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ABSTRACT

For quantitative NASBA-based viral load assays
using homogeneous detection with molecular
beacons, such as the NucliSens EasyQ HIV-1 assay,
a quantitation algorithm is required. During the
amplification process there is a constant growth in
the concentration of amplicons to which the beacon
can bind while generating a fluorescence signal. The
overall fluorescence curve contains kinetic information
on both amplicon formation and beacon binding, but
only the former is relevant for quantitation. In the
current paper, mathematical modeling of the relevant
processes is used to develop an equation describing
the fluorescence curve as a function of the amplifi-
cation time and the relevant kinetic parameters. This
equation allows reconstruction of RNA formation,
which is characterized by an exponential increase in
concentrations as long as the primer concentrations
are not rate limiting and by linear growth over time
after the primer pool is depleted. During the linear
growth phase, the actual quantitation is based on
assessing the amplicon formation rate from the viral
RNA relative to that from a fixed amount of calibrator
RNA. The quantitation procedure has been success-
fully applied in the NucliSens EasyQ HIV-1 assay.

INTRODUCTION

In recent years, HIV-1 viral load measurement has become a
generally applied tool for anti-retroviral therapy monitoring
and evaluation of clinical trials. Three main application areas
have been identified. First, a baseline level of HIV-1 predicts
efficacy of treatment, second, the level of viral load drop upon
treatment is an important predictor for the durability of the
treatment and, third, the absolute value of HIV-1 RNA upon
treatment has prognostic significance (1-4). Commercially
available quantitative HIV-1 viral load assays are based on
NASBA, bDNA and RT-PCR (5-7). We have developed a
system based on combining NASBA amplification and real-time

detection utilizing molecular beacons in order to meet
increasing needs with respect to analytical assay performance
as well as user convenience and high throughput.

Molecular beacons are hairpin-shaped oligonucleotides
(Fig. 1). The stem of the beacon is formed by complementary
sequences at both ends of the oligonucleotide. A fluorescent
label and a quenching group are attached at the two ends of the
molecule. The stem holds these two groups in close proximity
to each other, causing the fluorescence of the fluorophore to be
quenched by energy transfer. When the molecular beacon
encounters a target molecule containing a sequence that is
complementary to the loop sequence, a hybrid is formed. This
hybridization forces the stem apart and causes the fluorophore
and the quencher to move away from each other. Now a
fluorescence signal can be generated that is not quenched (see
for example 8).

In recent papers (9,10) we reported the development of a
quantitative HIV-1 viral load assay based on NASBA using
molecular beacons that hybridize to single-stranded amplicons.
The NASBA-driven RNA growth and the subsequent beacon
binding yield a fluorescence signal that reflects the events
occurring in the reaction tube. As such, detection is performed
during the amplification and not afterwards, as is done in
former NASBA-based assays (11,12). Analogous to these
former assay systems, a fixed amount of calibrator RNA is
added to the sample to serve as an internal quantitation
standard. This calibrator RNA differs from the sample HIV-1
RNA by only a small part of the sequence, which enables
specific hybridization with a sequence-specific molecular
beacon. In the assay two different molecular beacons are used,
each with a different loop structure to ensure specific binding
to either the HIV-1 sample RNA or calibrator amplicons, and
each labeled with a different fluorophore to allow specific
detection. These two molecular beacons are present at the start
of the NASBA reaction and as both the endogenous sample
RNA and the calibrator RNA are amplified, two fluorescence
signals are produced concomitantly with amplification. Based
on these observed fluorescence profiles, the amount of HIV-1
RNA in the original sample is quantified. We have developed
a mathematical tool to achieve this goal, which is described
below.
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amplicon RNA

molecular beacon

Figure 1. Mode of action of a molecular beacon. In the closed form (left) the
fluorophore F and quencher Q are in close proximity, preventing generation of
a signal. After binding to amplicon RNA (right) the beacon opens and a signal
can be generated that is not quenched.

QUALITATIVE DESCRIPTIONS OF THE PROCESSES

Molecular biology of the NASBA process

The generally accepted scheme describing the NASBA process
is presented in Figure 2 (12—14). The process makes use of two
primers, which are short single-stranded DNA fragments, and
three enzymes. The viral RNA strands that are present in the
original sample are indicated as being the sense strand. Primer
P1, after binding to the RNA, is elongated by reverse tran-
scriptase (AMV-RT) to yield a DNA:RNA hybrid, the RNA
strand of which is hydrolyzed by RNase H. Then primer P2 can
bind, which is elongated by AMV-RT activity to yield a
double-stranded DNA molecule.

Primer P1 is designed such that it contains a nucleotide
sequence that, once it is double-stranded, forms a T7 RNA
polymerase promoter site so that antisense RNA copies can be
generated using the DNA template. From this RNA new copies
of DNA are formed in a process similar to that described for
the sense strand, but now P2 is the first primer to bind. The
final product is a DNA species with a double-stranded
promoter region which is sufficient to allow T7 RNA
polymerase to use it as a template, so generating more copies
of the antisense RNA. Although the reaction sequences starting
from the sense and antisense RNA strands form biochemically
somewhat different forms of DNA (Fig. 2), they are considered
to be kinetically identical and are both referred to as copy DNA
(cDNA).

As long as the concentrations of the primers are not rate
limiting, the formation of antisense RNA proceeds exponen-
tially with time (see below), although quantitatively important
amounts are not yet formed due to the efficiency of the cDNA-
producing but RNA-consuming machinery.

Initially, the concentration of primer relative to the total
concentration of amplifiable RNA is very high. When assaying
a high viral load sample, the number of RNA copies entering
amplification is of the order of 10-10°, whereas the number of
P1 and P2 oligonucleotides is 10'2. Therefore, the concentration
of primer is not rate limiting and relatively small amounts of
primer are consumed in depletion of the initially present pool
of sense RNA copies. At some time point, obviously, the
primer concentrations do become rate limiting, and decline to
practically zero. At this time point the cDNA levels have
reached their maximum and antisense RNA production
proceeds at high speed, so this transition time interval is short.
From now on the only reaction that can proceed is T7 RNA
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Figure 2. Schematic overview of the NASBA process.

polymerase-mediated formation of antisense RNA from the
cDNA templates. As will be shown below, accumulation of
RNA is linear with time and quantitatively important amounts
of RNA are actually produced. This phase is referred to as the
transcriptional phase and lasts for a considerable amount of
time. Typically, more than 10'* RNA molecules can be generated
in a NASBA reaction.

If amplification is allowed to proceed over a long enough
time period, the RNA formation rate starts to decrease due to
depletion of the nucleotide pool and due to (thermal) degradation
of the enzyme activity. For the current assay system, however,
this moment is so late that there is no need to include it in the
models.

Principles of quantitation

During the amplification process two types of RNA are
present: the endogenous viral HIV-1 RNA (WT RNA) and a
calibrator RNA (Q RNA) that is added to the sample in a fixed
amount prior to extraction of the RNA from the sample. Both
types of RNA are converted into cDNA, so that there is
competition between the RNA types for the primer pool, and
the relative amounts of RNA that were originally present in the
sample determine the relative amounts of cDNA formed. As
the amount of cDNA formed determines the RNA production
rate in the transcriptional phase, the relative rates of RNA
formation in this phase directly reflect the relative concentrations
of WT and Q RNA in the sample. As the concentration of
Q RNA is known, the WT level can be computed.

The antisense RNA molecules themselves are not detectable.
Therefore, molecular beacons are added that bind to the RNA
amplicons. This binding takes time. The shape of the fluores-
cence curve that is obtained depends on two processes: the
NASBA-driven time-dependent growth in RNA levels and
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binding of the beacon to this RNA. In order to allow quantita-
tion, both processes are modeled, yielding an equation for the
fluorescence curve. The transcription rates are derived from
this curve. A number of reference samples of which the HIV-1
RNA content is known are subjected to the assay to assess the
relation between the transcription rates ratio on the one hand
and the WT RNA concentration in the sample on the other.

MATHEMATICAL MODELING

In this part of the paper the relevant processes will be modeled.
For the quantitation procedure the combined early exponential
and late linear growth in RNA levels is crucial, so these
properties will be dealt with first. Then the development of the
fluorescence signal over time will be discussed.

NASBA-driven RNA growth

To model the major kinetic properties of the amplification
process as depicted in Figure 2, a set of reaction rate equations
has to be derived. As noted above, the initial concentrations of
primers is at least 10° times higher than the total concentration
of amplifiable RNA, so during the first phases of amplification
they can be considered to be constant and not rate limiting. If
in addition (pseudo) first order kinetics is assumed for each
reaction, a set of linear differential equations is obtained. In the
derivations below, the individual nucleic acid species are
represented by abbreviations, with the prefix s for sense, a for
antisense and ¢ for copy. The individual reaction rate constants
are represented by the symbols c,—c,, and the brackets [ ] indi-
cate concentrations. The set of differential equations can be
written in matrix notation as equation 1

([ [sRNA] [sRNA]
[SRNA:P1] [sRNA:P1]
[sRNA:aDNA] [sRNA:aDNA]
[aDNA] [aDNA]
] [aDNA:P2] [aDNA:P2]
p” [cDNA]  |= A|  [cDNA] 1
I [arRNA] [aRNA]
[aRNA:P2] [aRNA:P2]
[SDNA:aRNA| [sDNA:aRNA]
[sDNA] [sDNA]
[sDNA:P1] [sDNA:P1]
with the matrix A defined according to
(-c,P] 0 0 0 0 0 0 0 o0 0 0
c,[P] -c, © 0 0 o0 0 0o o0 0 0
0 ¢ -¢c O 0 0 o0 0 0 0 0
0 0 ¢, -c,P2] o o 0 0o 0 0 0
0 0 0 ¢,fP2] -c, O 0 0o 0 0 0
A= o 0 0 0 ¢ 0 0 0o 0 0 Cu
0 0o 0 0 0 ¢4 -c,P2l 0o 0 0 0
0 0o 0 0 0 ¢, P2] -cy © 0 0
0 0 0 0 00 0 ¢ -c, O 0
0 0 0 0 0 0 0 0 ¢y -cpulPl] O
0 0o 0 0 0 0 0 0 0 cuP] -cy

As noted, the primer concentrations [P1] and [P2] are consid-
ered to be constant in this phase of the amplification, hence
their appearance in the matrix A. In general, the solution of
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such a set of linear first order differential equations can
be written as _%lviexp(éit), with &; the eigenvalues of matrix A
and v, reflecting eigenvectors. It can be shown that exactly one
of the eigenvalues is positive and that the others are either real
negative numbers or complex numbers with a negative real
part. This latter is due to the fact that the T7 polymerase cata-
lyzed reaction, reflected by cg, is considerably slower than the
primer binding reactions reflected by c;[P2] and c,[P1]. It
follows, after an initialization phase, that the single positive
exponent term remains and growth is essentially exponential.

When the primer pool is depleted, the reaction rate equations
become much simpler. The only terms remaining for antisense
RNA growth are

d[aRNA]/df = c4[cDNA] 2
Since at this time point the concentration of cDNA is constant,
it follows that the increase in antisense RNA levels is linear
with time.

Obviously, between the phases described by equations 1 and
2 there is a transition phase in which the primer concentrations
cannot be considered to be constant, as they decrease to zero.
The set of equations 1 is no longer linear and the equations
cannot be solved in general anymore. For the current modeling
studies this is of minor importance; the distinction of the expo-
nential and linear growth phases is the relevant issue. The time
point of primer depletion marks the transition of these two
growth phases.

Beacon binding to RNA: the central differential equation

Quantitation in the assay is based on detection of the molecular
beacon signal that is generated after formation of the
RNA:beacon hybrid (Fig. 1). This binding can be described by
the simple chemical reaction scheme:

ky
R+B <= RB
ky
with R the antisense RNA species, B the molecular beacon and
RB the RNA:beacon complex. The symbols k; and k, are the
two reaction rate constants that describe the association and
dissociation rates.

As the beacon binding reaction follows second order kinetics
(8), the system can be described by the differential equation

d[RB(n]/dt = k[R(D)][B(1)] — k,[RB(9)] 3
with the brackets [ ] indicating concentrations, ¢ the time and (7)
indicating time dependency.

The design of the beacon is such that binding of the beacon
to RNA proceeds rapidly, whereas dissociation proceeds rela-
tively slowly. In addition, the RNA levels increase rapidly with
time. Therefore, the contribution of the dissociation reaction
can be ignored and k, can be set to zero. The total concentration
of beacon is constant and is referred to as B, These two
considerations can be applied to differential equation 3,
yielding

d[RB()/d = k[R()]{ By, — [RB()]}.

This is a simple differential equation, which can be solved in
general. It follows that

[RB(1)] = B, — lexp{—k,[[R(r)]dr} 4
with [ an integration constant, to be defined later.

The fluorescence signal

The total fluorescence signal is determined by the concentra-
tion of the RNA:beacon complex and the amount of signal



€26 Nucleic Acids Research, 2002, Vol. 30, No. 6

generated by this hybrid. In addition, the free beacon contrib-
utes a signal and there is (potentially) some background signal.
Therefore, the total fluorescence signal is given by

Y(1) = €, + €/[B(1)] + &,[RB(?)]

=€)+ &,(B,,— [RBO)]) + &,[RB()], 5
with Y(¢) the fluorescence signal as a function of time ¢, €, the
background level signal and €,; and €, the coefficients giving
the amount of signal for the free and RNA-bound beacons.
Note that it follows that €, < €, as the fluorescence signal
increases after opening of the beacon.

Combining equations 4 and S yields

Y(1) = &, + €,B,, —(&, — &) lexp{—k,/[R(r)]dr}. 6

An equation to describe NASBA-driven RNA growth

It is clear that equation 6 is not practically useful as long as no
mathematically manageable equation can be given for the
RNA levels [R(7)]. There is no need to include all individual
reaction rate constants of equation 1 in this RNA growth
describing equation, but it is of importance that this equation
combines an initial exponential growth phase with a later
linear growth phase. As the fluorescence levels start to plateau
long before the nucleotide pool becomes rate limiting, there is
no need to include a late plateau phase of the RNA levels in the
equations.

An equation that combines an early exponential with a late
linear growth and that is integratable as well is

[R(D] = o, 0,[e%(" = /(1 + e~ %)]In(1 + e%- %), 7
with o, o, and o3 the parameters that describe the growth (all
positive). Equation 7 can be approximated by [R(7)] =
0L, 01,e%% = %) for aLy(f — 013) < —5.1 (exponential growth) and by
[R(0)] = 0,0,%(f — 03) for 0,(¢ — at3) > +4.4 (linear growth) with
errors <1%. It follows that the transcription rate is given by
0,02 From equation 7 it follows that

[[R(#)]dr = Vao, [In(1 + %= ®))]2, 8
No integration constant is needed here as it can be incorporated
in the constant / of equation 4.

Overall equations

Combining equations 6 and 8 yields an equation that describes
the development of the fluorescence signal over time:

Y(1) = MY, — (A — 1)Yexp{-Yak, 0, [In(1 + €%~ %))]2}, 9
with LY, = g, + &,B,, and (A — 1)Y,, = (g, — €)], hence charac-
terizing the integration constant / from equation 4. Equation 9
describes a fluorescence curve with horizontal asymptotes
given by fl_i)n}w Y(t) = Y, and 1i_r>n°° Y(r) = AY,. The exact
shape of the curve is defined i)y the values of o, and o,
whereas oi; defines the location of the curve on the time axis.

Note that in equations 7-9 the time appears only relative to
0i3; the exact moment of the start of the reaction is not part of
the equations. Note that the parameters k; and o, make their
appearance as the product k0, only.

An example of a fluorescence curve and the corresponding
RNA levels according to equations 7 and 9 is presented in
Figure 3. Note that the fluorescence levels reach a plateau after
~50 min due to exhaustion of the beacon pool, whereas the
RNA levels still increase linearly with time.

Interpretation of the o; parameter

The parameter referred to as o, has a clear physical interpreta-
tion. Using Matlab Simulink a simulation tool was developed
(not shown) to quantitatively simulate the processes involved
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Figure 3. Theoretical example of a fluorescence curve with corresponding
RNA growth curve according to equations 7 and 9. Some relevant quantities
are indicated.

in the NASBA reaction. This simulation tool confirmed the
initial exponential and later linear growth in RNA levels and
revealed that the overall RNA curves could be described
adequately by equation 7. In addition, it showed that the value
of 03 is a good approximation of the time that the primer pool
is depleted. Therefore, it is referred to as the ‘time to primer
depletion’. Since WT and Q RNA make use of the same primer
pool, it will be clear that a single value of 0 is used to describe
both the WT and calibrator fluorescence curves.

THE QUANTITATION PROCEDURE

Determining the values of the kinetic parameters in an
individual amplification result

During an amplification reaction with molecular beacons, the
fluorescence signals of the WT and calibrator RNA are meas-
ured continuously. Both the time and the observed signals are
monitored. When data collection is complete, the WT and cali-
brator curves are fitted using non-linear regression methods
using equation 9. The two fluorescence curves are fitted simul-
taneously, as they share a common value of 0. In total nine
different parameter values are fitted: Y, A, k,0,, and o, for the
WT curve, Y, A, k0, and a, for the calibrator curve and the
common value of oy. After the fit has been completed, the
RNA growth curve according to equation 7 can be recon-
structed.

Assessing the value of the quantitation variable

Now that the values of the relevant kinetic parameters have
been assessed and the RNA growth curve reconstructed, the
formation rate of RNA in the transcriptional phase can be
computed. The ratio of the WT over Q RNA transcription rates
defines the quantitation variable. From equation 7 it follows
that the transcription rate is given by o,0,? (see also Fig. 3). As
the values of k; and o, cannot be estimated separately (equa-
tion 9), it follows that the quantitation variable is defined as the
k0,02 ratio.
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Quantitation

From equation 2 it follows that the ratio of the transcription
rates (i.e. the o0, ratio) depends on the ratio of the cDNA
levels formed from both species of RNA (endogenous virus
RNA and calibrator RNA). The ratio of the cDNA levels
depends directly on the ratio of the concentrations entering
amplification. As long as the ratio of the values of the k;
parameters for the two species of RNA is constant for a given
batch, it follows that there is a direct relation between the RNA
input ratio and the k0,01, ratio. To assess the exact relation
with the concentration ratio in the original sample, a series of
samples with known input levels and a fixed concentration of
calibrator was subjected to the assay. The logarithm of the
observed transcription rate ratio is plotted against the loga-
rithm of the nominal input and a straight line is fitted through
the data. The slope and intercept so obtained are used as batch
parameters and are used for quantitation of unknown samples.
The exact values depend on batch-dependent reagent proper-
ties, like the exact concentration of calibrator that is used, the
quality of the enzymes, the properties of the molecular beacons
(such as the value of the k; parameter ratio) and others.

MATERIALS AND METHODS

To study the kinetics of RNA and DNA formation, the
NASBA procedure as described elsewhere was used (11,12).
The kinetics were studied using a well-defined RNA species
used as calibrator Qa in the NucliSens HIV-1 QT assay, a non-
homogeneous NASBA-based assay using end-point detection
based on electrochemiluminescence (ECL). This calibrator
RNA was subjected to amplification directly, without using
any sample pretreatment steps like extraction. Using specific
ECL probes, the total amount of antisense RNA and sense
DNA formed can be studied. Amplification was performed
under standard conditions (11,12) and was terminated after the
required time period by placing the tubes on ice. For the
current study the exact amounts formed are of minor impor-
tance, only the time dependency being relevant. The results are
expressed as ECL counts.

Experiments using the molecular beacon-based assay were
performed as described elsewhere (10,15).

RESULTS

Kinetics of NASBA-driven DNA and RNA growth

Figure 4 shows the observed ECL signals reflecting DNA and
RNA growth. Note that the results confirm the predicted linear
RNA growth after longer time periods. A straight line is fitted
through the linear part, which crosses the time axis at ~23 min.
According to the principles described above, this is approxi-
mately the time point of primer depletion (c¢i;). RNA produc-
tion in the early phase is quantitatively too low to allow
confirmation of the exponential growth phase. The DNA levels
reach a plateau. Note that the observed value of o, based on
RNA growth is in line with the start of the plateau of the DNA
levels.
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Figure 4. Observed levels of RNA (upper) and DNA (lower) during amplification.
The amount of product formed was determined by measuring the ECL signal
(arbitrary units). The figure shows the linear RNA growth and the timing of the
plateau in DNA levels.

Beacon-based assay properties

An example of a set of fluorescence curves as obtained in a
single amplification reaction using endogenous WT RNA and
calibrator is presented in Figure 5. The figure is similar to
Figure 3, but now real data are presented for both fluorescence
curves simultaneously. The fluorescence curves were fitted to
the model of equation 9 and the RNA growth curves were
reconstructed using the parameter values so obtained with
equation 7. Note that the parameter fitted is k,0.;, whereas it is
o, that makes its appearance in the RNA growth equation
(equation 7). Therefore, the reconstructed RNA growth curves
as presented are defined up to some multiplication factor. The
figure shows the linear increase in RNA levels with time. The
slope of this part of the RNA growth curve forms the basis of
quantitation.

To study the relation between the logarithm of the estimated
transcription rate ratio (the quantitation variable) and the logarithm
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Figure 5. Example of a test result: two fluorescence curves and reconstructed
RNA growth curves. The individual fluorescence measurements are indicated
by circles, the fitted fluorescence curves by solid lines and the reconstructed
RNA growth curves by dashed lines. The vertical reference line indicates the
value of 0.

of the input level, a dilution series of an in vitro cultured HIV-1
viral stock solution, in which the number of particles was
quantitated by electron microscopy (11,16), was subjected to
the beacon-based assay at two different test sites. A typical
example is shown in Figure 6. A linear relation is obtained
between the logarithm of the input and the quantitation vari-
able value. The slope and intercept of this line are assessed
using straightforward linear regression techniques and are used
as batch parameters. In Figure 6 the dose—response relations as
obtained using a single batch at two different sites are
presented.

DISCUSSION

In the current paper modeling has been described that forms
the basis of quantitation procedures that can be used in a viral
load assay using NASBA as the amplification technique and
homogeneous detection using molecular beacons. A mathe-
matical description of the processes involved yielded an equa-
tion that describes the dynamics of fluorescence signal
development with time as a function of several kinetic parameters.
The modeling is complicated by the fact that all processes
proceed simultaneously. Kinetic measurements are often
performed by monitoring the rate of (to take an example in this
field) binding of beacon to a fixed amount of target RNA. The
very nature of the NASBA system is of course that the RNA
levels are not constant with time, so their levels should be
modeled as well. The overall fluorescence curve is the
combined result of NASBA-driven RNA growth and binding
of the beacon to these continuously changing RNA levels. A
number of approximations and assumptions were required to
obtain a manageable equation describing the fluorescence. For
example, Figure 2 represents a model of the complete NASBA
scheme and in equation 1 all individual reactions are assumed
to follow first order kinetics. In the light of this, an RNA
growth curve (equation 7) could be designed that combines the
major properties of early exponential and late linear growth
with mathematical manageability (reflected by equation 8).
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Nevertheless, in spite of the approximations and assumptions,
overall an equation was derived that gives an adequate descrip-
tion of the observed fluorescence curve. Also, it was found to
provide a good basis for quantitation.

Figure 4 shows, amongst others, that the RNA levels are still
increasing after 90 min amplification and that deviation from
linear growth is not yet detectable. The amplification time used
in the beacon-based NucliSens assay is only 60 min. This
supports the claim that it is of no use to include in the equations
the late plateau in RNA levels due to depletion of the nucleotide
pool. The RNA growth curve as given by equation 7 does not
include such a plateau.

The results shown in Figure 6 indicate that the dose—
response relation is linear over at least 3.5 log. In addition, it
shows that the lines are identical for both study sites, indicating
that reader-to-reader differences and similar sources of vari-
ation play no role of any relevance.

A single fluorescence curve is described by five parameters,
while for the simultaneous fit procedure nine parameters are
used. Although this is quite a large number, it is clear that it
cannot be reduced. After all, a curve is defined by the level of
its start signal, its final plateau signal, the time point of the start
of fluorescence growth and the steepness of the fluorescence
curve. This already yields four parameters for a single curve.
Then the shape of the lower bend is different from that of the
upper bend and they bear no relation to one another as the
molecular biological processes responsible for the two bends
are fundamentally different. This introduces a fifth parameter.

As indicated, time makes its appearance in the equations in
terms of ¢ — o3 only. This is important from an experimental
point of view. Due to this, it is not required to monitor the time
between the start of the amplification (mixing of the compo-
nents) and the start of the fluorescence measurements. Obvi-
ously, it is necessary to have a value of o, large enough to
allow estimation of the Y, parameter values.
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Note that the parameters k; and o, make their appearance in
the final fluorescence describing equation only as the product
k,0,. As a result, the quantitation variable is defined as the
k,01,0,,% ratio, although the k, value has nothing whatsoever to
do with the transcription rate. As long as the ratio of the k,
values for the endogenous WT RNA and the calibrator RNA
can be considered to be constant, it does not matter due to the
use of the batch parameters.

Apart from the NASBA-based system, other amplification-
based systems using real-time detection are being developed
making use of PCR technology (for example 17-21). Quantita-
tion using (RT-)PCR and molecular beacons can be based on
the so-called ‘cycle threshold’ Cp, which is the number of
cycles required to obtain a measurable signal (19-21). Due to
the fundamentally different nature of the processes in NASBA,
where all reactions proceed simultaneously and continuously,
a different quantitation strategy is required. In addition, in the
NASBA-based real-time assay a calibrator is used throughout
the procedure to monitor procedural losses and to monitor the
effects of unknown sample factors that might interfere with the
amplification kinetics.

In conclusion, the major processes in the NASBA process
and homogeneous detection using molecular beacons could be
modeled and incorporated in a manageable mathematical
model. This model was found to provide a good basis for quan-
tification of endogenous WT RNA.
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