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MULTI-STAGE, REGRESSION-BASED PCR ANALYSIS SYSTEM

CLAIM OF PRIORITY
[0001] The present application claims priority from and is a non-provisional application of
U.S. Provisional Application No. 61/095,410, entitled “MULTI-STAGE, REGRESSION-
BASED PCR ANALYSIS SYSTEM?”, filed September 9, 2008 (Attorney Docket No. 002558-

083200US), the entire contents of which are herein incorporated by reference for all purposes.

BACKGROUND
[0002] The present invention relates generally to data processing systems and methods that
analyze data resulting from biological and/or chemical reactions exhibiting amplification, such as

a polymerase chain reaction (PCR).

[0003] Many experimental processes exhibit amplification of a quantity. For example, in PCR,
the quantity may correspond to the number of parts of a DNA strand that have been replicated,
which dramatically increases during an amplification stage that is exhibited in an amplification
region of a PCR data plot. PCR data is typically described by a region showing a linear drifting
baseline, which is a precursor to exponential growth in the amplification region. As the
consumables are exhausted, the curve turns over and asymptotes. Other experimental processes

exhibiting amplification include bacterial growth processes.

[0004] The quantity of the experimental process is detected from an experimental device via a
data signal. For example, the data can be collected by imaging different excitation wavelengths
and emission wavelengths from one or more reactions occurring in respective wells or tubes.
The data signal contains data points that are analyzed to determine information about the

amplification. The collected data is then typically stored for future use.

[0005] One example of an analysis that might be conducted using PCR data is known as
baselining. The baseline represents noise or instrument-specific levels in the data, not
amplification. In order to better analyze the amplification region of the data, it is often desirable
to remove the linear drifting baseline from the data signal. Such baselining can help to

determine the level of actual amplification above the baseline. For certain types of analysis, this
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allows comparison between the amplification levels of different curves, since the baselines can
vary on a per-curve basis. An example of baselining can be found in US Patent Publication

2006/0269947, incorporated by reference for all purposes.

[0006] Another analysis often conducted using PCR data is to calculate some quantification, in
either absolute or relative terms, of a specific target molecule in the reaction. This can be
accomplished by designating a target signal threshold that corresponds to a reference threshold.
The number of cycles required to reach this target threshold is then referred to as the Ct value.
Previous methods for determining the Ct value of a reaction are often limited, for example, by

the accuracy of the modeling of the raw data or noise in the raw data.

[0007] Although methods exist for these and other types of analysis, data collected from
amplification systems often includes significant noise and other variable aspects, which can
hinder an efficient and accurate determination of characteristics of a reaction. Accordingly, new

methods for analyzing amplification curves are desired.

BRIEF SUMMARY

[0008] Embodiments provide systems, methods, and apparatus for analyzing data to determine
properties of a PCR process or other process exhibiting amplification. In one embodiment, a
multiple-stage functional fit can be used to increase an accuracy of the determined properties. In
one aspect, the properties include a baseline, a reference quantitation value (e.g. a Ct value) of
the amplification process, whether amplification exists, and an efficiency of the amplification

process.

[0009] According to one embodiment, a method of determining one or more properties of a
biological and/or chemical reaction from a data set representing an amplification process of the
reaction is provided. A set of data points representing a curve having a baseline portion and a
growth portion is received. Each data point represents a physical quantity of a substance during
an amplification process. A processor calculates a first function that approximates the set of data
points. One or more parameters are extracted from the first function. The processor uses the one
or more parameters to calculate a second function that approximates the set of data points. One
or more properties of the biological and/or chemical reaction are determined using the second

function.
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[0010] According to another embodiment, a method of determining a baseline region for an
amplification curve resulting from an amplification process of a biological and/or chemical
reaction is provided. A set of data points representing a curve having a baseline portion and a
growth portion is received. A processor determines a function that approximates the set of data
points. A first derivative of the function is calculated to obtain a first derivative function. A
processor determines an end of a baseline region by integrating the first derivative function from
a respective point to a fixed location of the first derivative function to obtain a respective
integrated area. A point whose integrated area is within a specified range is selected as the end

of the baseline region. A beginning of the baseline region is also determined.

[0011] According to yet another embodiment, a method of determining a reference value of a
biological and/or chemical reaction from a data set representing an amplification process of the
reaction is provided. A set of data points representing a curve having a baseline portion and a
growth portion is received. A processor determines a function that approximates the set of data
points. A processor determines a function that approximates the set of data points. The processor
calculates at least two derivatives of the function. A respective time in the amplification process
where each derivative has a maximum value is identified. The reference value of the biological

and/or chemical reaction is calculated as a weighted average of the respective times.

[0012] In one embodiment, data representing amplification in the collected data is
distinguished from data representing a jump or other error by checking whether a slope of the
data or a function approximating the data has a slope grater than a threshold. In another
embodiment, a modified sigmoid function containing a drift term is used to approximate the data

representing the amplification process.

[0013] Other embodiments of the invention are directed to systems and computer readable

media associated with methods described herein.

[0014] A better understanding of the nature and advantages of the present invention may be

gained with reference to the following detailed description and the accompanying drawings.
BRIEF DESCRIPTION OF THE DRAWINGS

[0015] FIG. 1 shows an example of a PCR amplification curve.

[0016] FIG. 2 shows an example of raw data measured from an amplification process.
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[0017] FIG. 3 is a flow diagram illustrating a method of analyzing data points from an

amplification reaction according to an embodiment of the present invention.

[0018] FIG. 4 is an illustration of a data curve representing a jump rather than actual

amplification.

[0019] FIG. 5 is a flow diagram illustrating a method of determining whether a segment of a

data curve shows amplification according to an embodiment of the present invention.

[0020] FIG. 6 is a flow diagram illustrating a method of determining a baseline region of an

amplification curve according to an embodiment of the present invention.

[0021] FIG. 7 are plots of amplification data and curves resulting from a baselining method

according to an embodiment of the present invention.

[0022] FIG. 8 is an illustration of many PCR curves that have been baselined using an

embodiment of the present invention.

[0023] FIG. 9 is a flow diagram illustrating a method of analyzing an amplification curve by
performing a multi-stage functional fit to determine properties of the amplification reaction

according to an embodiment of the present invention.

[0024] FIG. 10 is an illustration of the fit between a modified sigmoid function and PCR data

according to one embodiment of the present invention.

[0025] FIG. 11 is an illustration of the calculation of various maximum derivatives of a PCR

curve according to one embodiment of the present invention.

[0026] FIG. 12 is a flow diagram illustrating a method of analyzing an amplification curve by
performing multiple functional fits to determine a Ct value according to an embodiment of the

present invention.

[0027] FIG. 13 illustrates a system that processes real-time PCR data according to an

embodiment of the present invention.
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DETAILED DESCRIPTION

[0028] The present invention provides techniques for processing and analyzing results from an
amplification reaction, for example, to determine a number of different properties of the reaction.
Various embodiments are particularly useful for analyzing data from PCR amplification
processes to identify, for example, a baseline, a quantification value (e.g. a Ct value), and
different regions of behavior from a functional form of the data. It should be appreciated,
however, that the teachings of the present invention are applicable to processing any data set or
curve that may include noise, and particularly curves that should otherwise exhibit growth

(amplification) such as a bacterial growth process.

I. AMPLIFICATION CURVES

[0029] Amplification (growth) curves show when a quantity has increased over time. Such
curves can result from polymerase chain reactions (PCR). Data for a typical PCR growth curve
can be represented in a two-dimensional plot, for example, with a cycle number defining the
x-axis and an indicator of accumulated growth defining the y-axis. Typically, the indicator of
accumulated growth is a fluorescence intensity value resulting from fluorescent markers. Other
indicators may be used depending on the particular labeling and/or detection scheme used.
Examples include luminescence intensity, bioluminescence intensity, phosphorescence intensity,
charge transfer, voltage, current, power, energy, temperature, viscosity, light scatter, radioactive
intensity, reflectivity, transmittance and absorbance. The definition of cycle can also include

time, process cycles, unit operation cycles and reproductive cycles.

[0030] FIG. 1 shows an example of a PCR curve 100, where intensity values 110 vs. cycle
number 120 are plotted for a typical PCR process. The values 110 may be any physical quantity
of interest, and the cycle number may be any unit associated with time or number of steps in the
process. Such amplification curves typically have a linear portion (region) 130 followed by a
growth (amplification) portion 140 and then by an asymptotic portion 150, as shown in FIG. 1.
There also might be additional types of behavior such as downward curving data. A growth
portion may have exponential, sigmoidal, high order polynomial, or other type of logistic

function or logistic curve that models growth.



10

15

20

25

WO 2010/030686 PCT/US2009/056384

[0031] To understand the experimental process involved, it is important to identify the position
and shape of growth portion 140. For example, in a PCR process, it may be desirable to identify
the onset of amplification, which occurs at the end 160 of the baseline portion (linear portion
130). Additionally, the analysis of the shape of growth portion 140 often includes "baselining"

or subtracting out linear portion 130 from PCR curve 100.

[0032] Figure 2 illustrates a real-time PCR curve 200 that exhibits amplification. Initially, the
data exhibits linear behavior in region 230 and in later cycles there is amplification in region
240. When Fig. 2 is contrasted with Fig. 1, it is clear that noise and other variability that is often
present in real-time PCR curves can make any analysis of data to determine underlying

properties of the reaction much more difficult than the more ideal model shown in Fig. 1.

[0033] The curves may be analyzed for many different purposes. Some of the purposes are

described herein.

II. OVERVIEW OF ANALYSIS OF AMPLIFICATION CURVES

[0034] FIG. 3 is a flow diagram illustrating a method of analyzing data points from an
amplification reaction according to an embodiment of the present invention. Many of the steps
in FIG. 3 are optional depending on the particular needs of an embodiment. Additionally, many
of the various steps outlined in FIG. 3 can be carried out independently of other steps. For
example, the baseline analysis shown in FIG. 12 can be conducted independently of any Ct
determination. Specific methods of carrying out some of the steps in FIG. 3 are described later

with respect to other figures.

[0035] At step 310, raw data taken from a biological or chemical reaction undergoing
amplification is received for analysis. In some embodiments, the raw data represents various
wavelengths of light that have been collected from the reaction. In one embodiment, the data is
an intensity of light measured after each cycle of the reaction. The raw data, e.g., in the form of

a set of fluorescence values per cycle, may be loaded into a memory so that it may be analyzed.

[0036] At step 320, these wavelengths of light can be separated according to their color before
further analysis is conducted. In one embodiment, a per-well normalized color separation matrix
is generated which can be derived from the instrument calibration data. The matrix can depend

specifically upon the dyes loaded into that well. In one aspect, matrix operations, such as matrix
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inverse or singular value decomposition, are used to calculate color-separated data from the raw
data. Color-separated data can be output as a set of curves, each of which is identified by the
dye, step number, and the well index. An amplification curve exists for each color, as well as for
each well sample and step. These output curves may have the baseline subtracted before being

displayed to a user.

[0037] At step 330, the color-separated raw data is analyzed to determine whether the data
indicates that amplification has occurred in the underlying reaction. Various analyses may be
performed to determine whether amplification has occurred. Examples of analyses that
determine no amplification include if the curve is too short, if the standard deviation of the data
values in the curve is sufficiently small, if a functional fit of the data points in the curve has a
negative slope, and if the difference between the data and its linear fit switches sign enough
times relative to the number of points. US Patent Application 2006/0271308, incorporated by
reference for all purposes, discloses a method for determining whether the data exhibits
statistically linear behavior in order to distinguish linear data from data that would represent
amplification. In some embodiments, a maximum amplitude slope bound analysis is conducted
to determine whether the data indicates that an amplification has occurred, which is described in

more detail later.

[0038] If no amplification has occurred, some embodiments will not conduct any further

analysis on the data. If amplification has occurred, some embodiments will continue with

method 300.

[0039] At step 340, a baseline analysis is conducted. A baseline generally relates to effects
that do not relate to the amplification process. For example, offsets, drifts, noise, or other
artifacts may be present in an intensity signal, and are not a result of the underlying amplification
process. The baseline analysis may be performed in various ways. In some embodiments, the
baseline analysis is conducted by creating a probability distribution function from a functional
approximation (fit) of the raw data to determine the end of the baseline within a specific
confidence level. This baseline analysis is discussed in more detail later in this disclosure. In
one embodiment, a sigmoid function may be used as the functional approximation of the raw

data.
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[0040] At step 350, a functional fit is performed to create a functional approximation that
closely matches the raw data. In some embodiments, a functional fit from step 340 may be used
as the fit for step 350. In other embodiments, a new functional fit is performed, which may be
based on a previous functional fit. Such a multi-stage fit is described in more detail below. In

one embodiment, a modified sigmoid function is used as the functional approximation.

[0041] At step 360, some embodiments use the functional approximation from step 350 to
determine a Ct value. As discussed above, a Ct value for an amplification curve can be used to
calculate some quantification, in either absolute or relative terms, of a specific target molecule in
the reaction. In some embodiments, the Ct value is determined using a weighted-average of the

two derivatives of the functional approximation.

[0042] In some embodiments where a result of step 330 suggests non-amplification, method
300 can set an end of a baseline region to the last cycle and/or set the Ct value to the intersection

of the curve with its mean value.
III. DETERMINING WHETHER AMPLIFICATION EXISTS

[0043] As described above with respect to step 330, an analysis may be made as to whether the
data represents an amplifying reaction. In one embodiment, a maximum amplification slope

bound analysis is performed.

[0044] In a number of cases, there are jumps in data due to the instrument being hit or
disturbed during a run. In this case, the data can display a sharp jump that appears to represent
amplification, but is in fact an artifact of an error. An extreme example of a curve that displays
this behavior is shown in FIG. 4. In FIG. 4, RFU refers to relative fluorescence and cycles refer
to cycles of amplification of the PCR reaction, or any process displaying amplification type
behavior. Embodiments use a maximum allowed slope for real amplification to distinguish

between real amplification and any artifact, such as a jump in the data resulting from an error.

[0045] FIG. S is a flow diagram illustrating a method 500 of determining whether a segment of
a data curve shows amplification according to an embodiment of the present invention. In
various embodiments, method 500 may be performed prior to baselining, after baselining, or as

part of a baselining procedure. For example, the part of the curve from the start to the end of the
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baseline may be analyzed to identify amplification behavior; and if there is amplification

behavior, then method 500 may be applied.

[0046] At step 510, data taken from a biological or chemical reaction undergoing amplification
is received for analysis. In some embodiments, the data may be color separated. The data

received typically have a baseline portion and a growth portion.

[0047] At step 520, a functional fit is conducted using the data to obtain a functional
approximation of the data. This functional approximation can be used by some embodiments to
determine various characteristics of the underlying reaction. In some embodiments, a sigmoid
function is used for the functional approximation. In other embodiments, a functional fit may be

performed only for a portion of the data.

[0048] At step 530, an analysis of the functional approximation is conducted to determine
whether a slope of the functional fit exceeds the maximum amplification slope bound (MASB).

The analysis of the slope of the functional fit may be performed for every point of the data curve.

[0049] At step 540, for those locations (e.g. segments) where the slope exceeds the maximum
amplification slope, the data may be treated as non-amplifying. In one embodiment, if the
analysis of method 500 removes all of the possible amplification regions, then the data curve
may be classified as non-amplifying. In another embodiment where an amplification region does

exist after the jump, then a start of the baseline region may be set just after the jump.

[0050] One embodiment for the derivation of the maximum slope is as follows. In one aspect,
the equations below show that the slope of a real amplification curve is bounded above by the

slope of an ideal, purely exponential amplification curve of constant maximal efficiency.

[0051] Consider amplification, where y, represents the baselined data and Ey represents the

amplification efficiency at cycle N.

Yo =U+EY)yy

[0052] Since the behavior is exponential, derivatives can be approximated by difference in In

space (In is natural logarithm). As a result, the derivative can be written as:

In(yy,)=In(yy) =In(l+ Ey)
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[0053] Using the Mean Value Theorem, it can be shown that:

dIn(y(N))
dN

where N is evaluated at some value N=N* and N < N*<N+1.

In(yy,)—In(y,) =

[0054] The equations derived from the difference of the natural log of the baselined data and

the Mean Value Theorem can then be combined to obtain:

din(y(N")) _
= In(l+ E(V)

where y and E can be defined everywhere as continuous functions. Note that the left and right
hand sides of the equation are evaluated at different values, N and N*. Since E(N) < 1, the right

hand side of the equation is rigorously bounded above by In(2).

[0055] Since the right hand side is now independent of N, the * can be dropped. The result is:

din(y(N")) _ 1 (dy(N)) <In(2.0)
dN Y(N)\ dN .

[0056] Which in turn yields:

(%j <In(2.0) * y(N)

[0057] This expression can be evaluated for a functional fit (e.g. a regression function fit) to
the data as a test to determine whether the inequality is satisfied. Ifthe inequality is satisfied, the
data represents possible amplification. If the inequality is not satisfied, then the data contains an
artifact and can be handled in an appropriate manner. For example, this test can be used as a part
of the initial tests used to determine if the collected PCR data represents a reaction that has

undergone amplification. Other embodiments can use this analysis for other purposes as well.
IV. BASELINING

[0058] FIG. 6 is a flow diagram illustrating a method of determining a baseline region of an
amplification curve according to an embodiment of the present invention. A graphical

representation of method 600 is illustrated in FIG. 7.

10
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[0059] At step 610, a functional approximation (fit) to the data is obtained. In some
embodiments, a pure sigmoid function can be used for the functional fit. The sigmoid provides a
functional approximation to the curve defined by the collected data. An example of the raw data

701 and its functional approximation 702 is illustrated in Figure 7.

[0060] At step 620, the first derivative F* of the functional fit is determined. The first
derivative may be determined in any number of ways, which may be dependent on the type of

functional fit that was performed.

[0061] At step 630, the value of the derivative at the start of the curve, F’(0), can then be
subtracted from the curve itself so that the derivative function is baselined. An example of a

baselined first derivative function is shown at 703.

[0062] At step 640, a probability distribution function is created, for example, a distribution
which defines a probability that a point is within the amplification (growth) region. In this
manner, the start of the amplification region may be determined, and thus the end of the baseline

region can be calculated.

[0063] In one embodiment, the probability distribution function relates to the area under the 1%
derivative function in the non-crosshatched area 708. The region after the peak of the derivative
function is truncated as illustrated by area 705. Thus, area 705 is not used in one embodiment of
the baseline analysis. The region from the start of the derivative function to the peak 704 (which
occurs at the inflection point) of the derivative function is used for further analysis. The
baselined derivative function is then divided by area defined under its curve (e.g. as a
normalization), yielding a new function that may be interpreted as a probability distribution of
whether a given point is in the amplification region. The probability distribution function has a
maximum (100%) at the inflection point of the original curve and decreases monotonically

toward 0% at the beginning of the curve.

[0064] At step 650, a confidence level for the start of the amplification region is selected. In
some embodiments, the confidence level relates to an amount (e.g. a percentage) of area under
the baselined derivative function. For example, the start of the baseline region can be interpreted

as occurring at a point where the integrated area is relatively small. Such a point would occur

11
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when the point has a small probability (e.g. 3-0%) of being in the amplification region as then

that point would no longer be in the baseline region.

[0065] In one embodiment, a probability that a point is within the amplification region can be
interpreted inversely (e.g. subtracted from 100%) so that the confidence level of the start of the
amplification region can be taken to be near 100%. In one embodiment, the value of the
confidence level as a practical matter, is desired to be between 90% to 97%. A value of 100%
would actually provide too low of a cycle number for the start of the amplification region since
that point might be near the beginning of the whole curve. A value of less than 90% would
provide too high of a value since that point would quite likely to be inside the amplification

region.

[0066] At step 660, the end of the baseline endpoint is determined by the point at which the
confidence level is achieved. In one embodiment, to determine the start of the amplification
region (end of the baseline region) within the desired confidence level, the area of the probability
distribution function from the peak 704 is integrated going backwards toward the beginning of
the function, as illustrated by 706, until the area matches the selected confidence level (e.g. at
fractional cycle value x). In Fig. 7, this point is marked at 707. The area under the probability

distribution function, from the peak 704 to point 707 is equal to the selected confidence level.

[0067] In another embodiment, the curve may be integrated from the start until the confidence
level is reached, which, e.g., may be interpreted as being between 3%-10%. This value minus
100% may be used to conform to the manner in which the confidence level was selected (e.g.

being near 100%).

[0068] This point, 707, can be used as a credible bound on the region in which amplification is

expected to have occurred. This cycle value can be interpreted as the end of the baseline.

[0069] At step 670, once the end of the baseline has been determined, the start of the baseline
can be determined. In one embodiment, the portion of the curve from the start of the curve to the
end of the baseline (an extracted portion) is analyzed to determine the start of the baseline. If the

extracted portion is sufficiently linear, then the start of the baseline is set to the start of the curve.

[0070] In one aspect, sufficient linearity is measured as the degree that the data points can be

fit to a line. For example, in a least squares fit, the standard deviation of the data points from the

12
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fitted line may be used as a measure of the linearity. The error from the linear behavior can be

compared to a threshold value to determine if linearity does exist.

[0071] The sufficiently linear region can be treated as a region of non-amplification. In one
embodiment, the first cycle is removed from the baseline region to eliminate problems common

to starting the PCR process as the instrument settles.

[0072] If the extracted portion of the curve is not sufficiently linear, then additional analysis
can be carried out to determine the start of the baseline. In one embodiment, the additional
analysis consists of repeatedly removing or truncating the leading points of the extracted portion
of the curve until the leading region is non-amplifying or a certain maximum number of
truncations is reached. The maximum slope analysis disclosed above may additionally be
repeatedly used to determine whether there is a jump inside the baseline region, such that the

start of the baseline may be set immediately after the jump location.

[0073] Below is a more detailed mathematical description of an embodiment of this baselining

method.

[0074] The first step is to apply a functional fit to the raw data. The first step of the functional
fit is to select a functional approximation to be used to model the data. In one embodiment, a

sigmoid function is used for this purpose.

[0075] Next, a set of initial regression (fitting) parameters to be used in the selected functional
approximation of the data need to be defined. The regression parameters used below are: ag, a;,
ay, a3, The set of parameters below is an example of one set of parameters that has been
empirically determined to work well for a variety of data sets. For input vectors (x,y) of values,
where y = RFU and x = cycle, the parameters can be seeded as follows: ag = y[1];

a;=y.Max-y.Min; a; = x.Length / 2; a3 =1.0.

[0076] An example of a sigmoid regression function using these regression parameters is:

(a, = x)

a;

f=a,+ %, where E(x) = , h(x) = exp(E(x)), and D(x) =1 +h(x).

13



10

15

20

WO 2010/030686 PCT/US2009/056384

[0077] Using this regression function, the first derivative of the function can be calculated to
be:

af _a, h

dx a, D’

and the second derivative can be calculated to be:

S [ |k
s (a0

The maximum 1 derivative is the x value defined by the zero of the second derivative equation.

[0078] The probability of a point being in the amplification region is computed to be:

drf d
T ()
__dx dx
Normalization

[0079] In the non-crosshatched region, we integrate to the left from the inflection point, I, to
find the boundary, x, of the 95% confidence region for being at the start of the amplification

region.

[0080] Substituting P into the above expression provides:

af

JD ==

O - 4= C[((f(f) ()~ —‘j"—g—(w}

[0081] Substituting the pure sigmoid into this expression yields:

af
=a,—-a;In 1 —1|= H(p), where ,B—;(O) and F—Q:L)JrL—(l—c),Ba
H=a, —d; T+ fu =LH), = a, T D(0) 2

14
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[0082] Next, the following functions are iterated to determine the start of the baseline:

My =H(0)
Ky = H(uy)

These functions are iterated until it converges to the desired value of the endpoint of the baseline

region.

[0083] Figure 8 illustrates the effectiveness of the above baselining method. In Fig. 8, many
different data sets, including many noisy data sets, are effectively baselined using the above
method. As is clearly visible, the linear regions prior to amplification have been identified such
that when subtracted off the curve, the linear regions lie flat against the x-axis (cycles) of the

graph.
V. MULTI-STAGE FUNCTIONAL FIT

[0084] As mentioned above, a functional approximation of the data values obtained from the
amplification reactions can be used for multiple purposes, such as baselining and identifying Ct
values. One functional form that has been used is a sigmoid function of the form 1/(1+¢™).
However, such a functional form can miss physical characteristics of an amplification reaction.
Accordingly, some embodiments use a modified sigmoid function (described below) that uses a
drift term, which can account for a variably drifting baseline, as well as other characteristics that

a sigmoid function can miss.

[0085] However, if used with default parameters, the higher resolution function may be less
stable in providing a good functional fit. For example, higher resolution functions, such as the
modified sigmoid function discussed above, are frequently much more sensitive than lower
resolution functions to the initial starting parameters used to create the function. As a result,
using default parameters for these higher resolution functions may not yield good results. In
other words, the higher resolution function may not effectively reduce the error between the
functional approximation of the data and the data itself when default starting parameters are

used.

15
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[0086] The error present in any regression function can be minimized using an algorithm, for
example a Levenberg-Marquardt algorithm. It minimizes the error, i.e. the difference between a

fit function and the actual data, as measured by the equation:

N

Delta=3y, - £, P)f

i=1

where P is a vector of regression parameters to be varied until an adequate fit is achieved.
Traditionally, it is a combination of Gauss-Newton and Gradient Descent methods, whereby the
algorithm adjusts to which method to use during the calculation depending upon the nature of the

error.

[0087] When the modified sigmoid functional form is used, it may be difficult to obtain
convergence with the minimization algorithm. Accordingly, in one embodiment, a first sigmoid
functional fit is performed to obtain parameters (seed values) for the modified sigmoid functional
form. In another embodiment, the modified sigmoid functional fit can be calculated without seed

values from another functional fit.

[0088] FIG. 9 is a flow diagram illustrating a method of analyzing an amplification curve by
performing a multi-stage functional fit to determine properties of the amplification reaction
according to an embodiment of the present invention. As shown, method 900 uses three stages
of functional fits while other embodiments may use more or less stages of analysis. Although
examples using sigmoid and a modified sigmoid function are provided, the multi-stage

functional fitting may use other functional forms.

[0089] In the below description, the terms "low resolution" and "high resolution" refer to the
order of the functional fits, with a higher resolution fit occurring after a lower resolution fit.
These terms can also correspond to a degree of accuracy that the functional approximation of the
data maps to the underlying raw data. Thus, each stage of the analysis can build upon the

previous stage of the analysis to create a more accurate functional approximation the data.

[0090] At step 910, data is received from the amplification reaction. This data may be of any

suitable form, e.g., as mentioned herein.
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[0091] At step 920, a first functional fit of the amplification data is determined. The first
functional fit is of a low resolution. For example, the data curve may be fit by a pure sigmoid
function. A low resolution function, such as a sigmoid model, is typically less sensitive to the
initial seed parameters than a higher resolution function, such as a modified Sigmoid regression

function. As a result, a pure sigmoid function works well using default initial parameters.

[0092] In one aspect, this function can be used to conduct any analysis that does not benefit
much from a high-resolution function. An example analysis that can be conducted using this

first functional fit is a baseline analysis.

[0093] At step 930, the low resolution function is used to create the seed parameters for the
next stage of the multi-stage analysis. In one embodiment, the seed parameters are initial values

for the parameters of the higher resolution function.

[0094] At step 940, a second functional fit uses the seed parameters to obtain a higher
resolution fit (e.g. a regression function). In one aspect, using seed parameters from the lower
resolution function can provide better initial values for the higher resolution fit. With better
initial values, convergence of a fitting method (e.g., as mentioned above) can be obtained easier

and more reliably.

[0095] Performing a multi-stage functional fit can also provide robustness in the final
functional fits that are obtained. A key measure of robustness is the repeatability of the
determination of characteristics of the underlying reaction. The higher-resolution function can
be used to calculate parameters such as the Ct value for the underlying reaction. The repeatability
can be measured using the Ct standard deviation for replicates. A robust regression engine can
also converge more reliably to provide a smaller Ct standard deviation, where convergence may

be measured by whether the error of the fit to the actual data can be made sufficiently small.

[0096] At step 950, the second functional fit is used to determine the Ct value for the
amplification reaction. In one embodiment, the Ct value is determined as the cycle number that
the second functional fit (e.g. a modified sigmoid function) crosses a threshold value. In another
embodiment, a weighted average of derivatives of the functional approximation (fit) is used as

the Ct value.
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[0097] At step 960, a third functional fit is performed in a region defined by the Ct value
obtained in step 950. For example, the Ct value calculated from the second functional
approximation can be used to define the centroid of a region encompassing the amplification
region. The third functional fit can then be made as an approximation to the data points in this
region. In one embodiment, the width of the region defined by the centroid is twice that of the

cycle width between the centroid and the start of the growth (amplification) region.

[0098] In one embodiment, this third functional fit is carried out on just the amplification
region because of variability in the global behavior of amplification curves. This variability
reflects possible instrument bias due to such factors as spatial alignment issues. Since the second
functional fit may be global and reflect the overall behavior of the entire amplification curve, this
bias can be reflected in the calculated Ct value from the second regression. In order to reduce
this effect, a very high resolution regression can be carried out on a window encompassing only
the amplification region. This excludes variability reflected in the leading part of the curve, as
well as the tails of the curves, where chemistry is often being depleted and alignment issues

arise.

[0099] In some embodiments, the third functional fit can be a polynomial regression. In one
embodiment, a 6" order polynomial functional fit is applied to the amplification region. The

order of a polynomial applies to the value of the exponent of the leading term of the polynomial.

[0100] At step 970, the third functional fit can then be used to determine characteristics, such
as the Ct value, to an even greater degree of accuracy. This process of using a lower-resolution
regression to seed the starting parameters of a higher resolution regression function can be
repeated as many times as needed. In each iteration, the previous regression function is used to
determine the seed values for an even higher resolution regression function. If, for some reason,
the higher-resolution function cannot be generated using the initial seed parameters from the first

regression function, a priori estimates for the starting parameters can be used instead.

[0101] In one embodiment, the high resolution functional approximation used for the second

functional fit is a modified sigmoid function defined as follows:
1 a, D
=a, +—|a, +| — |In| — ||, where
7= D[ ‘ (Dj (hﬂ
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- 2
@) exp(E), D=1+h,and @ = 2%
a, a9

E

[0102] In this equation, the term (%‘—j ln(—llz—) is an internal linear drift term, representing a

variably drifting baseline, that is a modification from a standard sigmoid function. This term
improves the fit between the functional approximation of the data and the data itself by multiple

standard deviations by better representing the actual behavior seen in amplification data.

[0103] Default initial regression parameter seed values for input vectors (x,y) may be: a0 =
Parameters[0] = y[1]; a; = Parameters{1] = y.Max - y.Min; a, = Parameters[2] = x.Length / 2; a3
= Parameters[3] = 1.0; and a; = Parameters[4] = y.Mean - y[1].

[0104] However, as mentioned above, these default values may not produce an accurate

amplification data model. In that case, the values used for these variables can be obtained from
the pure sigmoid functional fit, which may be obtained from step 920. For example, the values
for ag—a; may be taken directly from the final values for sigmoid functional fit. In one aspect, the

seeds may be determined in this fashion because of the similar functional forms.

[0105] The I* and 2™ derivatives with respect to x are as follows:
& o h+i+a(ﬁjm(2j
dx \a,D 2D D h

L “;h h2—1+-5-ﬁ+a(2h—1)1n(2)
dx” a, D* 2 h

The maximum 1* derivative is the x value defined by the zero of the 2" derivative.

[0106] The 3™ derivative with respect to x is:

3
d { = i‘hs W —3h° +(—3+—1-—9—0i)h+(1—7—aj +aln(—D~j[4h2 ~7h+1] . The maximum
dx a;’D 2 2 h

2" derivative location is the x value defined by the appropriate zero of the 3™ derivative.
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[0107] The 4™ derivative with respect to X is:

4/ =[ ah ]{[h“ —104° +(657“]h2 +(10—40a)h+(—1 +97“H +a1n(—12—j[8h3 ~33h? +18h—1]}

dx* | a'D°

The maximum 3™ derivative location is the x value defined by the appropriate zero of the 4"

derivative. By identifying the maximal derivative locations, in one embodiment, this

information may be used to determine the Ct values.

[0108] Figure 10 shows an example of the high resolution modified sigmoid regression
function fitted against raw data. Note that the fit is globally excellent for this example because

the two lines are nearly indistinguishable from each other.

VI. CALCULATION OF Ct VALUE --WEIGHTED MAXIMUM DERIVATIVE METHOD

[0109] There are a number of possible methods for selecting the Ct value for a reaction
undergoing amplification. Each method has certain advantages and disadvantages. The Ct value
may be determined after a single stage, after each single stage, or after multiple stages of

performing functional fits.

[0110] The Ct value represents a point on a curve, a fractional cycle number that is similar in
some property to that point on another curve. In various embodiments, the Ct value can be the
fractional cycle number where an intensity signal reaches a target threshold, where a certain
amplification value is reached, where some concentration value is reached, where the maximum
of some derivative value or combination of derivative values is reached, or some other property

that represents a value of the curve or shape of the curve.

[0111] The Ct value can allow one to compare the relative level of amplification between
different curves representing different unknown starting quantities, or a comparison with a
standard of known, absolute starting quantity. The first is known as relative quantitation, while

the latter is known as absolute quantitation.

[0112] In one embodiment of the present invention, the Ct value is selected as the number of
cycles (which may be a fractional number) at the maximum of the 2" derivative of a functional

approximation to the amplification curve. This value gives excellent quantitation of the Ct value,
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but it can lead to a Ct value that is overly high. It can also lead to an overly high efficiency

value.

[0113] In another embodiment, the Ct value is selected as the number of cycles (which may be
a fractional number) at the maximum 3™ derivative location of a functional approximation to the
amplification curve. This method yields excellent Ct values that are roughly two cycles before

the maximum 2™ derivative location. This method also yields good, but not excellent efficiency
values. However, the quantitation of the Ct value at the 3" derivative location, while acceptable,

is not as good as the quantitation of the Ct value at the 2™ derivative location.

[0114] FIG. 11 shows an illustration of where the maximum 1st, 2nd, and 3rd derivatives for
an amplification curve modeled by a modified sigmoid function is shown. The maximum of a
derivative is found at the zero of the next higher order derivative. Zero points 1101 and 1103 are
used to find the location of the maximum 1st derivative; zero point 1102 is used to find the
location of the maximum 2nd derivative; and zero point 1104 can be used to find the location of

the maximum 3rd derivative.

[0115] One goal is to find a compromise between the two yielding the best of both cases. This
can be accomplished by calculating Ct value as a weighted average of the two derivatives. In
one embodiment, the nth and nth+1 derivative values are used in the weighted average. The
values of the maximum derivatives can be calculated by using such techniques as iteration or

Newton-Raphson algorithms.

[0116] The weight parameters used in the weighted average may be adjusted to satisfy a
number of criteria. In one embodiment, the weight parameter can be set so that the efficiency of
a standard curve is 100% for a known-good, efficiency-weight-parameter calibration file. In this
case, a SYBR Green linearity is used as a reference file, but any data file regarded as being of
sufficient goodness would suffice. In another embodiment, one may set the weight parameter to
minimize sensitivity to variations in the tail of the curve, where amplification may not be

faithfully represented by the fluorescence or instrument variability may be an issue.

[0117] In some embodiments, the weighted average of the maximum 2" derivative location
and the maximum 3™ derivative location is used to determine the Ct value, and the weight factor

is chosen relative to a SYBR Green Linearity reference file. The formula is as follows:
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CtSelectionValue = (1.0 - p) * Max2ndDerivativeXLocation + p * Max3rdDerivativeXLocation.

In one embodiment, the weight value, p, may typically be in the range of 0.3-0.7. For example,

one embodiment uses a weight value of 0.65.

[0118] If, for some reason, there has been a failure and the weighed averages of the nth and
nth+1 derivative cannot be calculated, a Ct value can be determined using another method. For
example, the curve can be analyzed within a window. The curve may also be truncated until a
result is achieved. If amplification is early, the analysis can be conducted by extrapolating past
the beginning. If the data shows late amplification, the analysis can be conducted by

extrapolating the curve past the end of the curve, and a recalculation can then be attempted.

[0119] If all of the above do not yield a valid Ct value, then the system can revert to the
approach used in the single threshold method of analysis; see patent applications
US2006/0269947 and US2006/0271308. Both of these references are hereby incorporated for all
purposes. If none of the above yields a valid Ct value, then less accurate Ct value can be

calculated from a lower resolution method.

[0120] As discussed above in method 900, once an initial Ct value is determined, e.g., using an
average of derivatives, the Ct value can be used to define a region for a higher resolution
functional fit. This higher functional fit (e.g., a high order polynomial regression function) can
then be used to further refine the Ct value using the average of derivates again. This process, as
previously described above, defines a window around the amplification region. By restricting
the Ct determination to this amplification window, variability seen at the start and end of the
curve can become less relevant to the analysis. As a result, a more accurate Ct value can be
determined. The weight value for this case is adjusted to minimize fluctuations due to

instrument bias.

[0121] When using the Ct value to compare amplification curves, if there are known standards,
then a graph known as a standard curve may be created relating the known standard starting
quantities to their Ct values. Even if there are no standards, one may use a many-fold dilution set
to define a standard curve. A log-linear graph may then be used to project the Ct values for
unknown samples to determine their absolute or relative starting quantities depending upon

whether absolute standards or multi-fold unknowns are used to define the curve. The slope of
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this log-linear graph may be used to calculate an efficiency. This efficiency can refer to the
average probability that during PCR amplification, the full cycle, consisting of melting,
annealing, and extension, results in a doubling of the number of DNA particles. It is generally
desirable that this efficiency be less than 1 since there is never perfect doubling at each cycle, but

creation of unwanted additional products may give an efficiency greater than 1.
VII. COMBINED METHOD

[0122] FIG. 12 is a flow diagram illustrating a method of analyzing an amplification curve by
performing multiple functional fits to determine a Ct value according to an embodiment of the
present invention. Each of the steps in Fig. 12 has been described in much more detail earlier in
this disclosure. Many of the steps in Fig. 12 are optional depending on the particular needs of an
embodiment. Additionally, many of the various steps outlined in Fig. 12 can be carried out
independently of other steps. For example, the baseline analysis shown in Fig. 12 can be

conducted independently of any Ct determination.

[0123] At step 1210, raw data taken from a biological or chemical reaction undergoing
amplification is received for analysis. In some embodiments, the raw data may be color
separated. In some embodiments, the raw data may be analyzed to determine whether the data
represent amplification. In some embodiments of the invention, the maximum amplification

slope bound analysis is conducted to make this determination.

[0124] At step 1220, a first functional fit is conducted using the raw data to obtain a first
functional approximation of the data. This functional approximation can be used by some
embodiments to determine various characteristics of the underlying reaction. In some

embodiments, a sigmoid function is used as the first functional approximation.

[0125] At step 1230, a baseline analysis is conducted. In some embodiments of the invention,
a sigmoid function may be used as a functional approximation of the raw data. In one

embodiment, the baseline analysis uses embodiments of method 600.

[0126] At step 1240, a second functional fit can be conducted to create a second functional
approximation of the data. The first functional approximation may be used to create some of the
parameters of the second functional approximation. In some embodiments, the second functional

approximation uses a modified sigmoid function, as described above.
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[0127] At step 1250, the second functional approximation is used to determine a Ct value. In
some embodiments, the Ct value is determined using a weighted-average of the cycle numbers
where the maximum values of two or more derivatives of the second functional approximation
occur. For example, a weighted average of the cycle numbers for the maximum of the 2"

derivative and for the maximum of the 3" derivative may be used.

[0128] At step 1260, a third functional fit can be conducted to create a third functional
approximation of the data. In one embodiment, the Ct value determined at step 1250 is used to

define the range of values over which the functional fit of step 1260 operates.

[0129] At step 1270, the third functional approximation is used to determine a new Ct value.
In some embodiments, this new Ct value is also determined using a weighted-average of the
cycle numbers where the maximum values of two or more derivatives of the third functional

approximation occur.

[0130] The multi stage functional fit as in steps 1220, 1240 and 1260 can be repeated as many

times as needed.
VIII. EXAMPLE SYSTEM

[0131] Figure 13 illustrates a system 1300 according to one embodiment of the present
invention. The system as shown includes a sample 1305, such as bacteria or DNA, within a
sample holder 1310. A physical characteristic 1315, such as a fluorescence intensity value, from
the sample is detected by detector 1320. A signal 1325, including a noise component, is sent
from detector 1320 to logic system 1330. The data from signal 1325 may be stored in a local
memory 1335 or an external memory 1340 or storage device 1345. In one embodiment, an

analog to digital converter converts an analog signal to digital form.

[0132] Logic system 1330 may be, or may include, a computer system, ASIC, microprocessor,
etc. It may also include or be coupled with a display (e.g., monitor, LED display, etc.) and a user
input device (e.g., mouse, keyboard, buttons, etc.). Logic system 1330 and the other components
may be part of a stand alone or network connected computer system, or they may be directly
attached to or incorporated in a thermal cycler device. Logic system 1330 may also include

optimization software that executes in a processor 1350.
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[0133] The specific details of the specific aspects of the present invention may be combined in
any suitable manner without departing from the spirit and scope of embodiments of the
invention. However, other embodiments of the invention may be directed to specific
embodiments relating to each individual aspects, or specific combinations of these individual

aspects.

[0134] Tt should be understood that the present invention as described above can be
implemented in the form of control logic using hardware and/or using computer software in a
modular or integrated manner. Based on the disclosure and teachings provided herein, a person
of ordinary skill in the art will know and appreciate other ways and/or methods to implement the

present invention using hardware and a combination of hardware and software.

[0135] Any of the software components or functions described in this application may be
implemented as software code to be executed by a processor using any suitable computer
language such as, for example, Java, C++ or Perl using, for example, conventional or object-
oriented techniques. The software code may be stored as a series of instructions or commands
on a computer readable medium for storage and/or transmission, suitable media include random
access memory (RAM), a read only memory (ROM), a magnetic medium such as a hard-drive or
a floppy disk, or an optical medium such as a compact disk (CD) or DVD (digital versatile disk),
flash memory, and the like. The computer readable medium may be any combination of such

storage or transmission devices.

[0136] Such programs may also be encoded and transmitted using carrier signals adapted for
transmission via wired, optical, and/or wireless networks conforming to a variety of protocols,
including the Internet. As such, a computer readable medium according to an embodiment of the
present invention may be created using a data signal encoded with such programs. Computer
readable media encoded with the program code may be packaged with a compatible device or
provided separately from other devices (e.g., via Internet download). Any such computer
readable medium may reside on or within a single computer program product (e.g. a hard drive
or an entire computer system), and may be present on or within different computer program
products within a system or network. A computer system may include a monitor, printer, or

other suitable display for providing any of the results mentioned herein to a user.
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[0137] The above description of exemplary embodiments of the invention has been presented
for the purposes of illustration and description. It is not intended to be exhaustive or to limit the
invention to the precise form described, and many modifications and variations are possible in
light of the teaching above. The embodiments were chosen and described in order to best
explain the principles of the invention and its practical applications to thereby enable others
skilled in the art to best utilize the invention in various embodiments and with various

modifications as are suited to the particular use contemplated.
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WHAT ISCLAIMED I|S:

1. A method of determining one or more properties of abiological and/or
chemical reaction from a data set representing an amplification process of the reaction, the
method comprising:

receiving a set of data points representing a curve having a baseline portion and a
growth portion, each data point representing a physical quantity of a substance during an
amplification process;

calculating, with a processor, afirst function that approximates the set of data
points, wherein cal culating the first function includes determining a plurality of parameters that
define the first function;

extracting one or more of the parameters from the first function;

using the one or more extracted parameters to calculate, with the processor, a
second function that approximates the set of data points, the second function having a different
functional form than the first function; and

determining, with the processor, one or more properties of the biological and/or

chemical reaction using the second function.

2. The method of claim 1, wherein the one or more propertiesinclude a

guantitation value associated with the amplification process.

3. The method of claim 1, wherein the one or more parameters are used as
initial values for the second function, and wherein calculating the second function includes
changing one or more the initial values to reduce an error between the second function and the
set of data points.

4, The method of claim 3, wherein the second function is a modified sigmoid

function that contains a drift term.
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5. The method of claim 4, wherein the modified sigmoid function is
represented by: f =a, +%{a1 +(a—[;‘jln[%ﬂ ,where D =1+h, h=exp(E), E = —(aza; )

where &, &, &, as, and a, are parameters determined during afitting procedure of the modified
sigmoid function to the set of data points, and where x is a cycle number of the amplification

process.

6. The method of claim 5, wherein the one or more extracted parameters

include &y, &, &, and az.

7. The method of claim 1, wherein the one or more properties of the
biological and/or chemica reaction include atime Ct in the amplification process a which the

second function has a specified value.

8. The method of claim 7, further comprising:

using the time Ct to calculate a third function that approximates a portion of the
set of data points by:

defining awindow of time centered at Ct;

using the data points within the time window to determine the third function such

that the third function approximates the data points within the time window.

9. The method of claim 8, wherein the third function is a polynomial of sixth

order or higher.
10.  Themethod of claim 7, wherein the time Ct is determined as a weighted
average of afirst time where a second derivative of the second function has a maximum value

and a second time where a third derivative of the second function has a maximum value.

11.  Themethod of claim 1 further comprising:
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selecting an end of the baseline portion as afirst time of the amplification process,
wherein an integrated area of afirst derivative function of the first function from the first time to

apeak of thefirst derivative function is within arange of specified values.

12. Themethod of claim 1 further comprising:

anayzing the first function to determine whether a slope of the first function
exceeds a maximum amplification slope; and

if thefirst function does have locations where the maximum amplification slopeis
exceeded, then treating segments containing the locations as a non-amplifying segment of the

amplification curve.

13. Themethod of claim 12 wherein the maximum amplification slopeis
In(2.0) multiplied by avalue of adata point at a location where the slope is being cal cul ated.

14. A method of determining a baseline region for an amplification curve
resulting from an amplification process of abiological and/or chemical reaction, the method
comprising:

receiving a set of data points representing a curve having a baseline portion and a
growth portion, each data point representing a physical quantity of a substance during an
amplification process;

determining, with a processor, a function that approximates the set of data points;

calculating afirst derivative of the function to obtain afirst derivative function;

determining, with the processor, an end of a baseline region by:
for each of aplurality of points:
integrating the first derivative function from the respective point to afixed
location of the first derivative function to obtain a respective integrated area; and
selecting a point whose integrated areais within a specified range as the end
of the baseline region; and
determining a beginning of the baseline region.
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15.  Themethod of claim 14, wherein the first derivative function includes the
first derivative of the function subtracted by the first derivative at an initial data point.

16.  Themethod of claim 15, wherein the integrated area of the selected point
is a predetermined percentage of the areathe first derivative function from the initial point to the

fixed location.

17.  Themethod of claim 14, further comprising:
identifying a peak of the first derivative function, wherein the fixed location on

the first derivative function is the peak of the first derivative function.

18.  Themethod of claim 17, wherein the integrating is performed from the
peak on the first derivative function toward the beginning of thefirst derivative function to

obtain the respective integrated aress.

19.  Themethod of claim 14, wherein determining the beginning of the
baseline region comprises:

determining whether an increase in the value of one data point to anext data point
is greater than a predetermined amount; and

if the predetermined amount is exceeded, selecting the beginning of the basdine
to be after the one data point.

20. The method of claim 14 wherein determining the beginning of the baseline
region comprises truncating one or more data points from the baseline region if the data points of
the basaline region do not approximate linear behavior within athreshold value., wherein
truncating one or more data points from the baseline region comprises:

i) defining the baseline region as the data points from the beginning of the set data
points to the determined end of the basdline region;
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ii) analyzing the baseline region to determine whether the baseline region exhibits
non-amplifying behavior based on the linear behavior of the data points within the baseline
region;

iii) if the baseline region does not approximate linear behavior within the

threshold value, removing at |least one leading data point from the baseline region;

21. A method of determining areference value of abiological and/or chemical
reaction from a data set representing an amplification process of the reaction, the method
comprising:

receiving a set of data points representing a curve having a baseline portion and a
growth portion, each data point representing a physical quantity of a substance during an
amplification process;

determining, with a processor, a function that approximates the set of data points;

calculating, with the processor, at least two different derivatives of the function;

identifying a respective time in the amplification process where each derivative
has a maximum value, the respective times for the different derivatives being different;
calculating, with the processor, the reference value of the biological and/or

chemical reaction as aweighted average of the respective times.

22. The method of claim 21 wherein the at |east two derivatives include the

second derivative and the third derivative.

23.  Themethod of claim 22, wherein the second derivative is weighted by (1-
p) and the third derivative is weighted by p, and wherein p has avalue in the range of 0.3-0.7.

24.  Themethod of claim 21, further comprising:

setting the weights for the weighted average such that the efficiency of areference

curveis 100%.
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25. A non-transitory computer readable medium storing a pluraity of
instructions that when executed control a computer system to determine one or more properties
of abiologica and/or chemical reaction from a data set representing an amplification process of

the reaction, the instructions comprising the method of claim 1.

26. A non-transitory computer readable medium storing a plurality of
instructions that when executed control a computer system to determine a baseline region for an
amplification curve resulting from an amplification process of abiological and/or chemical

reaction, the instructions comprising the method of claim 14.

27. A non-transitory computer readable medium storing a plurality of
instructions that when executed control a computer system to determine areference value of a
biological and/or chemical reaction from a data set representing an amplification process of the

reaction, the instructions comprising the method of claim 21.
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