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(57) ABSTRACT

A method of estimating a concentration of DNA molecules in
a biological sample includes storing a number of a plurality of
reaction sites in a memory and distributing the biological
sample among the plurality of reaction sites. The method also
includes determining a number of the plurality of reaction
sites characterized by a presence of one or more of the DNA
molecules and computing a portion of the plurality of reaction
sites characterized by the presence of the one or more of the
DNA molecules. The method further includes estimating the
concentration of the DNA molecules as a function of the
portion of the plurality of reaction sites and computing a
confidence interval for the estimated concentration of DNA
molecules.
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METHOD AND APPARATUS FOR
DETERMINING COPY NUMBER VARIATION
USING DIGITAL PCR

CROSS-REFERENCES TO RELATED
APPLICATIONS

[0001] Thepresentapplication claims benefitunder35 U.S.
C. § 119(e) of U.S. Provisional Patent Application No.
61/070,199, filed on Mar. 19, 2008, entitled “Mathematical
Analysis of Copy Number Variation on Digital Array,” the
disclosure of which is hereby incorporated by reference in its
entirety for all purposes.

BACKGROUND OF THE INVENTION

[0002] The present invention relates generally to nanoflu-
idic techniques. In particular, the invention provides a method
and system for computing copy number variation in a DNA
sample using digital PCR. More particularly, the present
method and system partitions a DNA sample into a number of
separate reaction chambers present in a nanofluidic chip
forming a digital array. Merely by way of example, the nanof-
luidic methods and systems described herein are used to
determine accurate estimates for concentrations of target
gene and reference gene molecules in a biological sample as
well as ratios of the determined concentrations. Although the
techniques for nanofluidic systems are applied to digital PCR
using digital arrays, it would be recognized that the invention
has a much broader range of applicability.

[0003] Some conventional digital polymerase chain reac-
tion (PCR) techniques utilize sequential limiting dilutions of
target DNA followed by amplification using PCR. Using this
digital PCR technique, it is possible to quantitate single DNA
target molecules. Another digital PCR technique utilizes a
microfiuidic biochip in which DNA molecules are partitioned
rather than diluted. As an example, the microfluidic biochip
typically utilizes integrated channels and valves that partition
mixtures of sample and reagents into reaction chambers hav-
ing nanolitre volumes. DNA molecules in each mixture are
randomly partitioned into the various chambers of the bio-
chip, the chip is thermocycled, and the chip is imaged to
determine the number of reaction chambers having a desired
DNA molecule.

[0004] Copy number variation (CNV) is the gain or loss of
genomic regions which range from 500 bases on upwards in
size. Whole genome studies have revealed the presence of
large numbers of CNV regions in human DNA and a broad
range of genetic diversity among the general population.
Copy number variations have been the focus of a number of
recent studies as a result of their role in human genetic disor-
ders.

[0005] Current whole-genome scanning technologies use
array-based platforms (array-CGH and high-density SNP
microarrays) to study CNVs. These approaches are charac-
terized by high throughput, but lack resolution and sensitivity.
Real-time PCR is a sequence-specific technique that is easy to
perform, but is limited in its discriminating power beyond a
2-fold difference. CNV determination using a digital array is
based upon the ability to partition DNA sequences. Given the
number of molecules per panel and the dilution factor, the
concentration of the target sequence in a DNA sample can be
accurately calculated.

[0006] Ina multiplex PCR reaction with 2 or more assays,
multiple genes can be quantitated simultaneously and inde-
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pendently, effectively eliminating any pipetting errors if sepa-
rate reactions have to be set up for different genes. When a
single copy reference gene (e.g., RNase P) is used in the
reaction, the ratio of the target gene to the reference gene
would reflect the copy number per haploid genome of the
target gene.

[0007] DNA quantitation in the digital array is based on the
partitioning of a PCR reaction into an array of several hun-
dreds or even a few thousands of reaction chambers or wells.
If a DNA sample only includes several DNA molecules of
interest in the sample, most of the reaction chambers in a
digital PCR chip will include either one or no molecules.
Thus, to first order, the number of positive reaction chambers
at the PCR end-point provides a count of the molecules of
interest in the sample. However, if the number of molecules of
interest is large compared to the number of reaction cham-
bers, it is likely that a number of the reaction chambers will
include more than one molecule of interest and the positive
reaction chamber count will be significantly less than the
number of molecules of interest. Thus, there is a need in the
art for improved methods and systems for estimating the
number of molecules in a DNA sample.

SUMMARY OF THE INVENTION

[0008] According to the present invention, techniques for
nanofluidic systems are provided. In particular, the invention
provides a method and system for computing copy number
variation in a DNA sample using digital PCR. More particu-
larly, the present method and system partitions a DNA sample
into a number of separate reaction chambers present in a
nanofluidic chip forming a digital array. Merely by way of
example, the nanofluidic methods and systems described
herein are used to determine accurate estimates for concen-
trations of target gene and reference gene molecules in a
biological sample as well as ratios of the determined concen-
trations. Although the techniques for nanofiuidic systems are
applied to digital PCR using digital arrays, it would be rec-
ognized that the invention has a much broader range of appli-
cability.

[0009] According to an embodiment of the present inven-
tion, a method of estimating a concentration of DNA mol-
ecules in a biological sample is provided. The method
includes storing a number of a plurality of reaction sites in a
memory and distributing the biological sample among the
plurality of reaction sites. The method also includes deter-
mining a number of the plurality of reaction sites character-
ized by a presence of one or more of the DNA molecules and
computing a portion of the plurality of reaction sites charac-
terized by the presence of the one or more of the DNA mol-
ecules. The method further includes estimating the concen-
tration of the DNA molecules as a function of the portion of
the plurality of reaction sites and computing a confidence
interval for the estimated concentration of DNA molecules.
[0010] According to another embodiment of the present
invention, a method of estimating a concentration of a DNA
molecule in a biological sample is provided. The method
includes storing a number of a plurality of reaction sites in a
memory, distributing the biological sample among the plural-
ity of reaction sites, determining a number of the plurality of
reaction sites characterized by a presence of one or more of
the DNA molecules, computing a portion of the plurality of
reaction sites characterized by the presence of the one or more
of'the DNA molecules, and computing a standard deviation as
a function of the portion of the plurality of reaction sites
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characterized by the presence of the one or more of the DNA
molecules. The method also includes forming a first probabil-
ity density function having a mean based on the portion of the
plurality of reaction sites characterized by the presence of the
one or more of the DNA molecules and the standard devia-
tion, defining a first limit and a second limit, and computing a
first confidence interval associated with an area under the first
probability density function between the first limit and the
second limit. The method further includes forming a second
probability density function as a function of a set of concen-
tration values. Forming a second probability density function
includes computing a hit percentage as a function of a con-
centration value of the set of concentration values, computing
a second probability density function value as a function of
the first probability density function evaluated at the hit per-
centage, and repeating computing a first hit percentage and
computing a second probability density function for the set of
concentration values. Moreover, the method includes defin-
ing a third limit and a fourth limit and computing a second
confidence interval associated with an area under the second
probability density function between the third limit and the
fourth limit.

[0011] According to a particular embodiment of the present
invention, a method of estimating a ratio of a concentration of
a first DNA molecule in a biological sample to a concentra-
tion of a second DNA molecule in the biological sample is
provided. The method includes storing a number of a plurality
of reaction sites in a memory and distributing the biological
sample among the plurality of reaction sites. The method also
includes determining a first number of the plurality of reac-
tion sites characterized by a presence of one or more of the
first DNA molecules and determining a second number of the
plurality of reaction sites characterized by a presence of one
or more of the second DNA molecules. The method further
includes computing a first portion of the plurality of reaction
sites characterized by the presence of the one or more first
DNA molecules and computing a portion of the plurality of
reaction sites characterized by the presence of the one or more
second DNA molecules. Moreover, the method includes esti-
mating the concentration of the first DNA molecule as a
function of the first portion of the plurality of reaction sites,
estimating the concentration of the second DNA molecule as
a function of the second portion of the plurality of reaction
sites, and computing the ratio of the concentration of the first
DNA molecule in the biological sample to the concentration
of'a second DNA molecule in the biological sample.

[0012] According to another particular embodiment of the
present invention, a method of estimating a ratio of a concen-
tration of a first DNA molecule in a biological sample to a
concentration of a second DNA molecule in the biological
sample is provided. The method includes storing a number of
analysis panels in a memory, storing a number of a plurality of
reaction sites per analysis panel in the memory, and distrib-
uting the biological sample among the plurality of reaction
sites of the analysis panels. The method also includes forming
a first histogram of the concentration of the first DNA mol-
ecule per panel based on the number of analysis panels and
forming a second histogram of the concentration of the sec-
ond DNA molecule per panel based on the number of analysis
panels. The method further includes forming a ratio histo-
gram. Forming the ratio histogram includes defining a bin
extent associated with the ratio histogram and determining a
number of ratio pairs from the first histogram and the second
histogram, respectively, falling within the bin extent, thereby
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defining a value associated with the first histogram and a
value associated with the second histogram. Forming a ratio
histogram also includes computing a product of the first his-
togram evaluated at the value associated with the first histo-
gram and the second histogram evaluated at the value asso-
ciated with the second histogram, storing a histogram entry
for the product in the memory associated with the bin extent,
and repeating determining a number of ratio pairs, computing
a product, and storing a histogram entry to form the ratio
histogram.

[0013] According to a specific embodiment of the present
invention, a system for estimating a concentration of a DNA
molecule in a biological sample is provided. The system
includes a light source, a first optical system in optical com-
munication with the light source, and a nanofluidic chip sup-
port configured to receive a nanofluidic chip having a plural-
ity of reaction chambers. Optical radiation from the light
source is directed onto the nanofluidic chip by the first optical
system. The system also includes a second optical system
configured to receive optical radiation emitted from the
nanofluidic chip, a detector in optical communication with
the second optical system, and a computer comprising a data
processor and a computer-readable medium storing a plural-
ity of instructions for controlling a data processor to estimate
the concentration of the DNA molecule in the biological
sample. The plurality of instructions includes instructions
that cause the data processor to determine a number of the
plurality of reaction chambers characterized by a presence of
one or more of the DNA molecules and instructions that cause
the data processor to compute a portion of the plurality of
reaction sites characterized by the presence of the one or more
of the DNA molecules. The plurality of instructions also
includes instructions that cause the data processor to estimate
the concentration of the DNA molecules as a function of the
portion of the plurality of reaction sites and instructions that
cause the data processor to compute a confidence interval for
the estimated concentration of DNA molecules.

[0014] Embodiments of the present invention provide
methods and systems in which a digital array provides a
robust and easy-to-use platform to study CNVs. Utilizing
embodiments of the present invention, the true concentration
of' molecules from the observed positive reactions in a panel
can be estimated along with associated confidence intervals.
Additionally, the methods and systems described herein pro-
vide for the computation of the ratio of two concentrations in
a CNV experiment using the digital array with multiplex
PCR.

[0015] Numerous benefits are achieved using the present
invention over conventional techniques. For example, some
embodiments provide methods and systems to distinguish
between DNA samples with different copy number variations
with greater resolution than using conventional techniques.
Additionally, embodiments of the present invention provide
for more convenient laboratory systems. These and other
benefits have been described throughout the present specifi-
cation and more particularly below. Various additional
objects, features, and advantages of the present invention can
be more fully appreciated with reference to the detailed
description and accompanying drawings that follow.

BRIEF DESCRIPTION OF THE DRAWINGS

[0016] FIG. 1 is a simplified diagram of a nanofluidic bio-
chip according to an embodiment of the present invention;
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[0017] FIGS. 2A-2D are simplified diagrams of portion of
the nanofluidic biochip illustrated in FIG. 1;

[0018] FIG. 3 is an image of fluorescent emissions from a
digital array according to an embodiment of the present
invention;

[0019] FIG.4 isasimplified flowchart illustrating a method
of determining a concentration of DNA molecules according
to an embodiment of the present invention;

[0020] FIG.5isasimplified flowchart illustrating a method
of determining a concentration of DNA molecules according
to another embodiment of the present invention;

[0021] FIG. 6 isa simplified flowchart illustrating a method
of determining a ratio of target to reference gene concentra-
tion according to an embodiment of the present invention;
[0022] FIG.7isasimplified flowchart illustrating a method
of determining a ratio of target to reference gene concentra-
tion according to another embodiment of the present inven-
tion;

[0023] FIG. 8A is a simplified graph illustrating the com-
putation of confidence intervals of a ratio of two normally
distributed random variables according to an embodiment of
the present invention;

[0024] FIG. 8B is a simplified graph illustrating the com-
putation of a sampling distribution of the ratio of two random
variables with arbitrary probability distributions according to
an embodiment of the present invention;

[0025] FIG. 9A is a simplified flowchart illustrating a
method of determining if two samples have different concen-
trations of a target gene according to an embodiment of the
present invention;

[0026] FIG.9Bisachartshowing data from a CNV study to
distinguish between samples with varying numbers of copies
of a target gene according to an embodiment of the present
invention;

[0027] FIG. 10A is simplified diagram of a panel overlaid
on a universe of reaction chambers according to an embodi-
ment of the present invention;

[0028] FIG. 10B is a simplified diagram illustrating how a
sampling distribution of the estimated concentration is
derived from a sampling distribution of the estimated hit rate
according to an embodiment of the present invention;

[0029] FIG. 11 is a simplified histogram illustrating a num-
ber of hits per chamber formed according to an embodiment
of the present invention;

[0030] FIG. 12 is a simplified schematic diagram of an
analysis system according to an embodiment of the present
invention;

DETAILED DESCRIPTION OF SPECIFIC
EMBODIMENTS

[0031] The conventional view in human genetics held that
genes were always present in two copies per diploid cell.
After the completion of the human genome project about five
years ago, it is now clear that some genes are present in
multiple copies in different individuals, and that occasionally
huge regions of the genome are duplicated or deleted. Such
copy number variation (CNV) is now known to be associated
with many human diseases. Copy number variations (CNVs)
can be determined using a technique known as Digital PCR in
which DNA samples are quantitated using limiting dilutions.
Another technique, rather than using limiting dilutions, uti-
lizes a nanofluidic chip called a digital array, which partitions
individual DNA molecules in separate reaction chambers.
The digital array chip utilizes integrated channels and valves
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that partition mixtures of sample and reagents into, for
example, 765 reaction chambers, each with volumes on the
scale of nanoliters.

[0032] When the concentration of the input target mol-
ecules is large, an individual reaction chamber could have
multiple molecules present in the reaction chamber. Embodi-
ments of the present invention provide methods and systems,
which are mathematically sound and computationally effi-
cient, to accurately analyze CNV in a DNA sample. These
methods and systems are applicable to the technology of the
digital array as well as other DNA analysis techniques. Fur-
thermore, embodiments of the present invention provide
methods and systems to accurately estimate the true concen-
tration of the molecules in the DNA sample and then deter-
mine the ratios of different sequences along with statistical
confidence intervals on these estimations. Some embodi-
ments ofthe present invention utilize theories of statistics and
probability whereas other embodiments utilize numerical
algorithms and formulas that provide close approximations
for the true concentration of molecules in a DNA sample.
[0033] The digital array provides a robust and easy-to-use
platform to study CNVs. Embodiments of the present inven-
tion utilize a mathematical framework to calculate the true
concentration of molecules from the observed positive reac-
tions in a panel. Additionally, embodiments provide methods
and systems to perform statistical analysis to find predeter-
mined (e.g., 95%) confidence intervals of the true concentra-
tions as well as the ratio of two concentrations (e.g., a target
gene and a reference gene) in a CNV experiment using the
digital array with multiplex PCR.

[0034] The copy number variation problem can be stated as
follows: Given two counts H, and H, of positive chambers for
two genes in a digital array panel, how can one estimate a ratio
of true concentrations r=h,/A, of the two genes and a confi-
dence interval [r;,,,, [z;g,] On the estimation?

[0035] Methods and systems related to determining CNV
using digital PCR are discussed in copending and commonly
assigned U.S. Provisional Patent Application No. 60/967,
897, filed on Sep. 7, 2007 and entitled “Copy Number Varia-
tion Determination by Digital PCR,” the disclosure of which
is hereby incorporated by reference in its entirety for all
purposes. Some embodiments of the present invention
decompose the CNV problem into two parts:

[0036] 1. Given a count H of positive chambers, how can
one estimate the true concentration A of target molecules in
the DNA sample and a confidence interval [A;,,,, Aggr] 0D
this estimation?

[0037] 2. Given estimated true concentrations A, and A, of
the reference gene and the target gene in the DNA sample,
respectively, and their respective confidence intervals [A, .,
Ay arign] @0d [As 70005 A i), how can one estimate the ratio
r=A,/h, and a confidence interval [t ,,,, T;,] On this estima-
tion?

[0038] It should be noted that embodiments of the present
invention differ from recent approaches to quantitation in
digital arrays. In a preprint entitled “The Digital Array
Response Curve” (http://thebigone.stanford.edu/quake/pub-
lications/DigResCurve.pdf), by Luigi A. Warren et al.,, a
Bayesian approach is utilized in which given the number of
positive chambers in a panel, one computes the number of
molecules for this particular experiment. In the Bayesian
approach, one assumes some prior probability distribution on
the number of molecules and builds a probability distribution
of getting the observed number of positive chambers for each
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possible number of molecules. In the preprint by Warren et
al., a uniform distribution of number of molecules was
assumed, with a maximum number assumed to be 4000, and
using Bayesian and combinatorial methods, the digital PCR
response curve was calculated. Embodiments of the present
invention differ from the Bayesian approach described above
since they provide methods and systems that estimate the true
concentration of molecules in the DNA sample, as if this
experiment were to be repeated infinitely many times.

[0039] FIG. 1 is a simplified diagram of a nanofluidic bio-
chip according to an embodiment of the present invention. As
illustrated in FIG. 1, the nanofluidic biochip, also referred to
as a digital array, includes a carrier 110, which may be made
from materials providing suitable mechanical support for the
various elements of the nanofluidic biochip. As an example,
the biochip is made using an elastomeric polymer. The outer
portion of the biochip has the same footprint as a standard
384-well microplate and enables stand-alone valve operation.
As described below, there are 12 input ports corresponding to
12 separate sample inputs to the chip. The biochip has 12
panels 105 and each of the 12 panels contains 765 6 nl reac-
tion chambers with a total volume of 4.59 ul per panel.
Microfluidic channels 112 connect the various reaction
chambers on the panels to fluid sources as described more
fully below.

[0040] Pressure is applied to accumulator 120 in order to
open and close valves connecting the reaction chambers to
fluid sources. As illustrated in FIG. 1, 12 inlets 122 are pro-
vided for loading of the sample reagent mixture. 48 inlets 122
are used in some applications to provide a source for reagents,
which are supplied to the biochip when pressure is applied to
accumulator 120. In applications in which reagents are not
utilized, inlets 122 and reagent side accumulator 120 may not
be used. Additionally, two inlets 132 are provided in the
embodiment illustrated in FIG. 1 to provide hydration to the
biochip. Hydration inlets 132 are in fluid communication with
the biochip to facilitate the control of humidity associated
with the reaction chambers. As will be understood to one of
skill in the art, some elastomeric materials utilized in the
fabrication of the biochip are gas permeable, allowing evapo-
rated gases or vapor from the reaction chambers to pass
through the elastomeric material into the surrounding atmo-
sphere. In a particular embodiment, fluid lines located at
peripheral portions of the biochip provide a shield of hydra-
tion liquid, for example, a buffer or master mix, at peripheral
portions of the biochip surrounding the panels of reaction
chambers, thus reducing or preventing evaporation of liquids
present in the reaction chambers. Thus, humidity at periph-
eral portions of the biochip can be increased by adding a
volatile liquid, for example water, to hydration inlets 132. In
a specific embodiment, a first inlet is in fluid communication
with the hydration fluid lines surrounding the panels on a first
side of the biochip and the second inlet is in fluid communi-
cation with the hydration fluid lines surrounding the panels on
the other side of the biochip.

[0041] Although the nanofluidic biochip illustrated in FIG.
1 includes 12 panels, each having 765 reaction chambers with
a volume of 6 nl per reaction chamber, this is not required by
the present invention. The particular geometry of the digital
array will depend on the particular applications. Thus, the
scope of the present invention is not limited to digital arrays
with 12 panels having 765 reaction chambers, but other com-
binations are included within the scope of the present inven-
tion. One of ordinary skill in the art would recognize many
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variations, modifications, and alternatives. Additional
description related to digital arrays suitable for use in
embodiments of the present invention are provided in U.S.
Patent Application Publication No. 2005/0252773 (U.S.
patent application Ser. No. 11/084,357), which is commonly
assigned and hereby incorporated by reference for all pur-
poses.

[0042] Running large numbers of replicate samples can
require significant quantities of reagents. In an embodiment
of the present invention, digital PCR is conducted in micro-
volumes. The reaction chambers for running low volume
PCR may be from about 2 nL. to about 500 nL.. The lower the
reaction chamber volume, the more the number of individual
assays that may be run (either using different probe and
primer sets or as replicates of the same probe and primer sets
or any permutation of numbers of replicates and numbers of
different assays). In one embodiment, the reaction chamber is
from about 2 nL. to about 50 nL, preferably 2 nl. to about 25
nl., more preferably from about 4 nL. to about 15 nL.. In some
embodiments, the reaction chamber volume is about 4 nL,
about 5 nL, about 6, nLL, about 7 nL., about 8, nL., about 9 nL,
about 10 nl, about 11 nl., or about 12, nL.. The sample
chambers may be constructed of glass, plastic, silicon, elas-
tomeric polymers such as polydimethylsiloxane, polyure-
thane, or other polymers. The samples processed by the
method of the invention are well suited for use in variable
copy number analysis using the BioMark™ system (Flui-
digm Corporation, South San Francisco, Calif.). The BioM-
ark™ system uses a polydimethylsiloxane microfluidic
device that provides for running multiple assays on multiple
samples.

[0043] The Fluidigm nanofluidic chips (digital arrays) and
BioMark™ fluorescence imaging thermal cycler system, are
manufactured by Fluidigm Corporation (South San Fran-
cisco, Calif.). Chips are fabricated following the Multilayer
Soft Lithography (MSL) methodology (Unger M A, Chou H
P, Thorsen T, Scherer A, Quake S R, Monolithic microfabri-
cated valves and pumps by multilayer soft lithography, Sci-
ence 2000; 288:113-116). The chip has sample channels that
have 10 um average semi-elliptical depth, 70 pm width, with
parallel spacing 200 pm on-center. Sample fluidics are fabri-
cated with a two-layer mold process to create partition cham-
bers 265 um (depth)x150 umx150 um arranged along each
sample channel. On a separate silicone layer, the control
channels of the chip run perpendicular to the sample chan-
nels. The intersections of the channels form deflective valves
for routing fluids. Upon pressurization of the control chan-
nels, a thin membrane between layers closes off the sample
channels to isolate individual partition chambers. The control
channels are 15 pm deep, 50 pm wide with parallel spacing
300 um on center.

[0044] PCR mixes are loaded into each panel and single
DNA molecules are randomly partitioned into the various
reaction chambers. After loading of the panels and reaction
chambers, the digital array is thermocycled and then imaged
on an appropriate reader, for example, a BioMark™ instru-
ment available from the present assignee. The data produced
is analyzed using Digital PCR Analysis software available
from the present assignee or other suitable analysis software.
[0045] FIGS. 2A-2D are simplified diagrams of portion of
the nanofluidic biochip illustrated in FIG. 1. FIG. 2A illus-
trates the 12 panels 105, each of the panels including a num-
ber of reaction chambers. FIG. 2B illustrates the geometry of
anumber of reaction chambers 150 contained in a panel. The
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reaction chambers 150 are spaced on 200 um centers as illus-
trated. FIG. 2B illustrates a fluorescence image of a portion of
a panel. The left side of the illustration is a control section,
with all the reaction chambers illustrated as dark. The right
side of the illustration shows how in a typical experiment,
many of the reaction chambers are dark 160, generating no
significant fluorescent emission. However, a portion of the
reaction chambers have fluorescent emission, indicating a
“positive” reaction chamber 162. As illustrated in FIG. 2D,
sample channels run left to right connecting individual reac-
tion chambers and control channels run top to bottom in the
lower layer. Upon pressurization of the control channels, a
thin membrane between layers closes off the sample channels
to isolate individual reaction chambers. The valves partition
individual chambers that are kept closed during the PCR
experiment.

[0046] In some embodiments, a variety of devices and
methods for conducting microfluidic analyses are utilized
herein, including devices that can be utilized to conduct ther-
mal cycling reactions such as nucleic acid amplification reac-
tions. The devices differ from conventional microfiuidic
devices in that they include elastomeric components; in some
instances, much or all of the device is composed of elasto-
meric material. For example, amplification reactions can be
linear amplifications, (amplifications with a single primer), as
well as exponential amplifications (i.e., amplifications con-
ducted with a forward and reverse primer set).

[0047] The methods and systems provided by some
embodiments of the present invention utilize blind channel
type devices in performing nucleic acid amplification reac-
tions. In these devices, the reagents that are typically depos-
ited within the reaction sites are those reagents necessary to
perform the desired type of amplification reaction. Usually
this means that some or all of the following are deposited:
primers, polymerase, nucleotides, metal ions, buffer, and
cofactors, for example. The sample introduced into the reac-
tion site in such cases is the nucleic acid template. Alterna-
tively, however, the template can be deposited and the ampli-
fication reagents flowed into the reaction sites. As discussed
in more detail throughout the present specification, when a
matrix device is utilized to conduct an amplification reaction,
samples containing nucleic acid template are flowed through
the vertical flow channels and the amplification reagents
through the horizontal flow channels or vice versa.

[0048] An embodiment of the present invention has been
applied to estimating the true concentration of the molecules
in the DNA sample from which we extracted 6 nlx765=4.59
ul of sample was extracted for each panel. Consider the uni-
verse of an infinite number of digital array chambers filled
with an infinite amount of the DNA sample, where the true
concentration of the target molecules per chamber (e.g., reac-
tion chamber volume of 6 nl) is represented by A. The true
concentration is an unknown population parameter of this
infinite DNA sample. If; after the reaction chamber filling
process, no molecule is present in the chamber, then it con-
stitutes failure in the sense of a Bernoulli experiment. If the
chamber includes one or more molecules, that is, if it gets a
“hit” and is therefore positive, then it constitutes success. Let
the probability of success (i.e., one or more molecules per
chamber) be p, which is an unknown parameter of the experi-
ment.

[0049] A fundamental insight of the present inventors is
that one can first estimate p and then estimate A, as the two
parameters are interrelated. Another important insight is that
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a digital array panel is a finite random statistical sampling of
the underlying infinite universe of reaction chambers.

[0050] The inventors have noted that embodiments of the
present invention are related to a case in which one is trying to
estimate the true mean height p of an infinite population of
people and randomly selects N people and uses the mean
height m of'this finite sample as an unbiased estimator of the
population mean. If the standard deviation of height in the
population is o, then X denoting the random variable of the
sample mean has a sampling distribution F(X) with mean p
and standard deviation

the latter often referred as the standard error of the mean. The
sampling distribution is the probability distribution of the
sample statistic. From the Central Limit Theorem, it is known
that the sampling distribution can be approximated by a nor-
mal distribution as N gets large. From the sampling distribu-
tion F, one can compute the 95% confidence interval by
computing the 95% area under the distribution, which is
approximately m=z_s, where z.=1.96, assuming a normal
distribution for large values of N. The meaning of the 95%
confidence interval is that if one were to repeat this sampling
process many times, then 95% of the time, the population
mean height will lie within the specified confidence intervals.

[0051] FIG. 3 is an image of fluorescent emissions from a
digital array according to an embodiment of the present
invention. As illustrated in FIG. 3, human genomic DNA
NA10860 was quantitated in the left five panels and the
RPP30 synthetic construct was quantitated in the right 5
panels. The total volume of the PCR mix in each panel was 6
nlx765 reaction chambers=4.59 pl). Both NA10860 and
RPP30 were quantitated using the RPP30 (FAM) assay in the
digital array illustrated in FIG. 3. The two bottom panels are
referred to as no template control (NTC). The positive cham-
bers that originally contained one or more DNA molecules
are characterized by fluorescence in FIG. 3 and can be
counted by digital array analysis software.

[0052] As described more fully throughout the present
specification, the chip was thermocycled and imaged on the
BioMark™ real-time PCR system available from the present
assignee and Digital PCR Analysis software, such as the
BioMark™ Digital PCR Analysis available from the present
assignee, was used to count the number of positive chambers
in each panel. When two assays with two fluorescent dyes are
used in a multiplex digital PCR reaction, two genes can be
independently quantitated. This ability to independently
quantitate genes is used as described herein to study copy
number variations using the digital array.

[0053] Inorderto estimate p, let the number of chambers in
the panel be C and let the number of positive chambers in the
panel be H. Consider
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as an estimator of p. The inventors have determined that P is
an unbiased estimator of p and its sampling distribution F has
expectation p and standard deviation

pp-1)
I—C .

Asillustrated in FIG. 9, if one considers an infinite universe of
chambers, a digital array panel is a finite sampling of this
universe. The positive chambers, which have hits of one or
more molecule, are shown as filled squares in the universe and
the panel, which may have 765 reaction chambers.

[0054] If one defines independent random variables:

{0, if i-zh chamber is negative
X =

1, if i-th chamber is positive

These variables are independent in the same way tosses of a
coin are independent of each other. It can be shown that E(X,)
is p and Var(X,) is p(1-p), where E and Var are expectation
and variance, respectively.

[0055] Now, consider the random variable:

Note that the random variable of the proposed estimator

alx

is the same as Y, and it can be shown that E(Y) is p and Var(Y)
is

pp-1)
—

To see why the latter is true, note that Var(aX) is a*Var(X)
and for independent variables Var(X,+X,)=Var(X,)+Var
X5).

[0056] From the Central Limit Theorem, the sampling dis-
tribution of Y can be approximated by a normal distribution as
C gets large. As described below, in the estimation of F(Y),
the standard deviation is

pip-1)
o

in which p is unknown. If C is large enough, then P can be
used as an estimation of p. For estimating the confidence
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limits at the level of confidence determined by z_ note that at
the confidence limits we have

p(l-p)
Pop=xg |22
P=tz C

[0057] By squaring both sides and solving the resulting
quadratic equation for p in terms of P, one can show that if C
is large enough, then the confidence limits are given by:

P(1-P)

Puightow = P£ 2 C

The inventors have determined for that a digital array with
panels having 765 reaction chambers, C is an integral mul-
tiple of 765 and is large enough for the above approximation
to hold. Thus, in some embodiments, P is used as an estima-
tion of p.

[0058] To estimate A, the relationship between p and A is
established. The inventors have noted that if M is the expected
number of molecules in C chambers, then M=AC. Since the
probability of getting no molecules in any chamber is the
product of probabilities of none of M molecules being in that
chamber, we have:

t-p=tini- g
. AM

= Lim{1 - 35

= pim{1- )"

=™,

[0059] Theinventors have determined that this result shows
that the Binomial distribution approaches the Poisson distri-
bution as the number of Bernoulli trials gets arbitrarily large.
Therefore,

A=-In(1-p),

which establishes the relationship between A and p.

[0060] From the sampling distribution F(Y) one can get the
sampling distribution of the random variable of the sample
mean concentration as

dY
G = F¥)Zme = FNAL = 1),

which follows from the fact that probabilities have to be
preserved for these continuous probability distributions. Note
that due to nonlinear relationship between A and p, one cannot
make assumptions about G. In general, G is not normal and
E(A)=-1n(1-E(Y)). From G, one can estimate A and its 95%
confidence interval. FIG. 10 illustrates how from the sam-
pling distribution of the estimation of p, one can obtain the
sampling distribution of estimation of A.

[0061] Since C is large, the standard deviation of F(Y) is
very small, and the transformation of Y into A is approxi-
mated as a linear function, and therefore G can be assumed to
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be normal and therefore the 95% confidence interval [A;
A igr] can be approximated as follows:

ows

Prow,igh = PF1.96

Al-P)
-

Atow = —In(l = Py,,,) and

Apiigh = —In(1 = Pyign).

Thus, utilizing embodiments of the present invention, meth-
ods and systems are provided for estimating the true concen-
tration of a target gene in a DNA sample.

[0062] The inventors have performed computer simula-
tions to verify that the methods and systems described herein
correspond to areal-world environment. For this purpose, one
can use a random number generator and a computer program
to simulate the universe of the digital array chambers. If a
panel has C chambers, consider a universe of CxK chambers
where K is a large number chosen for simulation. The meth-
odology is as follows: choose some value of A as the true
concentration of molecules per chamber. Therefore, in total,
there will be AxCxK molecules in the universe. Assign each
of these molecules randomly to one of the various reaction
chambers. Extract K panels out of this universe and for each
of the panels, compute

alx

as an estimator of p and plot its histogram over all the K
panels. The mean should be p=1-e~* and the standard devia-
tion should be

plp-1)
o= _
Vv C

For each of these panels, estimate A and compute the 95%
confidence interval. In 95% of the K panels, the true value of
A should lie within the confidence interval.

[0063] For our computer simulations we chose M=400
molecules per panel, that is,

400
T 765

molecules per chamber. We chose K=70,000. FIG. 11 illus-
trates a histogram of H formed according to an embodiment
of the present invention. As illustrated in FIG. 11, the histo-
gram of H is really the same as the distribution of P scaled by
a factor of C (765). Table 1 illustrates a comparison between
the metrics of the histogram, shown in FIG. 11, of the number
of'positive chambers obtained in the computer simulation and
the metrics predicted by the methods and systems described
herein. As illustrated by Table 1, there is a close match
between the predicted values and the actual computer simu-
lation values. In the same way, the sampling distribution of
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the number of molecules (illustrated by the curve in FIG. 11)
matched well with that predicted by the methods and systems
described herein.

TABLE 1

Theoretical Predictions ~ Simulation Results

Mean 311.5 311.48
Standard Deviation 13.59 13.58
Percent of times M = 400 95% 94.44%

lies in the computed 95%
confidence interval

[0064] FIG. 4 is a simplified flowchart illustrating a method
400 of determining a concentration of DNA molecules
according to an embodiment of the present invention. The
method illustrated in FIG. 4 provide for approximates of the
DNA molecule concentration and the confidence interval
associated with the DNA molecule concentration. The num-
ber of reaction chambers in a panel is stored into a memory
(410). The number of reaction chambers, for example,
C=765, can be input using suitable input devices such as a
keyboard of a computer system. The memory is provided as
part of the sample analysis system, for example, the system
illustrated in FIG. 12. The biological sample is distributed
among the reaction chambers (412). In a particular embodi-
ment, the biological sample is partitioned using a digital array
to form a number of reaction chambers in which the concen-
tration of DNA molecules is less than one per chamber. After
partitioning in the digital array in this particular embodiment,
the biological sample is thermocycled and imaged to deter-
mine a number of positive reaction chambers (414). In
embodiments of the present invention, positive reaction
chambers (denoted by the symbol H) are those reaction cham-
bers associated with one or more DNA molecules of interest.

[0065] The portion of the reaction chambers in the panel
that are positive reaction chambers is computed (e.g., P=H/C)
and a standard deviation is computed (e.g.,

_ | PP-D e
o= o) (416

Using the standard deviation, a confidence interval can be
determined based on the portion of positive reaction cham-
bers and the standard deviation. As an example,

P(1-P)
Prow,igh = P¥1.96 C .

[0066] The estimated concentration (A) is computed as a
function of the portion of positive reaction chambers (e.g.,
A=-In(1-p)) (418). The estimated concentration, which is
greater than the portion of positive chambers, provides an
estimate of the concentration of molecules per panel for the
tested biological sample. A confidence interval is computed
for the estimated concentration as a function of the portion of
positive reaction chambers and the standard deviation (420).
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In an embodiment, the confidence interval for the estimated
concentration is bounded by:

Arow = =In(1l = Ppoy,) and Agign = =In(1 = Pyig),
where

PL-P)
Puightow = P £ 2¢ e

[0067] It should be appreciated that the specific steps illus-
trated in FIG. 4 provide a particular method of determining a
concentration of DNA molecules in a test panel according to
an embodiment of the present invention according to an
embodiment of the present invention. Other sequences of
steps may also be performed according to alternative embodi-
ments. For example, alternative embodiments of the present
invention may perform the steps outlined above in a different
order. Moreover, the individual steps illustrated in FIG. 4 may
include multiple sub-steps that may be performed in various
sequences as appropriate to the individual step. Furthermore,
additional steps may be added or removed depending on the
particular applications. One of ordinary skill in the art would
recognize many variations, modifications, and alternatives.
[0068] FIG.5 isasimplified flowchart illustrating a method
500 of determining a concentration of DNA molecules
according to another embodiment of the present invention.
The number of reaction chambers in a panel is stored into a
memory (510). In some embodiments, a digital array may
include a number of adjacent panels (e.g., 12 panels) as illus-
trated in FIG. 1. The number of reaction chambers, for
example, C=765, can be input using suitable input devices
such as a keyboard of a computer system. The memory is
provided as part of the sample analysis system. The biological
sample is distributed among the reaction chambers (512). Ina
particular embodiment, the biological sample is partitioned
using a digital array to form a number of reaction chambers in
which the concentration of DNA molecules is less than one
per chamber. After partitioning in the digital array in this
particular embodiment, the biological sample is ther-
mocycled and imaged to determine a number of positive
reaction chambers (514). In embodiments of the present
invention, positive reaction chambers (denoted by the symbol
H) are those reaction chambers associated with one or more
DNA molecules of interest.

[0069] The portion of the reaction chambers in the panel
that are positive reaction chambers is computed (e.g., P=H/C)
and a standard deviation is computed (e.g.,

_ | PP-D
o= o) ©lo)

Using the standard deviation, a confidence interval can be
determined based on the portion of positive reaction cham-
bers and the standard deviation. As an example,

[Pi-P
Prowtign = P 1.96 P(C )|

[0070] A first probability density function (PDF) is formed
based on the portion of positive reaction chambers and the
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standard deviation previously computed (518). As an
example, the PDF may be a Gaussian (normal) distribution in
which the mean of the PDF is the portion of positive reaction
chambers and the standard deviation is o. Utilizing the first
PDF (which may be referred by the symbol F), a confidence
interval for the first PDF is computed based on predetermined
confidence interval values (X) by measuring the X% area
under the PDF centered on the mean. Thus, a confidence
interval for the first PDF is defined by P, and P, (520).
[0071] A second PDF is formed (which may be referred to
by the symbol G) representing a distribution of estimated
concentrations (522). The second PDF is formed by consid-
ering values of estimated concentration A and computing
estimated hit probabilities as p=1-e”. Given a computed
value p, the second histogram is computed as:

GW=Fp)(1-p).

[0072] Utilizing the second PDF (G), a confidence interval
for the second PDF is computed based on predetermined
confidence interval values (Y) by measuring the Y% area
under the second PDF centered on the estimated mean con-
centration (A,,,,,,,)- Thus, a confidence interval for the second
PDF is defined by A, and A, (524). In an embodiment,
the output of the method includes the second PDF, the esti-
mated mean concentration, the confidence interval param-
eters, combinations, thereof, and the like.

[0073] It should be appreciated that the specific steps illus-
trated in FIG. 5 provide a particular method of determining a
concentration of DNA molecules in a test panel according to
another embodiment of the present invention according to an
embodiment of the present invention. Other sequences of
steps may also be performed according to alternative embodi-
ments. For example, alternative embodiments of the present
invention may perform the steps outlined above in a different
order. Moreover, the individual steps illustrated in FIG. 5 may
include multiple sub-steps that may be performed in various
sequences as appropriate to the individual step. Furthermore,
additional steps may be added or removed depending on the
particular applications. One of ordinary skill in the art would
recognize many variations, modifications, and alternatives.
[0074] FIG. 9A is a simplified flowchart illustrating a
method 900 of determining if two samples have different
concentrations of a target gene according to an embodiment
of the present invention. A first biological sample is distrib-
uted among a plurality of reaction chambers in a first set of
one or more panels (910). The first biological sample includes
a target gene and a reference gene. A second biological
sample is then distributed among a plurality of reaction cham-
bers in a second set or one or more panels (912). Thus, in the
embodiment illustrated in FIG. 9A, different biological
samples are randomly distributed in two identical or similar
sets of one or more panels. The first and second samples may
include the same target gene, but with a differing number of
copies of the target gene between the samples.

[0075] A mean concentration ratio and a confidence inter-
val is computed for the first sample (914). Various techniques
as described throughout the present specification can be uti-
lized to estimate the mean concentration ratio between the
target and reference genes. For example, the methods
described in relation to FIG. 6 and/or FIG. 7. A mean con-
centration ratio and a confidence interval is computed for the
second sample (916). As with the computations for the first
sample, various techniques as described throughout the
present specification can be utilized to estimate the mean
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concentration ratio between the target and reference genes for
the second sample, for example, the methods described in
relation to FIG. 6 and/or FIG. 7. Utilizing the mean concen-
tration ratios and confidence intervals, a determination is
made if the confidence interval for the first sample overlaps
with the confidence interval for the second sample (918). As
described in relation to FIG. 9B, if the confidence intervals do
not overlap, then the number of panels used is sufficient to
provide estimates of the copy numbers per target gene with
sufficient accuracy define by the confidence intervals. If there
is overlap between the confidence intervals, then an addi-
tional number of panels may be utilized to decrease the con-
fidence intervals and reduce overlap.

[0076] It should be appreciated that the specific steps illus-
trated in FIG. 9A provide a particular method of determining
if two samples have different concentrations of a target gene
according to another embodiment of the present invention.
Other sequences of steps may also be performed according to
alternative embodiments. For example, alternative embodi-
ments of the present invention may perform the steps outlined
above in a different order. Moreover, the individual steps
illustrated in FIG. 9A may include multiple sub-steps that
may be performed in various sequences as appropriate to the
individual step. Furthermore, additional steps may be added
or removed depending on the particular applications. One of
ordinary skill in the art would recognize many variations,
modifications, and alternatives.

[0077] FIG.9Bisachartshowing data from a CNV study to
distinguish between samples with varying numbers of copies
of a target gene according to an embodiment of the present
invention. As illustrated in FIG. 9B, the data from an actual
CNV study using a digital array provides insight into distin-
guishing between samples with varying number of copies of
a target gene. In total, six different known ratios were esti-
mated by running experiments for a varying number of pan-
els. The graphs for different numbers of copies are slightly
staggered to allow visual comparison of overlap of the 95%
confidence intervals.

[0078] The copy number variation results for known ratios
of 1, 1.5, 2, 2.5, 3 and 3.5 are shown in FIG. 9B. Thus, six
different samples are illustrated in FIG. 9B, each of the
samples having a different number of copies per target gene.
The same target gene and the same reference gene may be
utilized in the various samples, but with different numbers of
copies of the same target gene. For two copies of the target
gene, the ratio of the number of copies of the target gene to the
reference gene is 1 (curve 950) and for seven copies of the
target gene, the ratio is 3.5 (curve 960).

[0079] As the number of panels increases, then the number
of chambers increases (a multiple of 765 in some digital
arrays) and therefore the estimation of the ratio becomes
more accurate. Accordingly, the confidence interval shrinks
as the number of panels increases. When only a single panel
is utilized, there is significant overlap between 95% confi-
dence intervals of certain ratios (e.g. between ratio 2 and 2.5,
represented by copy number 4 and 5 on the ordinate axis).
Using two panels, some copy numbers are distinguishable
(e.g., between ratio 1.5 and 2, represented by copy number 3
and 4), but other differences in terms of the number of copies
of the target gene cannot be distinguished as represented by
the overlap of the confidence intervals (e.g. between ratio 2.5
and 3, represented by copy number 5 and 6).

[0080] When three or more panels are utilized, there is no
overlap, regardless of the copy number variation ratio. In all
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cases using three or more panels, the known ratio lies within
the computed 95% confidence interval. Note that using the
methods and systems described herein, one can find the opti-
mal numbers of positive chambers for each ratio that will give
the smallest confidence intervals and therefore improve the
results.

[0081] Because the digital array available from the present
assignee includes 12 panels per biochip, using a single bio-
chip, it is possible to distinguish copy number variations
associated with ratios much higher than illustrated in FIG.
9B. Additionally, as discussed above, as the reaction chamber
volume is reduced, additional chambers may be provided in a
given unit area, providing additional resolution for the esti-
mation of the ratio. As a result, increased accuracy or a given
accuracy from a given number of panels are provided by
designs in accordance with the present invention having
reduced chamber volumes.

[0082] FIG. 61is a simplified flowchart illustrating a method
600 of determining a ratio of target to reference gene concen-
tration according to an embodiment of the present invention.
In CNV studies, one goal is to determine the ratio of true
concentrations of two genes, one being a reference gene and
the other being a test gene, along with the associated confi-
dence interval. A number of reaction chambers are storedin a
memory (610). A biological sample is distributed among the
various reaction chambers, for example, by using a digital
array (612). The biological sample includes both a target gene
and a reference gene. The distribution of the biological
sample is random, thereby providing for a concentration of
less than one gene per reaction chamber. A mean estimated
concentration for the target gene is computed (614) and a
confidence interval is computed for the mean estimated con-
centration for the target gene (616). The mean estimated
concentration (e.g., A, ,,..,,) and the confidence interval val-
ues (€.8., Az a0d Ay, 1) can be computed using the meth-
ods described in relation to either FIG. 4 of FIG. 5. Thus, in
some embodiments, the values computed for the mean esti-
mated concentration for the target gene will be based on
approximate calculations, whereas in other embodiments,
they will be based on PDF-based calculations. One of ordi-
nary skill in the art would recognize many variations, modi-
fications, and alternatives.

[0083] A mean estimated concentration for the reference
gene is computed (618) and a confidence interval is computed
for the mean estimated concentration for the reference gene
(620). The mean estimated concentration (e.g., Az _,cq,) and
the confidence interval values (e.g., Ag 1, and Ay 4., ) can be
computed using the methods described in relation to either
FIG. 4 of FIG. 5. A ratio of the mean estimated concentration
of the target gene to the mean estimated concentration of the
reference gene is computed (622) as 1,,,.., =M mean! MR mean:
Confidence interval values (e.g., 1;,,,, and rz,,) for the ratio
of'the mean estimated concentration of the target gene to the
mean estimated concentration of the reference gene are com-
puted (624). In computing the confidence interval values, the
following equations are utilized in one embodiment:

Hrop = AT High = AT,mean 804 Hponom = AT mean = AT Low

Wright = AR High — ARmean a0d Wiep = AR mean — AR Low
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-continued
g =\ 34k = (Honom = A Wi = 13)
TLow =
/\%? - WI%ighr
Ardg 4 30k = (HE,, — AD(WRy - 1)
FHigh = peam Wngfr
[0084] It should be appreciated that the specific steps illus-

trated in FIG. 6 provide a particular method of determining a
ratio of target to reference gene concentration according to an
embodiment of the present invention. Other sequences of
steps may also be performed according to alternative embodi-
ments. For example, alternative embodiments of the present
invention may perform the steps outlined above in a different
order. Moreover, the individual steps illustrated in FIG. 6 may
include multiple sub-steps that may be performed in various
sequences as appropriate to the individual step. Furthermore,
additional steps may be added or removed depending on the
particular applications. One of ordinary skill in the art would
recognize many variations, modifications, and alternatives.
[0085] FIG.7isasimplified flowchart illustrating a method
700 of determining a ratio of target to reference gene concen-
tration according to another embodiment of the present inven-
tion. A number of reaction chambers are stored in a memory
(710). A biological sample is distributed among the various
reaction chambers, for example, by using a digital array
(712). The biological sample includes both a target gene and
a reference gene. The distribution of the biological sample is
random, thereby providing for a concentration of less than
one gene per reaction chamber.

[0086] A first concentration PDF for the target gene is
formed (e.g., G;) and a second concentration PDF for the
reference gene is formed (e.g., G,) (714 and 716). In forming
the first and second concentration PDFs, the methods
described in relation to FIG. 5 are utilized in a particular
embodiment. In an exemplary embodiment, formation of the
first and second concentration PDFs includes computation of
mean estimated concentrations and associated confidence
interval values.

[0087] A ratio PDF is formed based on concentration value
ratio pairs from the first and second concentration PDFs,
respectively (718). In order to form the ration PDF (L), the
range covered by the ratio PDF is divided into bins. For each
bin, possible pairs of A, and A are considered for which the
ratio r=Ah,/A falls within the bin. Typically, all possible pairs
for which the ration falls within the bin are considered. For all
such pairs, the products of G, (A,) and G,(,) are summed to
form entries in the L(r) PDF. Utilizing the ratio PDF (L(r)), a
confidence interval for the ratio PDF is computed based on
predetermined confidence interval values (X) by measuring
the X% area under the ratio PDF centered on the estimated
mean ratio (t,,,,,). Thus, a confidence interval for the ratio
PDF is defined by r; ,,, and 1z, (722). In an embodiment, the
output of the method includes the ratio PDF, the estimated
mean ratio, the confidence interval parameters, combina-
tions, thereof, and the like.

[0088] It should be appreciated that the specific steps illus-
trated in FIG. 7 provide a particular method of determining a
ratio of target to reference gene concentration according to
another embodiment of the present invention. Other
sequences of steps may also be performed according to alter-
native embodiments. For example, alternative embodiments

10
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of'the present invention may perform the steps outlined above
in a different order. Moreover, the individual steps illustrated
in FIG. 7 may include multiple sub-steps that may be per-
formed in various sequences as appropriate to the individual
step. Furthermore, additional steps may be added or removed
depending on the particular applications. One of ordinary
skill in the art would recognize many variations, modifica-
tions, and alternatives.

[0089] In forming the ratio PDF, the assumption, which is
valid for embodiments of the present invention, is made that
A, and A, are independent. A sampling distribution L of the
ratio of random variable R=A /A, is computed as follows:

2
f L(R)dR:ff
o1

rl=R=r2

GADF(A)d A dA,

[0090] A graphical interpretation of this formula is cutting
out thin wedges in the joint distribution of G(A ) and F(A,)
and accumulating the probabilities inside the wedge to com-
pute the distribution L in the corresponding thin interval of
the ratio. This is the basis of the methods and systems that
implement integration in order to compute L(R):

[0091] 1)Buildhistograms of sampling distributions G(A,)
and F(A,). The tails of the histograms where probabilities
become very small are approximated by zero.

[0092] 2) Build a histogram L(R) of sampling distribution
of'the ratio random variable R=A /A, by considering each bin
[r;, 5] and by adding all the joint probabilities of different
values of concentrations which give a ratio re[r;, r,].

[0093] 3)Compute the mean and the 95% confidence inter-
val from the ratio histogram.

[0094] It will be noted that one can still use direct formulas,
as an approximation, to compute confidence interval as fol-
lows: The means of G and F are A| and A, respectively. Let the
standard deviations be o, and o, respectively. Assuming that
distributions are normal, it follows that the boundary of the
confidence ellipse for a given confidence level z, would be
defined by:

C-hf oA,

s

2 2
ol o3

[0095] It is easy to generalize this to embodiments of the
present invention, under a reasonably close approximation,
when we have asymmetric distributions which are assumed to
be normal in each of the four quadrants of the coordinate
system centered at (A,, A;). Then the confidence region is
made of the union of four quadrant-wise elliptic regions. Let
the asymmetric confidence interval for specified z. of A; be
[A—Hg, A +H;] and of A, be [A,—-W,, A, +W,]

[0096] If Wr=W,=z o, and H,=H,=7 0,, it is symmetric
case. It can be shown that the slopes of lines that will be
tangents to this union of four quadrant-wise ellipses will be:

Mo = VAR — (HE - AD(WE - 23)
3 -Wwi

Yiow =
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-continued
Az + A — (HE - (W - 23)
VHigh = /\% — WL2 .
[0097] The above equations can be used as an approxima-

tion though a numerical algorithm will give more accurate
results as the algorithm does not make any assumptions and
works with arbitrary sampling distributions. It should be
noted that is some embodiments, special care is taken if the
confidence region gets too close to the A, axis when A, is
small. If it touches the A, axis, then 1y, =. If either A, or A,
is too small, one can build the histogram of A, or A,, respec-
tively, with a smaller bin size to get accurate results. This is
possible because A, and A, are random variables that take real
values.

[0098] As described more fully throughout the specifica-
tion, the following equations or combinations of the follow-
ing equations are utilized in various embodiments of the
present invention that implement methods and systems to
determine copy number variation:

p=top I
1= P=
Pi1-P Pyl—P
s, = 1( 1)’S2: 2( 2)
C C

Piiow = Py — 1965, Pyyign = Py + 1965,
Py iow = P2 —1.9652, Py igh = P2 +1.965;
Ap==In(l = P1), Ay g = —In(1 = Py gn0),
Aptigh = —=In(1 = Py pign)

Az = =In(l = P2), Adz10w = =In(1 = P 1o),
Ao pigh = —In(1 = P2 yign)

Hrop = At tigh — Ats Hottom = AL = Al Low
Whight = Ao,tigh — 22> Wiep = A2 = A2 10w

Th

02 = 323 = (Hgm = AD Wiy = 23)

FLow

3- WI%ighr
ke + /A3 - (H,, - AD(Why - 2D)
VHigh = /\% — WLZEﬁ
[0099] In these equations, the following variables are uti-

lized: a number of reaction chambers C and counts H, and H,
of the positive chambers in a digital array for the target gene
and the reference gene, respectively. Utilizing proper
assumptions, these equations give close approximations to
actual values.

[0100] Although embodiments of the present invention are
applied to the use of a digital array, this is not required. Other
applications in which sampling errors occur are suitable for
application of the methods and systems described herein. For
example, dilution of DNA samples, emulsion PCR, droplet-
based digital microfluidics techniques (e.g., Raindance Tech-
nologies of Guilford, Conn.), blind filling of chambers fol-
lowed by emulsion blockage of the chamber entry, and the
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like. Additionally, although embodiments of the present
invention have been applied to the problem of determining
copy number variation, other applications in which estimates
of molecule concentration are provided may benefit from the
techniques described herein. Merely by way of example,
absolute quantitative analysis based on segregation is
addressed by embodiments of the present invention. One of
ordinary skill in the art would recognize many variations,
modifications, and alternatives.

[0101] The inventors have performed computer simula-
tions using a random number generator and a computer pro-
gram implementing the methods and systems described
herein, choosing a ratio of 2, and building a distribution of
estimated ratios over 50 thousand panels. In 94.9% of the
panels, the true chosen ratio did lie in the computed confi-
dence intervals thereby showing the correctness of the meth-
ods and systems described herein.

[0102] In discussing the method of forming the ratio PDF,
reference is made to FIG. 8 A and FIG. 8B. FIG. 8A illustrates
a geometric interpretation of Fieller’s Theorem to compute a
confidence interval of a ratio of two normally distributed
random variables A, and A, in which the confidence ellipse of
the joint sampling distribution is projected on a vertical line.
FIG. 8B illustrates a numerical projection algorithm used to
compute the sampling distribution of the ratio of two random
variables with arbitrary probability distributions by slicing
the 2-D space into thin wedges and accumulating the joint
probabilities in the wedges. Most of the contribution would
come from the confidence ellipse region.

[0103] In developing the methods and systems described
here, the inventors have determined that if one can let the
sampling distributions of the test gene and the reference gene
be G(A,) and F(A,), respectively. If these distributions were
normal, then one can make use of Fieller’s Theorem. How-
ever, as mentioned previously, one can not make this assump-
tion in general. Thus, the inventor have developed a geometric
interpretation of Fieller’s theorem that is applicable to prob-
lems with arbitrary sampling distributions.

[0104] Assume G(A,) and F(A,) are normal. For A and A,
the ratio r=Ah, /A, can be shown as the slope of the line in the
two-dimensional plane which passes through the origin and
the 2-D point (A,,A,) . Consider the two lines which pass
through the origin and are tangents to this ellipse. The inter-
section of these lines with the vertical line at A,=1 gives the
desired confidence interval.

[0105] The inventors have made a study of copy number
analysis using a Digital Array on the BioMark™ system. A
10-Al reaction mix is normally prepared for each panel. It
contains 1xTaqgMan Universal master mix (Applied Biosys-
tems, Foster City, Calif.), 1xRNase P-VIC TagMan assay,
1xTagMan assay for the target gene (900 nM primers and 200
nM FAM-labeled probe), 1x sample loading reagent (Flui-
digm, South San Francisco, Calif.) and DNA with about
1,100-1,300 copies of the RNase P gene. 4.59 ul of the 10-ul
reaction mix was uniformly partitioned into the 765 reaction
chambers of each panel and the digital array was ther-
mocycled on the BioMark™ system. Thermocycling condi-
tions included a 95° C., 10 minute hot start followed by 40
cycles of two-step PCR: 15 seconds at 95° C. for denaturing
and 1 minute at 60° C. for annealing and extension. Molecules
of the two genes were independently amplified. FAM and
VIC signals of all chambers were recorded at the end of each
PCR cycle. After the reaction was completed, Digital PCR
Analysis software (Fluidigm, South San Francisco, Calif.)
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was used to process the data and count the numbers of both
FAM-positive chambers (target gene) and VIC-positive
chambers (RNase P) in each panel.

[0106] A spike-in experiment was performed using a syn-
thetic construct to explore the digital array’s feasibility as a
robust platform for the CNV study. A 65-base oligonucleotide
was ordered from Integrated DNA Technologies (Coralville,
Iowa) that is identical to a fragment of the human RPP30
gene. The sequences of the primers and FAM-BHQ probe
used to amplify this construct are from Emery. The primers
and probe were ordered from Biosearch Technologies (No-
vato, Calif.).

[0107] Both RPP30 synthetic construct and human
genomic DNA NA10860 (Coriell Cell Repositories Camden,
N.J.) were quantitated using the RPP30 assay on a digital
array. Different amounts of RPP30 synthetic construct was
then added into the genomic DNA so that mixtures with ratios
of RPP30 to RNase P of 1:1 (no spike-in), 1:1.5, 1:2, 1:2.5,
1:3, and 1:3.5 were made simulating DNA samples contain-
ing 2 to 7 copies of the RPP30 gene per diploid cell. These
DNA mixtures were analyzed on the digital arrays as
described above. Five panels were used for each mixture and
400-500 RNase P molecules were present in each panel. The
ratios of RPP30/RNase P of all samples were calculated using
the techniques developed in this paper. For each ratio, we did
pooled analysis by adding the numbers of positive chambers
in the first P=1, 2, 3, 4, 5 panels. These results are described
in relation to FIG. 9A and FIG. 9B.

[0108] FIG. 12 is a simplified schematic diagram of an
analysis system according to an embodiment of the present
invention. As illustrated in FIG. 12, optical imaging systems
provided according to some embodiments of the present
invention include fluorescence imaging systems coupled to
thermal control modules. Such systems are adapted to collect
data from microfluidic or nanofluidic chips with NxM geom-
etries. In some embodiments, N is equal to M. For example,
embodiments of the present invention utilize microfluidic
devices with 32x32 reaction chambers, 48x48 reaction cham-
bers, 96x96 reaction chambers, and other geometries. In a
particular embodiment, 96 samples and 96 reagents are uti-
lized in a microfluidic device with a 96x96 reaction chamber
geometry. In another particular embodiment, a digital array
with multiple panels, each panel having a predetermined
number of reaction chambers is utilized. As will be evident to
one of skill in the art, the methods and systems provided
according to embodiments of the present invention enable
one platform to perform multiple applications.

[0109] As illustrated in FIG. 12, an optical source 242 is
provided according to embodiments of the present invention.
As will be described more fully below, in some embodiments
of the present invention, light from optical source 242 is
utilized to induce fluorescence in a sample. In other embodi-
ments, chemiluminescence is utilized as a indicator. Depend-
ing on the embodiment, system components will be added,
removed, or used, as will be evident to one of skill in the art.
Invarious embodiments, optical sources including light emit-
ting diodes (LEDs), lasers, arc lamps, incandescent lamps,
and the like are utilized. These sources may be polychromatic
or monochromatic. In a particular embodiment, the optical
source is characterized by a first spectral bandwidth. In a
specific embodiment, the optical source is a white light source
producing optical radiation over a spectral range from about
400 nm to about 700 nm. Merely by way of example, a
Lambda LS 300W Xenon Arc lamp, available from Sutter
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Instruments of Novato, Calif. is utilized as an optical source is
some embodiments of the present invention. As will be evi-
dent to one of skill in the art, other optical sources character-
ized by larger or smaller spectral bandwidths are capable of
being utilized in alternative embodiments.

[0110] Excitation filter wheel 244 is illustrated in FIG. 12.
In some embodiments, for example, those in which the optical
source is polychromatic, the excitation filter wheel 244 is
utilized to spectrally filter the light emitted by the optical
source 242. Of course, multiple filters could also be used. As
an example, in an embodiment, the excitation filter wheel
provides a number of spectral filters each adapted to pass a
predetermined wavelength range as appropriate for exciting
specific fluorescence from a sample. As illustrated in FIG. 12,
the excitation filter wheel 244 is coupled to computer 270,
providing for computer control of the filters. In a particular
embodiment, the excitation filter wheel provides a number of
spectral filters:

[0111] Filter 1: A filter with a center wavelength of 485 nm
and a spectral bandwidth of 20 nm;

[0112] Filter 2: A filter with a center wavelength of 530 nm
and a spectral bandwidth of 20 nm; and

[0113] Filter 3: A filter with a center wavelength of 580 nm
and a spectral bandwidth of 20 nm.

[0114] As will be evident to one of skill in the art, embodi-
ments of the present invention are not limited to these par-
ticular spectral filters, but will utilize spectral filters adapted
for fluorescence processes for particular samples. Moreover,
although the previous discussion related to the use of a filter
wheel, this is not required by the present invention. In alter-
native embodiments, spectral filters are provided in geom-
etries other than a wheel. For example, spectral filters that
drop into a filter holder, electro-optic filters, filters placed into
the optical path by actuators, and the like are included accord-
ing to embodiments of the present invention. Moreover, in
other embodiments, the optical source is a tunable laser
adapted to emit radiation at predetermined wavelengths suit-
able for excitation of fluorescence. One of ordinary skill in the
art would recognize many variations, modifications, and
alternatives.

[0115] As illustrated in FIG. 12, excitation shutter 246 is
provided according to embodiments of the present invention.
The excitation shutter is operated under control of a computer
270 in some embodiments, to block/pass the optical signal
generated by the optical source 242 and spectrally filtered by
the excitation filter wheel 244. Depending on the application,
the excitation source is blocked while samples are inserted
and removed from the system as well as for calibration opera-
tions. In some embodiments, the excitation shutter is not
utilized, for example, in embodiments utilizing laser sources,
which provide alternative means to extinguish the optical
source.

[0116] When the excitation shutter is operated in an open
position, the optical excitation signal passes through a fiber
bundle 248 and is directed so as to impinge on a microfluidic
device 205 provided in chip carrier 207. The microfiuidic
device may be a digital array with nanoliter volume reaction
chambers. Other embodiments of the present invention utilize
quartz light guides, liquid light guides, other scrambling sys-
tems, and the like to increase illumination homogeneity. As
illustrated in FIG. 12, the excitation optical signal is directed,
through reflection by optical illuminator 250, refraction, or
combinations thereof, to impinge on a surface of the microf-
luidic device 205. As illustrated in FIG. 12, illumination of the
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microfiuidic device is via optical illuminator 250. In other
embodiments illumination may be coupled to the microflu-
idic device obliquely from one or more sides of device, via a
ring light, or via a portion of the collection optical train (the
optical path between the microfiuidic device and the detector
260.

[0117] In some embodiments, the illumination of the
microfiuidic device with light produced by the excitation
source is provided over a two-dimensional area of the sample.
Inthese embodiments, a large field of view is provided, which
enables the performance of fluorescence applications that
involve imaging of time resolved chemical processes and
reactions. As an example, fluorescent imaging of protein
calorimetry and nucleic acid amplification processes are time
resolved processes that benefit from embodiments of the
present invention. In some of these processes, simultaneously
excitation of the fluorescent samples provided in a number of
reaction chambers and simultaneous collection of the fluo-
rescent signals produced by the reactions occurring in the
number of reaction chambers is desirable. In other processes,
for instance, fluorescence lifetime imaging, a brief excitation
pulse is followed by detection (and analysis) of the fluores-
cent signal as it decays in time from an initial level. One of
ordinary skill in the art would recognize many variations,
modifications, and alternatives.

[0118] Asanexample, nucleic acid amplification processes
typically include the target DNA, a thermostable DNA poly-
merase, two oligonucleotide primers, deoxynucleotide triph-
osphates (ANTPs), a reaction buffer, and magnesium. Once
assembled, the reaction is placed in a thermal cycler, an
instrument that subjects the reaction to a series of different
temperatures for varying amounts of time. This series of
temperature and time adjustments is referred to as one cycle
of amplification. Each cycle theoretically doubles the amount
of targeted sequence (amplicon) in the reaction. Ten cycles
theoretically multiply the amplicon by a factor of about one
thousand; 20 cycles, by a factor of more than a million in a
matter of hours. In some applications, it is desirable to acquire
fluorescent imaging data from a large area (e.g., on the order
of several cm?) in a time period ranging from seconds to
minutes.

[0119] In some embodiments of the present invention, the
methods and systems provided by embodiments of the
present invention facilitate image capture processes that are
performed in a predetermined time period. Merely by way of
example, in an embodiment of the present invention a method
of imaging microfiuidic devices is provided. The method
includes capturing an image of a spatial region associated
with at least a determined number of chambers of a microf-
luidic device using an image detection spatial region during a
time frame of less than one minute, whereupon the capturing
of the image of the spatial region is substantially free from a
stitching and/or scanning process.

[0120] Embodiments of the present invention provide a
variety of time frames for image capture, ranging from 1
millisecond to 1 minute. In some embodiments, time frames
for image capture are greater than one minute. Depending on
the emission properties associated with the processes per-
formed in the chambers of the microfluidic device, the time
frame for image capture will vary. For example, in an embodi-
ment, the time frame is 10 ms, 50 ms, 100 ms, 250 ms, 500 ms,
750 ms, or 1 second. In other embodiments, the time frame is
2 seconds, 5 seconds, 10 seconds, 15 seconds, 20 seconds, 30
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seconds, 40 seconds, 50 seconds, or 1 minute. Of course, the
time frame will depend on the particular applications.
[0121] Insome embodiments, the image capture process is
performed in a synchronous manner, capturing an image of a
determined number of chambers simultancously. As an
example, in an exemplary PCR process, the microfluidic
device is maintained at a temperature of 90° C. for a time
period of 15 seconds. Subsequently, the microfluidic device is
maintained at a temperature of 60° C. for 45 seconds. The
heating and cooling cycle is repeated at a one minute cycle
period for a number of cycles. Utilizing embodiments of the
present invention, images of a determined number of cham-
bers present in the microfluidic device are acquired synchro-
nously, while the chambers are maintained at a uniform tem-
perate as a function of position. For example, a two-
dimensional image of an entire microfluidic device may be
acquired utilizing a 30 second exposure while the microflu-
idic device is maintained at the temperature of 60° C. One of
skill in the art will appreciate the benefits provided by the
present invention over raster scanning or stitching systems, in
which images of chambers in a first portion (e.g., an upper left
quadrant) of the microfluidic device are acquired prior to
images of chambers in a second portion (e.g., a lower right
quadrant) of the microfluidic device.

[0122] Inotherembodiments, multiple images are acquired
of'the determined number of chambers during a time frame of
less than one minute. As an example of these embodiments,
multiple images associated with multiple fluorophores are
acquired in a particular embodiment. During the 45 second
time period during which the microfiuidic device is main-
tained at the temperature of 60° C., three consecutive images
utilizing exposures of 15 seconds may be acquired for three
different fluorophores, for example, Rox™, Vic®, and
Fam™. Utilizing these multiple images, differential fluores-
cence ratios can be calculated and analyzed. Of course,
depending on the strength of the fluorescent emissions, the
exposure times for the various fluorophores may be modified
as appropriate the particular application. In this way, embodi-
ments of the present invention provide for imaging of a
microfiuidic device in multiple spectral bands while the
microfluidic device is maintained a constant temperature. The
constant temperature, as illustrated by the previous example,
may be a portion of a PCR process including cyclical tem-
perature processes.

[0123] Embodiments of the present invention provide
methods and systems are also adapted to perform and analyze
chemiluminescence processes. In some of these processes,
reactions occur on a first time scale and an image of the
chemiluminescence process is acquired on a second time
scale. In a particular process, the second time scale is less than
the first time scale. Thus, embodiments of the present inven-
tion are adapted to capture synchronous images of chemilu-
minescence processes when the samples in the reaction
chambers of interest have been reacting for an equal amount
of time. In some of these processes, temperature control,
including temperature cycling of the samples is provided,
whereas in other embodiments, the reaction chambers are
maintained at a constant temperature.

[0124] As illustrated in FIG. 12, a thermal controller, also
referred to as a temperature controller, 240 is provided
according to embodiments of the present invention. A number
of different options of varying sophistication are available for
controlling temperature within selected regions of the microf-
luidic device or the entire device. Thus, as used herein, the
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term temperature controller is meant broadly to refer to a
device or element that can regulate temperature of the entire
microfiuidic device or within a portion of the microfluidic
device (e.g., within a particular temperature region or at one
or more junctions in a matrix of channels of a microfluidic
device).

[0125] In some embodiments, the microfluidic device is
contacted with a thermal control device such that the thermal
control device is in thermal communication with the thermal
control source so that a temperature of the reaction in at least
one of the reaction chamber is changed as a result of a change
in temperature of the thermal control source. In different
embodiments, the thermal transfer device may comprise a
semiconductor, such as silicon, may comprise a reflective
material, and/or may comprise a metal.

[0126] The thermal control device may be adapted to apply
a force to the thermal transfer device to urge the thermal
transfer device towards the thermal control source. The force
may comprise a mechanical pressure, a magnetic force, an
electrostatic force, or a vacuum force in different embodi-
ments. For example, in one embodiment, the force comprises
a vacuum force applied towards the thermal transfer device
through channels formed in a surface of the thermal control
device or the thermal transfer device. A level of vacuum
achieved between the surface of the thermal control device
and a surface (or a portion of a surface) of the thermal transfer
device may be detected. Such detection may be performed
with a vacuum level detector located at a position along the
channel or channels distal from a location of a source of
vacuum. When the vacuum does not exceed a preset level, an
alert may be manifested or a realignment protocol may be
engaged.

[0127] The array device may be contacted with the thermal
control device by employment of one or more mechanical or
electromechanical positioning devices. Carrying out of the
method may be automatically controlled and monitored. For
example, such automatic control and monitoring may be per-
formed with an automatic control system in operable com-
munication with a robotic control system for introducing and
removing the array device from the thermal control device.
The progress of the reactions may also be monitored.

[0128] A unit may be provided comprising the thermal
control device. A system may be provided comprising the
array device and the thermal control device. To ensure the
accuracy of thermal cycling steps, in certain devices it is
useful to incorporate sensors detecting temperature at various
regions of the device. One structure for detecting temperature
is a thermocouple. Such a thermocouple could be created as
thin film wires patterned on the underlying substrate material,
or as wires incorporated directly into the microfabricated
elastomer material itself.

[0129] Temperature can also be sensed through a change in
electrical resistance. For example, change in resistance of a
thermistor fabricated on an underlying semiconductor sub-
strate utilizing conventional techniques can be calibrated to a
given temperature change. Alternatively, a thermistor could
be inserted directly into the microfabricated elastomer mate-
rial. Still another approach to detection of temperature by
resistance is described in Wu et al. in “MEMS Flow Sensors
for Nano-fluidic Applications”, Sensors and Actuators A 89
152-158 (2001), which is hereby incorporated by reference in
its entirety. This paper describes the use of doped polysilicon
structures to both control and sense temperature. For poly-
silicon and other semiconductor materials, the temperature
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coefficient of resistance can be precisely controlled by the
identity and amount of dopant, thereby optimizing perfor-
mance of the sensor for a given application.

[0130] Thermo-chromatic materials are another type of
structure available to detect temperature on regions of an
amplification device. Specifically, certain materials dramati-
cally and reproducibly change color as they pass through
different temperatures. Such a material could be added to the
solution as they pass through different temperatures. Thermo-
chromatic materials could be formed on the underlying sub-
strate or incorporated within the elastomer material. Alterna-
tively, thermo-chromatic materials could be added to the
sample solution in the form of particles.

[0131] Another approach to detecting temperature is
through the use of an infrared camera. An infrared camera in
conjunction with a microscope could be utilized to determine
the temperature profile of the entire amplification structure.
Permeability of the elastomer material to radiation of appro-
priate wavelengths (e.g. thermal, infrared, and the like) would
facilitate this analysis.

[0132] Yet another approach to temperature detection is
through the use of pyroelectric sensors. Specifically, some
crystalline materials, particularly those materials also exhib-
iting piezoelectric behavior, exhibit the pyroelectric effect.
This effect describes the phenomena by which the polariza-
tion of the material’s crystal lattice, and hence the voltage
across the material, is highly dependent upon temperature.
Such materials could be incorporated onto the substrate or
elastomer and utilized to detect temperature. Other electrical
phenomena, such as capacitance and inductance, can be
exploited to detect temperature in accordance with embodi-
ments of the present invention. One of ordinary skill in the art
would recognize many variations, modifications, and alterna-
tives.

[0133] Imaging system 200 operates, in one embodiment,
in the following manner. First, microfluidic device 205 is
securely placed on carrier 207. Based on a fixed feature of the
microfiuidic device 205, for example, an edge of the base
support of microfluidic device, computer 270 then causes and
X,y drive (not shown) to move the carrier 207 to align the
microfiuidic device in a first X,y position. In some embodi-
ments, one or more fiducial markings are utilized during the
alignment and positioning process. In a specific embodiment,
a user of the system then registers the precise coordinate of
one or more fiducial marks with the imaging system. In other
embodiments, this process is performed automatically as the
centroids of the fiducials can be calculated precisely by locat-
ing a symmetric XY fiducial object and removing any non-
symmetric components. In some embodiments, features of
the fiducials, such as edges and corners are utilized during
alignment processes. One of ordinary skill in the art would
recognize many variations, modifications, and alternatives.
[0134] Under the control of computer 270, either adjust-
ments of the carrier 207 to position it in the focal plane of the
optical elements 210 and 212 or adjustments of the optical
elements 210 and 212 to position the focal plane of the optical
elements 210 and 212 to the carrier 207 are performed. In
preferred embodiments, the field of view can embrace an
entire microfiuidic device, including the number of reaction
chambers present on the microfluidic device.

[0135] The computer 270 includes a processor (cross-
hatched element) as well as a database (memory or computer
readable media). The computer may be used to implement the
methods described herein, including the estimation of DNA
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concentrations in a sample and the computation of confidence
intervals associated with the estimate. Additionally, the com-
puter may be used to determine a ratio of estimated concen-
trations for one or more genes (e.g., test and reference) along
with associated confidence intervals.

[0136] A fluorescent, chemiluminescent, or optical signal
emitted by the chemical processes occurring in the reaction
chambers of the microfluidic device is collected by a first lens
system 210. In some embodiments of the present invention,
the first lens system is a multi-element optical train including
one or more lenses and one or more apertures. As illustrated
in FIG. 2A, first lens system 210 includes single lens elements
as well as doublets, and the like. The optical properties of the
first lens system 210 including focal length, f/#, and the like
are selected to provide desired optical performance. One of
ordinary skill in the art would recognize many variations,
modifications, and alternatives. An emission shutter 215 is
illustrated in FIG. 12 to provide for blocking of light rays
propagating more than a predetermined distance from the
optical axis, although this is not required by the present inven-
tion.

[0137] Referring once again to FIG. 12, an optical filter
device 213 is provided as part of the optical assembly. In some
embodiments, the optical filter device is a filter wheel 213
comprising a number of optical elements adapted for passing
and optically processing fluorescent or chemiluminescent
emissions produced by fluorescently or chemiluminescently
labeled reagents. As an example, in an embodiment, a first
section of the emission filter wheel is adapted to pass fluo-
rescent emissions produced by a first fluorescent dye, for
example, Cy™3 Fluor, available from Amersham Bio-
sciences, part of GE Healthcare of Piscataway, N.J. A second
section of the emission filter wheel is adapted to pass fluo-
rescent emissions produced by a second fluorescent dye, for
example, Cy™S5 Fluor also available from Amersham Bio-
sciences. Of course, the use of these fluorescent dyes is not
required by the present invention. In alternative embodi-
ments, Alexa Fluors, available from Invitrogen Corporation
of Carlsbad, Calif., are utilized. As an example, in another
embodiment, a first section of the emission filter wheel is
adapted to pass fluorescent emissions produced by a third
fluorescent dye, for example, Alexa Fluor 350, available from
Invitrogen Corporation. A second section of the emission
filter wheel is adapted to pass fluorescent emissions produced
by a fourth fluorescent dye, for example, Alexa Fluor 488,
also available from Invitrogen Corporation. Additional
details related to the emission filter wheel will be provided
below.

[0138] In some embodiments, the optical filter device 213
and the emission shutter 215 are located between the first lens
system and the second lens system. In some of these embodi-
ments, light rays passing through the optical filter device
propagate at small angles with respect to the optic axis. As
will be evident to one of skill in the art, spectral filters (e.g.,
interference filters) placed in regions with small incident ray
angle are simpler to design and can potentially provide nar-
rower total spectral bandwidth, through such narrow spectral
bandwidth characteristics and/or filter positioning are
required by the present invention. As illustrated in FIG. 12,
both the optical filter device and the emission shutter are
coupled to computer 270, providing for computer control of
these elements. Moreover as will be evident to one of skill in
the art, multiple, and possibly multiple identical filters, may
be provided in the optical path to increase the blockage of
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excitation wavelengths. In some embodiments these filters
are angled with respect to the optic axis so that light rays
reflected off of the filters walk out of the optical path.

[0139] In other embodiments, certain intercalation dyes
that have dramatic fluorescent enhancement upon binding to
double-stranded DNA, and/or show strong chemical affinity
for double-stranded DNA, can be used to detect double-
stranded amplified DNA. Examples of suitable dyes include,
but are not limited to, SYBR™ and Pico Green (from
Molecular Probes, Inc. of Eugene, Oreg.), ethidium bromide,
propidium iodide, chromomycin, acridine orange, Hoechst
33258, Toto-1, Yoyo-1, and DAPI (4',6-diamidino-2-phe-
nylindole hydrochloride). Additional discussion regarding
the use of intercalation dyes is provided by Zhu et al., Anal.
Chem. 66:1941-1948 (1994), which is incorporated by refer-
ence in its entirety.

[0140] Ansecond lens system 212 is also illustrated in FIG.
12. Fluorescent or chemiluminescent emission passing
through the optical filter device 213 and the emission shutter
215 is focused by the second lens system onto a detector 260.
In an embodiment, the detector is a CCD camera array, but
this is not required by the present invention. In a particular
embodiment, an array detector, approximately the size of the
microfiuidic device, is utilized. Preferably, the pixel size of
the detector array 260 is selected to provide an area smaller
than the area of the reaction chambers in the microfiuidic
device, thereby providing multiple detector pixels per reac-
tion chamber. In a particular embodiment, the detector 260 is
a CCD array with approximately 15 pmx15 pm pixels.

[0141] A number of different detection strategies can be
utilized with the microfluidic devices that are provided
herein. Selection of the appropriate system is informed in part
on the type of event and/or agent being detected. The detec-
tors can be designed to detect a number of different signal
types including, but not limited to, signals from radioiso-
topes, fluorophores, chromophores, electron dense particles,
magnetic particles, spin labels, molecules that emit chemilu-
minescence, electrochemically active molecules, enzymes,
cofactors, enzymes linked to nucleic acid probes and enzyme
substrates.

[0142] Illustrative detection methodologies suitable for use
with the present microfluidic devices include, but are not
limited to, light scattering, multichannel fluorescence detec-
tion, UV and visible wavelength absorption, luminescence,
differential reflectivity, and confocal laser scanning. Addi-
tional detection methods that can be used in certain applica-
tion include scintillation proximity assay techniques, radio-
chemical detection, fluorescence polarization anisotropy,
fluorescence lifetime, fluorescence correlation spectroscopy
(FCS), time-resolved energy transfer (TRET), fluorescence
resonance energy transfer (FRET) and variations such as
bioluminescence resonance energy transfer (BRET). Addi-
tional detection options include electrical resistance, resistiv-
ity, impedance, and voltage sensing.

[0143] Insome embodiments, detection occurs at a “detec-
tion section,” or “detection region.” These terms and other
related terms refer to the portion of the microfluidic device at
which detection occurs. In some microfluidic devices, the
detection section is generally the reaction chambers present
in the microfluidic device. The detection section for matrix-
based devices is usually within regions of flow channels that
are adjacent an intersection, the intersection itself, or a region
that encompasses the intersection and a surrounding region.
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[0144] The detection section can be in communication with
one or more microscopes, diodes, light stimulating devices
(e.g., lasers), photomultiplier tubes, processors and combina-
tions of the foregoing, which cooperate to detect a signal
associated with a particular event and/or agent. Often the
signal being detected is an optical signal that is detected in the
detection section by one or more optical detectors. The opti-
cal detector can include one or more photodiodes (e.g., ava-
lanche photodiodes), a fiber-optic light guide leading, for
example, to a photomultiplier tube or tubes, a microscope,
and/or a video camera (e.g., a CCD camera).

[0145] Detectors can be microfabricated within the microf-
luidic device, or can be a separate element. If the detector
exists as a separate element and the microfluidic device
includes a plurality of detection sections, detection can occur
within a single detection section at any given moment. As a
specific illustrative example, the microfluidic device can be
attached to a translatable stage and scanned under a micro-
scope objective. A signal so acquired is then routed to a
processor for signal interpretation and processing. Arrays of
photomultiplier tubes can also be utilized. Additionally, opti-
cal systems that have the capability of collecting signals from
all the different detection sections simultaneously while
determining the signal from each section can be utilized.

[0146] External detectors are usable because the devices
that are provided are completely or largely manufactured of
materials that are optically transparent at the wavelength
being monitored. This feature enables the devices described
herein to utilize a number of optical detection systems that are
not possible with conventional silicon-based microfluidic
devices.

[0147] A particular embodiment of the present invention
utilizes a detector in the form of'a CCD camera and an optical
path that provides for a large field of view and a high numeri-
cal aperture to maximize the amount of light collected from
each reaction chamber, thereby increasing detection sensitiv-
ity. In this embodiment, the CCD is used as an array of
photodetectors wherein each pixel or group of pixels corre-
sponds to a reaction chamber rather than being used to pro-
duce an image of the array. Thus, the optics may be designed
or altered such that image quality is reduced or the image is
blurred at the detector in order to increase the useable depth of
field of the optical system to collect more light from each
reaction chamber. Particularly because the assays contem-
plated in some embodiments of the present invention include
biological assays using fluorescent dyes, which dyes pho-
tobleach due to exposure to excitation light hence limiting the
total number of signal photons obtainable from a given
sample, efficient collection of the limited signal photons can
be of importance in instruments such as that discussed. Eten-
due considerations relate the object and image NA (numerical
aperture) and total system magnification for any optical sys-
tem; since image-side NA can be limited (e.g. by reflection
losses at the CCD surface for high-incident-angle rays), in
general, arbitrarily high object (sample)-side NA is not
achievable simultaneously with arbitrary system magnifica-
tion. In fact, a larger system magnification can allow a higher
object-side NA without requiring a simultaneous (and poten-
tially deleterious for reasons described above) rise in image-
side NA. Consequently, in the system described, a large CCD
(e.g., 30.7 mmx30.7 mm) focal-plane array has been used to
allow for a 1:1 optical system (i.e., a system magnification of
1). This allows a collection NA of 0.36 simultaneous with an
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image-side NA of 0.36 onto the CCD, which provides rea-
sonable performance with respect to surface reflection losses.

[0148] Insomeembodiments, larger object-side NAs result
in reduced object-side depth-of-focus, and hence larger blur-
ring at the detector (assuming blur due to depth of focus
greater than or equal to blur due to lens aberrations and other
issues) for a given depth of reaction chamber in the sample,
limiting the allowable minimum spacing between reaction
chambers at the sample if low crosstalk in signal between
chambers is to be achieved. In conjunction with a 1:1 optical
system, this object-side NA consideration is in good keeping
with the 0.5 NA maximum generally desirable NA onto a
CCD (or silicon detector) if one is to avoid reflection losses at
the surface thereof. The 1:1 imaging lens system is further-
more inherently free of most odd-order aberrations, increas-
ing the advantage of this particular magnification (M=1). The
use of a 1:1 optical system with a detector as large or larger
than the microfluidic system to be imaged is thus provided by
some embodiments of the present invention as a design for the
detailed system.

[0149] In other embodiments, there may be a cost con-
straint related to the size of the detector (e.g. a CCD focal-
plane array). For example, some current high quantum-effi-
ciency, full-frame CCD arrays have dimensions of 27.6
mmx27.6 mm. This detector is slightly smaller than a microf-
luidic device with dimensions of 30.7 mmx30.7 mm, result-
ing in a system magnification of 0.88 as a design for the
system described. Being near system magnification M=1,
constraints related to the detector (image-side) incident NA
described above are satisfied for such a magnification.

[0150] In other embodiments, a given XY-plane (perpen-
dicular to the optical axis) spacing and size of the reaction
chambers may be specified (e.g. to achieve a desired density
of sample-chambers in the XY-plane), while constraints on
the minimum total volume of the chambers remain (e.g. to
achieve minimum required chemical volumes, for instance to
avoid over-large statistical fluctuations due to small numbers
of'reagent or target molecules, or simply to achieve a required
minimum number of fluorescent or otherwise optically-emit-
ting molecules or objects). In such a case, it may be necessary
to extend the chambers parallel to the Z (optical)-axis such
that the total volume of each chamber remains equal to or
greater than some minimum figure. Greater extensionalong Z
(creating high-aspect ratio, or columnar chambers which con-
centrate the sample to be interrogated along the Z-axis) will
generally result in a larger blur of the chamber image at the
detector for given object-side NA, due to depth-of-focus con-
siderations, assuming blur due to depth of focus is greater
than or equal to blur due to lens aberrations and other issues.
In some situations, this will lead to the user of a lower object-
side NA. Use of a lower NA lens system allows for greater
depth of focus and hence light collection from a chambers
extended parallel to the optic axis without generally incurring
inordinate crosstalk in the optical signal between adjacent or
nearby chambers. In this way, a greater density of chambers in
the X-Y plane (the place perpendicular to the optic axis) may
be used without inordinate crosstalk, while the total chamber
volume may be kept large by extension of the chambers in Z
(parallel to the optic axis). In this case, or other cases where a
lower object-side NA is acceptable (e.g., cases where a larger
XY spacing of reaction chambers allows for more chamber-
image blur at the detector without undue crosstalk; in non-
light-limited applications, where higher NA is not essential;
where there is sufficient sample that photobleaching is not an
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issue; non-photobleaching samples, circumstances such as
lower acceptable system sensitivity), a lower system magni-
fication (M<1) may be suitable, particularly if M=NA /0.5,
or more preferably MZNA /0.36, where NA =object side
NA, or more generally M=NA/NA,, where
NA ,,,=maximum NA allowable onto the detector face with-
out overlarge reflection/insertion losses to the detector (NA-
4.=0.36 t0 0.5 for a typical CCD).

[0151] In cases where object-side depth-of-focus and/or
blur requirements do not necessitate an object-side NA=0.
36, or possibly 0.5, or more generally NA =NA , ,, a larger
detector is desirable since due to Etendue considerations (as
discussed above), since a larger M (generally requiring a
larger detector for a given sample size) will allow a smaller
NA, (image-side NA) for a given NA . Hence where light-
collection requirements (e.g. to achieve a certain assay sen-
sitivity) call for a large NA, (defined by NA_>NA,,,) and
depth-of-focus and other design considerations (e.g. cost)
allow for a large NA , a larger M is desirable such that losses
are minimized at the detector. In such embodiments it can be
useful to use a detector device, for example, one or more CCD
devices, having a size of, or larger than, the area of the
microfiuidic device to be imaged. Use of such a large detector
allows an increase in the magnification of the optical system,
and hence (via etendue considerations) higher NA light col-
lection from the sample for a fixed incident NA onto the
detector (the latter set, e.g., by reflection losses at the CCD
surface at high incoming ray incident angles).

[0152] A particularly preferred detector uses a CCD cam-
era and an optical path that provides for a large field of view
and a high numerical aperture to maximize the amount of
light collected from each reaction chamber, thereby increas-
ing detection sensitivity. In this regard, the CCD is used as an
array of photodetectors wherein each pixel or group of pixels
corresponds to a reaction chamber rather than being used to
produce an image of the array. Thus, the optics may be altered
such that image quality is reduced or defocused to increase
the depth of field of the optical system to collect more light
from each reaction chamber. In some embodiments, it is
useful to employ high aspect ratio, or columnar chambers, to
concentrate the sample to be interrogated by the detector
along the optical axis of the optical system, and preferably by
defocussing the image to increase the depth of field. Use of a
low NA lens system, preferably a bilaterally symmetrical lens
system is used. It is also useful to use a detector device, for
example, one or more CCD devices, having a size of, or larger
than, the area ofthe microfluidic device to be imaged. Used in
conjunction with the low NA optics, improved detection sen-
sitivity can be realized.

[0153] A detector system can include a light source for
stimulating a reporter that generates a detectable signal. The
type of light source utilized depends in part on the nature of
the reporter being activated. Suitable light sources include,
but are not limited to, lasers, laser diodes, white light sources,
and high intensity lamps. If a laser is utilized, the laser can be
utilized to scan across a set of detection sections or a single
detection section. Laser diodes can be microfabricated into
the microfiuidic device itself. Alternatively, laser diodes can
be fabricated into another device that is placed adjacent to the
microfiuidic device being utilized to conduct a thermal
cycling reaction such that the laser light from the diode is
directed into the detection section.

[0154] Detection can involve a number of non-optical
approaches as well. For example, the detector can also
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include, for example, a temperature sensor, a conductivity
sensor, a potentiometric sensor (e.g., pH electrode) and/or an
amperometric sensor (e.g., to monitor oxidation and reduc-
tion reactions).

[0155] Certain intercalation dyes that that have dramatic
fluorescent enhancement upon binding to double-stranded
DNA, and/or show strong chemical affinity for double-
stranded DNA, can be used to detect double-stranded ampli-
fied DNA. Examples of suitable dyes include, but are not
limited to, SYBR™ and Pico Green (from Molecular Probes,
Inc. of Eugene, Oreg.), ethidium bromide, propidium iodide,
chromomycin, acridine orange, Hoechst 33258, Toto-1,
Yoyo-1, and DAPI (4',6-diamidino-2-phenylindole hydro-
chloride). Additional discussion regarding the use of interca-
lation dyes is provided by Zhu et al., Anal Chem. 66:1941-
1948 (1994), which is incorporated by reference in its
entirety.

[0156] As illustrated in FIG. 12, some embodiments of the
present invention provide a 1:1 imaging system adapted to
generate and detect fluorescent, chemiluminescent, biolumi-
nescent, and other signals from the microfluidic device. A 1:1
imaging system is provided in some embodiments that uti-
lizes an image detection device as large as the sample to be
imaged. By providing 1:1 imaging of a large field of view, on
the order of several cm?, embodiments of the present inven-
tion provide increased numerical aperture (NA) optical sys-
tems. Because light collection efficiency is approximately
proportional to NA?, the increase in NA provided by some
embodiments of the present invention enable the collection of
suitable fluorescent signals from reaction chambers compris-
ing reaction volumes on the order of one to tens of nanoliters
and active fluorophore concentrations on the order of 1.0
nanoMolar. In other embodiments, active fluorophore con-
centrations in picoMolar ranges provide suitable fluorescent
signals.

[0157] Additionally, embodiments of the present invention
provide for imaging systems that are slightly reducing, form-
ing, for example, an image that ranges from about the same
size as the object to about halfthe object size. For example, in
an embodiment, an image of a spatial region of a microfluidic
device is transmitted and captured, the spatial region being
associated with more than 96 chambers. An image detecting
device is used to capture the image of the spatial region using
an image detection spatial region that is about equal to or
slightly less in size than the spatial region of the microfluidic
device. Merely by way of example, the ratio of the area of the
spatial region of the microfluidic device to the area of the
image of the spatial region can be 1:1, 1:0.99, 1:0.95, 1:0.9,
1:0.88, and 1:0.85. These particular ratios are merely exem-
plary, as the ratio selected for the imaging system will depend
on the particular application.

[0158] In some embodiments, the optical imaging system
includes a field of view of about 3 cmx3 cm. In other embodi-
ments, the optical imaging system includes a field of view that
ranges from about 1 cmx1 cm to about 5 cmx5 cm. In par-
ticular embodiments, an object field of view of 2 cmx2 cm,
2.5 ecmx2.5 cm, 2.76 cmx2.76 cm, 3.07 cmx3.07 cm, 3.5
cmx3.5 cm, and 4 cmx4 cm, is provided. In general, the field
of view of the optical imaging system is selected to corre-
spond to the spatial region of the microfluidic device, for
example, an area including a number of reaction chambers of
interest.

[0159] Moreover, embodiments of the present invention
provide optical imaging systems with a range of numerical
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apertures. As an example, an NA ranging from 0.1 to 0.5 is
provided according to various embodiments. In a particular
embodiment, NAs 0f0.15,0.18,0.2,0.23,0.25,0.3,0.36, and
0.4 are provided.

[0160] The spatial resolution of the optical imaging system
will generally be a function of the size of the pixels in the
image detecting device. In some embodiments of the present
invention, the magnification (equal to one for some embodi-
ments) and the size of the pixels present in the detector will
determine the number of pixels associated with each reaction
chamber. Generally, it is preferable to have multiple detector
pixels associated with each reaction chamber. For example, if
areaction chamber is 45 um on a side, up to nine square pixels
having a side dimension equal to 15 um will overlap with the
reaction chamber in the 1:1 imaging system. Thus, according
to embodiments of the present invention, the number of pixels
associated with each reaction chamber ranges from 1 to 100.
For example, 4 pixel regions, 9 pixel regions, 16 pixel regions,
25 pixel regions, 36 pixel regions, 49 pixel regions, 64 pixel
regions, and 81 pixel regions are associated with each reac-
tion chamber according to some embodiments of the present
invention.

[0161] Inembodiments of the present invention, a range of
pixel sizes from 1 um?® to 900 um? are utilized. For example,
square pixels 1 um on a side, 2 um on a side, 3 um on a side,
4 um on a side, 5 um on a side, 10 um on a side, 13.5 um on
aside, 15 um on a side, 20 um on a side, 25 pm on a side, and
30 um on a side are utilized in various embodiments of the
present invention. As will be evident to one of skill in the art,
the pixel size, the detector array dimensions, and the number
of pixels per array are related. In alternative embodiments,
rectangular pixels with pixel areas ranging from 1 um? to 900
um? are utilized.

[0162] Moreover, detector arrays, also referred to as image
detecting devices, including a range of pixel counts are uti-
lized according to various embodiments of the present inven-
tion. Array dimensions range from 512x512 pixel regions to
3,000%3,000 pixel regions. Depending on the availability of
detector arrays, greater numbers of pixels per array may be
provided in some embodiments. In particular embodiments,
array dimensions of 1,024x1,024 pixel regions and 2,048 by
2,048 pixel regions are utilized.

[0163] Embodiments of the present invention provide an
optical imaging system characterized by several system
parameters. For example, a working distance of greater than
35 mm, for instance, 45.92 mm is available through embodi-
ments of the present invention. In another embodiment, a
Root-Mean-Square (RMS) spot diameter averaging 13.44 um
with a maximum value of 17.85 um is provided. Moreover,
through embodiments of the present invention, an illumina-
tion variation of about £5% is achieved. In some embodi-
ments, the overall length of the optical imaging system is
542.1 mm with a maximum filter AOI of 12.56 degrees, a
maximum beam diameter at the filter of 76 mm, a distortion of
<0.10%, and a maximum lens diameter of 5.512 inches. Addi-
tional description related to the BioMark™ system is pro-
vided in U.S. Pat. No. 7,307,802, entitled “Optical Lens Sys-
tem and Method for Microfluidic Devices,” issued on Dec. 11,
2007, which is hereby incorporated by reference in its entirety
for all purposes.

[0164] While the present invention has been described with
respect to particular embodiments and specific examples
thereof, it should be understood that other embodiments may
fall within the spirit and scope of the invention. The scope of
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the invention should, therefore, be determined with reference
to the appended claims along with their full scope of equiva-
lents.

What is claimed is:

1. A method of estimating a concentration of DNA mol-
ecules in a biological sample, the method comprising:

storing a number of a plurality of reaction sites in a

memory;

distributing the biological sample among the plurality of

reaction sites;

determining a number of the plurality of reaction sites

characterized by a presence of one or more of the DNA
molecules;

computing a portion of the plurality of reaction sites char-

acterized by the presence of the one or more of the DNA
molecules;

estimating the concentration of the DNA molecules as a

function of the portion of the plurality of reaction sites;
and

computing a confidence interval for the estimated concen-

tration of DNA molecules.

2. The method of claim 1 wherein computing the confi-
dence interval comprises:

computing a lower bound as a function of the portion of the

plurality of reaction sites and a standard deviation; and
computing an upper bound as a function of the portion of
the plurality of reaction sites and the standard deviation.

3. The method of claim 1 wherein the biological sample
comprises a reference gene.

4. The method of claim 3 wherein the biological sample
comprises a target gene different from the reference gene.

5. The method of claim 1 wherein the plurality of reaction
sites comprise a plurality of reaction chambers of a nanoflu-
idic chip.

6. The method of claim 5 wherein the plurality of reaction
sites comprise at least 765 reaction chambers in fluidic isola-
tion.

7. The method of claim 1 wherein the plurality of reaction
sites comprise a plurality of droplets.

8. The method of claim 1 further comprising determining a
second portion of the reaction sites characterized by a pres-
ence of no DNA molecules.

9. The method of claim 1 wherein estimating the concen-
tration of the DNA molecules comprises multiplying the
number of the plurality of reaction sites by the natural loga-
rithm of the quantity one minus the first portion of the plural-
ity of reaction sites.

10. A method of estimating a concentration of a DNA
molecule in a biological sample, the method comprising:

storing a number of a plurality of reaction sites in a

memory;

distributing the biological sample among the plurality of

reaction sites;

determining a number of the plurality of reaction sites

characterized by a presence of one or more of the DNA
molecules;

computing a portion of the plurality of reaction sites char-

acterized by the presence of the one or more of the DNA
molecules;

computing a standard deviation as a function of the portion

of the plurality of reaction sites characterized by the

presence of the one or more of the DNA molecules;
forming a first probability density function having a mean

based on the portion of the plurality of reaction sites
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characterized by the presence of the one or more of the
DNA molecules and the standard deviation;

defining a first limit and a second limit;

computing a first confidence interval associated with an
area under the first probability density function between
the first limit and the second limit;

forming a second probability density function as a function

of a set of concentration values, wherein forming a sec-

ond probability density function comprises:

computing a hit percentage as a function of a concentra-
tion value of the set of concentration values;

computing a second probability density function value
as a function of the first probability density function
evaluated at the hit percentage; and

repeating computing a first hit percentage and comput-
ing a second probability density function for the set of
concentration values;

defining a third limit and a fourth limit; and

computing a second confidence interval associated with an

area under the second probability density function
between the third limit and the fourth limit.

11. The method of claim 10 wherein the first probability
density function is defined in terms of a number of positive
reaction chambers.

12. The method of claim 10 wherein the second probability
density function is defined in terms of estimated concentra-
tion values.

13. The method of claim 10 wherein the standard deviation
is a function of the square root of the portion of the plurality
of reaction sites characterized by the presence of the one or
more of'the DNA molecules and the number of the plurality of
reaction sites.

14. The method of claim 10 wherein the hit percentage is a
function of one minus a negative exponential function of a
concentration value.

15. The method of claim 10 wherein computing the second
probability density function comprises multiplying the first
probability density function evaluated at the hit percentage by
the quantity one minus the hit percentage.

16. A method of estimating a ratio of a concentration of a
first DNA molecule in a biological sample to a concentration
of a second DNA molecule in the biological sample, the
method comprising:

storing a number of a plurality of reaction sites in a

memory;

distributing the biological sample among the plurality of

reaction sites;
determining a first number of the plurality of reaction sites
characterized by a presence of one or more of the first
DNA molecules;

determining a second number of the plurality of reaction
sites characterized by a presence of one or more of the
second DNA molecules;
computing a first portion of the plurality of reaction sites
characterized by the presence of the one or more first
DNA molecules;

computing a portion of the plurality of reaction sites char-
acterized by the presence of the one or more second
DNA molecules;

estimating the concentration of the first DNA molecule as
a function of the first portion of the plurality of reaction
sites;
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estimating the concentration of the second DNA molecule
as a function of the second portion of the plurality of
reaction sites; and

computing the ratio of the concentration of the first DNA
molecule in the biological sample to the concentration of
a second DNA molecule in the biological sample.

17. The method of claim 16 wherein the biological sample
comprises a target gene and a reference gene different from
the target gene.

18. The method of claim 16 wherein the plurality of reac-
tion sites comprise a plurality of reaction chambers of a
nanofluidic chip.

19. The method of claim 18 wherein the plurality of reac-
tion sites comprise at least 765 reaction chambers in fluidic
isolation.

20. The method of claim 16 wherein estimating the con-
centration of the first DNA molecule as a function of the first
portion of the plurality of reaction sites comprises multiply-
ing the number of the plurality of reaction sites by the natural
logarithm of the quantity one minus the first portion of the
plurality of reaction sites.

21. The method of claim 16 wherein estimating the con-
centration of the second DNA molecule as a function of the
second portion of the plurality of reaction sites comprises
multiplying the number of the plurality of reaction sites by the
natural logarithm of the quantity one minus the second por-
tion of the plurality of reaction sites.

22. A method of estimating a ratio of a concentration of a
first DNA molecule in a biological sample to a concentration
of a second DNA molecule in the biological sample, the
method comprising:

storing a number of analysis panels in a memory;

storing a number of a plurality of reaction sites per analysis
panel in the memory;

distributing the biological sample among the plurality of
reaction sites of the analysis panels;

forming a first histogram of the concentration of the first
DNA molecule per panel based on the number of analy-
sis panels;

forming a second histogram of the concentration of the
second DNA molecule per panel based on the number of
analysis panels;

forming a ratio histogram, wherein forming the ratio his-
togram comprises:
defining a bin extent associated with the ratio histogram;

determining a number of ratio pairs from the first histo-
gram and the second histogram, respectively, falling
within the bin extent, thereby defining a value asso-
ciated with the first histogram and a value associated
with the second histogram;

computing a product of the first histogram evaluated at
the value associated with the first histogram and the
second histogram evaluated at the value associated
with the second histogram;

storing a histogram entry for the product in the memory
associated with the bin extent; and

repeating determining a number of ratio pairs, comput-
ing a product, and storing a histogram entry to form
the ratio histogram.
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23. The method of claim 22 wherein forming a first histo-
gram ofthe concentration of the first DNA molecule per panel
comprises:

determining a number of the plurality of reaction sites per

analysis panel characterized by a presence of one or
more of the first DNA molecules;
computing a portion of the plurality of reaction sites char-
acterized by the presence of the one or more of the first
DNA molecules;

computing a standard deviation as a function of the portion
of the plurality of reaction sites characterized by the
presence of the one or more of the first DNA molecules;
and

forming a first probability density function having a mean

based on the portion of the plurality of reaction sites
characterized by the presence of the one or more of the
first DNA molecules and the standard deviation.

24. The method of claim 23 further comprising:

defining a first limit and a second limit; and

computing a first confidence interval associated with an

area under the first probability density function between
the first limit and the second limit.

25. The method of claim 22 wherein forming a second
histogram of the concentration of the second DNA molecule
per panel comprises:

determining a number of the plurality of reaction sites per

analysis panel characterized by a presence of one or
more of the second DNA molecules;

computing a portion of the plurality of reaction sites char-

acterized by the presence of the one or more of the
second DNA molecules;

computing a standard deviation as a function of the portion

of the plurality of reaction sites characterized by the
presence of the one or more of the second DNA mol-
ecules; and

forming a second probability density function having a

mean based on the portion of the plurality of reaction
sites characterized by the presence of the one or more of
the second DNA molecules and the standard deviation.
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26. The method of claim 25 further comprising:

defining a first limit and a second limit; and

computing a first confidence interval associated with an
area under the first probability density function between
the first limit and the second limit.

27. A system for estimating a concentration of a DNA

molecule in a biological sample, the systems comprising:
a light source;
a first optical system in optical communication with the
light source;
a nanofluidic chip support configured to receive a nanof-
luidic chip having a plurality of reaction chambers,
wherein optical radiation from the light source is
directed onto the nanofluidic chip by the first optical
system,
a second optical system configured to receive optical radia-
tion emitted from the nanofluidic chip;
a detector in optical communication with the second opti-
cal system; and
a computer comprising a data processor and a computer-
readable medium storing a plurality of instructions for
controlling a data processor to estimate the concentra-
tion of the DNA molecule in the biological sample, the
plurality of instructions comprising:
instructions that cause the data processor to determine a
number of the plurality of reaction chambers charac-
terized by a presence of one or more of the DNA
molecules;

instructions that cause the data processor to compute a
portion of the plurality of reaction sites characterized
by the presence of the one or more of the DNA mol-
ecules;

instructions that cause the data processor to estimate the
concentration of the DNA molecules as a function of
the portion of the plurality of reaction sites; and

instructions that cause the data processor to compute a
confidence interval for the estimated concentration of
DNA molecules.
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