned in a
pCR™ 1l vector (Invitrogen Corporation, San Diego CA).
Vial #2 included a mix of primers (300 nM each) and
probe (300 nM). The mix (280 L) was ready for use and
contained the following primers and probe: forward
primer 5’-ACGGCGACATGGAGAACAA-3’ (2592-2610),
reverse primer 5’-CACTGTCTTCCGCAAGTTCAC-3’
(2767-2787) and fluorescent probe (FAM) 5’-CTCCT-
GCGTTTGGTGGATGATTTCTTGTTG-3’ (2642-2671) ac-
cording to the hTERT gene sequence AF015950 (Gen-
Bank).

Vials #3, #4 and #5 contained unknown cDNA sam-
ples from three pools of total RNA extracted from differ-
ent human cancers to obtain samples with high, interme-
diate and low levels of hTERT mRNA expression. These
samples (45 L each) were ready for use.

Instructions and actions

Participants received detailed instructions for prepa-
ration of the experiment. The standard cDNA solution
was provided at 2.5 x 107 cDNA copies/5 L (STD1),
which represented the highest point of the standard
curve. Five additional points were prepared by partici-
pants by serial 1:10 dilutions in double distilled water to
obtain the following concentrations: STD2 = 2.5 x 108,
STD3 = 2.5 x 10°%, STD4 = 2.5 x 104 STD5 = 2.5 x 10?,

and STD6 = 2.5 x 102 cDNA copies/5 pL. Five pL of each
dilution was pipetted in triplicate onto the microplate.
Five uL of double distilled water in triplicate was used as
NTC. For each unknown sample, 5 puL of solution con-
tained in tubes #3, #4 and #5 was transferred in triplicate
onto the plate. A master mix was prepared from the ma-
terial of each participant using reagents for real-time ex-
periments commonly used in the respective laboratories,
containing 3.5 pL/well of primer/probe solution and H,0
to a final volume of 25 pL/well. The instrument was set to
read FAM as the reporter dye and TAMRA as the
quencher dye. The amplification protocol was: 10 min at
95°C for one cycle; 15 secs at 95°C and 1 min at 60°C
for 40 cycles.

Reports and evaluation

At the end of the amplification each participant ana-
lyzed the results with the procedure used in their labora-
tories. Participants were free to define the cycle interval
for calculation of the fluorescence baseline and to set the
threshold value for c, calculations. The complete data
sheet and the experiment report were faxed or emailed
to the organizers for data collection. In addition, partici-
pants provided the c, value of each well for NTC, stan-
dard and unknown samples, respectively. Finally the
concentration for each unknown sample was calculated.

Statistical methods

The approach adopted to assess the different fea-
tures of the standard curves provided by the laborato-
ries was based on graphic devices. After defining the
relevant statistics, four control charts were drawn. In
each of these charts specific limits were given to aid
biochemists in taking possible technical decisions to
improve the performance of their laboratory. Four fea-
tures were investigated, including:

i) Variability measurement

This statistic, here defined as “standardized standard
deviation”, is the square root of the ratio of the “pure
error” variance of each laboratory, s (i = 1,2,3,...,34),
with 12 degrees of freedom (d.f.) to the “pure error”
variance (s;) pooled on the whole set of laboratories
(408 d.f.). The two horizontal lines in the chart (Fig. 2),
corresponding to the 97.5" centile (upper line) and the
2.5" centile (lower line), represent the action limits.

ii) Standard curve accuracy

This statistic is the standardized difference (b1i - B/ SE(bli),
where b is the slope of the standard curve provided by
the i-th laboratory together with its standard error SE(b;)
and B, is the expected value corresponding to a 100%
yield of amplification efficiency (f; = -3.32193). The
two horizontal lines in the chart (Fig. 3), corresponding
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to the 97.5" centile (upper line) and the 2.5" centile
(lower line), represent the action limits.

iii) Assay imprecision

According to Bliss (7) the statistic (lambda) is Xi = si/by;.
The corresponding absolute value was adopted to
build the chart (Fig. 4). The three horizontal lines cor-
respond to the 95" centile (upper line, action limit),
90" centile (middle line, warning limit) and 80" centile
(lower line, care limit).

iv) Signal detection limit

According to Miller and Miller (8) the statistic is
DL = by, +3.29s,, where by, is the intercept estimated by
each standard curve. Like in i) and iii), both the upper
and lower regions of the chart are relevant. Since the ac-
tion and warning limits partially overlap, the chart shows
four lines corresponding to the 97.5" centile (upper line,
action and warning limits), the 90" centile (upper middle
line, care limit), the 10™ centile (lower middle line, care
limit) and the 2.5" centile (lower line, action and warn-
ing limit).
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Fig. 5 - Signal detection limit.

It is worth noting that the statistics of charts i) and ii)
take into account the within-laboratory variability only,
whereas those of charts iii) and iv) take into account both
the within- and between-laboratory variability. This ex-
plains the different width of the control bands presented
in the two chart subsets. The message emerging from the
charts must be interpreted accordingly.

The rationale and the statistical method used to con-
struct the charts are described in the appendix.

RESULTS

The statistics considered in iii) and iv) are composite
indexes which assembly, in different ways, information
regarding the measurement variability and the standard
curve accuracy. Therefore, when trying to interpret data
produced by different laboratories, it seems reasonable to
start from the two charts reported in Figures 5 and 4, re-
spectively. One can move later to the charts of Figures 3
and 2 to find the reason for the possible poor perfor-
mance of a laboratory. In particular, from Figure 5 it ap-
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pears that two laboratories (L21 and L23) are outside the
action limit and one (L16) is outside the upper care limit.
Laboratory L21 is outside the action limit even with refer-
ence to Figure 4. Furthermore, laboratory L11 is outside
the warning limit and three laboratories (L17, L18 and
L19) are outside the care limit according to this Figure.

When we move to the charts of Figures 3 and 2, we
see that laboratories L16, L21 and L23 are outside the
limits with regard to the standard curve accuracy and
variability measurement. While laboratory L21 is outside
the upper action limit for accuracy (with a notably lesser
slope than expected), the other two laboratories (L16 and
L23) are outside the lower action limit for accuracy (Fig.
3) as a joint effect of a high slope and an unpredictably
low variability measurement (Fig. 2). For laboratories L11
and L18 both the variability measurement and the stan-
dard curve inaccuracy appear to be responsible for their
position in Figure 4, whereas only the variability mea-
surement appears to be responsible for the position out-
side the care limit of laboratories L17 and L19.

CONCLUDING REMARKS

External standard quantification is the method of
choice for nucleic acid quantification, particularly
MRNA quantification. Absolute quantification relates the
PCR signal to the input copy number using a calibration
curve. However, the external calibration curve model has
to be thoroughly validated as the accuracy of absolute
quantification in real-time PCR depends entirely on the
accuracy of the standards. In real-time PCR, the main an-
alytical features of the external standard curve are the
“pure error” of the straight line (an index of measurement
variability), the slope (connected to the global efficiency
of standard amplification) and its intercept on the y-axis
(an index of the sensitivity of the curve) (6). This EQA pi-
lot study on 42 laboratories was designed to assess the
variability of these parameters and the possible influence
on the reliability of the quantitative assay.

Overall, our analysis identified a subset of seven lab-
oratories (L11, L16, L17, L18, L19, L21 and L23) that re-
quired careful attention because their performance ap-
peared to be markedly outside the limits with respect to
at least one of the standard curve features investigated.

It is important to note that the performance of each
real-time experiment may be affected by several analyti-
cal variables. The type of real-time platform and reagents
may influence the efficiency of amplification. Another
consequence of variation in the amplification efficiency
is the modification of the slope of the standard curve
which, in turn, can modify the theoretical sensitivity of
the assay. At the same time is important to remember that
the standard curve was prepared by each participant as a
1:10 dilution of a stock solution. Inappropriate dilution
of the standard may introduce an artifactual variation of

the slope. Finally, as expected in any analytical proce-
dure, the precision and accuracy are strongly affected by
the skill of the operator. All these predictable and unpre-
dictable variables may generate variable degrees of bias
in sample quantification.

When the results related to the quantification of the
three unknown samples were considered (data not
shown), the same laboratories except one produced mea-
surements that were out of control in terms of either pre-
cision (L11) or accuracy (L23, L16) or both (L21, L17,
L18). Worthy of note is laboratory L19 which, although
its measurements were not out of control for precision
and accuracy for the unknown sample, proved to be out-
side the warning limits for assay imprecision. This sug-
gests the usefulness of the approach presented here to
identify laboratories with a problematic performance. In
any case, the findings emerging from the analysis of the
two investigated aspects, monitoring and process modify-
ing, should be appropriately integrated to select laborato-
ries that need technical advice on their performance.
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APPENDIX

i) Variability measurement
It is well known that:

2

\;iz'is distributed like the x° variable with v degrees of
freedom (d.f.). As each s; has 12 [ = 6 standard dilutions
x (3 replicates - 1)] d.f., the pooled variance s; has 12 x
34 = 408 d.f. The latter was used as an estimate of o
Therefore, the statistic \}S?ISS can be assumed to be ap-
proxi-mately distributed like: {x °/v. The 2.5" and 97.5"
centiles of the x* distribution with 12 d.f. were used to
draw the action limits in the chart presented in Figure 2.

ii) Standard curve accuracy
The statistic:

bli-ﬁl i o . '
SE(byy) 'S distributed like t,, where:

t,, is the Student’s t test statistic with v = 12 d.f. The two
horizontal lines in Figure 3 therefore correspond to the

2.5" and 97.5" centiles of Student’s t distribution.
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iii) Assay imprecision

Bliss (7) suggested to draw chart limits by assuming a Stu-
dent’s t distribution for Xi . Unfortunately, the assumption
of symmetry was not at all tenable in the present context.
We therefore resorted to a bootstrap approach (9) to
compute the non-parametric centiles of the Xis distribu-
tion. 500,000 bootstrap samples were obtained from the
original set of 34 A;s. The values obtained were (see Fig. 4):
95" centile = 0.4028;

90" centile = 0.2346;

80" centile = 0.1693.
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