SYSTEMS AND METHODS FOR MODEL-BASED gPCR

CROSS-REFERENCE TO RELATED APPLICATIONS
[6001] 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 gPCR assay
data generated from biological samples. These systems report quantitative resulis by
calculating a threshold cycle (Cr or Cgr) value as the fractionai PCR cycle number where the
reporter signal rises above a threshold set manually by a human or automatically by
software. The determined C: 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
ampilification curve in order to determine a cycle threshold for a sample. Approaches using
modeling of a PCR ampilification curve to determine a cycle threshoid 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 mors in order
to approximately model a PCR ampilification curve. Furthermore, the beginning and later

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

SUMMARY
[0004] According to an aspect of the present invention, a method for determining a cycle
threshoid for a PCR ampilification 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 ampilification curve associated with a
biological sample of the plurality of biolegical samples. The method further includes
performing a nonlinear optimization comprising a fit of each amplification curve to 2 modeled
amplificafion curve to determine a best-fit set of parameters for a modeled efficiency curve

and the ampiification curve. The



la

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 fo the modeled amplification curve. In various

embodiments, the nonlinear optimization is a constrained nonlinear optimization.

[0004a] According {0 another aspect of the present invention, there is provided a
computer-readable medium encoded with instructions, executable by a processor, for
determining a cycle threshoid 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 biclogical 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 ampilification 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.

[0004b] According to another aspect of the present invention, there is provided 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 ampilification reaction, wherein the data set includes a plurality of ampiification 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 fo determine a best-fit set of parameters for a modeled
gfficiency curve and the amplification curve, wherein the modeied ampilification curve is
based on a modeled efficiency curve; and determining a cycle threshold value for each
biological sample based con a complementary relationship of the modeled efficiency curve to

the modeled amplification curve.
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BRIEF DESCRIPTION OF THE DRAWINGS
[6008] FIG. 1 is a flow chart thal depicis vardous embodiments of systems and methods
for the analysis of gPCR sample amplification curve data.
{0006] FIG. 2 is a Block diagram of a PCR instrument that may be used in the PUR
amplilication of samplas,
0007} FIG. 3 is a block diagram that llustrates componenis of an exemplary compuier
system that may be udilized in the control and interface of PCR instrumentation,
H{HH I FIG. 4 is a graphical represeniation of a modaelad efficiency and associated
maodeled scaled amplification curve along with an actual amplification curve according 1o
various embodiments of systems and methods of model-based gPCR.
{0009) FIG, 5 is a graphical representation of varving an Xempg paramesier an various
ambodiments of systems and methods of modekbased gPCR.
[GG0I0]  FIG. B is a graphical representation of varying an asend parameter on varicus
ernbodiments of systems and methods of model-based gPCR.
HO811]  FiG. 7 is a graphical representation of varying an xo' relative shift parameter on
various embodiments of systems and methods of model-based gPCR.
[BO0121  FIG. 8is a graphical representation of varying the tamp and rising baseling
parameter on various srmbodiments of systema and methods of model-hased GPCR.
OGG13]  FiG. 8is a tabular summary of various embodiments of tesls performed for the
datection of non-amplification sampies.
pe014]  FIG. 10is a graphical representation of a noise-normalized ampiilication curve
ampiitudes versus adjusted Xew values for various amplified and non-amplified curves/waills

aceording fo various embodiments.

DETAILED DESCRIPTION
[0BO18]  The present teachings relaie to embodiments of methods and systems for the
analysis of PCR ampiification curves Tor a plurality of biclogical samples.
Bo016]  As described in the MIGE Guidelines, fractional cycle values computed via
varicus aiternative methods {with associaled nomenclature) appear in the literature. {(Buslin
SA, Benes V, Garson JA, Hellemans J, Buggett J, Kubista M, Mueller R, Nolan T, Pfaffi MW,
Shipley Gl., Vandesompele J, Wittwer, CT: The MIQE guidelines: minimum information for
publication of guantitative real-lime PCR experimants. Clin Chem 2008, 55:611-822.)
Following MIQE recommendations, this document will use Cq when referring generically to
fractional gPCR oycle values. However, when we spaecifically need io distinguish batween
Baseline Threshold (Cr ) and Relative Threshold (Grr) metheds, Cr and Cpr will be used
respaciively.
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000171 According to various embodiments of systems and msthods of the present
teachings for a model-based determinalion of a cycle threshold use as a basis a modsl of
the reaction efficiancy, from which a modsl amplilication curve may be crealed. For vanous
embodiments, a constrained nonlinear optimization of an amplification model may he
parformed to determine 2 sel of best-fit parametsars for a sample amplification curve.
Various embodiments may then use a set of best-fit parameters (o create a madaled
afficiency curve and a modeled amphification curve, from which a cycle thrashold may ba
determined. According to various embodiments, a porlion of the amplification curve may he
chosen and utilized to obtain the constrained nonlinear oplimization fit.

(000181 For various embodiments, preprocassing the data may include clearing to
remove, for example, random noise, such as spikes, smoothing to decrease systematic
noise, as well as rescaling each ampiificalion curve 1o a normalized scale. In various
embodiments, af lzast one test may be periormaead on the data o identified non-amplified
samples. According to various embodiments, a quality value may be assigned 1o each cycle
thrashold delermined for sach bioiogical sample.

{00018]  FIG. 1 depicls method 100, with steps 10-40, according to methods and sysiems
for the analysis of PCR amplification curves of the present teachings. Method 100 may be
parfcrmed by & computing system, as depicted in FIG. 3. In particular, the methods
acoording o embodiments deseribed herein may be performed by a processor 304
exsnuting computer instructions stored in memaory 308, For step 10 of FIG.1, a data set of
PCR sample amplification curves may be received.

[R0020]  Various embodiments of methods and syslems may ulilize daia sels of PCR
amplification data collected over the entirsly a number of amplilication cycles parformed for
an assay, Such signals may be stored in a vanety of computer readable media, and
analyzed either dynamically during analysis or post analysis, as will be discussed in more
delails subssquently. One such type of assay used o demonstrate the features of
embodiments of methads and systems for the anaiysis of PCR amptification data can uiilize
TAGMAN® tluorescent probe reagentis, and may use FAM and VIC dye labels. Howaver,
one of ordinary skill in the art will recognize that a variety of assays including labeling probe
reagents may be ulilized o produce data that may be analyzed according 1o various
embodiments of methods and systems of the present leachings.

[06621]  The term "labeling probe” generally, according fo varicus embodiments, refers to
a moleciie usad in an amplification reaction, typically for quantitative or realtime PCR
analysis, as well as end-point analysis, Such labeling probes may be used lo monitor the
amplification of the target polynuclestide. in some ambedimants, oligonucleotide probes
prasent in an amplification reaction are suitabls for moenitoring the amount of amplicon(s)

produced as 2 Tunction of time. Such oligonucleciide probes includs, bul are not limited fo,
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the &' -exonuclease assay TAGMANT fluorescent probes described herein (see also U.S.
Fatent No. 5,538 848), varicus stem-loop molecular beacons (sss e.g., U.S. Patent Nos,
6,103,476 and 5,925,517 and Tyagi and Kramer, 1998, Nalure Biotechnology 14:303-308),
stemiess of inear heacons (see, e.g., WO 99/21881), PNA MOLECIULAR BEACONS ™
(see, e.g., U.S Patent Nos. 8,355,421 and 6,583,091}, iinear PNA beacons (see, e.g.,
Kubista of al.,, 2001, SPIE 4264.53-58), non-FRET probes {seg, e.g., U5 Patent No.
6,150,097, SUNRISE®/AMPLIFLUOR® probes (U.8. Patent No. 6,548,250), stem-oop and
duplex Scorpicn ™ probes (Soiinas et al., 2001, Nucleic Acids Resesarch 20:E08 and U.8,
Patent Na. 6,589,743}, bulge loop probes (U5, Patent No. §,5380,081), pseudo knot probes
(U.S. Patent No. 6,5688,250), cyclicons (U8, Patent No. §,383,752), MGEB ECLIPSE™ probe
{Epoch Biosciences), hairpin probes (LLS, Patent No. 6,580,490), peplide nucleic acid (FNA)
light-up probes, self-assembied nanoparticle probes, and ferrocene-maodified probes
describad, for exampls, in U.S. Patent No. 6,485,501, Mhilanga et al., 2001, Methods
25:483-471; Whitcombe et al., 1898, Nalure Bistechnology. 17:804-807; Isacsson et al.,
2000, Molecular Cell Probes, 14:321-328; Svanvik ef al.,, 2000, Anal Biochem. 281:26-35;
Wollls et al, 2001, Bistechniques 766:7688-771; Tsourkas et al., 2002, Nucleic Acids
Hesearch. 30:4208-4215; Riccelli ef al,, 2002, Nucleic Acids Research 30:4088-4083; Zhang
et al,, 2002 Shanghal. 34:329-332; Maxowvell et al., 2002, J. Am. Chem. Soc. 124:9606-8612;
Broude el 2., 2002, Trends Biotechnol. 20:248-56; Huang et at., 2002, Ghem Res, Toxicol
15:118-126; and Yu et al, 2001, J. Am. Cham. Soc 14:11155-11181 Labeling probes can
also comprise black hole quenchers (Biosearch), lowa Black (D7), GSY gquencher
(Molecular Probhes), and Dabsyt and Dabceei sulfonate/carboxylate Quenchers (Epoch).
Labeling probes can alsc comprise two probes, wherein for example a flucrophore is on one
probe, and a quencher on the other, wherein hybridization of the two probes tegether on &
target quenches the signal, or whersin hybridization on target alters the signal signature via
a change in fluorescence. Labsaling probes can also comprise sulfonate derivatives of
fluorescenin dyes with a sulfonic acid group instead of the carboxylaie group,
phosphoramidile forms of fluorescein, phosphoramidits forms of CY 5 (available for example
from Amersham),

{08221 Various embodiments of methods and systems for the analysis of PCR
amplificalion curves according to the present teachings may ulilize various smbodiments of
a thermat cycler instrument as depicled in the block diagrams shown in FIG, 2. As shown in
FIG. 2, & thermal cyaling insirument may include a heated cover 214 thal is placed over a
piurality of samples 216 contained in a sample suppord 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 caver 2144,

Some examples of a sample support davice may include, but are not limited by, a multi-well
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plate, such as a slandard microiiter 86-well, a 384-well plats, or 3 microcard, ara
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
cormbinations thereof, patterned in reguiar or irregular arrays formed on the surface of the
substrate. In various smbodiments of a thermal cycler instrument, incdlude a sampls block
218, elements Tor heating and cooling 220, and a heat exchanger 222.

006231 In FIG. 2, various embaodiments of a thermal cycling system 200 provide &
detection system for the real-time acquisition of signais for each sample in a plurality of
biclagicat samples, over the entirety the number of amplification cycles performed for an
assay. A detection system may have an illumination source that emits slectromagnetic
energy, and a detecior or imager 210, for receiving electromagnetic energy from samples
216 in sarmpie support device. A controt systerm 224 may be used to control the funclions of
the detection, heated cover, and thermal block assembly. The control system may be
accessible (o an end user through user interface 228 of thermal cyalar instrument 200, A
computer system 300, as depicted i FIG. 3 may serve as o provide the controt the function
of a thermal gycler instrument, as well as the user interface function, Additionatly, computer
system 300 may provide data processing, display and report preparation funciions, All such
instrument controf tunctions may be dedicated locally to the thermat cydler instrument, or
computer syslem 300 may provide remote control of part or all of the control, analysis, and
reporting funclions, as will be discussed in more detall subseguently,

f080624]  Those skilled in the art will recognize that the operations of the various
ambodiments may be implemented using hardware, software, firmware, of combinations
thereof, as appropriate. For example, some processes can be carried ouf using processors
or ather digital cireuilry under the control of soltware, firmware, or hard-wirad logic. (The
term *logic” herein refars to fixed hardware, programmabile logic andfor an appropriate
combination thereof, as would be recognized by one skilled in the arl o carry out the recited
funclions.} Software and firmware can be stored on computer-readable media. Some other
processes can be implemenied using analog circuitry, as is well known to one of ardinary
skill in the art. Additionally, mamory or other storage, as well as communication
components, may be employed in embodiments of the invention,

[0B025]  FIG. 3 is a block diagram that ilfustrales a compuler system 300 that may be
empioyed o carry oul processing funclionality, according to various smbodiments, upon
which embodiments of a thermal cycler system 200 of FIG. 2. Computing system 300 can
include one or morg processors, such as a processor 304, Processor 304 can be
implemented using a genaral or special purpose processing enging such as, for example, a
microprocessor, conlroller or ather control fogie. In this exampls, processor 304 s

connacted o a bus 302 or other communication madium.
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[00028]  Further, if should be appreciated that a computing system 300 of FiG. 3 may be
embaodied in any of a number of forms, such as a rack-mounied computer, mainframs,
supercomputer, server, client, a desklop computer, a laptop computer, a tablel computer,
hand-held computing device {e.g., PDA, cell phone, smart phone, palmiop, elc.), cluster grid,
nethook, embedded systems, or any ether type of special or general puipose computing
device as may be desirable or appropriate for a given application or environment.
Aaditionally, a computing system 300 can include a conventional network system including a
chert/server environment and one or more dalabasge servers, or integration with LIS/LIMS
infrastructure. A number of conventional network systems, including 2 locst area network
(LAN) or a wide area nelwork (WAN), and including wireless and/or wired componenis, are
known in the arl, Additionally, clientfserver environments, database servers, and networks
are well documented in the arl.

80271 Computing system 300 may include hus 302 or other communication mechanism
for commurnicaling information, and processor 304 coupled with bus 302 for processing
information.

{00028] Compuling system 300 also includes a memory 308, which can be a random
access mermory (RAM) or other dynamic memory, coupled to bus 302 for staring instructions
io be executed by processor 304, Memory 306 also may be used for storing temporary
variables or other infermediate information during exscution of instructions to be exscuted by
procassor 304, Computing system 300 further includes a read only memory (ROM) 308 or
other static storage devica coupled to bus 302 for storing stalic information and instructions
for processor 304,

000291 Computing system 300 may also include a storage device 310, such as a
magnetic disk, optical disk, or solid state drive (88D) 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 {o
support fixed or removable storage media, such as a hard disk drive, a Hloppy disk drive, a
magnetic tape drive, an optical disk drive, a CD or VD drive (R or RW), flash drive, or other
removable or fixed media drive.  As these examples illustrate, the siorage media may
include a computer-readable storage medium having stored therein particular computer
software, instructions, or data,

000307  In alternalive embodiments, siorage device 310 may include other similar
instrurmentalities for allowing computer programs or other instructions or daia o be loaded
into compuling system 300. Such instrumentalities may include, for example, a removable
storage unit and an interface, such as a program cartridge and cariridge interface, a

ramovabile mamory (for exampls, a flash memary or ather removable memory module) and
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memory slot, and other removable storage unils and interfaces that allow software and daia
to be fransterred from the storags device 310 to computing system 300,

{60311 Computing syslem 300 can also include a communications interface 318,
Communications interface 318 can be used to allow sofiware and data to be transferred
betwesn compuling systern 300 and external devices, Examples of communications
interface 318 can nclude a modem, a nelwork interface {such as an Ethernet or other NIC
card}, a communications port {such as Tor example, a USE port, a RE-232C serial port), a
POMCIA slot and card, Blustooth, etc. Software and data lransferred via communications
interface 318 are in the form of signals which can be elecironic, electromagnetic, optical or
other signals capable of being received by communications interface 318, These signals
may be transmitted and received by comimunications interface 318 via a channel such as a
wireless medium, wire or cable, fiber oplics, or other communications medium. Soms
examples of a channel include a phone ling, a cellular phone link, an RF link, a network
interface, a local or wide area network, and olher communications channsls.

{00032] Compuling system 300 may be coupled via bus 302 to a display 312, such as a
cathode ray tube (CRT) or liguid crystal display (LCD), for displaying information to a
compuler user. An inpul device 314, including alphanumeric and other kays, is coupled o
bus 302 for communicating miormation and command selections to processor 304, for
example. Aninput device may also be a display, such as an LCD display, configured with
touchscreen input capabilities. Ancther type of user input device i cursor sontrol 316, such
as a mousea, a lrackball ar cursor direction keys for communicating direction information and
command seleclions to processor 304 and for controlling cursor movement on display 312,
This inputl device lypically has two degress of freedom in two axes, a first sxis {s.g., x) and a
sacond axis {8.9., v}, that allows the device o specify posilions in 2 plana. A computing
syslem 300 provides data processing and provides a level of confidence for such data.
Consistent with cerlain implementations of embodimenis of the present teachings, data
pracessing and confidence vahies are provided by computing system 300 in response
processor 304 execuling one or more seguences of one or more instructions conlainad in
mamory 306, Such instructions may be read inlo memaery 308 from ancther computer-
readable medium, such as storage device 310. Execution of the sequeances of insiructions
contained in memory 306 causes processor 304 Lo perform the process sistes describad
herein. Allernatively hard-wirad circuitty may be used in place of or in combination with
software instructions to implement embadiments of the preseni tachings. Thus
implementations of embodimenis of the present teachings are not limited to any specific
combination of hardware circuitry and software.

[00033]  The term "computer-readable madium” and “compuler program product” as used

herein generally refers 1o any media that is involved in providing one or more sequences or
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one or mors instructions to processor 304 for exscution. Such instructions, generaliy referred
te as "computer program code” (which may be grouped in the Torm of computer programs or
othar groupings), when executed, enable the computing system 300 1o perform fealures or
functions of embodimeanis of the present invention. These and other forms of compuier-
readable madia may take many forms, including but not limited o, non-volalile media,
volatile media, and ransimission media. Non-velalile media includes, for example, solid
stale, optical or magnetic disks, such as storage device 310, Volatile meadia includes
dynamic memory, such as memaory 308, Transmission madia includes coaxial cablas,
copper wire, and fiber optics, including the wires that comprise bus 302,

000347  Commaon formes of computer-readable media include, for example, a floppy disk, a
flaxible disk, hard disk, magnetic tape, or any other magnetic medium, 2 CD-ROM, any other
oplical medium, punch cards, paper tape, any olher physical medium with palierns of holes,
a RAM, PROM, and EPROM, a FLASH-EPROM, any other meamory chip or cartriddge, a
carrier wave as described hereinafter, or any other medium from which a3 computer can resd.
000358  Various forms of computer readable media may be involved in carrying one or
more sequences of one or more instructions 1o processor 304 for execution. For example,
the instructions may initially be carried on magnetic disk of a remole compuler. The remote
computer can load the instructions inte its dynamic memory and send the instructions over a
telephone line using a modem. A modem local 1o compuling system 300 can receive the
data on the telephone line and use an infra-red ransmitler o convert the data io an infra-red
signal. An infra-red deteclor coupled 1o bus 302 can receive the data camried in the infra-red
signat and placs the data on bus 302, Bus 302 carries the data o memory 306, from which
processer 304 relneves and execuies the mstructions. The instructions received by memory
306 may optionally be stored on storage device 310 either before or after execution by
processor 304,

§00038] it will be appreciated thatl, for clanily purposes, the above description has
desciibed embodiments of the invanlion with reference 1o different funclional units and
processors. However, it will be apparent that any suitable distribution of functionality
betwaen different funclional units, processors or domains may be used without detracting
from the invention. For exampile, functionalily tiustrated to be performed by separate
processors or contraliers may be performead by the same processor of controfier. Hence,
references to speciic functional units are only (o be seen as referencas 1o suitable means
for providing the described functionality, rather than indicative of a strict logical or physical
struciure or organizalion.

{00037  In some smbediments, preprocassing each of a plurality of sample amplification
curves may be done. Such prepossessing may be done in order remove, reduce and

atherwise lassen the impact of untoward features in a PCR amplification curve that may
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interfere in the effsctive processing of the dala through dats analysie sleps. In various
embaodiments of methods and systems, preprocessing the data may remove, for example,
spikes, nolches and noise using a variety of preprocessing methods, According io varicus
ambodiments, cleaning of a PCR amplification curve may be done using varicus methods for
spike and notch filtering.  In various embodiments, smoeothing a PCR amplification curve
may be done to reduce noise. For varicus embaodiments, smoothing may be done using a
windowed smoeothing function, which may ullize any of a plurality of smoothing windows
known in the arl. According to various embodimeants, rescaling of the PCR amplification
curves may be dons, in order to adjust a plurality of curves 10 a common scale. in vanous
embodiments, sample PCR amplification curves may ba scalasd between a domain of 041,
{00038} With reference o step 20 of FIG. 1, for various methods and systams for the
analysis of PCH amplification curves according 1o the presant teachings, an analytical
exprassion for the real-tne RT-PCR efficiency may provide the basis for modeling PCR
amplification curve data. For various embodimants, a three paramesler anglviical expression
for the real-time RT-PCHR efficiency may provide the basis for modeling PCR ampiification
curve data. In various smbodiments, the 3 paramsters may include a curve shiff parameter,
a curva bend parameter, and a curve shifl adjustment paramster. An expression for the
efficiency may then be used to, on a cycls by cycle basis, iteratively and recursively
gensrale a3 POR amplification curve, wherein the ampiification curve so generated may have
a defined baseline. According to various embodiments of the present teaching, a
correspording model for a PCR amplification curve may be created based on various
ambodiments of an efficiency model. This means that the PCR amplification curve is being
implicitly modelad based on an explicit moded of the POR efiiciency curve on a cycle by cycle
basis. in this way, fewer parameiers are needed to generals a moedeled curve that fits most
of the data, making it easier o perform a constrained optimization.

Q00391 For various embodiments of an amplification curve mode! based on an efficiency
model, additional parameters defining the mode! may be added. In various embodiments, a
S-parameter ampiification curve model may include a slope parameter Tor an amplification
curve basaline and & relative ampiification parameler. In various embodiments, a
consirained non-linear optirnization may be used, wherein a best-fit set of parameters for an
amplification curve model may he delermined for sach ampiification curve.

000401 Ut should be recognized that embodiments are not limited to three or five
parameters. For example, according 1o some embodiments, four or more parameters may
be usad 1o model an efficiency or amplification curve.

[60041] As depicted in siep 20 of FIG. 1, and in raference to FIG. 4, {or various
embodiments of systems and mathods of the pregent teachings, once a best-it set of

paramelers for each sample amplification curve has been determined, @ modelad sfficiency



WO 2011/130184 PCT/US2011/031988
10

curve and a modeled amplification curve may be created. In FE3. 4, cusve | is a modeled
efficisncy curve, curve It is a sample amplification curve, and curve I is a modeled
amplificalion curva. Various embediments of methods and systems using a 5-parameter
amplification curve model may provide a close fif of a modeled ampiification curve o a
sample amplification curve, as depicted in plot IV (which shows 10 times the difference
betwasn curve Hi and curve ). As a measure of fit, an expression Tor the residual difference
bolween the data of a sample amphfication curve and s modeled amplication curve may be
genarated for each of a pluralily of points across the curves. For plot IV, such a measure of
fil is graphically displayed, in which the residual has been mulliplied by a factor of 10 in order
{o obsarve the residual across curvas i and HIL

{Be042] The efficiency at nth discrete {fractional) cycle step mdw is assumed o be a
smooth monolonically decreasing funclion, typically (hul nol necessarily) starling from 1 (for
fractional cycle step n = 1) and trending towards 0 {for cyale step n = o). Here the cycle
step size discretization is given by Ax. Note that, in the fypical case, when Axis 1, then ndx
becornes the nth oycls. In various embodiments, the efficianay is modeled in terms of a
fluorescencs curve shifl parameter (Yﬁm‘r a fluorescence curve bend parameter {850}
and shift adjustment parameter (g},

(600431 According to various embodimants of systems and methods of FIG 1, step 20, a

3-parameler efficiency model may be given as:

where:

rndx = the nth discrete cycle step;
Kanin= 8n amplification curve shift parameter,
Chena = an amplification curve bend parameter; and

Xg = a relative shift adjustment parameter,

raarranging. the mode! may be written as:
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{0044] it can be noted that the level of gene expression scales the rate at which the
afficiency approaches zero as the number of oyclies increasas. In othar words, whan the
gene axpression is high, the sfficiency approaches zero al a relatively smali number of
cycles. Conversely when the gene expression is low, the efficiency approaches zerc at a
refatively large number of cycles. Thus, a gena exprassion proxy parameler, a paramsler
that is sirongly correlated with gene expression, may act as a scaling factor for the number
of reaction cycles.

[0004858] it can be recognized thal when ndx = X + %, the efficiency becomes
exactly 0.5. Thus, the sum (Xgqm+ xB) is the fractional "half-efficiency” cycle. Thus, in the
equation given above for the efficiency, X,us + X, platys the role of the gene expression
proxy. The aclual gene expression is determined using other techniques.

[00046] An imporiant part of this efficiency equation is the ﬁjgi‘f:“ exponent in the
desominator. This reflects that the exponent is a function of X g, In this way, the g

changes very tlle from dataset o Jdataset in this equalion. As such, the non-fnear
aplimization is more rohust.
(00047} Lipon defining
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FO0048]
000487 According to varicus embodiments of syslems and methods of FIG. 1, step 20, &

B-parametar ampiification model may be given as:
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whers two additional paramsters for the PCR amplilication curve modsl are:

Cising baseline = an ampiiiication curve rising baseline slope parameter; and

emp = 30 ampiification curve relative amplification paramster.
[0B050]  This model can be easily be exiended to mors than 5 parametars by for instance
adding a constant term in addition {0 the rising haseline term lsading o a 6 parameter
madel. Additional obvious extensions include accouniing for deviations from the S-parameter

wdal aarly or late in the FCR reaction process by using additional Xenis, Sloend, Xp and/or

mp parameters leading (o a B-parameter modet such as:
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000511 Similar analogous extensions include a B-paramelsr model (using a constant

term ) such as,
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a {-parameter model such as,
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an B-parameler model such as,
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and other similar combinalions of the parameterizations of the model,

100852} Moddels with less than 3 paramslers can also be crealad. Upeon imposing the

resirction:

T T %rknss& bareiine E,

we can sliminate 1 independent parameter (o create a 4-paramsier mode] such as:

./f“f\

ST N st Chmatr’

N

{G0G53] similarly we can oreate a 3 parameter maodet by setling @y 10 8 nominal

value such as 0.687, for axample, leading to;

Flndu, Wy VonetneSipns = BTx )
; §&
@
0034} A 2 parameter model can be similarly created by setting 2. fo 8 nominal

value such as 0.0, for example, leading to:
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{00055] Thus, the modeled flucrescence curve is delermined as & logarithmic
integration of the effect of the elficiency al each cycle.

[B0ose] A nen-linear constrained optirmization parameler solution for the bestit
parameters in the curve amplification model above is equivalent to a non-iinear baselining
step. As one of ordinary skill in the arf understands, the constrained oplimization can be
done by a routine such as Matlab's Isgnonlin which uses trust regions along with a Newton
type non-tinsar search lechnigue, for example.

{00057 The advantage of an amplified Hucrescence curve that is impliciily defined in
terms of an explicitly delined efficiency madel is that it enables a better fit over a larger
number of oycles using relatively few model parameters. This rasulls in more stable
sonstrained nonlinear parameater optimizations/inversions. Using a consirainad nonlinear
aptimization leads to a more stable set of solutions. The more commondy-used
unconstrained optimization technigues can lead o solutions that are sometimes unsiable or
may resull in minima that are cfearly not correct. The scaled nature of the parametars in
embodiments of systems and methods of model-based gPCR makes it easisr to set the
parameisr consilrainis required for the constrained optimization.

100058] Onee the algorithm Tinds the nonlinear parametears characterizing the
efficiency curve, relative thresholding is performed, Thresholding is done refative lo a

commaon level of reaclion progress/relative crilical reaction resource availability for alt the

up with a flucrescence threshald which can be used 1o delermine the leval of Gene
Expression (C, =->» Cy) for vach curve,

I00653] The O+ is determined as the fractional cycle when the amplification curve's
fluorescence level reaches this threshold. As a resull, the flucrescence thrashold is an
ensemble value and special measures have o be iaken to handle ensemble cutliers.
Agcurding to some embodiments, in the current algorithm, a measure of RT-PCR reaction

progress/retative critical reaction resource availability is used 1o choose the fluorescence

threshold for each curve. The parameterized efficiency curve a g;m& X

shtee Eanay Bg § CEA

hgnped S

be a measure of regotion progressirelalive onlical reaction resource availability. For
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simplicity upon wriling the efficiency as ein} then the following exprassion can be used as a
preferrad measure of reaction progressiretative critical reaction resource avallability can be

approximated as:

{i}ﬂi)ﬁﬁ} “?}ﬁ-‘&mﬁmg:ﬁt‘m‘@s@ e gi;gg}
{G0061] Notice that, for positive x, {relative shilt adjustiment parameter), the efficiency

is uniily at he starl of the reaction and decreases o zero as the number of cycles n becomes
large. Allowing negative values of ay, causes the efficiency to be less than unity at cycle 0.
This can be an indicater of contamination or of non-specitic PCR amplification. As a resuit,
the reaction progressirelative critical reaction resource avallabilily can be delermined for
each curve independent of the other curves in the ensembile of curves being analyzed. By
setting the curve thresholds relative o a commaon level of reagtion progress/relative critical
reaction resource availability, it becomes easier 0 possibly compare curves generated from
walls on different plates and differences in certain typss of conditions.

o008z}l In FiG. 5, a series of graphs demonsirating the impact that an Xy parameter
may have on a modeled efficiency and modeled amplification curves i displayad. As one of
ordinary skill in the art would understand, the cycle threshold relates to the initial
concentration or copy number of a targel cligonudleclide in a sample. For various
embodiments, Fit3. 5 displays how a modeisd efficiency curve and a corresponding modeled

amplification curve vary as a function of an Xgye parameter.

[OG063]  FHG. 6 graphically depicis the impact ihét AN tpene PArAMEisr may have on a
modeled efficiency and a modeled amplification curve, According to various embodiments of
mathods and systems, an dapend parameter may vary hetween about 0.15 to about 2.0, As
shown in FIG. 8, anepg is varisd between about 0.6 to about 1.0 for complementary sets of 3
modeled efficiency curve and a modeled amplification curve,

{864}  The graphic depiction of the impact that an iy’ relative shift parameter may have
o a modelsd efficiency and maodsled ampiification curves is shown in BIG. 7. According to
various embodiments, X" may be between about -2 1o ahout 0.3, As the X" term s related
to an initial cycle, Xp, as well a5 Xy, it relates to the intlial concentration or sopy number,
FiG3. 7 depicts how corresponding sets of modeled efficiency and modeled amplification
Curves vary as an xp' relative shift parametar varies from about 1o about -1.36, according
to some embodimenis.

[00085]  FIG. & graphically depicts the impact that damp and Oyiging bassling parametsrs
may have on a modeled amplification curves. According to various embodiments of

methods and systems of the present teachings, the sum of the cemp and Brging baseline
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parameters is approximaisly 1. For exampie, in the limit, for a sample with no amplification,
Clamp= U, then the rising baseline term would be approximately 1. In FIG. 8, for & decreasing

Orising basefine parameter over values from 0.6 to 0 and increasing gam, over values of from
0.4 10 1, 2 set of modeled amplification curves is shown,

{0O0BE]  For various embodiments of methods and systems as indicated in FIG. 1, step
34, after a complementary set of a modeled efficlency and a medeied amplification curve
has been created for a sample amplification curve, a oyele threshold may be determined. For
various embodiments, a cycle threshoid from a medeled sample amplification curve may be
determined hased on g selected value on a corresponding modeled efficiency curve. In

various smbodiments, a cycle threshold so detarmined may be referred 1o as a cycle relative
threshold, or Cur.

JORGETY  As previously discussed, in reference to FIG. 4, curves | I, and i correspond to
a modeled efficiency curve, an aclual sample amplification curve, and a modeled

amplification curve, respectively. According o various embodiments {or a determination of a
Crr valus from a modelad efficiency and & corresponding modeled amplification curve, first

a rafarence thrashold valug on & modeled amplificalion curve is delermined based on a
selected efficiency on a modeled efficiency curve. In various embodimenis, a selected
sfficiency of about 0.275 is a value, for example, used to determing 3 reference threshold
valug, In the sxemplary represeniation of FIG. 4, point A on curve | corresponds to a point
of intersection on the modeled effiiciency curve for sfficiency = 0.275. The referance
threshold level s shown as point B on curve B, After the determination of a reference
threshold valus, in various embodiments, a relalive threshold fractional value may be
detarmined. According to varipus embodiments, the relative threshold fraciion is set using g
relative threshold fraction of about 0.67. In FIG. 4, the reference threshold value is multiplied

by the refative threshold fraction to determine the relative threshald fraction, as indicated by
point C on curve Bl According o various embaodiments, an unadjusted Cry value is the
cycie crossing corresponding to a relative threshold fraction setting, and is indicated in FIG.
4 a5 poinl D on the abscissa. For various embodiments, a Cry value determined for a
sample ampiification curve is the unadjusled Cgr valus minus a Cpy adjiustment factor,
which factor is about 1.5 cycles. The average G from AutoCt D wells measurements on a
farge number of "identical” biclogical samples. The average Cry measurament is ablained
for the same database of “identical” biological samples. This adjustment factor is obtained as

the dilerance bolween this average Cry valug and the average Cyvalue. in FIG. 4, a

determined sample Cgr is indicated as point E on the abscissa.
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fB0068]  Various embodiments of values for a selected efficiency, a refative threshold
fraction, and & Cry adjustiment factor may be delermined ampirically based on a dalabase of

sample curves analyzed. in varicus embodiments of methods and systems, values for a
salected efficiency may be in a rangs up fo about 0.5, A good starting value for the
efficiency thrashold would be a value less than 0.5 when the PCR reaction slarls to slow
down appreciably. A database of ID wells measuremsnis on a large number of “identical”
biclogical samples is needed o determine the best combination of efficiency threshold and
refative amplification fraction. As one skilled in the an would understand, & manual hand
oplimization can be used to select combinations of efficiency threshold and relative
ampification fraction values that resull in fow measurement standard devialion, In general,
this process can be subject to 2 2 parameter constrained optimization process where the
objective Junclion is the standard deviation. This constrained optimization process can be
used to select the best pair of efficiency threshold and relative arnplification fraction
parameiers. For various embodiments, 3 selected efficiancy may be selecled from between

aboul (.15 10 0.5, In various embodiments, a relative threshold fraction may be belween
about 0.1 {o about 1.25. According fo various embodiments, & Orr adjustiment facior may

vary from beiween about -2 {o about 2.

{00068 In various smbodiments, an additional bias adjusiment may improve linearity of
the modeled amplification curves. The ability {o creale parameterized modeled amplification
curves can be used 1o create a detalled database of modsled amplification curves asa
function of the gene sxpression proxy Xes + Xe. i one embodiment, a dalabase of modeled
amplification curves can be created for values Xy + Xo of between 0.5 and 50 in increments
of 3.1, Here, Xou + Xg is being used as a praxy for g The values of the paramelers used
o creats the modeled curves can be randomized slighlly and noise can be added {0 each
curve. Al each nominal parameter levet a curve can be generated up 1o 64 times, This
resulls in g very large database of curves for which the nominal values of the C, proxy is
knowr. Upon geliing the Cey values for the curves in the dalabase, the Cer “bias” regarding
the known G, proxy values can be calculated. As a result, a bias table for Car vs the Cgy
“bias”. This makes it possible to bias adjus! Crr values so that it is more linear in the rangs
of 0.5-50 G, cycles. Notice that because the Cpy algorithm is based on modeled curvas and
constrained optimization, it is possible to make projected G, measurements beyond the
maximum number of POR amplfication cycles used {ypicaily 40 cycles). For exampie, the
amplification curve may be projected ol to 40-50 cycles. In various embodiments, a bias
adjustmant may be between +-0.00 -1.5C,. but would be typically less than 0.5 C,.

000701 One skilled in the art would recognize that the Cpy algorithm, according o various
embodiments, produces several parameters that could be used as a basis for a G
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measurement (after appropriately bias shifting to align the resulis with the average values of
sther C, measurementis). The fractional oyole value associated with the reference threshold
on the amglified curve produced from the reference efficiency threshold on the efficlency
curve {the Refaerence Cycle} is @ good alternative basis for a C,. This is equivalent o setiing
the relative threshold fraction to 1.0 in the preferred version of Cgy algorithm and preduces
very good results. Alternatively, the previously described G, “proxy”, X + Xg, could alsc be
used as a basis for a C, measurement. One skilled in the art would also recognize hat the
best-fit efficiency curve could also he used (o produce efficiency corrected versions of Cuy,
the Reference Cyole, or X + ¥ and using those corrected versions as the basis for the Gy
measurement. An efficiency correclion wouid be for instance (o find the equivalent cycle if
the efficiency was constant at 1.0 {or another value) rather than varable.

00071} Regarding FIG. 1, slep 40, as previously discussed, and as ong of ordinary skilt
i the: art may readily recognize, there are various ways of oulputting cycle threshold
information; for example, but not limited by efficiency and amplification curve data, final cycle
threshold values, and cycls threshold quality scores, to an end user in numerous formats
using numerous devices. For example, with respect to format of efficiency and ampiification
curve data, the data may be presented in a graphical format, as g writien report, or
combinations thereof. With respect {o output devices, cycle threshold infarmation may be
output to devices such as, but not mited by a printer, a cathode ray lube (CRT) display, a
iiquid crystal display {LCD), and a lght-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 lests may be dane on
sampie data to identify a non-amplified sample. For various embodiments, characteristics of
a sample amplilication curve, a constrained parameter inversion of each sample
amplification curve, and an ensemble of curves being analyzed may be used o assess
whether a sample is a non-amplified sampile. In various embodiments, characteristics, such
as, but not imited by a normalized modeled curve amplituds, & weighted RMS (Root Mean
Square} curve modei fitting error, and an individual sample amplification curve RMS noise
level, may help to determine whelher the curve is from an amplified wetll or is from a non-
amplified, and possibly contaminataed, well,

[O0073]  In FIG. 8 a variely of tests are listed, which may be used 10 evaluate whether or
not a sampds may ba non-amplified. The tesis may be implementad by a processor 304 as
depicied in FIG. 3. According to various embodiments, sample ampiification data may have
te pass all of the tests lo he classified as amplified. In other embodimants, af least one test
may be used to evaluate whather sample ampilification dala may be classified ag amplified or

non-amptiied,
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00074} A thresheld amplification test may indicate whether the noise-normalized
amplification curve amplituda is above a certain threshold, I the ampiification curve is above
the threshold, this may indicate amplification. Tha threshold is higher for noisier curves and
smaller Ogr values,

[GOBT7E] A model curve il test may indicate whelher the actual amplification curve is a
good fit for the besi{it parameter fluorescence curve model. In some embodiments, the
moded curve fit test may have an RMS value of 0.075. I the actual amplification curve s
the modeled amplification curve well, thiz may indicate amplification.

00076} A noige threshold lest may indicate whether the curve is oo noisy. In some
embadimentds, the threshold used may be 0.0625, I the amplification curve is above the
noise threshold, it is noisy and may indicate non-amplification.

Bonry) A maximum cycle test may indicate whelher the predicied Cry vaius is above
the maximum number of cycles, indicating amplification. In an embodiment, the threshoid
for this tast will be extended (by about 8-10 cydles) beyond the maximum numbar of cycles.
This would aliow the algorithm o predict Gy values beyond the maximum number of cycles.
(G007 8] A minimum cyele test may indicate whether the predicted Gy value is below g
minirmum number of aycles, indicating amplification.  In some embaodiments, the minimum
nmber of cycles may be 1.25,

00679} An end-goint amplification test may indicate whether the final value of the
curve is more than a certain thresheld amount below its maximum value. {f the curve is jess
than the threshold amount below the maximum value, this may indicate amplification. In
some embodiments, the threshold may be set at about 20% helow ifs maximum value.
[0G080} A moded efficiency threshold test may indicate whether the initial modeled
efficiency value is above a cerfain threshold, indicating amplification. In some embodiments,
the threshold may bea 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 Talf below unity.
As such, this test may also indicate whether a sample or well has been contaminated or il
may he an indicator of non-spacific PCR ampiification.

noaa1] Arelative noise tesl indicates whether the rafio of the minimum noise level of
ail the curves in the ensemble being analvzed together to the current curve’s noise level is
above a cerlain threshold. In some embodiments, the threshold may be 0.015. If the curve
has a ratio above this thrashold, it may indicate amplification. A noisy curve may indicats
riterferenca from other sample welis.

fonnaz] A relative scaling test may indicate whetlher the ratio of the range of the
fluorescance values of the curves to the maximum range of flucrescence values for alf the
curves i the analysis ensembile is above a certain thresheld. In some embodiments, the

efficiency threshold is 0.275. A ratio above the threshold may indicate ampilification.
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[oGoas) A drawdown test may indicate whather the fluorescence curve has mors than
a carlain drop-off, or drawdown, from 2 previcus maximum valus anywhare within the curve.
[t 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.
[oons4] A straight Ene test may indicate a threshold to determine whether the
amplification curve is best characterized by a siraight line. In some embodiments, if the R?
for the straight modetl is above 0,89, the amplificalion curve is considered o he associated
with a non-ampiified well. Similarly, this straight line model can be used to count the number
of times the arnphficalion curve crosses the line, If the number of crosses is leo largs, the
amplification curve may be considerad o be associated with a non-amplified well.

1600851 In thal regard, some of the tests may be stronger indicators of whather or not
sample data has besn amplified. According to various embodimants, a thrashold
amplification test may be utilized as a strong indicaior of whether or not sample data has
been amplified. In various embodimants, a threshold ampiification test may indicate whether
& noise-normalized amplification curve amplitude is above a certain threshold. Conceptually,
as one of ordinary skill in the art is apprisad, noise is known 1o impact a determination of a
threshold value, as thresholds are typicaily defined as a signal exceeding a definad moise
level. For various embodimants of & threshold ampiification test, a noise-normalized
amplification factor derived from a ralio of aamp 10 an expression for noise is a may be used.
According 1o various embodiments, a threshold lsvel a may be sel for a noise-normatlized
ampiification factor so defermined, which threshold may set {he limit delermining whether or
not sarmple data has been amplified,

LY For example, with reference o FIG. 10, it was determined empirically that, for
gach amphification curve, the threshoid value should be set higher when it is noisier, has
smaller Cpr values, andfor has smaller @y values. In the preferred embodiment, rather
than making the threshold higher for noisier amplification curves with smallesr Crr and/or
Frams values, the noise-normalized amplification curve amplitude is scaled to becoms
smaller than the original ampiification curve amplitude without changing the threshold
val:es. Thus we could define values of a threshold curve as a function of a curve's adjusted
Himsep value. The thrashold lest is true when the amplificalion curve's noise-normalized
amplitude is above the threshold curve. The threshold value is determined based on the
curve's adjusted g, value. A faise value for this testis an indication that the curve/well is
non-amplified.

[so0a7] FIG. 10 shows plots of noise-normalized arnplification curve amplitudes

versus adjusted X, values for various amplified and non-amplified curvesiwells. The

threshold curve as a function of the adjusted X, is dearly indicated and defined for this
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ambodiment by thresheld curve 1010 in FiG. 10, it should be noled that curvesfwells with
adjusted Jpvalues that are smaller than a threshold value are called nonamplified. In
some embadiments, the thrashold value for the adjusted &0, is 2.250.

RS In the FIG. 10, amplification curves 1020 and their associaled wells that are
determined v be “ampiified.” Amplification curves 1030 and their associaled wells are
determined to ba “non-amplified.” Amplification curves 1040 and their associated wealls that
ware annotated by & human o have been incorrsclly detemined to ba amplifisd or non-
ampiitied.

FeOORY] The dalaset in this example reprasents over 7700 wells. in this dataset there
werg § missed calls. One of the missed calls was a false positive {FP) meaning that the
curviiwell 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 calied non-amplified but was
annotaled as amplified. A few of thoze FN calls were calied non-amplified because the Cpy
value was grealer than the maximum number of oycles. Otherwise, in the cases, the
algorithm would have correctly called the corresponding ampiification curves amplified,
fG0034]  In another examipis, according o various embodiments, an exprassion for noise
may be derived hy the square rool of the ratio of an amplification curve’s approximate RS
neise o a reference noise vatue, For various embodiments, a noise-normalized ampiification
factor may be derived from a ratio of vamp 1or 8 sample ampiificalion curve 10 an expression
of noise so delermined. According to various embodiments of a threshold amphfication lest,
then for notsier amplification curves, with approximate RMS noise values above a reference
noige value, the noise-normalized amplificalion curve amplitude becomes lass than an
original amgplification curve ampiitude, In various embodiments, such a resull may make a
amplification curve less likely {o be called ampiified. Conversely, for various embodiments,
for less noisy amplificaiion curves, with approximate RME noise values below a reference
poise value, a noise-normalized amplification curve ampliitude becomes greater than an
original ampiitication curve amplitude. According 1o varous embodiments, such as result
may make a curve more likely to be called amplifiad,

f00081]  For various embodiments of methods and systems for the analysis of PCR
ampdlification curve data, a quality vaius may be delermined for every cycle threshold value
delermined for aach sample. According io vanous embodiments, a probability that a cyole
threshold determined for each sample is 3 correct oyole threshold may be made. As such, a
guality value may be usad as additional information for an end user to evaluate a determined
cycle threshold for a sample,

000927  While the principles of various embediments of methods and systems for the

analysis of PCR ampiification curve data have been described in connection with specific
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embodiments, it should be understocd clearly that these descriptions are made only by way
of example and are not inlended Lo limit the scope of the invenlion. What has been distlosed
hergin has baen providged for the purposes of illusiration and description. H is net intended to
he exhaustive or o limit what is disclosed to the precise forms described. Many
modifications and variations will be apparant to the practitionar skilled in the art. What is
disclosed was chosen and described in order to best explzin the principles and practical
application of the disclosed embadimenis of the art described, thereby enabling olhers
skified in the art o understand the various embodiments and various modifications that are
suited o the parlicular use contemplated. it is intended that the scope of what is disclosed

be defined by the following claims and their sguivalence.
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CLAIMS

Yhat is claimed is:

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

receiving a dala set for a plurality of biological samples for a PCR ampiification
reaction, wherein the data set includes a plurality of amplification curves, each ampiification
curve associated with a hiological sample of the plurality of biological samples;

perferming a nonlinear optimization comprising a fit of sach amplification curve to
a modeted ampiification curve to determine a best-fit set of parameters for a modeled
sfficiency curve and the amplification curve, whersin the modeled amplification curve is
hased on a modeled efficiency curve; and

dedermining a cycle threshold value for each biological semple based on a
complementary relationship of the modeled afficiency curve 1o the modeled amplification

ctirve.

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

non-linear optimization,

3. The method of claim 1, further comprising:

generaling the modeled efficiency curve based on the besiil sel of paramelers;
and

generating the associated amplification curve based on the moedeled efficiency

cHrve.

4. The method of claim 1, wherein the modeled elficiency curve is explicitly
modeled, and the modeled amplification curve is implicitly modeled based on the explicitly
modeled afiiciency curve,

8. The method of claim 3, wherein defermining the cycle threshold value is

hased on a predetermined efficiency parameter valug.
6. The method of claim 1. further comprising identifying non-amplified samples.

7. The mathod of claim 8, wherein the identifying non-amplified samples
comprises perfarming a test selected from the group consisting of: threshold ampiification,
model curve fil, noise threshold, maximum cycle, minimum cycle, end-point amplification,

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

8. The mathod of claim 1, Turther comprising:
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generating baselined medel amplilication curves based on the besi-fit set of
parameters, wherein the cycle threshold determination is based on the complameantary
relationship belwsen the baselined mode! ampilification curves and corresponding efficiancy

curve,

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

efficiency curve comprises three parameters.

10 The methed of claim 9, wherein the three best-fit set of parameters ars a

curve shift parameter, a curve bend parameler, and a curve shilt adjustmenl parameter.

11. The method of claim 1, further comyprising generating a projection of an
estimatad C, beyond a maximum number of PCR cycles bagsed on the complamentary

retationship of the modeled efficiency curve to the modeled amplificalion curve,

12, A compulerreadable medium encoded with instractions, executable by a
processor, for determining a cycle threshold for a2 PCR amplification curve, the instructions
comprising instructions for:

receiving a dala set for a plurality of biclogical samples for a PCR amplification
reaction, wherein the data se! includes a plurality of amplificalion curves, each amplification
curve asscoiated wilh a biological sample of the plurality of biological samplas;

performing a nonlinear optimization comprising a fit of each ampiification curve to
a modeled amplification curve to determine a besi-fit ssl of paramelers for a modeled
efficiency curve and the ampiification curve, wherein the modelad amplification curve is
based on a madsled efficiency curve; and

delzrmining a cycle threshold value for each bivlogical samplz based on a
complemantary refationship of the modeled efficiency curve to the modeled amplification

cirve.

13. A computerrsadable medium of claim 12, wherein the nonlinear optimization
is & consirained non-linear optimization.

14. The computer-readable mediun of claim 12, wherein the instructions further
comprise instructions for;

genearaling the modeled sfficiency curve based on the best-fit sat of parameters;
and

generating the associaled amplification curve based on the modeled efficiency

cuyve,
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15. The computer-readable medium of claim 12, whergin the modeled efficiency
curve is explicitly madeled, and the modeled amplification curve is implicitly modeted based

on the explicitly madeled sfficiency curve,

18, The compuler-readable medium of claim 15, whersin 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 compulaer readabls medium of claim 17, wherein the identifying non-.
amplified samples comprises performing a test selected from {he group consisting of:
threshold ampiification, model curve i, noise threshold, maximum oycle, minimum cycle,
end-point amplfication, model efficiency threshold, minimum noise, relative noise, relalive

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-fil set of
pararmeters, wharein the cycle threshold determination is basad on the complemenlary
refationship between the baselined model amplification curves and corresponding efficiency

cuve.

20, A syslem for determining a cycle threshold for a PCR amplification curve, the
syslem comprising;
a processor; and
a mamory storing instructions executable by the processor, the instructions
comprising instructions for:
receiving a data set for a pluralily of biclogical samples fora PCR
amplification reaction, wherein the dala sel includes a plurality of amplification
curves, each amplification curve associated with a biological sample of the
plurality of biological samples;
performing a nonlinear optimization cornprising a fit of each amplification
curve lo a modeled amplification curve (o determine a best-fit sel 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 threshoid value for each bickegical sarmple based on a
complameantary relationship of the modeled efficiency curve to the modeled

amplification curve,

21 The sysiern 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:

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

generaling the associated ampdification curve based on the modeled efficiency

gurve.

23, The sysiem of claim 20, wherein the modeled efficiency cutve is explicitly
imedeled, and the modeled amphification curve is implicitly modeled based on the explicilly
modeled efficiency curva.

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

based on a predelarmined efficiancy parameter value.

25. The systern of claim 20, wherein the mamory further stores instructions for
idantifying non-ampiified samples.

26. The system of claim 25, wherein the identifying non-amplified samples
comprises performing a test selected from the group consisting of: thrashold amplification,
model curve i, noise threshold, maximum cycle, minimum cycle, end-point amplification,

madel efficiency threshold, minimum noise, relative noise, relative scaling, or drop-off.
27. The system of claim 20, wherein the memaory 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 complemeniary
relationship between the baselined model amplification curves and corresponding efficiency

Curve,

28. The system of claim 20, wherein the best-{it set of parameters for the |

modeled efficiency curve comprises three parameters.

28. The system of claim 28, wherein the three best-it sel of parameters are a
gurve shift parameter, a curve bend parameler, and a curve shift adjusiment parameter,



