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SYSTEMS AND METHODS FOR MODEL-BASED qPCR 

CROSS-REFERENCE TO RELATED APPLICATIONS 

[0001] This application claims the benefit of priority of U.S. Provisional Application No. 

61/322,895, filed April 11, 2010, which is incorporated herein by reference in its entirety. 

BACKGROUND 

[0002] Polymerase Chain Reaction (PCR) instrumentation has made it possible to perform 

reliable quantification of DNA or RNA levels in biological samples. Commercially available 

PCR instruments, and related data acquisition and analysis software, process qPCR assay 

data generated from biological samples. These systems report quantitative results by 

calculating a threshold cycle (CT  or CRT) value as the fractional PCR cycle number where the 

reporter signal rises above a threshold set manually by a human or automatically by 

software. The determined CT value can be used to estimate the initial quantity of DNA 

material. 

[0003] Various approaches for the analysis of PCR amplification curves known in the art 

may rely, at least in part, on defining a linear exponential range for a portion of a PCR 

amplification curve in order to determine a cycle threshold for a sample. Approaches using 

modeling of a PCR amplification curve to determine a cycle threshold value for a sample 

may be difficult to use successfully, due to the complexity of modeling such curves. Various 

models for a PCR amplification curve require at least about 15 parameters or more in order 

to approximately model a PCR amplification curve. Furthermore, the beginning and later 

points in an amplification curve may be noisy and insensitive to parameter change. 

SUMMARY 

[0004] In one exemplary embodiment, a method for determining a cycle threshold for a PCR 

amplification curve is provided. The method includes receiving a data set for a plurality of 

biological samples for a PCR amplification reaction. The data set includes a plurality of 

amplification curves, each amplification curve associated with a biological sample of the 

plurality of biological samples. The method further includes performing a nonlinear 

optimization comprising a fit of each amplification curve to a complementary modeled 

amplification curve to determine a best-fit set of parameters for a modeled efficiency curve 

and associated amplification curve. The modeled amplification curve is based on a modeled 

efficiency curve. The method includes determining a cycle threshold value for each 

biological sample based on a complementary relationship of the modeled efficiency curve to 

the modeled amplification curve. In various embodiments, the nonlinear optimization is a 

constrained nonlinear optimization. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0005] 	FIG. 1 is a flow chart that depicts various embodiments of systems and methods 

for the analysis of qPCR sample amplification curve data. 

[0006] 	FIG. 2 is a block diagram of a PCR instrument that may be used in the PCR 

amplification of samples. 

[0007] 	FIG. 3 is a block diagram that illustrates components of an exemplary computer 

system that may be utilized in the control and interface of PCR instrumentation. 

[0008] 	FIG. 4 is a graphical representation of a modeled efficiency and associated 

modeled scaled amplification curve along with an actual amplification curve according to 

various embodiments of systems and methods of model-based qPCR. 

[0009] 	FIG. 5 is a graphical representation of varying an Xshift parameter on various 

embodiments of systems and methods of model-based qPCR. 

[00010] 	FIG. 6 is a graphical representation of varying an Otbend parameter on various 

embodiments of systems and methods of model-based qPCR. 

[00011] 	FIG. 7 is a graphical representation of varying an xo' relative shift parameter on 

various embodiments of systems and methods of model-based qPCR. 

[00012] 	FIG. 8 is a graphical representation of varying the Clamp and rising baseline 

parameter on various embodiments of systems and methods of model-based qPCR. 

[00013] 	FIG. 9 is a tabular summary of various embodiments of tests performed for the 

detection of non-amplification samples. 

[00014] 	FIG. 10 is a graphical representation of a noise-normalized amplification curve 

amplitudes versus adjusted Xsn.ft  values for various amplified and non-amplified curves/wells 

according to various embodiments. 

DETAILED DESCRIPTION 

[00015] 	The present teachings relate to embodiments of methods and systems for the 

analysis of PCR amplification curves for a plurality of biological samples. 

[00016] 	As described in the MIQE Guidelines, fractional cycle values computed via 

various alternative methods (with associated nomenclature) appear in the literature. (Bustin 

SA:  Benes V, Garson JA, Hellemans J, Huggett J. Kubista M, Mueller R. Nolan T, Pfaffl MW, 

Shipley GL, Vandesompele J, Wittwer, CT: The MIQE guidelines: minimum information for 

publication of quantitative real-time PCR experiments. Clin Chem 2009, 55:611-622.) 

Following MIQE recommendations, this document will use Co  when referring generically to 

fractional qPCR cycle values. However, when we specifically need to distinguish between 

Baseline Threshold (CT ) and Relative Threshold (CRT) methods, CT and CRT will be used 

respectively. 
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[00017] 	According to various embodiments of systems and methods of the present 

teachings for a model-based determination of a cycle threshold use as a basis a model of 

the reaction efficiency, from which a model amplification curve may be created. For various 

embodiments, a constrained nonlinear optimization of an amplification model may be 

performed to determine a set of best-lit parameters for a sample amplification curve. 

Various embodiments may then use a set of best-fit parameters to create a modeled 

efficiency curve and a modeled amplification curve, from which a cycle threshold may be 

determined. According to various embodiments, a portion of the amplification curve may be 

chosen and utilized to obtain the constrained nonlinear optimization fit. 

[00018] 	For various embodiments, preprocessing the data may include clearing to 

remove, for example, random noise, such as spikes, smoothing to decrease systematic 

noise, as well as rescaling each amplification curve to a normalized scale. In various 

embodiments, at least one test may be performed on the data to identified non-amplified 

samples. According to various embodiments, a quality value may be assigned to each cycle 

threshold determined for each biological sample. 

[00019] 	FIG. 1 depicts method 100, with steps 10-40. according to methods and systems 

for the analysis of PCR amplification curves of the present teachings. Method 100 may be 

performed by a computing system, as depicted in FIG. 3. In particular, the methods 

according to embodiments described herein may be performed by a processor 304 

executing computer instructions stored in memory 306. For step 10 of FIG.1, a data set of 

PCR sample amplification curves may be received. 

[00020] 	Various embodiments of methods and systems may utilize data sets of PCR 

amplification data collected over the entirety a number of amplification cycles performed for 

an assay. Such signals may be stored in a variety of computer readable media, and 

analyzed either dynamically during analysis or post analysis, as will be discussed in more 

details subsequently. One such type of assay used to demonstrate the features of 

embodiments of methods and systems for the analysis of PCR amplification data can utilize 

TAQMAN® fluorescent probe reagents. and may use FAM and VIC dye labels. However, 

one of ordinary skill in the art will recognize that a variety of assays including labeling probe 

reagents may be utilized to produce data that may be analyzed according to various 

embodiments of methods and systems of the present teachings. 

[00021] 	The term "labeling probe" generally, according to various embodiments, refers to 

a molecule used in an amplification reaction, typically for quantitative or real-time PCR 

analysis, as well as end-point analysis. Such labeling probes may be used to monitor the 

amplification of the target polynucleotide. In some embodiments, oligonucleotide probes 

present in an amplification reaction are suitable for monitoring the amount of amplicon(s) 

produced as a function of time. Such oligonucleotide probes include, but are not limited to, 
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the 5'-exonuclease assay TAQMAN® fluorescent probes described herein (see also U.S. 

Patent No. 5,538,848), various stem-loop molecular beacons (see e.g., U.S. Patent Nos. 

6,103,476 and 5,925,517 and Tyagi and Kramer. 1996, Nature Biotechnology 14:303-308), 

stemless or linear beacons (see, e.g., WO 99/21881), PNA MOLECULAR BEACONS TM  

(see, e.g., U.S. Patent Nos. 6,355,421 and 6,593,091), linear PNA beacons (see, e.g., 

Kubista et al., 2001. SPIE 4264:53-58), non-FRET probes (see, e.g., U.S. Patent No. 

6,150,097), SUNRISE®/AMPLIFLUOR® probes (U.S. Patent No. 6,548,250), stem-loop and 

duplex Scorpion TM  probes (Solinas et al., 2001, Nucleic Acids Research 29:E96 and U.S. 

Patent No. 6,589,743), bulge loop probes (U.S. Patent No. 6,590,091), pseudo knot probes 

(U.S. Patent No. 6,589,250), cyclicons (U.S. Patent No. 6,383,752), MGB ECLIPSETM probe 

(Epoch Biosciences), hairpin probes (U.S. Patent No. 6,596,490), peptide nucleic acid (PNA) 

light-up probes, self-assembled nanoparticle probes, and ferrocene-modified probes 

described, for example, in U.S. Patent No. 6,485,901; Mhlanga et al., 2001, Methods 

25:463-471; Whitcombe et al., 1999, Nature Biotechnology. 17:804-807; lsacsson et al., 

2000, Molecular Cell Probes. 14:321-328; Svanvik et al., 2000, Anal Biochem. 281:26-35; 

Wolffs et al., 2001, Biotechniques 766:769-771; Tsourkas et al., 2002, Nucleic Acids 

Research. 30:4208-4215; Riccelli et al., 2002, Nucleic Acids Research 30:4088-4093; Zhang 

et al.. 2002 Shanghai. 34:329-332; Maxwell et al., 2002, J. Am. Chem. Soc. 124:9606-9612; 

Broude et al., 2002, Trends Biotechnol. 20:249-56; Huang et al.. 2002. Chem Res. Toxicol. 

15:118-126; and Yu et al., 2001, J. Am. Chem. Soc 14:11155-11161.Labeling probes can 

also comprise black hole quenchers (Biosearch), Iowa Black (1DT), QSY quencher 

(Molecular Probes), and Dabsyl and Dabcel sulfonate/carboxylate Quenchers (Epoch). 

Labeling probes can also comprise two probes, wherein for example a fluorophore is on one 

probe, and a quencher on the other, wherein hybridization of the two probes together on a 

target quenches the signal, or wherein hybridization on target alters the signal signature via 

a change in fluorescence. Labeling probes can also comprise sulfonate derivatives of 

fluorescenin dyes with a sulfonic acid group instead of the carboxylate group, 

phosphoramidite forms of fluorescein, phosphoramidite forms of CY 5 (available for example 

from Amersham). 

[00022] 	Various embodiments of methods and systems for the analysis of PCR 

amplification curves according to the present teachings may utilize various embodiments of 

a thermal cycler instrument as depicted in the block diagrams shown in FIG. 2. As shown in 

FIG. 2, a thermal cycling instrument may include a heated cover 214 that is placed over a 

plurality of samples 216 contained in a sample support device. In various embodiments, a 

sample support device may be a glass or plastic slide with a plurality of sample regions, 

which sample regions have a cover between the sample regions and heated cover 214. 

Some examples of a sample support device may include, but are not limited by, a multi-well 
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plate, such as a standard microtiter 96-well, a 384-well plate, or a microcard, or a 

substantially planar support, such as a glass or plastic slide. The sample regions in various 

embodiments of a sample support device may include depressions, indentations, ridges, and 

combinations thereof, patterned in regular or irregular arrays formed on the surface of the 

substrate. In various embodiments of a thermal cycler instrument, include a sample block 

218, elements for heating and cooling 220, and a heat exchanger 222. 

[00023] 	In FIG. 2, various embodiments of a thermal cycling system 200 provide a 

detection system for the real-time acquisition of signals for each sample in a plurality of 

biological samples, over the entirety the number of amplification cycles performed for an 

assay. A detection system may have an illumination source that emits electromagnetic 

energy, and a detector or imager 210, for receiving electromagnetic energy from samples 

216 in sample support device. A control system 224 may be used to control the functions of 

the detection, heated cover, and thermal block assembly. The control system may be 

accessible to an end user through user interface 226 of thermal cycler instrument 200. A 

computer system 300, as depicted in FIG. 3 may serve as to provide the control the function 

of a thermal cycler instrument, as well as the user interface function. Additionally, computer 

system 300 may provide data processing, display and report preparation functions. All such 

instrument control functions may be dedicated locally to the thermal cycler instrument, or 

computer system 300 may provide remote control of part or all of the control, analysis, and 

reporting functions, as will be discussed in more detail subsequently. 

[00024] 	Those skilled in the art will recognize that the operations of the various 

embodiments may be implemented using hardware, software, firmware, or combinations 

thereof, as appropriate. For example, some processes can be carried out using processors 

or other digital circuitry under the control of software, firmware, or hard-wired logic. (The 

term "logic" herein refers to fixed hardware, programmable logic and/or an appropriate 

combination thereof, as would be recognized by one skilled in the art to carry out the recited 

functions.) Software and firmware can be stored on computer-readable media. Some other 

processes can be implemented using analog circuitry, as is well known to one of ordinary 

skill in the art. Additionally, memory or other storage, as well as communication 

components, may be employed in embodiments of the invention. 

[00025] 	FIG. 3 is a block diagram that illustrates a computer system 300 that may be 

employed to carry out processing functionality, according to various embodiments, upon 

which embodiments of a thermal cycler system 200 of FIG. 2. Computing system 300 can 

include one or more processors, such as a processor 304. Processor 304 can be 

implemented using a general or special purpose processing engine such as, for example, a 

microprocessor, controller or other control logic. In this example, processor 304 is 

connected to a bus 302 or other communication medium. 
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[00026] 	Further, it should be appreciated that a computing system 300 of FIG. 3 may be 

embodied in any of a number of forms, such as a rack-mounted computer, mainframe, 

supercomputer, server, client, a desktop computer, a laptop computer, a tablet computer, 

hand-held computing device (e.g., PDA, cell phone, smart phone, palmtop, etc.), cluster grid, 

netbook, embedded systems, or any other type of special or general purpose computing 

device as may be desirable or appropriate for a given application or environment. 

Additionally, a computing system 300 can include a conventional network system including a 

client/server environment and one or more database servers, or integration with LIS/LIMS 

infrastructure. A number of conventional network systems, including a local area network 

(LAN) or a wide area network (WAN), and including wireless and/or wired components, are 

known in the art. Additionally, client/server environments, database servers, and networks 

are well documented in the art. 

[00027] 	Computing system 300 may include bus 302 or other communication mechanism 

for communicating information, and processor 304 coupled with bus 302 for processing 

information. 

[00028] 	Computing system 300 also includes a memory 306, which can be a random 

access memory (RAM) or other dynamic memory, coupled to bus 302 for storing instructions 

to be executed by processor 304. Memory 306 also may be used for storing temporary 

variables or other intermediate information during execution of instructions to be executed by 

processor 304. Computing system 300 further includes a read only memory (ROM) 308 or 

other static storage device coupled to bus 302 for storing static information and instructions 

for processor 304. 

[00029] 	Computing system 300 may also include a storage device 310, such as a 

magnetic disk, optical disk, or solid state drive (SSD) is provided and coupled to bus 302 for 

storing information and instructions. Storage device 310 may include a media drive and a 

removable storage interface. A media drive may include a drive or other mechanism to 

support fixed or removable storage media, such as a hard disk drive, a floppy disk drive, a 

magnetic tape drive, an optical disk drive, a CD or DVD drive (R or RW), flash drive, or other 

removable or fixed media drive. As these examples illustrate, the storage media may 

include a computer-readable storage medium having stored therein particular computer 

software, instructions, or data. 

[00030] 	In alternative embodiments, storage device 310 may include other similar 

instrumentalities for allowing computer programs or other instructions or data to be loaded 

into computing system 300. Such instrumentalities may include, for example, a removable 

storage unit and an interface, such as a program cartridge and cartridge interface, a 

removable memory (for example, a flash memory or other removable memory module) and 
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memory slot, and other removable storage units and interfaces that allow software and data 

to be transferred from the storage device 310 to computing system 300. 

(000313 	Computing system 300 can also include a communications interface 318. 

Communications interface 318 can be used to allow software and data to be transferred 

between computing system 300 and external devices. Examples of communications 

interface 318 can include a modem, a network interface (such as an Ethernet or other MC 

card), a communications port (such as for example, a USB port, a RS-232C serial port), a 

PCMCIA slot and card, Bluetooth, etc. Software and data transferred via communications 

interface 318 are in the form of signals which can be electronic, electromagnetic, optical or 

other signals capable of being received by communications interface 318. These signals 

may be transmitted and received by communications interface 318 via a channel such as a 

wireless medium, wire or cable, fiber optics, or other communications medium. Some 

examples of a channel include a phone line, a cellular phone link, an RF link, a network 

interface, a local or wide area network, and other communications channels. 

(00032] 	Computing system 300 may be coupled via bus 302 to a display 312, such as a 

cathode ray tube (CRT) or liquid crystal display (LCD), for displaying information to a 

computer user. An input device 314, including alphanumeric and other keys, is coupled to 

bus 302 for communicating information and command selections to processor 304, for 

example. An input device may also be a display, such as an LCD display, configured with 

touchscreen input capabilities. Another type of user input device is cursor control 316, such 

as a mouse, a trackball or cursor direction keys for communicating direction information and 

command selections to processor 304 and for controlling cursor movement on display 312. 

This input device typically has two degrees of freedom in two axes, a first axis (e.g., x) and a 

second axis (e.g., y), that allows the device to specify positions in a plane. A computing 

system 300 provides data processing and provides a level of confidence for such data. 

Consistent with certain implementations of embodiments of the present teachings, data 

processing and confidence values are provided by computing system 300 in response to 

processor 304 executing one or more sequences of one or more instructions contained in 

memory 306. Such instructions may be read into memory 306 from another computer-

readable medium, such as storage device 310. Execution of the sequences of instructions 

contained in memory 306 causes processor 304 to perform the process states described 

herein. Alternatively hard-wired circuitry may be used in place of or in combination with 

software instructions to implement embodiments of the present teachings. Thus 

implementations of embodiments of the present teachings are not limited to any specific 

combination of hardware circuitry and software. 

(00033] 	The term "computer-readable medium" and "computer program product" as used 

herein generally refers to any media that is involved in providing one or more sequences or 
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one or more instructions to processor 304 for execution. Such instructions, generally referred 

to as "computer program code" (which may be grouped in the form of computer programs or 

other groupings), when executed, enable the computing system 300 to perform features or 

functions of embodiments of the present invention. These and other forms of computer-

readable media may take many forms, including but not limited to, non-volatile media, 

volatile media, and transmission media. Non-volatile media includes, for example, solid 

state, optical or magnetic disks, such as storage device 310. Volatile media includes 

dynamic memory, such as memory 306. Transmission media includes coaxial cables, 

copper wire, and fiber optics, including the wires that comprise bus 302. 

1000343 	Common forms of computer-readable media include, for example, a floppy disk, a 

flexible disk, hard disk, magnetic tape, or any other magnetic medium, a CD-ROM, any other 

optical medium, punch cards, paper tape, any other physical medium with patterns of holes, 

a RAM, PROM, and EPROM, a FLASH-EPROM, any other memory chip or cartridge, a 

carrier wave as described hereinafter, or any other medium from which a computer can read. 

[00035] 	Various forms of computer readable media may be involved in carrying one or 

more sequences of one or more instructions to processor 304 for execution. For example. 

the instructions may initially be carried on magnetic disk of a remote computer. The remote 

computer can load the instructions into its dynamic memory and send the instructions over a 

telephone line using a modem. A modem local to computing system 300 can receive the 

data on the telephone line and use an infra-red transmitter to convert the data to an infra-red 

signal. An infra-red detector coupled to bus 302 can receive the data carried in the infra-red 

signal and place the data on bus 302. Bus 302 carries the data to memory 306, from which 

processor 304 retrieves and executes the instructions. The instructions received by memory 

306 may optionally be stored on storage device 310 either before or after execution by 

processor 304. 

[00036] 	It will be appreciated that, for clarity purposes, the above description has 

described embodiments of the invention with reference to different functional units and 

processors. However, it will be apparent that any suitable distribution of functionality 

between different functional units, processors or domains may be used without detracting 

from the invention. For example, functionality illustrated to be performed by separate 

processors or controllers may be performed by the same processor or controller. Hence, 

references to specific functional units are only to be seen as references to suitable means 

for providing the described functionality, rather than indicative of a strict logical or physical 

structure or organization. 

[00037] 	in some embodiments, preprocessing each of a plurality of sample amplification 

curves may be done. Such prepossessing may be done in order remove, reduce and 

otherwise lessen the impact of untoward features in a PCR amplification curve that may 
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interfere in the effective processing of the data through data analysis steps. In various 

embodiments of methods and systems, preprocessing the data may remove, for example, 

spikes, notches and noise using a variety of preprocessing methods. According to various 

embodiments, cleaning of a PCR amplification curve may be done using various methods for 

spike and notch filtering. In various embodiments, smoothing a PCR amplification curve 

may be done to reduce noise. For various embodiments, smoothing may be done using a 

windowed smoothing function, which may utilize any of a plurality of smoothing windows 

known in the art. According to various embodiments, resealing of the PCR amplification 

curves may be done, in order to adjust a plurality of curves to a common scale. In various 

embodiments, sample PCR amplification curves may be scaled between a domain of 0-1. 

[00038] 	With reference to step 20 of FIG. 1, for various methods and systems for the 

analysis of PCR amplification curves according to the present teachings, an analytical 

expression for the real-time RT-PCR efficiency may provide the basis for modeling PCR 

amplification curve data. For various embodiments, a three parameter analytical expression 

for the real-time RT-PCR efficiency may provide the basis for modeling PCR amplification 

curve data. In various embodiments, the 3 parameters may include a curve shift parameter, 

a curve bend parameter, and a curve shift adjustment parameter. An expression for the 

efficiency may then be used to, on a cycle by cycle basis, iteratively and recursively 

generate a PCR amplification curve, wherein the amplification curve so generated may have 

a defined baseline. According to various embodiments of the present teaching, a 

corresponding model for a PCR amplification curve may be created based on various 

embodiments of an efficiency model. This means that the PCR amplification curve is being 

implicitly modeled based on an explicit model of the PCR efficiency curve on a cycle by cycle 

basis. In this way, fewer parameters are needed to generate a modeled curve that fits most 

of the data, making it easier to perform a constrained optimization. 

[00039] 	For various embodiments of an amplification curve model based on an efficiency 

model, additional parameters defining the model may be added. In various embodiments, a 

5-parameter amplification curve model may include a slope parameter for an amplification 

curve baseline and a relative amplification parameter. In various embodiments, a 

constrained non-linear optimization may be used, wherein a best-fit set of parameters for an 

amplification curve model may be determined for each amplification curve. 

[00040] 	It should be recognized that embodiments are not limited to three or five 

parameters. For example, according to some embodiments, four or more parameters may 

be used to model an efficiency or amplification curve. 

[00041] 	As depicted in step 20 of FIG. 1, and in reference to FIG. 4, for various 

embodiments of systems and methods of the present teachings, once a best-fit set of 

parameters for each sample amplification curve has been determined, a modeled efficiency 
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curve and a modeled amplification curve may be created. In FIG. 4, curve I is a modeled 

efficiency curve, curve II is a sample amplification curve, and curve III is a modeled 

amplification curve. Various embodiments of methods and systems using a 5-parameter 

amplification curve model may provide a close fit of a modeled amplification curve to a 

sample amplification curve, as depicted in plot IV (which shows 10 times the difference 

between curve III and curve II). As a measure of fit, an expression for the residual difference 

between the data of a sample amplification curve and a modeled implication curve may be 

generated for each of a plurality of points across the curves. For plot IV. such a measure of 

fit is graphically displayed, in which the residual has been multiplied by a factor of 10 in order 

to observe the residual across curves II and III. 

[00042] 	The efficiency at nth discrete (fractional) cycle step u,../x is assumed to be a 

smooth monotonically decreasing function, typically (but not necessarily) starting from 1 (for 

fractional cycle step n = 1) and trending towards 0 (for cycle step n = cr.). Here the cycle 

step size discretization is given by bac. Note that, in the typical case, when Llx is 1, then nitlx 

becomes the nth cycle. In various embodiments, the efficiency is modeled in terms of a 

fluorescence curve shift parameter (Xiktp)., a fluorescence curve bend parameter (criond), 

and shift adjustment parameter (s.O.. 

(00043] 	According to various embodiments of systems and methods of FIG. 1, step 20, a 

3-parameter efficiency model may be given as: 

1 
04,i1x;. Xs 	a LSD: k iii. , atm  e.,,X 

where: 

c.  eiv 

mix= the nth discrete cycle step; 

Xshift= an amplification curve shift parameter; 

abend = an amplification curve bend parameter; and 

xo = a relative shift adjustment parameter. 

rearranging, the model may be written as: 

1 
AtiglAr &Mit $. atsena.ms) ili "te-k - 

• N :4)," 

where: 

- i-1  

4., 
' — 	s' n't f g is a normalized relative shift adjustment parameter. 
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[00044] 	It can be noted that the level of gene expression scales the rate at which the 

efficiency approaches zero as the number of cycles increases. In other words, when the 

gene expression is high, the efficiency approaches zero at a relatively small number of 

cycles. Conversely when the gene expression is low, the efficiency approaches zero at a 

relatively large number of cycles. Thus, a gene expression proxy parameter, a parameter 

that is strongly correlated with gene expression, may act as a scaling factor for the number 

of reaction cycles. 

[00045] 	It can be recognized that when nAx = Xthift  + x0, the efficiency becomes 

exactly 0.5. Thus, the sum (Xshia + x0) is the fractional "half-efficiency" cycle. Thus, in the 

equation given above for the efficiency, Xshift  + X0  plays the role of the gene expression 

proxy. The actual gene expression is determined using other techniques. 

[00046] 	An important part of this efficiency equation is the 4M: exponent in the 

denominator. This reflects that the exponent is a function of X,dikft . In this way, the ts4,,,e 

changes very little from dataset to dataset in this equation. As such, the non-linear 

optimization is more robust. 

[00047] 	Upon defining 

y, .a; w 	
X. 1 	( 1 4° era 	17 

[00048] 	z ,;,,,.4-4,,,..s.ki.p,-  osizt....mte -•iL, 	a 	V '.' '''.' shtfre.  aime:rejf 

[00049] 	According to various embodiments of systems and methods of FIG. 1, step 20, a 

5-parameter amplification model may be given as: 

1.1‘,11"‘V.,,  ''7.6..T.tisOaz.4ekla§.  goinp,*X:Mtft.:•:tet.e.34:X0..... 
>: 

..i 
:2 	rhitsOsseitae 	kniiik '4  amp 

s 
.- 	httr.tteenw?Ig.,d 

where two additional parameters for the PCR amplification curve model are: 

()rising baseline = an amplification curve rising baseline slope parameter; and 

lamp = an amplification curve relative amplification parameter. 

WOW 	This model can be easily be extended to more than 5 parameters by for instance 

adding a constant term in addition to the rising baseline term leading to a 6 parameter 

model. Additional obvious extensions include accounting for deviations from the 5-parameter 

model early or late in the PCR reaction process by using additional Xshift, wend, x0 and/or 

amp  parameters leading to a 9-parameter model such as: 
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f(..ttir• 	(*ristinz iii.Fitlii.nt .,. tTotittpi,-.1 ;, X siiifv.,1,satkio41, Xf4:1,  "tiiii1.2..3 ."X sckiAlvirligend..2*---ip.2". 
is 

F:::  eviiiial,kkinlingt,  II ECW  AZ,X..thtre,dAt iiimi4AXasii, 
(45111 + troitilpil 	I - 	‘.1.. 

il ,  
e 

ticitto„2 Eite AlikA,X4,. 401: 4445taci4„.Xfa.) 

It' 

[00051] 	Similar analogous extensions include a 6-parameter model (using a constant 

term co) such as. 

"(NU ikverliptta ba4ttiym. gatm.:1 Apifikft vaitewd. Xva.,,  Otollwa-js.  Agiitt) 
as: ri  ter   

® CV '. °Alta.:7( kZ32e kae :4:  CA 41 	
f 

*:X) + com$4. 	i 	An above slakfir4 , ":\mtt.,:;e6t.) 
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a 7-parameter model such as, 
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an 8-parameter model such as, 
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an 10-parameter model such as, 
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and other similar combinations of the parameterizations of the model. 

[00052] 	Models with less than 5 parameters can also be created. Upon imposing the 

restriction: 

trome 4  Ortstalt twavalk.e• = I, 

we can eliminate 1 independent parameter to create a 4-parameter model such as: 

Pi., 	. XOt f&a 40:atmv Am ,   

• • • ' " 1  " 1 . — a 	1 * '. ttiii -Ii• a — sk 	ism:: A. 	1 	• my ' V,nr  ' 	Ymiqc.*ahmi 3v4).  
te 

[00053] 	Similarly we can create a 3 parameter model by setting c.,,... s  to a nominal 

value such as 0.67, for example, leading to: 

Pax, tra,„v.„kkor,a6„44 = 11.67,Xo- ) 
n . 

(ii, — LAS' 	'A 51410 + tromp  FT : tr!' 	,X0htle,, trami -= 0,67;x0. 

u!' . . 

[00054] 	A 2 parameter model can be similarly created by setting xe  to a nominal 

value such as 0.0, for example, leading to: 
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[00055] 	Thus, the modeled fluorescence curve is determined as a logarithmic 

integration of the effect of the efficiency at each cycle. 

[00056] 	A non-linear constrained optimization parameter solution for the best-fit 

parameters in the curve amplification model above is equivalent to a non-linear baselining 

step. As one of ordinary skill in the art understands, the constrained optimization can be 

done by a routine such as Matlab's lsqnonlin which uses trust regions along with a Newton 

type non-linear search technique, for example. 

[00057] 	The advantage of an amplified fluorescence curve that is implicitly defined in 

terms of an explicitly defined efficiency model is that it enables a better fit over a larger 

number of cycles using relatively few model parameters. This results in more stable 

constrained nonlinear parameter optimizations/inversions. Using a constrained nonlinear 

optimization leads to a more stable set of solutions. The more commonly-used 

unconstrained optimization techniques can lead to solutions that are sometimes unstable or 

may result in minima that are clearly not correct. The scaled nature of the parameters in 

embodiments of systems and methods of model-based qPCR makes it easier to set the 

parameter constraints required for the constrained optimization. 

[00058] 	Once the algorithm finds the nonlinear parameters characterizing the 

efficiency curve, relative threshoiding is performed. Threshoiding is done relative to a 

common level of reaction progress/relative critical reaction resource availability for all the 

curves. According to various embodiments, the ensemble of curves are analyzed to come 

up with a fluorescence threshold which can be used to determine the level of Gene 

Expression (CQ  <-> CT) for each curve. 

[00059] 	The CT  is determined as the fractional cycle when the amplification curve's 

fluorescence level reaches this threshold. As a result, the fluorescence threshold is an 

ensemble value and special measures have to be taken to handle ensemble outliers. 

According to some embodiments, in the current algorithm, a measure of RT-PCR reaction 

progress/relative critical reaction resource availability is used to choose the fluorescence 

threshold for each curve. The parameterized efficiency curve ta. Ctutv,X,Aft, it".", xo.) can 

be a measure of reaction progress/relative critical reaction resource availability. For 
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simplicity upon writing the efficiency as e(n:), then the following expression can be used as a 

preferred measure of reaction progress/relative critical reaction resource availability can be 

approximated as: 

WOW 	 `'s'4'' e r  ill Skavvtitenvrtkgrtg4t 	/ • 

[00061] 	Notice that, for positive xe  (relative shift adjustment parameter), the efficiency 

is unity at the start of the reaction and decreases to zero as the number of cycles n becomes 

large. Allowing negative values of xe, causes the efficiency to be less than unity at cycle 0. 

This can be an indicator of contamination or of non-specific PCR amplification. As a result, 

the reaction progress/relative critical reaction resource availability can be determined for 

each curve independent of the other curves in the ensemble of curves being analyzed. By 

setting the curve thresholds relative to a common level of reaction progress/relative critical 

reaction resource availability, it becomes easier to possibly compare curves generated from 

wells on different plates and differences in certain types of conditions. 

[00062] 	In FIG. 5, a series of graphs demonstrating the impact that an Xshm parameter 

may have on a modeled efficiency and modeled amplification curves is displayed. As one of 

ordinary skill in the art would understand, the cycle threshold relates to the initial 

concentration or copy number of a target oligonucleotide in a sample. For various 

embodiments, FIG. 5 displays how a modeled efficiency curve and a corresponding modeled 

amplification curve vary as a function of an Xsinft parameter. 

[00063] 	FIG. 6 graphically depicts the impact that an aband  parameter may have on a 

modeled efficiency and a modeled amplification curve. According to various embodiments of 

methods and systems, an abend parameter may vary between about 0.15 to about 2.0. As 

shown in FIG. 6, abend is varied between about 0.6 to about 1.0 for complementary sets of a 

modeled efficiency curve and a modeled amplification curve. 

[00064] 	The graphic depiction of the impact that an xo' relative shift parameter may have 

on a modeled efficiency and modeled amplification curves is shown in FIG. 7. According to 

various embodiments, xo' may be between about -2 to about 0.3. As the xo` term is related 

to an initial cycle, x0, as well as Xshift, it relates to the initial concentration or copy number. 

FIG. 7 depicts how corresponding sets of modeled efficiency and modeled amplification 

curves vary as an x0' relative shift parameter varies from about 0 to about -1.36, according 

to some embodiments. 

[00065] 	FIG. 8 graphically depicts the impact that amp and Ortsing baseline parameters 

may have on a modeled amplification curves. According to various embodiments of 

methods and systems of the present teachings, the sum of the aamp  and lensing baseline 
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parameters is approximately 1. For example, in the limit, for a sample with no amplification, 

°tamp= 0, then the rising baseline term would be approximately 1. In FIG. 8, for a decreasing 

()rising baseline Parameter over values from 0.6 to 0 and increasing camp over values of from 

0.4 to 1, a set of modeled amplification curves is shown. 

(00066] 	For various embodiments of methods and systems as indicated in FIG. 1, step 

30, after a complementary set of a modeled efficiency and a modeled amplification curve 

has been created for a sample amplification curve, a cycle threshold may be determined. For 

various embodiments, a cycle threshold from a modeled sample amplification curve may be 

determined based on a selected value on a corresponding modeled efficiency curve. In 

various embodiments, a cycle threshold so determined may be referred to as a cycle relative 

threshold. or CRT. 

(00067] 	As previously discussed, in reference to FIG. 4, curves I, II, and III correspond to 

a modeled efficiency curve, an actual sample amplification curve, and a modeled 

amplification curve, respectively. According to various embodiments for a determination of a 

CRT value from a modeled efficiency and a corresponding modeled amplification curve, first 

a reference threshold value on a modeled amplification curve is determined based on a 

selected efficiency on a modeled efficiency curve. In various embodiments, a selected 

efficiency of about 0.275 is a value, for example, used to determine a reference threshold 

value. In the exemplary representation of FIG. 4, point A on curve I corresponds to a point 

of intersection on the modeled efficiency curve for efficiency = 0.275. The reference 

threshold level is shown as point B on curve III. After the determination of a reference 

threshold value, in various embodiments, a relative threshold fractional value may be 

determined. According to various embodiments, the relative threshold fraction is set using a 

relative threshold fraction of about 0.67. In FIG. 4, the reference threshold value is multiplied 

by the relative threshold fraction to determine the relative threshold fraction, as indicated by 

point C on curve III. According to various embodiments, an unadjusted CRT value is the 

cycle crossing corresponding to a relative threshold fraction setting, and is indicated in FIG. 

4 as point D on the abscissa. For various embodiments, a CRT value determined for a 

sample amplification curve is the unadjusted CRT value minus a CRT adjustment factor, 

which factor is about 1.5 cycles. The average Cl  from AutoCt ID wells measurements on a 

large number of "identical" biological samples. The average CRT measurement is obtained 

for the same database of "identical" biological samples. This adjustment factor is obtained as 

the difference between this average CRT value and the average CT value. In FIG. 4, a 

determined sample CRT is indicated as point E on the abscissa. 
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[00068] 	Various embodiments of values for a selected efficiency, a relative threshold 

fraction, and a CRT adjustment factor may be determined empirically based on a database of 

sample curves analyzed. In various embodiments of methods and systems, values for a 

selected efficiency may be in a range up to about 0.5. A good starting value for the 

efficiency threshold would be a value less than 0.5 when the PCR reaction starts to slow 

down appreciably. A database of ID wells measurements on a large number of "identical" 

biological samples is needed to determine the best combination of efficiency threshold and 

relative amplification fraction. As one skilled in the art would understand, a manual hand 

optimization can be used to select combinations of efficiency threshold and relative 

amplification fraction values that result in low measurement standard deviation. In general, 

this process can be subject to a 2 parameter constrained optimization process where the 

objective function is the standard deviation. This constrained optimization process can be 

used to select the best pair of efficiency threshold and relative amplification fraction 

parameters. For various embodiments, a selected efficiency may be selected from between 

about 0.15 to 0.5. In various embodiments, a relative threshold fraction may be between 

about 0.1 to about 1.25. According to various embodiments, a CRT adjustment factor may 

vary from between about -2 to about 2. 

[00069] 	In various embodiments, an additional bias adjustment may improve linearity of 

the modeled amplification curves. The ability to create parameterized modeled amplification 

curves can be used to create a detailed database of modeled amplification curves as a 

function of the gene expression proxy Xs/0  + X0  In one embodiment, a database of modeled 

amplification curves can be created for values Xthft  + X0  of between 0.5 and 50 in increments 

of 0.1. Here. Xs,.,it  + X0  is being used as a proxy for Cq. The values of the parameters used 

to create the modeled curves can be randomized slightly and noise can be added to each 

curve. At each nominal parameter level a curve can be generated up to 64 times. This 

results in a very large database of curves for which the nominal values of the Cq  proxy is 

known. Upon getting the CRT  values for the curves in the database, the CRT  "bias" regarding 

the known C„ proxy values can be calculated. As a result, a bias table for CRT  vs the CRT 

"bias". This makes it possible to bias adjust CRT  values so that it is more linear in the range 

of 0.5-50 Cq  cycles. Notice that because the CRT  algorithm is based on modeled curves and 

constrained optimization, it is possible to make projected Cq  measurements beyond the 

maximum number of PCR amplification cycles used (typically 40 cycles). For example, the 

amplification curve may be projected out to 40-50 cycles. In various embodiments, a bias 

adjustment may be between +/-0.00 -1.5C„. but would be typically less than 0.5 C1. 

[00070] 	One skilled in the art would recognize that the CRT  algorithm, according to various 

embodiments, produces several parameters that could be used as a basis for a C1 
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measurement (after appropriately bias shifting to align the results with the average values of 

other C1  measurements). The fractional cycle value associated with the reference threshold 

on the amplified curve produced from the reference efficiency threshold on the efficiency 

curve (the Reference Cycle) is a good alternative basis for a C1. This is equivalent to setting 

the relative threshold fraction to 1.0 in the preferred version of CRT algorithm and produces 

very good results. Alternatively, the previously described C1  "proxy", Xsh,ft  + xo, could also be 

used as a basis for a C„ measurement. One skilled in the art would also recognize that the 

best-fit efficiency curve could also be used to produce efficiency corrected versions of CRT) 

the Reference Cycle, or Xshiii + xo and using those corrected versions as the basis for the Cg  

measurement. An efficiency correction would be for instance to find the equivalent cycle if 

the efficiency was constant at 1.0 (or another value) rather than variable. 

[00071] 	Regarding FIG. 1, step 40, as previously discussed, and as one of ordinary skill 

in the art may readily recognize, there are various ways of outputting cycle threshold 

information; for example, but not limited by efficiency and amplification curve data, final cycle 

threshold values, and cycle threshold quality scores, to an end user in numerous formats 

using numerous devices. For example, with respect to format of efficiency and amplification 

curve data, the data may be presented in a graphical format, as a written report, or 

combinations thereof. With respect to output devices, cycle threshold information may be 

output to devices such as, but not limited by a printer, a cathode ray tube (CRT) display, a 

liquid crystal display (LCD), and a light-emitting diode (LED) display. 

[00072] 	According to various embodiments of methods and systems for the analysis of 

PCR amplification curve data of the present teachings, a plurality of tests may be done on 

sample data to identify a non-amplified sample. For various embodiments, characteristics of 

a sample amplification curve, a constrained parameter inversion of each sample 

amplification curve, and an ensemble of curves being analyzed may be used to assess 

whether a sample is a non-amplified sample. In various embodiments, characteristics, such 

as, but not limited by a normalized modeled curve amplitude, a weighted RMS (Root Mean 

Square) curve model fitting error, and an individual sample amplification curve RMS noise 

level, may help to determine whether the curve is from an amplified well or is from a non-

amplified, and possibly contaminated, well. 

[00073] 	In FIG. 9, a variety of tests are listed, which may be used to evaluate whether or 

not a sample may be non-amplified. The tests may be implemented by a processor 304 as 

depicted in FIG. 3. According to various embodiments, sample amplification data may have 

to pass all of the tests to be classified as amplified. In other embodiments, at least one test 

may be used to evaluate whether sample amplification data may be classified as amplified or 

non-amplified. 
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[00074] 	A threshold amplification test may indicate whether the noise-normalized 

amplification curve amplitude is above a certain threshold. If the amplification curve is above 

the threshold, this may indicate amplification. The threshold is higher for noisier curves and 

smaller CRT values. 

[00075] 	A model curve fit test may indicate whether the actual amplification curve is a 

good fit for the best-fit parameter fluorescence curve model. In some embodiments, the 

model curve fit test may have an RMS value of 0.075. If the actual amplification curve fits 

the modeled amplification curve well, this may indicate amplification. 

[00076] 	A noise threshold test may indicate whether the curve is too noisy. In some 

embodiments, the threshold used may be 0.0625. If the amplification curve is above the 

noise threshold, it is noisy and may indicate non-amplification. 

[00077] 	A maximum cycle test may indicate whether the predicted CRT value is above 

the maximum number of cycles, indicating amplification. In an embodiment, the threshold 

for this test will be extended (by about 8-10 cycles) beyond the maximum number of cycles. 

This would allow the algorithm to predict CRT values beyond the maximum number of cycles. 

[00078] 	A minimum cycle test may indicate whether the predicted CRT value is below a 

minimum number of cycles, indicating amplification. In some embodiments, the minimum 

number of cycles may be 1.25. 

[00079] 	An end-point amplification test may indicate whether the final value of the 

curve is more than a certain threshold amount below its maximum value. lithe curve is less 

than the threshold amount below the maximum value, this may indicate amplification. In 

some embodiments, the threshold may be set at about 20% below its maximum value. 

[00080] 	A model efficiency threshold test may indicate whether the initial modeled 

efficiency value is above a certain threshold, indicating amplification. In some embodiments, 

the threshold may be set at 0.65. The initial efficiency value is almost always 1. However, in 

certain cases, e.g. when the well is contaminated, this initial efficiency can fall below unity. 

As such, this test may also indicate whether a sample or well has been contaminated or it 

may be an indicator of non-specific PCR amplification. 

[00081] 	A relative noise test indicates whether the ratio of the minimum noise level of 

all the curves in the ensemble being analyzed together to the current curve's noise level is 

above a certain threshold. In some embodiments, the threshold may be 0.015. If the curve 

has a ratio above this threshold, it may indicate amplification. A noisy curve may indicate 

interference from other sample wells. 

[00082] 	A relative scaling test may indicate whether the ratio of the range of the 

fluorescence values of the curves to the maximum range of fluorescence values for all the 

curves in the analysis ensemble is above a certain threshold. In some embodiments, the 

efficiency threshold is 0.275. A ratio above the threshold may indicate amplification. 
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[00083] 	A drawdown test may indicate whether the fluorescence curve has more than 

a certain drop-off, or drawdown, from a previous maximum value anywhere within the curve. 

If the amplification curve is more than the threshold drop-off, this may indicate non-

amplification. In some embodiments, the drop-off is 20% from a previous maximum value. 

WOK 	A straight line test may indicate a threshold to determine whether the 

amplification curve is best characterized by a straight line. In some embodiments, if the R2  

for the straight model is above 0.99, the amplification curve is considered to be associated 

with a non-amplified well. Similarly, this straight line model can be used to count the number 

of times the amplification curve crosses the line. If the number of crosses is too large, the 

amplification curve may be considered to be associated with a non-amplified well. 

[0om] 	In that regard, some of the tests may be stronger indicators of whether or not 

sample data has been amplified. According to various embodiments, a threshold 

amplification test may be utilized as a strong indicator of whether or not sample data has 

been amplified. In various embodiments, a threshold amplification test may indicate whether 

a noise-normalized amplification curve amplitude is above a certain threshold. Conceptually, 

as one of ordinary skill in the art is apprised, noise is known to impact a determination of a 

threshold value, as thresholds are typically defined as a signal exceeding a defined noise 

level. For various embodiments of a threshold amplification test, a noise-normalized 

amplification factor derived from a ratio of (tamp to an expression for noise is a may be used. 

According to various embodiments, a threshold level a may be set for a noise-normalized 

amplification factor so determined, which threshold may set the limit determining whether or 

not sample data has been amplified. 

[00086] 	For example, with reference to FIG. 10, it was determined empirically that, for 

each amplification curve, the threshold value should be set higher when it is noisier, has 

smaller CRT values, and/or has smaller ok,i,m,f, values. In the preferred embodiment, rather 

than making the threshold higher for noisier amplification curves with smaller CRT and/or 

abi.,ss 	values, the noise-normalized amplification curve amplitude is scaled to become 

smaller than the original amplification curve amplitude without changing the threshold 

values. Thus we could define values of a threshold curve as a function of a curve's adjusted 

A;.w.t. value. The threshold test is true when the amplification curve's noise-normalized 

amplitude is above the threshold curve. The threshold value is determined based on the 

curve's adjusted Iliov  value. A false value for this test is an indication that the curve/well is 

non-amplified. 

[00087] 	FIG. 10 shows plots of noise-normalized amplification curve amplitudes 

versus adjusted Zowl,,, values for various amplified and non-amplified curves/wells. The 

threshold curve as a function of the adjusted 4.„ fris clearly indicated and defined for this 
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embodiment by threshold curve 1010 in FIG. 10. It should be noted that curves/wells with 

adjusted ...'ss'Af„values that are smaller than a threshold value are called nonamplified. In 

some embodiments, the threshold value for the adjusted X,.,t;., is 2.250. 

[00088] 	In the FIG. 10. amplification curves 1020 and their associated wells that are 

determined to be "amplified.' Amplification curves 1030 and their associated wells are 

determined to be "non-amplified." Amplification curves 1040 and their associated wells that 

were annotated by a human to have been incorrectly determined to be amplified or non-

amplified. 

[00089] 	The dataset in this example represents over 7700 wells. In this dataset there 

were 8 missed calls. One of the missed calls was a false positive (FP) meaning that the 

curve/well was called amplified but was annotated as non-amplified. The other 7 missed 

calls was a false negative (FN) meaning that the curve/well was called non-amplified but was 

annotated as amplified. A few of those FN calls were called non-amplified because the Cpl 

value was greater than the maximum number of cycles. Otherwise, in the cases, the 

algorithm would have correctly called the corresponding amplification curves amplified. 

paw 	In another example, according to various embodiments, an expression for noise 

may be derived by the square root of the ratio of an amplification curve's approximate RMS 

noise to a reference noise value. For various embodiments, a noise-normalized amplification 

factor may be derived from a ratio of °camp  for a sample amplification curve to an expression 

of noise so determined. According to various embodiments of a threshold amplification test, 

then for noisier amplification curves, with approximate RMS noise values above a reference 

noise value, the noise-normalized amplification curve amplitude becomes less than an 

original amplification curve amplitude. In various embodiments, such a result may make a 

amplification curve less likely to be called amplified. Conversely, for various embodiments, 

for less noisy amplification curves, with approximate RMS noise values below a reference 

noise value, a noise-normalized amplification curve amplitude becomes greater than an 

original amplification curve amplitude. According to various embodiments, such as result 

may make a curve more likely to be called amplified. 

[00091] 	For various embodiments of methods and systems for the analysis of PCR 

amplification curve data, a quality value may be determined for every cycle threshold value 

determined for each sample. According to various embodiments, a probability that a cycle 

threshold determined for each sample is a correct cycle threshold may be made. As such, a 

quality value may be used as additional information for an end user to evaluate a determined 

cycle threshold for a sample. 

[00092] 	While the principles of various embodiments of methods and systems for the 

analysis of PCR amplification curve data have been described in connection with specific 
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embodiments, it should be understood clearly that these descriptions are made only by way 

of example and are not intended to limit the scope of the invention. What has been disclosed 

herein has been provided for the purposes of illustration and description. It is not intended to 

be exhaustive or to limit what is disclosed to the precise forms described. Many 

modifications and variations will be apparent to the practitioner skilled in the art, What is 

disclosed was chosen and described in order to best explain the principles and practical 

application of the disclosed embodiments of the art described, thereby enabling others 

skilled in the art to understand the various embodiments and various modifications that are 

suited to the particular use contemplated. It is intended that the scope of what is disclosed 

be defined by the following claims and their equivalence, 
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CLAIMS 

What is claimed is: 

1. 	A method for determining a cycle threshold for a PCR amplification curve, the 

method comprising: 

receiving a data set for a plurality of biological samples for a PCR amplification 

reaction, wherein the data set includes a plurality of amplification curves, each amplification 

curve associated with a biological sample of the plurality of biological samples; 

performing a nonlinear optimization comprising a fit of each amplification curve to 

a modeled amplification curve to determine a best-fit set of parameters for a modeled 

efficiency curve and the amplification curve, wherein the modeled amplification curve is 

based on a modeled efficiency curve; and 

determining a cycle threshold value for each biological sample based on a 

complementary relationship of the modeled efficiency curve to the modeled amplification 

curve. 

2. The method of claim 1, wherein the nonlinear optimization is a constrained 

non-linear optimization. 

3. The method of claim 1, further comprising: 

generating the modeled efficiency curve based on the best-fit set of parameters; 

and 

generating the associated amplification curve based on the modeled efficiency 

curve. 

4. The method of claim 1, wherein the modeled efficiency curve is explicitly 

modeled, and the modeled amplification curve is implicitly modeled based on the explicitly 

modeled efficiency curve. 

5. The method of claim 3, wherein determining the cycle threshold value is 

based on a predetermined efficiency parameter value. 

6. The method of claim 1, further comprising identifying non-amplified samples. 

7. The method of claim 6, wherein the identifying non-amplified samples 

comprises performing a test selected from the group consisting of: threshold amplification, 

model curve fit, noise threshold, maximum cycle, minimum cycle, end-point amplification, 

model efficiency threshold, minimum noise, relative noise, relative scaling, or drop-off. 

8. The method of claim 1, further comprising: 
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generating baselined model amplification curves based on the best-fit set of 

parameters, wherein the cycle threshold determination is based on the complementary 

relationship between the baselined model amplification curves and corresponding efficiency 

curve. 

9. The method of claim 1, wherein the best-fit set of parameters for the modeled 

efficiency curve comprises three parameters. 

10. The method of claim 9, wherein the three best-fit set of parameters are a 

curve shift parameter. a curve bend parameter, and a curve shift adjustment parameter. 

11. The method of claim 1, further comprising generating a projection of an 

estimated Cy  beyond a maximum number of PCR cycles based on the complementary 

relationship of the modeled efficiency curve to the modeled amplification curve. 

12. A computer-readable medium encoded with instructions, executable by a 

processor, for determining a cycle threshold for a PCR amplification curve, the instructions 

comprising instructions for: 

receiving a data set for a plurality of biological samples for a PCR amplification 

reaction, wherein the data set includes a plurality of amplification curves, each amplification 

curve associated with a biological sample of the plurality of biological samples; 

performing a nonlinear optimization comprising a fit of each amplification curve to 

a modeled amplification curve to determine a best-fit set of parameters for a modeled 

efficiency curve and the amplification curve, wherein the modeled amplification curve is 

based on a modeled efficiency curve; and 

determining a cycle threshold value for each biological sample based on a 

complementary relationship of the modeled efficiency curve to the modeled amplification 

curve. 

13. A computer-readable medium of claim 12, wherein the nonlinear optimization 

is a constrained non-linear optimization. 

14. The computer-readable medium of claim 12, wherein the instructions further 

comprise instructions for: 

generating the modeled efficiency curve based on the best-fit set of parameters; 

and 

generating the associated amplification curve based on the modeled efficiency 

curve. 
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15. The computer-readable medium of claim 12, wherein the modeled efficiency 

curve is explicitly modeled, and the modeled amplification curve is implicitly modeled based 

on the explicitly modeled efficiency curve. 

16. The computer-readable medium of claim 15, wherein determining the cycle 

threshold value is based on a predetermined efficiency parameter value. 

17. The computer-readable medium of claim 12, wherein the instructions further 

comprise instructions for identifying non-amplified samples. 

18. The computer readable medium of claim 17, wherein the identifying non-

amplified samples comprises performing a test selected from the group consisting of: 

threshold amplification, model curve fit, noise threshold, maximum cycle, minimum cycle, 

end-point amplification, model efficiency threshold, minimum noise, relative noise, relative 

scaling, or drop-off. 

19. The computer-readable medium of claim 12, wherein the instructions further 

comprise instructions for: 

generating baselined model amplification curves based on the best-fit set of 

parameters. wherein the cycle threshold determination is based on the complementary 

relationship between the baselined model amplification curves and corresponding efficiency 

curve. 

20. A system for determining a cycle threshold for a PCR amplification curve, the 

system comprising: 

a processor; and 

a memory storing instructions executable by the processor. the instructions 

comprising instructions for: 

receiving a data set for a plurality of biological samples for a PCR 

amplification reaction, wherein the data set includes a plurality of amplification 

curves, each amplification curve associated with a biological sample of the 

plurality of biological samples; 

performing a nonlinear optimization comprising a fit of each amplification 

curve to a modeled amplification curve to determine a best-fit set of parameters 

for a modeled efficiency curve and the amplification curve, wherein the modeled 

amplification curve is based on a modeled efficiency curve; and 
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determining a cycle threshold value for each biological sample based on a 

complementary relationship of the modeled efficiency curve to the modeled 

amplification curve. 

21. The system of claim 20, wherein the nonlinear optimization is a constrained 

non-linear optimization. 

22. The system of claim 20, wherein the memory further stores instructions for: 

generating the modeled efficiency curve based on the best-fit set of parameters; 

and 

generating the associated amplification curve based on the modeled efficiency 

curve. 

23. The system of claim 20, wherein the modeled efficiency curve is explicitly 

modeled, and the modeled amplification curve is implicitly modeled based on the explicitly 

modeled efficiency curve. 

24. The system of claim 22, wherein determining the cycle threshold value is 

based on a predetermined efficiency parameter value. 

25. The system of claim 20, wherein the memory further stores instructions for 

identifying non-amplified samples. 

26. The system of claim 25, wherein the identifying non-amplified samples 

comprises performing a test selected from the group consisting of: threshold amplification, 

model curve fit, noise threshold, maximum cycle, minimum cycle, end-point amplification, 

model efficiency threshold, minimum noise, relative noise, relative scaling, or drop-off. 

27. The system of claim 20, wherein the memory further stores instructions for: 

generating baselined model amplification curves based on the best-fit set of 

parameters, wherein the cycle threshold determination is based on the complementary 

relationship between the baselined model amplification curves and corresponding efficiency 

curve. 

28. The system of claim 20, wherein the best-fit set of parameters for the 

modeled efficiency curve comprises three parameters. 

29. The system of claim 28, wherein the three best-fit set of parameters are a 

curve shift parameter, a curve bend parameter, and a curve shift adjustment parameter. 


