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Because of their low detection limits, PCR and the
adapted kinetic (real-time quantitative) PCR have been
used extensively for the detection and quantification of
nucleic acids (1–3). However, at the detection limits of an
assay, mathematical models (4–6) and experimental evi-
dence (7–12) have shown that nucleic acids are detected
inconsistently and quantified imprecisely. With this po-
tential unreliability, it is essential that indicators be used
to identify the concentration at which analysis is occur-
ring to ensure the accuracy of results. Conventional PCR
indicators, however, currently provide only an indirect
assessment of the concentration at which analysis occurs.
The total nucleic acid content of a sample, commonly used
to define the adequacy of sample loading, does not
precisely reflect specific gene concentrations. Reference
(control or housekeeping) genes, qualitative detection of
which is often used to validate assay and sample integrity,
are often present at concentrations different from those of
the target genes of interest (13 ). In kinetic PCR, the
inclusion of fluorescent probes allows the monitoring of
reaction kinetics, which enables the measurement of a
crossing point (CP), or cycle threshold, at a partial cycle
number at which fluorescence becomes detectable above
background signal (14 ). CP values are linearly propor-
tional to gene copy number in an inverse logarithmic
relationship (14, 15), and this correlation is central to
algorithms for determining gene quantity (16, 17). In this
study, we hypothesized that CP values might be more
accurate indicators of the reliability of an analysis than
conventional indicators because of their direct relation-
ship with gene concentration. The results of this study
provide experimental evidence to support this hypothe-
sis; we also describe models for use of CP values as
indicators for assessing the reliability of analysis.

To test our hypothesis, we simulated the analysis of low
concentrations of the putative colorectal micrometastasis
marker cytokeratin 20 (CK20) (16 ) and the reference genes
porphobilinogen deaminase (PBGD) and �2-microglobu-
lin (�2M) and compared the capabilities of conventional
indicators (total nucleic acid content and qualitative ref-
erence gene detection) and CP values to identify samples
with unreliable analysis.

We prepared, by serial dilution, four sample series
comprising 10 000, 1000, 100, 10, and 1 plasmid DNA copy
for CK20, PBGD, and �2M (16 ) and 20 000, 2000, 200, 20,
and 2 pg of SK29-Mel-1 RNA (18 ). Five replicates of each
concentration were analyzed for CK20, PBGD, and �2M
by kinetic reverse transcription-PCR on the LightCycler

instrument according to the protocol in the LightCycler
CK20 Quantification Kit (cat. no. 3118835). A reverse
transcription reaction was performed for each SK29-Mel-1
RNA replicate, amounting to 25 reverse transcription
reactions. The plasmid DNA and SK29-Mel-1 cDNA series
for each gene were analyzed in separate PCR runs,
amounting to six individual runs of 25 samples each.
Detection mixtures for CK20 and PBGD were obtained
from the LightCycler CK20 Quantification Kit, and the
detection mixture for �2M was obtained from the Light-
Cycler �2M Housekeeping Gene Set (cat. no. 3146081). CP
values were determined by the LightCycler Analysis
Software (Ver. 3.5), using the data-driven second-deriva-
tive maximum function. All reagents and instruments
were from Roche Diagnostics unless otherwise specified.

The replicate detection frequency, mean CP values, and
their SDs for each gene in each sample are provided in the
Data Supplement that accompanies the online version of
this Technical Brief (http://www.clinchem.org/content/
vol49/issue6/). In accordance with previous findings
(7–12), in samples with high concentrations, gene de-
tection was consistent, with high CP reproducibility and
linearity (R2 �0.999) between concentrations and CP
values, whereas in those with low concentrations, genes
were detected inconsistently or not detected, CP repro-
ducibility was decreased, and linearity was lost.

When we assessed analysis reliability, using conven-
tional indicators, there was little correlation between the
occurrence of an unreliable analysis and the sample
nucleic acid content or among the three genes. Detection
was inconsistent or absent in samples containing 200, 20,
or 2 pg of CK20 RNA and samples containing 2 pg of
PBGD RNA, whereas �2M was detected consistently in all
samples. With increasing dilution, CP reproducibility
markedly decreased for CK20, PBGD, and �2M in sam-
ples containing 2000, 20, and 2 pg of RNA, respectively.
Linearity was lost (R2 �0.999) in the same samples in
which RNA was inconsistently detected, i.e., samples
containing 200 and 2 pg for CK20 and PBGD, respectively.
Hence, for this samples series, nucleic acid content or
qualitative reference gene detection provided a poor
indication of the reliability of detection and quantifica-
tion. The correlation between the occurrence of unreliable
analysis and copy numbers among the genes was better.
Inconsistent detection and loss of linearity occurred in
samples with single copies of CK20 and PBGD. Reduced
CP reproducibility occurred in samples with 10 copies for
all three genes, highlighting that the inadequacy of con-
ventional indicators was likely attributable to their lack of
direct correlation with specific gene quantities.

Assessing CP values as potential indicators showed that
inconsistent detection (Fig. 1A), poor CP reproducibility
(Fig. 1B), and loss of linearity between CP values and
concentration (Fig. 1C) occurred within specific ranges of
CP values. Importantly, these correlations were indepen-
dent of the gene or the nucleic acid type being analyzed,
suggesting that CP values could be useful indicators for
reliability of analysis of other genes and samples of
unknown concentration.
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To define models for the use of CP values as indicators,
we considered that four zones of PCR reliability indicat-
ing consistent detection with high CP reproducibility
(white zone), poor CP reproducibility (gray1), inconsis-
tent detection and loss of linearity (gray2), and unlikely
detection (black) could be mapped from the coincidence
of the different types of PCR reliability with CP values.
Using the lowest mean CP value for poor CP reproduc-
ibility, we defined the white/gray1 boundary at CP 33.06.
We chose the CP value of 37.01, corresponding to the first
observation of inconsistent detection, as the gray1/gray2
boundary and the theoretical CP value at which CK20 in
20 pg of RNA should have been detected to indicate the

gray2/black boundary. Extrapolating the CP difference of
3.73 between the mean CP values for 20 000 and 2000 pg
of CK20 RNA, we determined that detection of CK20 in 20
pg of RNA should have occurred around CP 42.80 [31.61
� (3.73 � 3)]. Thus, using this model, we could determine
the reliability of detection or quantification of a test
sample by its CP value and its corresponding zone.

Apart from defining the reliability of a result, indicators
also identify the adequacy of samples to provide a reliable
result, particularly when detection is likely to be incon-
sistent. To define a model for this, we observed that the
difference in CP values between two genes (
CP) re-
mained relatively constant, independent of sample con-

Fig. 1. Correlation between mean CP values and detection frequency (A), SD of the CP (B), and sample concentration (C) for the detection of CK20
(squares), PBGD (triangles), and �2M (diamonds) in plasmid DNA (filled symbols) and SK29-Mel RNA (open symbols).
Zones of PCR reliability are indicated with the estimated CP values for white/gray1 (33.06), white/gray2 (37.01), and gray/black (42.80) boundaries. Extrapolation of
the expected CP values for the detection of CK20 in SK29-Mel is also displayed (dashed line and dashed open squares).
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centration (Fig. 1C), although this was valid only for
reliably analyzed samples. We surmised that addition of a
reference gene CP to an expected 
CP(target � reference)
would enable the CP of the target gene, and hence its
reliability of analysis from its detection zone, to be esti-
mated. At a 
CP(CK20 � �2M) of 11.88, based on the
analysis of 20 000 pg of RNA, this model accurately
predicted the reliability of CK20 detection for each respec-
tive �2M CP and sample concentration (Table 1). Using
this model, we could thus determine the likely adequacy
of a sample to provide reliable analysis for a given target
gene from the CP for a reference gene and knowledge of
an expected 
CP(target � reference).

For the purposes of brevity and clarity, we have used a
selected sample series to demonstrate the concepts of this
study. In exploring the wider application of our models,
we have observed similar trends with other genes, sample
sources, and detection formats (TaqMan probes), using
the same assay system (results not shown). However,
analyses on other assay systems and instruments have
indicated that these systems differ in their detection limits
and hence the positioning of the zonal CP boundaries.
Nevertheless, the concept of zones of reliability and the
capabilities of CP values to indicate these zones remained.
These results have suggested a wider application for our
models, but they also indicate that with different assay
systems, preliminary determination of the boundaries is
required. This would require only analysis of a replicated
sample series serially diluted to the assay detection limit,
similar to that of this study.

An important element of our models is the derivation of
an expected 
CP(target � reference). Our experience
indicates that this value can be determined with use of cell
lines or pilot samples representative of the samples to be
analyzed at a high concentration (results not shown).
Alternatively, it could be determined mathematically. In
this context, using boundaries defined in this study and
assuming ideal product doubling with each PCR cycle, a

CP(target � reference) of 4 would make it conditional

for samples to have reference gene CP values �29.07
(33.06 � 4) to ensure that a 16-fold (24) difference between
two genes is quantified reliably. However, it is also
important to recognize that the constancy of 
CP(target �
reference) is dependent on similarities in the PCR efficien-
cies between two genes. Using methods described previ-
ously (16 ), we determined that the efficiencies of the
CK20, PBGD, and �2M PCRs for RNA samples in the
linear range were 93%, 100%, and 98%, respectively. By
linear regression analysis, these efficiencies were not
significantly different from each other, suggesting that
constancy of 
CP(target � reference) for a given sample
type could be assumed. Clearly however, depending on
the predictive precision required, it may be prudent to
ensure equivalence in efficiency before making this as-
sumption.

In summary, lack of reproducibility among laboratories
and lack of adequate guidelines for assay standardization
(11, 19–21) continue to hinder the clinical application of
many new assays. One problem has been that, with the
improved detection limits and dynamic ranges of assays,
there has been little revision of the indicators used (22 ).
This study demonstrates that CP values may provide an
assessment of PCR reliability that is superior to conven-
tional indicators, and we devised models for their imple-
mentation. Because CP values and 
CP(target � refer-
ence) are already integral elements in kinetic PCR
quantification (16, 17), use of these parameters provides
direct and quantitative indicators that require no addi-
tional preparation. These measures potentially provide
for more intuitive selection of samples and interpretation
of results, but this promise awaits further validation and
application in future studies.
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The amino-terminal fragment of the B-type natriuretic
peptide prohormone (NT-proBNP) is a marker for func-
tional cardiac impairment and is increased in heart dis-
ease with or without symptoms of heart failure (HF) (1 ).
There are indications that currently used assays for NT-
proBNP may differ in their cross-reactivity with circulat-
ing NT-proBNP split products and may also be affected
by breakdown products of NT-proBNP produced after
blood collection (2 ). A newer generation assay, a commer-
cially available competitive enzyme immunoassay (EIA)
for NT-proBNP (Biomedica Gruppe) (3 ) that does not
require sample pretreatment, has been used in various
methodologic and clinical studies (4–6), but noncompet-
itive immunoassays may offer advantages of better speed,
sensitivity, precision, and possibly specificity over com-
petitive immunoassays (7 ). Recently, a noncompetitive
immunoassay for NT-proBNP has been developed (8 ). A
fully automated version of this assay (Roche Diagnostics)
has now been cleared by the US Food and Drug Admin-
istration. Our aim was to compare the Biomedica and

Roche NT-proBNP assays, addressing whether the pre-
dictive values of both assays are similar with respect to
structural heart disease with or without symptoms of HF.

The present study, carried out at the Division of Inter-
nal Medicine, St. John of God Hospital (Linz, Austria),
was approved by the local ethics committee in accordance
to the Helsinki Declaration. We prospectively recruited
157 consecutive patients admitted for extensive cardiac
evaluation (including performance of bicycle ergometry)
and 23 consecutive patients with symptomatic HF admit-
ted for inpatient treatment; all participants gave written
informed consent. Study participants were classified ac-
cording to the American College of Cardiology/American
Heart Association guidelines for the evaluation and man-
agement of chronic HF in the adults (9 ) to one of the four
following categories: (a) healthy individuals (n � 42); (b)
patients at high risk for developing HF but without
structural disorders of the heart (HF stage A; n � 39); (c)
patients with structural disorders of the heart but without
symptoms of HF (HF stage B; n � 56); and (d) patients
with past or current symptoms of HF associated with
underlying structural heart disease (HF stage C; n � 43).
None of the study participants belonged to HF stage D
according to the above guidelines (patients with end stage
disease requiring specialized treatment strategies). This
classification was done by one experienced cardiologist
(one of the investigators) blinded to the NT-proBNP
results and was based on detailed anamnesis with evalu-
ation of the patients’ medical reports, appropriate risk
factor assessment, physical examination, 12-lead electro-
cardiography, chest radiography, two-dimensional echo-
cardiography coupled with Doppler flow studies, bicycle
ergometry (in the 157 consecutive patients admitted for
extensive cardiac evaluation), and an ongoing assessment
of the patients’ clinical status. Normal echocardiographic
findings (i.e., individuals without structural disorders of
the heart) were defined by a left ventricular end-diastolic
diameter �56 mm without left ventricular hypertrophy or
without wall motion abnormities, a right ventricular
systolic pressure �35 mmHg, and a left ventricular ejec-
tion fraction �60%. No attempt was made to define
diastolic HF. Drug therapy (i.e., angiotensin-converting
enzyme inhibitors, beta-blockers, digitalis, and diuretics)
was recorded at the day of blood collection and was
modified in the sequel. The demographic and clinical
characteristics of the study participants are listed in Table
1.

Blood for measurement of NT-proBNP concentrations
was collected by venipuncture in Vacuette® polyethylene
terephthalate glycol clot activator tubes (Greiner Bio-One)
after an overnight fast, with the study participants in
supine position for at least 20 min. Serum was separated
for each assay. Roche NT-proBNP assays were done
within 4 h after specimen collection on a Roche Elecsys
2010 analyzer. Samples for the Biomedica NT-proBNP
assay were stored at �70 °C until analysis (up to 12 weeks
of storage). Both assays were performed according to the
manufacturers’ recommendations.

The Biomedica assay is a competitive EIA designed to
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