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OF LONG NUCLEIC ACID FRAGMENTS
CROSS-REFERENCES TO RELATED APPLICATIONS

The present application claims priority from and is a nonprovisional application of
U.S. Provisional Application No. 63/465,161, entitled “Efficient Digital Measurement
of Long Nucleic Acid Fragments, ” filed May 9, 2023, the entire contents of which are

herein incorporated by reference for all purposes.

BACKGROUND

Digital polymerase chain reaction (PCR) allows absolute quantification of target
DNA in a sample. In digital PCR, a DNA sample is partitioned into compartments such
that a separate PCR reaction can be carried out in each individual partition (Saiki, et al.
1988, Science, 239 (4839) : 487-91; Vogelstein &Kinzler. 1999, Proc. Natl. Acad. Sci.
USA, 96, 9236-9241) . Conventionally, one would use a single primer pair to amplify
a target region of a certain size (referred to as an amplicon size, i.e., a size defined by
an intra-primer-pair distance) from among the molecules of interest within a reaction
partition. A fluorescently labelled, target-specific probe which recognizes a specific
sequence within the amplicon could then be used to detect the target amplicons within
each reaction partition. Those reaction partitions with a detectable fluorescence signal
would contain at least one copy of the target DNA.

A digital PCR or quantitative PCR assay using a single primer pair does not,
however, provide any information related to the size distribution of DNA in a sample.
In this regard, previous studies developed PCR assays targeting amplicons of different
sizes to analyze the size distribution of DNA molecule in a sample. For example, Chan
et al. analyzed the fraction of plasma DNA molecules exceeding certain sizes using
real-time PCR with a panel of primer pairs, including one forward primer and several
reverse primers, each of which produces an amplicon of a different size (Chan, et al.
2004, Clin. Chem., 50 (1) , 88-92) . Alcaide et al. employed a similar design using
a digital PCR platform instead of a real-time PCR platform, enabling the multiplex
amplification of different-sized amplicons in a single digital PCR reaction (Alcaide
et al. 2020, Sci. Rep., 10 (1) : 12564) . Obstacles remain, though, in applying these
and similar approaches. For example, the use of longer amplicons (e.g., those of
greater than 1 kb) to analyze the size distribution of DNA would be limited by the
amplification efficiency of the DNA polymerase which usually does not favor the
amplification of target DNA above 1 kb.

BRIEF SUMMARY
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Various embodiments are provided for using multiplexed digital amplification
reactions, e.g., digital PCR, to analyze the size of nucleic acid molecules, e.g., cell-
free DNA, within a biological sample. One example purpose is determining a size
distribution of the nucleic acid molecules in the biological sample. Various sets of
amplification primers and probes can be used for this purpose. Certain combinations
of primer sets useful for this purpose include separate forward and reverse primers
for each set, such that a forward primer of one primer set is downstream of a
reverse primer of another primer set. Such a configuration of primer sets can enable
simultaneous measurement of various sizes of cell-free DNA fragments, including
long DNA fragments, e.g., fragments having a size greater than 400 bp or other size
described herein. Other combinations of primer sets useful for this purpose include
those with a shared primer that is common among each set.

Another example purpose is determining a pathology of a subject using a biological
sample including nucleic acid molecules, e.g., cell-free DNA. An example of such a
pathology is preeclampsia for a subject that is pregnant with a fetus (e.g., a single fetus
or multiple fetuses) . Various sets of amplification primers and probes can be used
for this purpose. A classification of a subject pathology may be determined based on
relative amounts of amplification reactions that are positive for the different probes in
the multiplexed digital reactions. Certain combinations of primer sets useful for this
purpose include separate forward and reverse primers for each set, such that a forward
primer of one primer set is downstream of a reverse primer of another primer set. Other
combinations of primer sets useful for this purpose include those with a shared primer
that is common among each set.

These and other embodiments of the disclosure are described in detail below. For
example, other embodiments are directed to systems, devices, and computer readable
media associated with methods described herein.

Reference to the remaining portions of the specification, including the drawings and
claims, will realize other features and advantages of the present disclosure. Further
features and advantages of the present disclosure, as well as the structure and operation
of various embodiments of the present disclosure, are described in detail below with
respect to the accompanying drawings. In the drawings, like reference numbers can

indicate identical or functionally similar elements.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A presents a schematic illustration of an exemplary digital assay with two
separate primer pairs for deducing the size of a relatively long template nucleic acid

molecule in accordance with a provided embodiment.
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FIG. 1B presents a schematic illustration of an exemplary digital assay with two
separate primer pairs for deducing the size of a relatively short template nucleic acid
molecule in accordance with a provided embodiment.

FIG. 2 presents a schematic illustration of an exemplary digital assay with more than
two separate primer pairs for deducing multiple sizes of nucleic acids in accordance
with a provided embodiment.

FIG. 3 presents a flowchart of a method for determining nucleic acid fragment
sizes using digital amplification reactions with separate primers in accordance with a
provided embodiment.

FIG. 4A presents a schematic illustration of an exemplary digital assay with shared
primers for deducing the size of a relatively long template nucleic acid molecule in
accordance with a provided embodiment.

FIG. 4B presents a schematic illustration of an exemplary digital assay with shared
primers for deducing the size of a relatively short template nucleic acid molecule in
accordance with a provided embodiment.

FIG. 5 presents a schematic illustration of an exemplary digital assay with shared
primers for deducing multiple sizes of nucleic acids in accordance with a provided
embodiment.

FIG. 6 presents a flowchart of a method for determining nucleic acid fragment sizes
using digital amplification reactions with shared primers in accordance with a provided
embodiment.

FIG. 7A presents a schematic illustration of an exemplary simulation using long
DNA sequencing data to guide digital amplification reaction design in accordance with
a provided embodiment.

FIG. 7B presents graphs plotting results from the exemplary simulation of FIG. 7A.

FIG. 8 presents a graph plotting the area under the curve (AUC) for the receiver
operating characteristic (ROC) of differentiating preeclampsia toxemia (PET) from
control subjects using simulations of digital amplification reactions with different long
amplicon sizes.

FIG. 9 presents a graph plotting the area under the curve (AUC) for the receiver
operating characteristic (ROC) of differentiating preeclampsia toxemia (PET) from
control subjects using simulations of digital amplification reactions with different
numbers of nucleic acid fragments.

FIG. 10A presents a schematic illustration of a multicopy repeated region of a
genome.

FIG. 10B presents a schematic illustration of a single-copy region of a genome.

FIG. 11 presents a flowchart of a method for using long DNA sequencing data to

guide digital amplification reaction design in accordance with a provided embodiment.
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FIG. 12A presents a box plot showing percentages of long DNA fragments for
preeclamptic and control pregnancies as determined using simulations of digital
amplification of LINE1 repeat genomic sequences in accordance with a provided
embodiment.

FIG. 12B presents a graph showing a ROC analysis for differentiating the groups
measured in the simulation of FIG. 12A.

FIG. 12C presents a box plot showing percentages of long DNA fragments for
preeclamptic and control pregnancies as determined using simulations of digital
amplification of 533-bp and 73-bp regions of a VCP single-copy genomic sequence in
accordance with a provided embodiment.

FIG. 12D presents a graph showing a ROC analysis for differentiating the groups
measured in the simulation of FIG. 12C.

FIG. 12E presents a box plot showing percentages of long DNA fragments for
preeclamptic and control pregnancies as determined using simulations of digital
amplification of 1001-bp and 73-bp regions of a VCP single-copy genomic sequence in
accordance with a provided embodiment.

FIG. 12F presents a graph showing a ROC analysis for differentiating the groups
measured in the simulation of FIG. 12E.

FIG. 13A presents a box plot showing percentages of long DNA fragments for
preeclamptic and control pregnancies as determined using digital amplification of
LINE1 sequences in accordance with a provided embodiment.

FIG. 13B presents a box plot showing percentages of long DNA fragments for
preeclamptic and control pregnancies as determined using digital amplification of
533-bp and 73-bp sequences from a single-copy gene in accordance with a provided
embodiment.

FIG. 13C presents a box plot showing percentages of long DNA fragments for
preeclamptic and control pregnancies as determined using digital amplification of
1001-bp and 73-bp sequences from a single-copy gene in accordance with a provided
embodiment.

FIG. 13D presents a graph showing an ROC analysis of the digital amplification
assays of FIGS. 13A-C.

FIG. 14 presents a flowchart of a method for determining a pathology classification
using digital amplification reactions with separate primers in accordance with a
provided embodiment.

FIG. 15 presents a flowchart of a method for determining a pathology classification
using digital amplification reactions with shared primers in accordance with a provided

embodiment.
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FIG. 16 presents a block diagram of an exemplary measurement system in
accordance with a provided embodiment.

FIG. 17 presents a block diagram of an exemplary computer system in accordance
with a provided embodiment.

TERMS

A "biological sample" refers to any sample that is taken from a subject (e.g., a
human or other animal) , such as a pregnant woman, a person with cancer or other
disorder, or a person suspected of having cancer or other disorder, an organ transplant
recipient or a subject suspected of having a disease process involving an organ (e.g.,
the heart in myocardial infarction, or the brain in stroke, or the hematopoietic system
in anemia) and contains one or more nucleic acid molecule (s) of interest (e.g., DNA
and/or RNA) . The biological sample can be a bodily fluid, such as blood, plasma,
serum, urine, vaginal fluid, fluid from a hydrocele (e.g., of the testis) , vaginal flushing
fluids, pleural fluid, ascitic fluid, cerebrospinal fluid, saliva, sweat, tears, sputum,
bronchoalveolar lavage fluid, discharge fluid from the nipple, aspiration fluid from
different parts of the body (e.g., thyroid, breast) , intraocular fluids (e.g., the aqueous
humor) , amniotic fluid, etc. Stool samples can also be used. In various embodiments,
the majority of DNA in a biological sample (e.g., that has been enriched for cell-free
DNA, such as a plasma sample obtained via a centrifugation protocol) can be cell-
free, e.g., greater than 50%, 60%, 70%, 80%, 90%, 95%, or 99%of the DNA can be
cell-free. A centrifugation protocol for enriching cell-free DNA from a biological
sample can include, for example, centrifuging the biological sample at 1,600 g x 10
minutes, obtaining the fluid part of the centrifuged sample, and re-centrifuging at
for example, 16,000 g for another 10 minutes to remove residual cells. As part of an
analysis of a biological sample, a statistically significant number of cell-free DNA
molecules can be analyzed (e.g., to provide an accurate measurement) for a biological
sample. In some embodiments, at least 1,000 cell-free DNA molecules are analyzed.
In other embodiments, at least 10,000 or 50,000 or 100,000 or 500,000 or 1,000,000 or
5,000,000 cell-free DNA molecules, or more, can be analyzed. At least a same number
of sequence reads can be analyzed. Any amount described herein can be any of the
numbers listed above. Examples sizes of a sample can include 30, 50, 100, 200, 300,
500, 1,000, 5,000, or 10,000 or more nanograms, or 1, 2, 3,4,5,6,7,8,9, or 10 mL

A “nucleic acid molecule” or “polynucleotide’ (also referred to as a nucleic acid
fragment) refers to deoxyribonucleic acids (DNA) or ribonucleic acids (RNA) and
polymers thereof in either single-or double-stranded form. A fragment can refer
to a portion of a polynucleotide or polypeptide sequence that comprises at least 3
consecutive nucleotides. A nucleic acid fragment can retain the biological activity

and/or some characteristics of the parent polypeptide. Unless specifically limited, the
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term encompasses nucleic acids containing known nucleotide analogs or modified
backbone residues or linkages, which are synthetic, naturally occurring, and non-
naturally occurring, that have similar binding properties as the reference nucleic acid
and are metabolized in a manner similar to reference nucleotides. Examples of such
analogs include, without limitation, phosphorothioates, phosphoramidates, methyl
phosphonates, chiral-methyl phosphonates, 2-O-methyl ribonucleotides, and peptide
nucleic acids (PNAs) . A nucleic acid fragment can be a linear fragment or a circular
fragment.

Non-limiting examples of polynucleotides or nucleic acid molecules include
DNA, RNA, coding or noncoding regions of a gene or gene fragment, intergenic
DNA, loci (locus) defined from linkage analysis, exons, introns, messenger RNA
(mRNA) , transfer RNA (tRNA) , ribosomal RNA (rRNA) , short interfering RNA
(siRNA) , short-hairpin RNA (shRNA) , micro-RNA (miRNA) , small nucleolar RNA
(snoRNA) , ribozymes, deoxynucleotides (ANTPs) , or dideoxynucleotides (ddNTPs) .
Polynucleotides can also include complementary DNA (cDNA) , which is a DNA
representation of mRNA, usually obtained by reverse transcription of messenger
RNA (mRNA) or by amplification. Polynucleotides can also include DNA molecules
produced synthetically or by amplification, genomic DNA (gDNA) , recombinant
polynucleotides, branched polynucleotides, plasmids, vectors, isolated DNA of
any sequence, isolated RNA of any sequence, nucleic acid probes, or primers. A
polynucleotide can comprise modified nucleotides, such as methylated nucleotides
and nucleotide analogs. If present, modifications to the nucleotide structure can
be imparted before or after assembly of the polymer. The sequence of nucleotides
can be interrupted by non-nucleotide components. A polynucleotide can be further
modified after polymerization, such as by conjugation with a labeling component.
Polynucleotide sequences, when provided, are listed in the 5' to 3' direction, unless
stated otherwise.

Nucleic acid molecules or polynucleotides can be double-or triple-stranded nucleic
acids, as well as single-stranded molecules. In double-or triple-stranded nucleic acids,
the nucleic acid strands need not be coextensive, for example, a double-stranded
nucleic acid need not be double-stranded along the entire length of both strands.

A “primer” refers to an oligonucleotide that can be used in an amplification method,
such as a polymerase chain reaction (PCR) , to amplify a predetermined target
nucleotide sequence or region. In a typical PCR, at least one set of primers, one
forward primer and one reverse primer, are needed to amplify a target polynucleotide
sequence or region. Conventionally, when a target DNA sequence consisting of a
(+) strand and a (-) strand is amplified, a forward primer is an oligonucleotide that

can hybridize to the 3' end of the (-) strand under the reaction condition and can
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therefore initiate the polymerization of a new (+) strand; whereas a reverse primer is
an oligonucleotide that can hybridize to the 3' end of the (+) strand under the reaction
condition and can therefore initiate the polymerization of a new (-) strand. As an
example, a forward primer may have the same sequence as the 5' end of the (+) strand,
and a reverse primer may have the same sequence as the 5' end of the (-) strand.

The abbreviation “bp” refers to base pairs. In some instances, “bp” may be used to
denote a length of a DNA fragment, even though the DNA fragment may be single
stranded and does not include a base pair. In the context of single-stranded DNA, “bp”
may be interpreted as providing the length in nucleotides.

The terms “size profile” and “size distribution” generally relate to the sizes of DNA
fragments in a biological sample. A size profile may be a histogram that provides a
distribution of an amount of DNA fragments at a variety of sizes. Various statistical
parameters (also referred to as size parameters or just parameter) can distinguish
one size profile to another. One parameter is the percentage of DNA fragment of a
particular size or range of sizes relative to all DNA fragments or relative to DNA
fragments of another size or range.

The term “parameter” as used herein means a numerical value that characterizes a
quantitative data set and/or a numerical relationship between quantitative data sets.
For example, a ratio (or function of a ratio) between a first amount of a first nucleic
acid sequence and a second amount of a second nucleic acid sequence is a parameter.
The parameter can be used to determine any classification described herein, e.g., with
respect to fetal, cancer, or transplant analysis.

A “separation value” corresponds to a difference or a ratio involving two values,
e.g., two fractional contributions or two methylation levels. A separation value is an
example of a parameter. The separation value could be a simple difference or ratio.
As examples, a direct ratio of x/y is a separation value, as well as x/ (x+y) . Other
examples are y/x and y/ (x+y) . The separation value can include other factors, e.g.,
multiplicative factors. As other examples, a difference or ratio of functions of the
values can be used, e.g., a difference or ratio of the natural logarithms (In) of the two
values. A separation value can include a difference and a ratio, e.g., (x-y) / (x+y) . A
separation value can be compared to a threshold to determine whether the separation
between the two values is statistically significant. A separation value is an example of
a relative amount.

The terms “cutoff” and “threshold” refer to predetermined numbers used in an
operation. For example, a cutoff size can refer to a size above which fragments are
excluded. As another example, a threshold value may be a value above or below
which a particular classification applies. Either of these terms can be used in either

of these contexts. A cutoff or threshold may be “a reference value” or derived from
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a reference value that is representative of a particular classification or discriminates
between two or more classifications. A cutoff may be predetermined with or without
reference to the characteristics of the sample or the subject. For example, cutoffs

may be chosen based on the age or sex of the tested subject. A cutoff may be chosen
after and based on output of the test data. For example, certain cutoffs may be used
when the sequencing of a sample reaches a certain depth. As another example,
reference subjects with known classifications of one or more conditions and measured
characteristic values (e.g., a methylation level, a statistical size value, or a count) can
be used to determine reference levels to discriminate between the different conditions
and/or classifications of a condition (e.g., whether the subject has the condition) . A
reference value can be selected as representative of one classification (e.g., a mean)
or a value that is between two clusters of the metrics (e.g., chosen to obtain a desired
sensitivity and specificity) . As another example, a reference value can be determined
based on statistical simulations of samples. Any of these terms can be used in any of
these contexts. Such a reference value can be determined in various ways, as will be
appreciated by the skilled person. For example, metrics can be determined for two
different cohorts of subjects with different known classifications, and a reference
value can be selected as representative of one classification (e.g., a mean) or a value
that is between two clusters of the metrics (e.g., chosen to obtain a desired sensitivity
and specificity) . As another example, a reference value can be determined based on
statistical simulations of samples. A particular value for a cutoff, threshold, reference,
etc. can be determined based on a desired accuracy (e.g., a sensitivity and specificity) .

The term “classification” as used herein refers to any number (s) or other characters
(s) that are associated with a particular property of a sample. For example, a “+”
symbol (or the word “positive” ) could signify that a sample is classified as having
deletions or amplifications, or as being derived from a subject having a pathology.
The classification can be binary (e.g., positive or negative) or have more levels
of classification (e.g., a scale from 1 to 10 or 0 to 1) , including probabilities.
Different techniques for determining a classification can be combined to obtain
a final classification from the initial or intermediate classification for each of the
different techniques, e.g., by majority vote or a requirement that all initial/intermediate
classifications are the same (e.g., positive) .

A “level of a pathology” can refer to an amount, degree, or severity of a pathology
associated with an organism. A heathy state of a subject can be considered a
classification of no pathology.

The terms “about” and “approximately” can mean within an acceptable error range
for the particular value as determined by one of ordinary skill in the art, which will

depend in part on how the value is measured or determined, i.e., the limitations of the
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measurement system. For example, “about” can mean within 1 or more than 1 standard
deviation, per the practice in the art. Alternatively, “about” can mean a range of up

to 20%, up to 10%, up to 5%, or up to 1%of a given value. Alternatively, particularly
with respect to biological systems or processes, the term “about” or “approximately”
can mean within an order of magnitude, within 5-fold, and more preferably within 2-
fold, of a value. Where particular values are described in the application and claims,
unless otherwise stated the term “about” meaning within an acceptable error range for
the particular value should be assumed. The term “about” can have the meaning as
commonly understood by one of ordinary skill in the art. The term “about” can refer to
+10%. The term “about” can refer to +5%.

Where a range of values is provided, it is understood that each intervening value, to
the tenth of the unit of the lower limit unless the context clearly dictates otherwise,
between the upper and lower limits of that range is also specifically disclosed. Each
smaller range between any stated value or intervening value in a stated range and
any other stated or intervening value in that stated range is encompassed within
embodiments of the present disclosure. The upper and lower limits of these smaller
ranges may independently be included or excluded in the range, and each range where
either, neither, or both limits are included in the smaller ranges is also encompassed
within the present disclosure, subject to any specifically excluded limit in the stated
range. Where the stated range includes one or both of the limits, ranges excluding
either or both of those included limits are also included in the present disclosure.

Standard abbreviations may be used, e.g., bp, base pair (s) ; kb, kilobase (s) ; pi,
picoliter (s) ; s or sec, second (s) ; min, minute (s) ; h or hr, hour (s) ; aa, amino acid
(s) ; nt, nucleotide (s) ; and the like.

Unless defined otherwise, all technical and scientific terms used herein have the
same meaning as commonly understood by one of ordinary skill in the art to which
this disclosure belongs. Although any methods and materials similar or equivalent to
those described herein can be used in the practice or testing of the embodiments of the
present disclosure, some potential and exemplary methods and materials may now be

described.

DETAILED DESCRIPTION

Before the present invention is described in greater detail, it is to be understood
that this invention is not limited to particular embodiments described, as such may
vary. It is also to be understood that the terminology used herein is for the purpose of
describing particular embodiments only, and is not intended to be limiting, since the
scope of the present invention will be limited only by the appended claims. Efforts

have been made to ensure accuracy with respect to numbers used (e.g., amounts,
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temperature, etc. ) but some experimental errors and deviations should be accounted
for. Unless indicated otherwise, parts are parts by weight, molecular weight is weight
average molecular weight, temperature is in degrees Celsius, and pressure is at or near
atmospheric.

The present disclosure provides multiplexed digital amplification reactions, e.g.,
multiplex digital PCR assays, where each of the amplification reactions contains two
or more primer pairs that can be annealed to a template DNA. In some embodiments,
a desired and predetermined nucleotide distance (i.e., an inter-primer-pair spanning
distance) exists between the amplicons associated with each primer pair. In some
embodiments, the length (i.e., an intra-primer-pair distance) of the amplicon associated
with each of the two or more primer pairs can be relatively small, such that the
amplicon can be effectively amplified, e.g., to generate fluorescent signals using a
probe for detecting the amplicon. In this way, the simultaneous positive detection of
two or more short-sized amplicons within one reaction partition of the multiplexed
digital reactions (i.e., a colocalization of signals) can be translated to the detection of a
long DNA molecule.

As a nonlimiting example, primer pairs with an inter-primer-pair spanning distance
of 1000 bp can be used. Each primer pair can be coupled with a different type of probe
which emits a different fluorescence light. A template DNA with a size of 1000 bp
or above would be determined to be present in this example when two primer pairs
initiate amplifications resulting in emission of the two types of detectable fluorescence
signals from two different probes (e.g., forming a mixed-color light) in a reaction
partition. In contrast, a template DNA with a size of less than 1000 bp would be
determined to be present in this example when only one of two primer pairs could
initiate amplification resulting in emission of only one type of detectable fluorescence
signal in a reaction partition.

In other embodiments, the amplicons associated with the two or more primer pairs
overlap, such that a smaller amplicon associated with a first primer pair corresponds
to a subsequence of a larger amplicon associated with a second primer pair. In some
such embodiments, one primer of the first primer pair is identical to one primer of the
second primer pair. The simultaneous positive detection of both amplicons within one
reaction partition of the multiplexed digital reactions can therefore be translated to the
detection of a longer DNA molecule, whereas the positive detection of only the smaller
amplicon within one reaction partition can be translated into detection of a smaller
DNA molecule.

The present disclosure thus advantageously provides methods and related
compositions and systems useful for measuring the sizes of nucleic acid molecules

without the greater expense or time required by other procedures, such as sequencing.
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The provided materials and methods are particularly beneficial in allowing for
straightforward and inexpensive determinations of the sizes or size distributions

of long DNA molecules, e.g., long cell-free DNA molecules. Additional benefits
provided by the disclosure relate to improvements for determining a pathology
classification for a subject, where the classification is related to a size distribution of
nucleic acid molecules in a sample from the subject. The disclosure further provides
improved techniques for designing digital amplification reactions with enhanced
ability to differentiate nucleic acid molecules of different sizes, and to distinguish
different classifications or levels of various pathologies such as preeclampsia.

Before the present invention is described in greater detail, it is to be understood
that this invention is not limited to particular embodiments described, as such may
vary. It is also to be understood that the terminology used herein is for the purpose of
describing particular embodiments only, and is not intended to be limiting, since the
scope of the present invention will be limited only by the appended claims. Efforts
have been made to ensure accuracy with respect to numbers used (e.g., amounts,
temperature, etc. ) but some experimental errors and deviations should be accounted
for. Unless indicated otherwise, parts are parts by weight, molecular weight is weight
average molecular weight, temperature is in degrees Celsius, and pressure is at or near
atmospheric.

I. MULTIPLEX DIGITAL AMPLIFICATION REACTIONS

The present disclosure generally relates to methods for analyzing nucleic acid
molecules, e.g., cell-free nucleic acid molecules from a biological sample, using
multiplexed digital amplification reactions. Digital amplification refers to a process
of amplifying a small amount of nucleic acid molecules to generate a larger number
of identical copies for analysis, where a sample of the nucleic acid molecules is first
compartmentalized or partitioned into many individual amplification reactions. The
resulting amplification products can then be analyzed to determine the number of
positive and negative reactions from among the many individual reactions. This
number can be used to precisely quantify the number of target molecules in the original
sample. Since the compartments are typically very small and contain a limited amount
of sample, the method has high sensitivity and can detect very low levels of target
nucleic acids in a sample.

Multiplexed digital amplification refers to a digital amplification method
involving the simultaneous detection of multiple targets within each individual
compartmentalized amplification reaction. This technique generally requires two or
more probes that can be distinguished from one another and detected simultaneously.
For example, a multiplexed digital amplification reaction can use two or more

fluorescently labeled probes, one for each target amplicon of the amplification
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reaction, where each probe emits fluorescence light having a different wavelength.

As an individual target amplicon is amplified in a particular compartmentalized
reaction, light emitted from that compartment and having the wavelength of the

probe associated with that amplicon will increase. Signals associated with various
combinations of the probes can be identified by the simultaneous detection of emitted
fluorescence light having different corresponding combinations of wavelengths. In this
way, the detection of multiple signals from a single compartment of the multiplexed
amplification reaction can be used to determine that the single compartment includes
positive reactions amplifying multiple amplicons associated with the multiple detected
signals.

The embodiments provided herein advantageously use multiplexed amplification
reactions to simultaneously detect amplicons of different regions from the same
template nucleic acid. The multiplexed reactions can thus provide information about,
for example, the size distribution of template nucleic acid molecules in a sample, or the
classification of a pathology related to the relative amounts of the different amplicon
regions present in the template nucleic acid molecule. This contrasts with more general
uses for multiplexed amplification reactions, which instead typically detect amplicons
representing different alleles at the same locus, or amplicons representing different
loci, e.g., different genes on different chromosomes.

In some embodiments, the amplification reaction within each of the
compartmentalized digital amplification reactions is a polymerase chain reaction
(PCR) . In some embodiments, the multiplexed digital amplification reactions are
compartmentalized using a microfluidics system. A “microfluidics system” refers to
a system, typically an automated system, that can manipulate very small volume of
fluid samples with required precision. A microfluidics system suitable for use with the
provided methods is one capable of accurately taking one or more aliquots from a fluid
sample and distributing the aliquots into separate, individually defined compartments.
In some embodiments, the compartments aliquoted by a microfluidic system are
volumes within individual wells of a multi-well microplate. In some embodiments,
the compartments aliquoted by a microfluidic system are individual droplets, and the
digital amplification reactions are droplet digital PCR reactions. The volume of each
aliquot can be, for example, in the range of nanoliters (10 liter) to picoliters (10
liter) .

In some embodiments, the multiplexed digital amplification reactions use polony
PCR. In some embodiments, the partitioning of the multiplexed digital amplification
reactions uses beads or surfaces (e.g., partitioning on glass or in a flow cell) . In some
embodiments, the multiplexed digital amplification reactions are emulsion polymerase

chain reactions. An “emulsion polymerase chain reaction” refers to a polymerase
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chain reaction in which the reaction mixture, an aqueous solution, is added into a large
volume of a second liquid phase that is water-insoluble, e.g., oil. The suspension can
be emulsified prior to the amplification process, so that the aqueous droplets of the
reaction mixture act as micro-reactors and therefore achieve a higher concentration for
a target nucleic acid in at least some of the micro-reactors.

“BEAMing” (beads, emulsions, amplification, and magnetics) refers to a modified
emulsion PCR process suitable for use with the provided methods. In this process, at
least one of the PCR primers is conjugated with a molecule that is a partner of a known
binding pair. For example, a biotin moiety may be conjugated to a forward primer used
in the PCR. In each reaction compartment, one or more metal beads coated with the
other member of the binding pair, e.g., streptavidin, are provided. Upon completion of
the amplification step, the amplicon from the labeled primer is adsorbed to the coated
bead (s) , which in turn can be concentrated and isolated by magnetic beads. For more
description of BEAMing, see, e.g., Diehl et al., Nat. Methods. 3, (2006) : 551.

In some embodiments, the nucleic acid molecules analyzed using the provided
multiplexed digital amplification reactions are DNA molecules. In some embodiments,
the nucleic acid molecules are RNA molecules, and the digital amplification reactions
include a reverse transcriptase enzyme in an amount effective to reverse transcribe
the RNA molecules to complementary DNA (¢cDNA) molecules, which can then be
amplified, e.g., by PCR. In some embodiments, the partitioning or compartmentalizing
of the nucleic acid molecules results in the plurality of the multiplexed digital
amplification reactions having an average of one nucleic acid molecule per digital
amplification reaction.

II. MEASURING SIZE USING SEPARATE PRIMER SETS

In some aspects, the present disclosure provides methods for measuring the sizes
of nucleic acid molecules, e.g., a plurality of cell-free nucleic acid molecules from a
biological sample, where the methods involve amplifying two or more separate and
non-overlapping regions of a reference sequence, at least a portion of which is present
in or complementary to the nucleic acid molecules. Positive amplification of more
than one of these targeted regions from a nucleic acid molecule indicates that the
nucleic acid molecule has a sequence length at least long enough to cover or include
each of the successfully amplified regions. Positive amplification of fewer targeted
regions, e.g., only one targeted region, indicates that the nucleic acid molecule instead
has a length insufficiently long enough to cover or include each region targeted for
amplification. For each region targeted for amplification, the multiplexed amplification
reactions include a different and distinctly observable probe, e.g., a fluorescent probe,
and complete separate pairs of amplification primers, e.g., a forward and a reverse

PCR primer. These provided methods preferably involve multiplexed digital PCR



WO 2024/230768 PCT/CN2024/091880

[0072]
[0073]

[0074]

[0075]

14

and cannot be operated using real-time PCR. The provided methods are particularly
advantageous for measuring the size of relatively long nucleic acid molecules, without
needing to rely on the frequently inefficient amplification of relatively long amplicons.

A. Two primer sets

FIG. 1 provides a schematic illustration of a disclosed multiplexed digital
amplification assay for measuring the size of a nucleic acid molecule using two
separate sets of PCR primer pairs. Each amplification reaction of the multiplexed
digital assay includes, among other necessary enzymes, reagents, buffers, and
additional components of PCR amplification, four PCR primers. Two of these four
primers are forward (F1) and reverse (R1) primers targeting amplification of a first
region of the nucleic acid molecule. The other two of the four primers are forward
(F2) and reverse (R2) primers targeting amplification of a second region of the nucleic
acid molecule. The sequence of each of the primers can be determined based on a
reference sequence, at least a portion of which may be present on or complementary
to the nucleic acid molecule. For example, the F1 and R1 primers can be designed
to correspond to, e.g., be complementary to, the sequence of the first region as it
appears in the reference sequence. The F2 and R2 primers can likewise be designed
to correspond to, e.g., be complementary to, the sequence of the second region as it
appears in the reference sequence.

As shown in the illustration of FIG. 1, the second forward primer (F2) is downstream
from the first reverse primer (R1) . In this way, the second region targeted by the
second forward (F2) and reverse (R2) primers is separate from, and does not overlap
with, the first region targeted by the first forward (F1) and reverse (R1) primers. The
first and second primer pairs can be designed or configured such that the second region
is located a specified number of bases from the first region in the reference sequence.
For example, the specified number of bases between the first region and the second
region can be less than about 5 kilobases, e.g., less than about 3000 bp, less than about
2000 bp, less than about 1500 bp, less than about 1000 bp, less than about 800 bp,
less than about 600 bp, less than about 500 bp, less than about 400 bp, less than about
300 bp, less than about 250 bp, or less than about 200 bp. In terms of lower limits, the
specified number of bases between the first region and the second region can be, for
example, greater than about 150 bp, e.g., greater than about 200 bp, greater than about
250 bp, greater than about 300 bp, greater than about 400 bp, greater than about 500
bp, greater than about 600 bp, greater than about 800 bp, greater than about 1000 bp,
greater than about 1500 bp, greater than about 2000 bp, or greater than about 3000 bp.

The selection of the specified distance between the first and second regions
targeted, respectively, by the first (F1/R1) and second (F1/R1) primer sets of the

digital amplification reactions can determine what size of nucleic acid molecules
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can be measured using the provided method. For example, FIG. 1A illustrates a
compartmentalized amplification reaction in which the nucleic acid molecule, i.e.,
template DNA, is a relatively long nucleic acid molecule spanning the entire targeted
first and second regions and the specified distance between the regions. Accordingly,
the amplification reaction of this compartment will produce PCR products correspondi
ng to both the first and the second regions, and the compartment will be identified
as including a nucleic acid molecule that is at least the specified number of bases
in length and that covers both the first and second target regions. In this way, the
specified distance between the first and second regions relates to the length of nucleic
acid molecules that can be measured.

FIG. 1B illustrates another compartmentalized amplification reaction containing
a nucleic acid molecule, i.e., template DNA, that is a relatively short nucleic acid
molecule spanning the entire targeted first region but lacking the targeted second
region. The amplification reaction of this compartment will produce PCR products
corresponding to the first region, but not to the second region. The compartment will
therefore be identified as not including a nucleic acid molecule that is at least the
specified number of bases in length and that covers both the first and second target
regions.

The first and second primer sets of the multiplexed digital amplification reactions
can individually be designed or configured to target amplicons that are relatively
short in length. The use of short amplicons in the provided analytical method can
in at least some instances beneficially increase the accuracy and efficiency of the
method, because PCR reactions are generally more effective in amplifying shorter
regions than larger regions. The provided methods can therefore advantageously
improve the accuracy and efficiency of using amplifications to measure the size of
relatively long nucleic acid molecules, because the methods require amplification of
multiple relatively short regions of the molecules, rather than a single larger region
representative of the overall length of the relatively long molecule. Each region, e.g.,
the first region and the second region, targeted for amplification can independently
have a length that is, for example, less than about 1000 bp, e.g., less than about 900 bp,
less than about 800 bp, less than about 700 bp, less than about 600 bp, less than about
500 bp, less than about 400 bp, less than about 300, bp, less than about 250 bp, less
than about 200 bp, less than about 150 bp, less than about 100 bp, or less than about 70
bp. In terms of lower limits, each region targeted for amplification can independently
have a length that is, for example, greater than about 50 bp, e.g., greater than about 70
bp, greater than about 100 bp, greater than about 150 bp, greater than about 200 bp,
greater than about 250 bp, greater than about 300 bp, greater than about 400 bp, greater
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than about 500 bp, greater than about 600 bp, greater than about 700 bp, greater than
about 800 bp, or greater than about 900 bp.

As also shown in FIGS. 1A and 1B, each amplification reaction of the multiplexed
digital assay also includes a first probe or reporter (Probe 1) and a second probe
or reporter (Probe 2) . The first probe corresponds to the first region targeted for
amplification by the first forward (F1) and first reverse (R1) primers of the first primer
set. The second probe corresponds to the second region targeted for amplification by
the second forward (F2) and second reverse (R2) primers of the second primer set. The
first probe of the first primer set produces a detectable signal that is distinguishable
from a different detectable signal produced by the second probe of the second
primer set. In this way, a first signal from the first probe can be quantifiably detected
simultaneously with the quantifiable detection of a second signal from the second
probe. The signal strengths emitted from the probes in a compartmentalized reaction
are generally proportionate to the amount of amplification products produced in
that reaction. For example, flowing the amplification reaction illustrated in FIG.
1A, PCR amplification products associated with both the F1/R1 primers and the F2/
R2 primers are present. As a result, signals from both Probe 1 and Probe 2 can be
detected from this compartmentalized reaction. Following the amplification reaction
illustrated in FIG. 1B, only PCR amplification products associated with the F1/
R1 primers are present. As a result, only the signal from Probe 1 can be detected
from this compartmentalized reaction. In some embodiments, the first probe and the
second probe each independently include a different fluorescent reporter. In some
embodiments, the first signal and the second signal each independently include a
fluorescence emission light having a different wavelength.

In some embodiments, the measuring of the size of nucleic acid molecules
as illustrated in FIGS. 1A and 1B includes determining which of the plurality
of multiplexed digital amplification reactions includes a nucleic acid molecule
sufficiently long enough to include the first region, the second region, and the specified
distance between the first and second regions. For example, after completing the
amplification reactions, the number of compartments, e.g., droplets, emitting the
first signal from the first probe and the second signal from the second probe can be
counted. In some embodiments, the measuring of the size of nucleic acid molecules
as illustrated in FIGS. 1A and 1B further includes determining which of the plurality
of multiplexed digital amplification reactions included a nucleic acid molecule only
long enough to include one of the first region or the second region. For example, after
completing the amplification reactions, the number of compartments, e.g., droplets,
emitting only one of the first signal from the first probe and the second signal from

the second probe can be counted. In some embodiments, the count of compartments
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emitting both the first and second signals is related to the count of compartments
emitting only one of the first and second signals. For example, the two different counts
can be used to calculate a ratio of long template DNA to short template DNA among
the compartmentalized reactions, or a ratio of short template DNA to long template
DNA among the reactions. These ratios, or other derived parameters, can be used to
determine, for example, the relative size distribution of nucleic acid molecules in the
original sample that comprised the molecules.

B. More than two primers sets

FIG. 2 provides an illustration of another configuration of this method useful for
measuring two or more different sizes of nucleic acid molecules. This configuration
of the method uses three or more separate sets of PCR primer pairs. For example, and
as illustrated in FIG. 2, first forward (F1) and reverse (R1) primers can target a first
region of the nucleic acid molecule. Second forward (F1) and reverse (R2) primers can
target a second region of the nucleic acid molecule. Third forward (F1) and reverse
(R3) primers can target a third region of the nucleic acid molecule. Additional primer
pairs, €.g., up to and including the FX and RX primers depicted in FIG. 2, can likewise
be used to target additional regions of the nucleic acid molecule. The sequence of each
of the primers can be determined based on a reference sequence, at least a portion of
which may be present on or complementary to the nucleic acid molecule. For example,
the F1 and R1 primers can be designed to correspond to, e.g., be complementary to,
the sequence of the first region as it appears in the reference sequence. The F2 and
R2 primers can be designed to correspond to, e.g., be complementary to, the sequence
of the second region as it appears in the reference sequence. The F3 and R3 primers
can be designed to correspond to, e.g., be complementary to, the sequence of the third
region as it appears in the reference sequence.

As shown in the illustration of FIG. 2, the second forward primer (F2) is downstream
from the first reverse primer (R1) . In this way, the second region targeted by the
second forward (F2) and reverse (R2) primers is separate from, and does not overlap
with, the first region targeted by the first forward (F1) and reverse (R1) primers. In the
example illustrated by FIG. 2, the third region targeted by the third forward (F3) and
reverse (R3) primers is separate from, does not overlap with, and is downstream of,
the first region and the second region. Accordingly, the third forward primer (F3) of
this example configuration is downstream from the second reverse primer (R2) . The
three or more different primer pairs can be designed or configured such that the region,
i.e., the last region, targeted by the FX and RX primers is located a specified number
of bases from the first region in the reference sequence. For example, the specified
number of bases between the first region and the last region can be less than about 5
kilobases, e.g., less than about 3000 bp, less than about 2000 bp, less than about 1500
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bp, less than about 1000 bp, less than about 800 bp, less than about 600 bp, less than
about 500 bp, less than about 400 bp, less than about 300 bp, less than about 250 bp, or
less than about 200 bp. In terms of lower limits, the specified number of bases between
the first region and the last region can be, for example, greater than about 150 bp, e.g.,
greater than about 200 bp, greater than about 250 bp, greater than about 300 bp, greater
than about 400 bp, greater than about 500 bp, greater than about 600 bp, greater than
about 800 bp, greater than about 1000 bp, greater than about 1500 bp, greater than
about 2000 bp, or greater than about 3000 bp.

The selection of the specified distances between each of the three or more regions
targeted by the three or more primer sets of the digital amplification reactions can
determine what two or more different sizes of nucleic acid molecules can be measured
using the provided method. For example, FIG. 1A illustrates a compartmentalized
amplification reaction in which the nucleic acid molecule, i.e., template DNA, is a
relatively long nucleic acid molecule spanning the entirety of all targeted regions and
the specified distances between each adjacent pair of these regions. Accordingly, the
amplification reaction of this compartment will produce PCR products corresponding
to all regions targeted for amplification, and the compartment will be identified as
including a nucleic acid molecule that is at least the specified number of bases in
length between the first and last regions, and that covers all targeted regions. In this
way, the specified distance between the first and last regions relates to one length of
nucleic acid molecules that can be measured.

FIG. 1B illustrates another compartmentalized amplification reaction containing
a nucleic acid molecule, i.e., template DNA, that is a relatively short nucleic acid
molecule spanning the entire targeted first, second, and third regions but lacking the
other targeted regions, including the last region. The amplification reaction of this
compartment will produce PCR products corresponding to the first, second, and third
regions, but not to any other region. The compartment will therefore be identified
as including a nucleic acid molecule that is has a length sufficient to cover the first,
second, and third targeted regions, and to also include the specified distances between
the first and second regions and between the second and third regions, but insufficient
to also cover a fourth targeted region.

Nucleic acid molecules which are shorter than the size spanning the outermost
primer pairs will thus produce only a subset of the potential amplicons in a multiplexed
digital amplification reaction, suggesting the presence of shorter template molecules.
For example, in the case where X of FIG. 2 is five, then five different regions of
the nucleic acid molecule will be targeted by first (F1/R1) , second (F2/R2) , third
(F3/R3) , fourth (F4/R4) , and fifth (F5/RS5) primer sets of the digital amplification
reactions. Depending on the length of the template nucleic acid molecule present in
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a compartmentalized reaction, and the targeted regions present on that molecule, the
amplification reaction in the compartment will produce amplification products targeted
by F1/R1; by F2/R2; by F3/R3; by F4/R4; by F5/RS5; by F1/R1 and F2/R2; by F2/
R2 and F3/R3; by F3/R3 and F4/R4; by F4/R4 and F5/RS5; by F1/R1, F2/R2, and F3/
R3; by F2/R2, F3/R3, and F4/R4; by F3/R3, F4/R4, and F5/RS; by F1/R1, F2/R2,
F3/R3, and F4/R4; by F2/R2, F3/R3, F4/R4, and F5/RS; or by F1/R1, F2/R2, F3/R3,
F4/R4, and F5/RS5, depending on the length of the fragment. In some embodiments,
the measuring of the size of nucleic acid molecules as illustrated by FIG. 2 includes
determining which of the plurality of multiplexed digital amplification reactions
includes each of these subsets of potential amplicons. With knowledge of the length
of each targeted region, and the specified distances between each adjacent region, the
length of the template nucleic acid molecule in each of the plurality of multiplexed
digital amplification reactions can then be estimated or determined.

[0086]  Each of the three or more primer sets of the multiplexed digital amplification
reactions can be designed or configured to target amplicons that are relatively
short in length. The use of short amplicons in the provided analytical method can
in at least some instances beneficially increase the accuracy and efficiency of the
method, because PCR reactions are generally more effective in amplifying shorter
regions than larger regions. The provided methods can therefore advantageously
improve the accuracy and efficiency of using amplifications to measure the size of
relatively long nucleic acid molecules, because the methods require amplification of
multiple relatively short regions of the molecules, rather than a single larger region
representative of the overall length of the relatively long molecule. Each region
targeted for amplification can independently have a length that is, for example, less
than about 1000 bp, e.g., less than about 900 bp, less than about 800 bp, less than about
700 bp, less than about 600 bp, less than about 500 bp, less than about 400 bp, less
than about 300, bp, less than about 250 bp, less than about 200 bp, less than about
150 bp, less than about 100 bp, or less than about 70 bp. In terms of lower limits, each
region targeted for amplification can independently have a length that is, for example,
greater than about 50 bp, e.g., greater than about 70 bp, greater than about 100 bp,
greater than about 150 bp, greater than about 200 bp, greater than about 250 bp, greater
than about 300 bp, greater than about 400 bp, greater than about 500 bp, greater than
about 600 bp, greater than about 700 bp, greater than about 800 bp, or greater than
about 900 bp.

[0087]  As also shown in FIG. 2, each amplification reaction of the multiplexed digital
assay can also include a separate probe or reporter corresponding to each region
targeted for amplification by the forward and reverse primers of each primer set. The

probe of each primer set produces a detectable signal that is distinguishable from a
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different detectable signal produced by the probes of each other primer set. In this
way, a signal from one probe of the amplification reaction can be quantifiably detected
simultaneously with the quantifiable detection any one or more other signals from one
or more other probes of the reaction. The signal strengths emitted from the probes in a
compartmentalized reaction are generally proportionate to the amount of amplification
products produced in that reaction. For example, flowing the amplification reaction
illustrated in the upper portion of FIG. 2, PCR amplification products associated with
each pair of forward and revers primers are present. As a result, signals from Probe
1, Probe 2, Probe 3, and all other probes up to and including Probe X can be detected
from this compartmentalized reaction. Following the amplification reaction illustrated
in the lower portion of FIG. 2, only PCR amplification products associated with the F1/
R1, F2/R2, and F3/R3 primers are present. As a result, only the signals from Probe 1,
Probe 2, and Probe 3 can be detected from this compartmentalized reaction. In some
embodiments, the different probes each independently include a different fluorescent
reporter. In some embodiments, the different probe signals each independently include
a fluorescence emission light having a different wavelength.

In some embodiments, the measuring of the size of nucleic acid molecules as
illustrated in FIG. 2 includes determining which of the plurality of multiplexed
digital amplification reactions includes detectable signals from various subsets of
the probes present in the reaction. For example, in the case where X of FIG. 2 is
five, after completing the amplification reactions, the number of compartments, e.g.,
droplets, emitting signals associated with the following combinations of probes can be
counted: Probe 1; Probe 2; Probe 3; Probe 4; Probe 5; Probe 1 and Probe 2; Probe 2
and Probe 3; Probe 3 and Probe 4; Probe 4 and Probe 5; Probe 1, Probe 2, and Probe
3; Probe 2, Probe 3, and Probe 4; Probe 3, Probe 4, and Probe 5; Probe 1, Probe 2,
Probe 3, and Probe 4; Probe 2, Probe 3, Probe 4, and Probe 5; and Probe 1, Probe
2, Probe 3, Probe 4, and Probe 5. In some embodiments, the count of compartments
emitting one combination of signals is related to the count of compartments emitting
another combination of signals, or to the count of compartments emitting all other
combinations of signals. For example, the different counts can be used to calculate
various ratios of template nucleic acid molecules of different lengths among the
compartmentalized reactions. These ratios, or other derived parameters, can be used to
determine, for example, the relative size distribution of nucleic acid molecules in the
original sample that comprised the molecules.

C. Method using two or more primer sets

FIG. 3 presents a flowchart of a method 300 for analyzing a biological sample from
a subject to measure the size of nucleic acid molecules in the sample using separate

primer sets according to embodiments of the present disclosure. Various examples of
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method 300 are described above. Method 300 can be performed partially or entirely
using a computer system.

At block 310, a sample comprising a plurality of nucleic acid molecules is received.
In some embodiments, the sample is a biological sample taken from a subject. In
some embodiments, the plurality of nucleic acid molecules includes or consists of
a plurality of DNA molecules. In some embodiments, the plurality of nucleic acid
molecules includes or consists of a plurality of RNA molecules. In some embodiments,
the plurality of nucleic acid molecules includes or consists of a plurality of cell-free
nucleic molecules, e.g., a plurality of cell-free DNA molecules.

In some embodiments, the plurality of nucleic acid molecules consists of between
about 100 nucleic acid molecules and about 500,000 nucleic acid molecules, e.g.,
between about 100 nucleic acid molecules and about 17,000 nucleic acid molecules,
between about 230 nucleic acid molecules and about 39,000 nucleic acid molecules,
between about 550 nucleic acid molecules and about 91,000 nucleic acid molecules,
between about 1300 nucleic acid molecules and about 210,000 nucleic acid molecules,
or between 3000 nucleic acid molecules and about 500,000 nucleic acid molecules.

In terms of upper limits, the plurality of nucleic acid molecules can consist of, for
example, less than about 500,000 nucleic acid molecules, e.g., less than about 210,000
nucleic acid molecules, less than about 91,000 nucleic acid molecules, less than about
39,000 nucleic acid molecules, less than about 17,000 nucleic acid molecules, less than
about 7000 nucleic acid molecules, less than about 3000 nucleic acid molecules, less
than about 1300 nucleic acid molecules, less than about 550 nucleic acid molecules,
or less than about 230 nucleic acid molecules. In terms of lower limits, the plurality of
nucleic acid molecules can consist of, for example, greater than about 100 nucleic acid
molecules, e.g., greater than about 230 nucleic acid molecules, greater than about 550
nucleic acid molecules, greater than about 1300 nucleic acid molecules, greater than
about 3000 nucleic acid molecules, greater than about 7000 nucleic acid molecules,
greater than about 17,000 nucleic acid molecules, greater than about 39,000 nucleic
acid molecules, greater than about 91,000 nucleic acid molecules, or greater than
about 210,000 nucleic acid molecules. Larger numbers of nucleic acid molecules,

e.g., greater than 500,000 nucleic acid molecules, and smaller numbers of nucleic acid
molecules, e.g., less than 100 nucleic acid molecules, are also contemplated.

At block 320, the plurality of nucleic acid molecules is distributed into a plurality
of digital reactions. The digital reactions can be any of those disclosed herein. In
some embodiments, each of the plurality of digital reactions is a digital polymerase
chain reaction. In some embodiments, each of the plurality of digital reactions is a
droplet digital polymerase chain reaction. In some embodiments, the distribution of the

plurality of nucleic acid molecules into the plurality of digital reactions results in the
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plurality of digital reactions having an average of one nucleic acid molecule per digital
reaction.

At block 330, reagents are added into each of the plurality of digital reactions. The
reagents for each of the plurality of reactions include a first primer set targeting a first
region of a reference sequence, and a second primer set targeting a second region of
the reference sequence. At least a portion of the plurality of nucleic acid molecules
include at least a portion of the reference sequence, or at least a portion of a sequence
complementary to the reference sequence. The second region is within a specified
number of bases from the first region in the reference sequence. The specified number
of bases can be any of those disclosed herein. For example, in some embodiments,
the specified number of bases is about 5 kilobases or less. In some embodiments, the
specified number of bases is about 500 bases or more.

The first primer set includes a first forward primer, a first reverse primer, and a first
probe. The second primer set includes a second forward primer, a second reverse
primer, and a second probe. The second forward primer and the second reverse primer
are each downstream from the first reverse primer in the reference sequence. The first
region and the second region can each independently have any of the sizes disclosed
herein. For example, in some embodiments, the first region and the second region each
independently have a length that is less than about 500 bp.

The first probe and the second probe can be any of those disclosed herein. In some
embodiments, the first probe and the second probe each independently comprise a
fluorescent label. In some embodiments, the reagents for each of the plurality of digital
reactions further include a reverse transcriptase enzyme.

In some embodiments, the reagents for each of the plurality of reactions further
include a third primer set targeting a third region of the reference sequence. The third
primer set includes a third forward primer, a third reverse primer, and a third probe.

In some embodiments, the third region is located between the first region and the
second region in the reference sequence, such that the third forward primer and the
third reverse primer are each downstream from the first reverse primer in the reference
sequence, and the third forward primer and the third reverse primer are each upstream
from the second forward primer in the reference sequence.

At block 340, a first signal from the first probe is detected for a first digital reaction
of the plurality of digital reactions, and a second signal from the second probe is
also detected for the first digital reaction. In some embodiments, method 300 further
includes an operation of detecting a third signal from the third probe, when present,
in the first digital reaction. The signals can be any of those disclosed herein. In some
embodiments, the signals each independently comprise a fluorescence emission light

having a different wavelength from that of the other signals.
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At block 350, based on the detecting of the first signal and the second signal in block
340, the first reaction is determined to include a nucleic acid molecule of the plurality
of nucleic acid molecules that is at least the specified number of bases in length and
that covers the first region and the second region.

In some embodiments, method 300 includes an operation of detecting a first number
of the plurality of digital reactions that are positive for only one of the first signal
and the second signal. This first number represents the count of digital reactions
containing a nucleic acid molecule, e.g., a relatively short nucleic acid molecule, that
includes only one of the first targeted region and the second targeted region. In some
embodiments, method 300 includes an operation of detecting a second number of
the plurality of digital reactions that are positive for both of the first signal and the
second signal. This second number represents the count of digital reactions containing
a nucleic acid molecule, e.g., a relatively long nucleic acid molecule, that includes both
the first targeted region and the second targeted region.

Method 300 can include determining a parameter using the first number and the
second number, where the parameter measures a relative amount between the first
number and the second number. The parameter can be a separation value between
the first number and the second number. As one example, determining the parameter
can comprise dividing the first number by the second number or by a sum of the first
number and the second number. As another example, determining the parameter can
comprise dividing the second number by the first number or by a sum of the first
number and the second number. As another example, determining the parameter can
comprise subtracting the first number from the second number, and optionally dividing
the subtraction result by the first number, by the second number, or by a sum of the
first number and the second number. As another example, determining the parameter
can comprise subtracting the second number from the first number, and optionally
dividing the subtraction result by the first number, by the second number, or by a sum
of the first number and the second number.

Method 300 can also include a step for detecting combinations of signals indicating
that the template nucleic acid molecule of a reaction is long enough to include one
of two outer regions targeted for amplification, as well as a region between the two
outer regions, but not long enough to include all three of these regions. For example,
method 300 can include a step for detecting a third number of the plurality of digital
reactions that are positive for the third signal from the third probe, when present in
the digital reactions, and that also are positive for only one of the first signal and the
second signal. This third number represents the count of digital reactions containing a
nucleic acid molecule that includes either the first region and the adjacent third region,

or the second region and the adjacent third region.
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When method 300 includes a step of detecting this third number of digital reactions,
method 300 can further include an operation of determining a second parameter
using the first number and the third number, where the parameter measures a relative
amount between the first number and the third number. The second parameter can be
a separation value between the first number and the third number. As one example,
determining the second parameter can comprise dividing the first number by the
third number. As another example, determining the second parameter can comprise
dividing the third number by the first number or by a sum of the first number and
the second number. As another example, determining the second parameter can
comprise subtracting the first number from the third number, and optionally dividing
the subtraction result by the first number, by the third number, or by a sum of the first
number and the third number. As another example, determining the second parameter
can comprise subtracting the third number from the first number, and optionally
dividing the subtraction result by the first number, by the third number, or by a sum of
the first number and the third number.

Alternatively, when method 300 includes a step of detecting the third number
of digital reactions, method 300 can include an operation of determining a second
parameter using the second number and the third number, where the second parameter
measures a relative amount between the second number and the third number. The
second parameter can be a separation value between the second number and the third
number. As an example, determining the second parameter can comprise dividing
the second number by the third number. As another example, determining the second
parameter can comprise dividing the third number by the second number or by a sum
of the first number and the second number. As another example, determining the
second parameter can comprise subtracting the second number from the third number,
and optionally dividing the subtraction result by the second number, by the third
number, or by a sum of the second number and the third number. As another example,
determining the second parameter can comprise subtracting the third number from the
second number, and optionally dividing the subtraction result by the second number,
by the third number, or by a sum of the second number and the third number.

Method 300 can also include an operation of determining a size distribution of
the plurality of nucleic acid molecules in the sample. The size distribution can be
determined, for example, using the first parameter and the second parameter.

II. MEASURING SIZE USING SHARED PRIMERS

In other aspects, the present disclosure provides methods for measuring the sizes
of nucleic acid molecules, e.g., a plurality of cell-free nucleic acid molecules from
a biological sample, by amplifying two or more overlapping regions of a reference

sequence, at least a portion of which is present in or complementary to the nucleic
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acid molecules. Positive amplification of more than one of these targeted overlapping
regions from a nucleic acid molecule indicates that the nucleic acid molecule has
a sequence length at least long enough to cover or include each of the successfully
amplified regions. Positive amplification of fewer targeted overlapping regions,
e.g., only one targeted region, indicates that the nucleic acid molecule instead has a
length insufficiently long enough to fully cover or include each region targeted for
amplification. For each region targeted for amplification, the multiplexed amplification
reactions include a different and distinctly observable probe, e.g., a fluorescent probe,
and pair of amplification primers, e.g., a forward and a reverse PCR primer, one of
which is commonly shared among the targeted regions. These provided methods
preferably involve multiplexed digital PCR and in certain aspects are particularly
advantageous for measuring the size of relatively long nucleic acid molecules, without
needing to rely on the frequently inefficient amplification of relatively long amplicons.

A. Schematic for using shared primers

FIGS. 4A and 4B provide a schematic illustration of a disclosed multiplexed digital
amplification reaction for measuring the size of a nucleic acid molecule using two sets
of PCR primer pairs that share one common primer. Each amplification reaction of the
multiplexed digital assay includes, among other necessary enzymes, reagents, buffers,
and additional components of PCR amplification, three PCR primers. Two of these
three primers are a first forward (F1) and reverse (R1) primer targeting amplification
of a first region of the nucleic acid molecule. The other of the three primers is a
second reverse primer (R2) that, together with the first forward primer (F1) , targets
amplification of a second region of the nucleic acid molecule. The sequence of each
of the primers can be determined based on a reference sequence, at least a portion of
which may be present on or complementary to the nucleic acid molecule. For example,
the F1 and R1 primers can be designed to correspond to, e.g., be complementary to,
the sequence of the first region as it appears in the reference sequence. The F1 and
R2 primers can likewise be designed to correspond to, e.g., be complementary to, the
sequence of the second region as it appears in the reference sequence.

As shown in the illustration of FIGS. 4A and 4B, the second reverse primer (R2)
is downstream from the first reverse primer (R1) . In this way, and because the first
primer set and the second primer set share a common forward primer (F1) , the first
region targeted by the first forward primer (F1) and the first reverse primer (R1) is
a subset of, and thus overlaps with, the second region targeted by the first forward
primer (F1) and the second reverse primer (R2) . Alternatively, rather than sharing a
common forward primer as illustrated in FIGS. 4A and 4B, the first primer set and the
second primer set can instead share a common reverse primer. In one example of such

a configuration, the second forward primer is upstream from the first forward primer.
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Accordingly, in this case the first region targeted by the first forward primer and a
common shared reverse primer is still a subset of, and overlaps with, the second region
targeted by the second forward primer and the common shared reverse primer.

The primers can be designed or configured such that the first region has a specified
smaller size that can be, for example, between about 40 bp and about 100 bp, e.g.,
between about 40 bp and about 76 bp, between about 46 bp and about 82 bp, between
about 52 bp and about 88 bp, between about 58 bp and about 94 bp, or between about
64 bp and about 100 bp. In terms of upper limits, the smaller first region can have a
size that is, for example, less than about 100 bp, e.g., less than about 94 bp, less than
about 88 bp, less than about 82 bp, less than about 76 bp, less than about 70 bp, less
than about 64 bp, less than about 58 bp, less than about 52 bp, or less than about 46 bp.
In terms of lower limits, the smaller first region can have a size that is, for example,
greater than about 40 bp, e.g., greater than about 46 bp, greater than about 52 bp,
greater than about 58 bp, greater than about 64 bp, greater than about 70 bp, greater
than about 76 bp, greater than about 82 bp, greater than about 88 bp, or greater than
about 94 bp. Larger short region sizes, e.g., greater than 100 bp, and smaller short
region sizes, e.g., less than about 40 bp, are also contemplated.

The primers can be designed or configured such that the second region has a
specified larger size that can be, for example, between about 100 bp and about 1000
bp, e.g., between about 100 bp and about 640 bp, between about 190 bp and about
730 bp, between about 280 bp and about 820 bp, between about 370 bp and about 910
bp, or between about 460 bp and about 1000 bp. The larger second region can have a
size that is, for example, between about 100 bp and about 250 bp, e.g., between about
100 bp and about 190 bp, between about 115 bp and about 205 bp, between about
130 bp and about 220 bp, between about 145 bp and about 235 bp, or between about
160 bp and about 250 bp. In terms of upper limits, the larger second region can have
a size that is, for example, less than about 1000 bp, e.g., less than about 910 bp, less
than about 820 bp, less than about 730 bp, less than about 640 bp, less than about 550
bp, less than about 460 bp, less than about 370 bp, less than about 280 bp, less than
about 250 bp, less than about 235 bp, less than about 220 bp, less than about 205 bp,
less than about 190 bp, less than about 175 bp, less than about 160 bp, less than about
145 bp, less than about 130 bp, or less than about 115 bp. In terms of lower limits, the
larger second region can have a size that is, for example, greater than about 100 bp,
e.g., greater than about 115 bp, greater than about 130 bp, greater than about 145 bp,
greater than about 160 bp, greater than about 175 bp, greater than about 190 bp, greater
than about 205 bp, greater than about 220 bp, greater than about 235 bp, greater than
about 250 bp, greater than about 280 bp, greater than about 370 bp, greater than about
460 bp, greater than about 550 bp, greater than about 640 bp, greater than about 730
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bp, greater than about 820 bp, or greater than about 910 bp. Larger long region sizes,
e.g., greater than about 1000 bp, and smaller long region sizes, e.g., less than about 100
bp, are also contemplated.

The selection of the specified sizes of the smaller targeted first region and the
larger targeted second region can determine what sizes of nucleic acid molecules
can be measured with the provided method. For example, FIG. 4A illustrates a
compartmentalized amplification reaction in which the nucleic acid molecule, i.e.,
template DNA, is a relatively long nucleic acid molecule spanning the entire targeted
first and second regions. Accordingly, the amplification reaction of this compartment
will produce PCR products corresponding to both the first and the second regions, and
the compartment will be identified as including a nucleic acid molecule that is at least
as long as the second region targeted by the second (F1/R2) primer set. In this way,
the specified length of the longer second region relates to one length of nucleic acid
molecules that can be measured with the method.

FIG. 4B illustrates another compartmentalized amplification reaction containing
a nucleic acid molecule, i.e., template DNA, that is a relatively short nucleic acid
molecule spanning the entire first targeted region but lacking the binding site for
the unique primer of the second targeted region. The amplification reaction of this
compartment will produce PCR products corresponding to the first region, but not to
the second region. The compartment will therefore be identified as including a nucleic
acid molecule that is at least as long as the first region targeted by the first (F1/R1)
primer set but may not as long as the second region targeted by the second (F1/R2)
primer set. In this way, the specified length of the shorter first region relates to another
length of nucleic acid molecules that can be measured with the method.

As also shown in FIGS. 4A and 4B, each amplification reaction of the multiplexed
digital assay also includes a first probe or reporter (Probe 1) and a second probe
or reporter (Probe 2) . The first probe corresponds to the first region targeted for
amplification by the first forward (F1) and first reverse (R1) primers of the first primer
set. The second probe corresponds to the second region targeted for amplification by
the first forward (F1) and second reverse (R2) primers of the second primer set. For
example, the second probe can recognize a portion of the second region that is not
within the first region. The first probe of the first primer set produces a detectable
signal that is distinguishable from a different detectable signal produced by the second
probe of the second primer set. In this way, a first signal from the first probe can be
quantifiably detected simultaneously with the quantifiable detection of a second signal
from the second probe.

The signal strengths emitted from the probes in a compartmentalized reaction

are generally proportionate to the amount of amplification products produced in
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that reaction. For example, flowing the amplification reaction illustrated FIG. 4A,
PCR amplification products associated with both the F1/R1 primers and the F1/

R2 primers are present. As a result, signals from both Probe 1 and Probe 2 can be
detected from this compartmentalized reaction. Following the amplification reaction
illustrated in FIG. 4B, only PCR amplification products associated with the F1/

R1 primers are present. As a result, only the signal from Probe 1 can be detected
from this compartmentalized reaction. In some embodiments, the first probe and the
second probe each independently include a different fluorescent reporter. In some
embodiments, the first signal and the second signal each independently include a
fluorescence emission light having a different wavelength.

In some embodiments, the measuring of the size of nucleic acid molecules
as illustrated in FIGS. 4A and 4B includes determining which of the plurality
of multiplexed digital amplification reactions includes a nucleic acid molecule
sufficiently long enough to include the entire first region and the entire second
region. For example, after completing the amplification reactions, the number of
compartments, e.g., droplets, emitting the first signal from the first probe and the
second signal from the second probe can be counted. In some embodiments, the
measuring of the size of nucleic acid molecules as illustrated in FIGS. 4A and 4B
further includes determining which of the plurality of multiplexed digital amplification
reactions included a nucleic acid molecule only long enough to include the first
region. For example, after completing the amplification reactions, the number of
compartments, e.g., droplets, emitting only the first signal from the first probe can
be counted. In some embodiments, the count of compartments emitting both the first
and second signals is related to the count of compartments emitting only the first
signal. For example, the two different counts can be used to calculate a ratio of long
template DNA to short template DNA among the compartmentalized reactions, or
a ratio of short template DNA to long template DNA among the reactions. These
ratios, or other derived parameters, can be used to determine, for example, the relative
size distribution of nucleic acid molecules in the original sample that comprised the
molecules.

As illustrated in FIG. 5, in other configurations of this method useful for measuring
more different sizes of nucleic acid molecules, three or more sets of primers can be
used, where each set shares the same common primer. In some embodiments, and
as shown in FIG. 5, each primer set shares a common forward primer, and multiple
reverse primers (e.g., R1, R2, R3, ... RX) are used to target X different regions, where
the first region is a subset of the second region, the second region is a subset of the
third region, and so forth. In some embodiments, each primer set shares a common

reverse primer, and multiple forward primers (e.g., F1, F2, F3, ... FX) are used to target
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X different regions, where the first region is a subset of the second region, the second
region is a subset of the third region, and so forth.

In such embodiments, nucleic acid molecules which are shorter than the size
spanning the outermost primer pair (e.g., F1/RX or FX/R1) will thus produce only
a subset of the potential amplicons in a multiplexed digital amplification reaction,
suggesting the presence of shorter template molecules. For example, in the case where
X is five and the primer sets share a common forward primer, then five different
regions of the nucleic acid molecule will be targeted by first (F1/R1) , second (F1/
R2), third (F1/R3) , fourth (F1/R4) , and fifth (F1/RS5) primer sets of the digital
amplification reactions. Depending on the length of the template nucleic acid molecule
present in a compartmentalized reaction, and the targeted regions present on that
molecule, the amplification reaction in the compartment will produce amplification
products targeted by F1/R1; by F1/R1 and F1/R2; by F1/R1, F1/R2, and F1/R3; by F1/
R1, F1/R2, FI/R3, and F1/R4; or by F1/R1, F1/R2, F1/R3, F4/R4, and F5/RS. In some
embodiments, the measuring of the size of nucleic acid molecules includes determining
which of the plurality of multiplexed digital amplification reactions includes each of
these subsets of potential amplicons. With knowledge of the length of each targeted
region, the length of the template nucleic acid molecule in each of the plurality of
multiplexed digital amplification reactions can then be estimated or determined.

B. Method

FIG. 6 presents a flowchart of a method 600 for analyzing a biological sample from
a subject to measure the size of nucleic acid molecules in the sample using shared
primers according to embodiments of the present disclosure. Various examples of
method 600 are described above. Method 600 can be performed partially or entirely
using a computer system.

Atblock 610, a sample comprising a plurality of nucleic acid molecules is received.
Block 610 can be performed in a similar manner to block 310. As with block 310,
in some embodiments, the sample is a biological sample taken from a subject. In
some embodiments, the plurality of nucleic acid molecules includes or consists of
a plurality of DNA molecules. In some embodiments, the plurality of nucleic acid
molecules includes or consists of a plurality of RNA molecules. In some embodiments,
the plurality of nucleic acid molecules includes or consists of a plurality of cell-free
nucleic acid molecules, e.g., a plurality of cell-free DNA molecules. As with block
310, in some embodiments, the plurality of nucleic acid molecules consists of between
about 100 nucleic acid molecules and about 500,000 nucleic acid molecules, e.g., any
of the numbers of nucleic acid molecules described in relation to block 310.

At block 620, the plurality of nucleic acid molecules is distributed into a plurality

of digital reactions. Block 620 can be performed in a similar manner to block 320.
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As with block 320, in some embodiments, each of the plurality of digital reactions is
a digital polymerase chain reaction. In some embodiments, each of the plurality of
digital reactions is a droplet digital polymerase chain reaction. In some embodiments,
the distribution of the plurality of nucleic acid molecules into the plurality of digital
reactions results in the plurality of digital reactions having an average of one nucleic
acid molecule per digital reaction.

At block 630, reagents are added into each of the plurality of digital reactions. The
reagents for each of the plurality of reactions include a first primer set targeting a first
region of a reference sequence, and a second primer set targeting a second region of
the reference sequence. At least a portion of the plurality of nucleic acid molecules
include at least a portion of the reference sequence, or at least a portion of a sequence
complementary to the reference sequence. The second region is larger than the first
region and includes the first region. The first primer set includes a first forward primer,
a first reverse primer, and a first probe. The second primer set includes a second probe
and a second primer that is either a second forward primer or a second reverse primer.
The second primer set shares a common primer with the first primer set. For example,
if the second primer set includes a second forward primer, then the second primer set
shares the first reverse primer of the first primer set as a common primer with the first
primer set. Alternatively, if the second primer set includes a second reverse primer,
then the second primer set shares the first forward primer of the first primer set as a
common primer with the first primer set. The shorter first region targeted by the first
primer set can have any of the shorter first region sizes disclosed herein. For example,
in some embodiments, the shorter first region has a length that is between about 40
bp and about 100 bp. The longer second region targeted by the second primer set can
have any of the larger second region sizes disclosed herein. For example, in some
embodiments, the longer second region has a length that is between about 100 bp and
about 1000 bp. In some embodiments, the longer second region has a length that is
between about 100 bp and about 250 bp.

The first probe and the second probe of block 630 can be any of those disclosed
herein and can be similar to the first probe and the second probe described in relation
to block 330. As with block 330, in some embodiments, the first probe and the second
probe each independently comprise a fluorescent label. As with block 330, in some
embodiments, the reagents of block 630 further include a reverse transcriptase enzyme.

In some embodiments, the reagents of block 630 further include a third primer set
targeting a third region of the reference sequence. The third region is larger than the
first region and includes the first region. Additionally, the second region is larger
than the third region and includes the third region. Accordingly, the first region is a

subregion of the third region, which is itself a subregion of the second region. The
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third primer set includes a third probe and a third primer that is either a third forward
primer or a third reverse primer. The third primer shares the common primer with
the first primer set and the second primer set. For example, if the second primer set
includes a second forward primer, then the third primer set includes a third forward
primer and the third primer set shares the first reverse primer of the first primer set as a
common primer with the first primer set and the second primer set. Alternatively, if the
second primer set includes a second reverse primer, then the third primer set includes
a third reverse primer and shares the first forward primer of the first primer set as a
common primer with the first primer set and the second primer set.

At block 640, a first number of the plurality of digital reactions that are positive
for only a first signal from the first probe is detected. The first signal can be any of
those disclosed herein. In some embodiments, the first signal comprises a fluorescence
emission light, e.g., a fluorescence emission light having a different wavelength than
that of fluorescence emission lights of the second signal and the third signal, when
present. The first number represents the count of digital reactions containing a nucleic
acid molecule, e.g., a relatively short nucleic acid molecule, that includes the entirety
of the first targeted region but that does not include the entirety of the second targeted
region.

At block 650, a second number of the plurality of digital reactions that are positive
for both the first signal and a second signal is detected. The second signal is from
the second probe. The second signal can be any of those disclosed herein. In some
embodiments, the second signal comprises a fluorescence emission light, e.g., a
fluorescence emission light having a different wavelength than that of fluorescence
emission lights of the first signal and the third signal, when present. The second
number represents the count of digital reactions containing a nucleic acid molecule,
e.g., arelatively long nucleic acid molecule, that includes the entirety of the first
targeted region and the entirety of the second targeted region.

Method 600 can also include a step for detecting combinations of signals indicating
that the template nucleic acid molecule of a reaction is long enough to include
the smallest region targeted for amplification, as well as an intermediately sized
overlapping targeted region that includes the smallest region, but not long enough
to include the largest targeted region which overlaps with and includes both the
smallest region and the intermediately sized region. For example, method 600 can
include a step for detecting a third number of the plurality of reactions that are not
positive for the second signal and that are positive for both the first signal and a third
signal. The third signal is from the third probe. The third signal can be any of those
disclosed herein. In some embodiments, the third signal comprises a fluorescence

emission light, e.g., a fluorescence emission light having a different wavelength than
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that of fluorescence emission lights of the first signal and the second signal. The third
number represents the count of digital reactions containing a nucleic acid molecule that
includes the entirety of the first targeted region and the entirety of the third targeted
region but that does not include the entirety of the second targeted region.

At block 660, a parameter is determined using the first number and the second
number. In some embodiments, the parameter measures a relative amount between
the first number and the second number. In some embodiments, the parameter is a
separation value between the first number and the second number. As one example,
determining the parameter can comprise dividing the first number by the second
number or by a sum of the first number and the second number. As another example,
determining the parameter can comprise dividing the second number by the first
number or by a sum of the first number and the second number. As another example,
determining the parameter can comprise subtracting the first number from the second
number, and optionally dividing the subtraction result by the first number, by the
second number, or by a sum of the first number and the second number. As another
example, determining the parameter comprises subtracting the second number from the
first number, and optionally dividing the subtraction result by the first number, by the
second number, or by a sum of the first number and the second number.

When method 600 includes a step of detecting the third number of digital reactions,
method 600 can further include an operation of determining a second parameter
using the first number and the third number, where the parameter measures a relative
amount between the first number and the third number. The second parameter can
be a separation value between the first number and the third number. As an example,
determining the second parameter can comprise dividing the first number by the
third number. As another example, determining the second parameter can comprise
dividing the third number by the first number or by a sum of the first number and
the second number. As another example, determining the second parameter can
comprise subtracting the first number from the third number, and optionally dividing
the subtraction result by the first number, by the third number, or by a sum of the first
number and the third number. As another example, determining the second parameter
can comprise subtracting the third number from the first number, and optionally
dividing the subtraction result by the first number, by the third number, or by a sum of
the first number and the third number.

Alternatively, when method 600 includes a step of detecting the third number
of digital reactions, method 600 can include an operation of determining a second
parameter using the second number and the third number, where the second parameter
measures a relative amount between the second number and the third number. The

second parameter can be a separation value between the second number and the third
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number. As one example, determining the second parameter can comprise dividing
the second number by the third number. As another example, determining the second
parameter can comprise dividing the third number by the second number or by a sum
of the first number and the second number. As another example, determining the
second parameter can comprise subtracting the second number from the third number,
and optionally dividing the subtraction result by the second number, by the third
number, or by a sum of the second number and the third number. As another example,
determining the second parameter can comprise subtracting the third number from the
second number, and optionally dividing the subtraction result by the second number,
by the third number, or by a sum of the second number and the third number.

Method 600 can also include an operation of determining a size distribution of
the plurality of nucleic acid molecules in the sample. The size distribution can
be determined, for example, using the first parameter. The size distribution can
alternatively or additionally be determined using the first parameter and the second
parameter.

IV. USING NUCLEIC ACID MOLECULE SIZE TO DETECT PATHOLOGY

In some aspects, the present disclosure provides methods for using the measured
sizes of nucleic acid molecules, e.g., a plurality of cell-free nucleic acid molecules
from a biological sample obtained from a subject, to detect or classify a pathology
of the subject. For example, the particular size distribution of certain nucleic acid
molecules in a sample can be indicative of the presence, absence, or level of a
pathology. The provided methods can therefore be advantageously used for non-
invasive investigations of the health status of a subject.

In some embodiments, the plurality of nucleic acid molecules analyzed by a provided
method are obtained from a biological sample, such as a maternal plasma sample,
of a pregnant mother. DNA molecules (i.e., cell-free DNA fragments) derived from
the fetus and present in maternal plasma have a shorter size distribution compared
with those derived from the mother (K.C.A. Chan et al., Clin. Chem. 50, (2004) : 88;
Y.M.D. Lo et al. Sci. Transl. Med. 2, (2010) : 61ra91) . Hence, the presence of an
extra fetal chromosome in fetal trisomy would shorten the size distribution of DNA in
maternal plasma derived from that chromosome. A size-based analytical approach can
thus detect an increased proportion of short fragments from the aneuploid chromosome
in the plasma. This approach allows the detection of multiple types of fetal whole-
chromosome aneuploidies, including trisomies 21, 18, 13 and monosomy X, with high
accuracy (S.C.Y. Yuetal., Proc. Natl. Acad. Sci. USA 111, (2014) : 8583) .

Because fetal DNA fragments are generally smaller than maternal DNA fragments,
a difference in size can be used to detect a copy number aberration in a fetus. If a fetus

has an amplification in a first chromosomal region, then the average size of maternal
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plasma DNA fragments for that region will be lower than for a second region that does
not have an amplification. This results from the extra, smaller fetal DNA in the first
region decreasing the average size. Similarly, for a deletion, the fewer fetal fragments
for a region will cause the average size to be larger than for normal regions.

As another example, size analysis can be used to differentiate members of a control
pregnancy group from patients suffering from preeclampsia toxemia (PET) . Single
molecule sequencing data results (e.g., using single-molecule real-time (SMRT)
sequencing or nanopore sequencing) have demonstrated that PET patients can have
a relatively higher concentration of short cell-free DNA than the control group
members. Notably, this type of analysis cannot be performed using typical sequencing
(e.g., using bridge amplification) because such sequencing prefers sequencing short
fragments, e.g., nucleic acid molecules having a length less than 600 bp. Beneficially,
the nucleic acid molecule size measurement methods provided herein do not have this
drawback.

Apart from applications in noninvasive prenatal diagnosis, embodiments can
also be used for measuring the fractional concentration of clinically useful nucleic
acid species of different sizes in biological fluids, which can be useful for cancer
detection, transplantation, and medical monitoring. Previous studies showed that
tumor-derived DNA is typically shorter than the non-cancer-derived DNA in a cancer
patient’s plasma (F. Diehl et al., Proc. Natl. Acad. Sci. USA 102, (2005) : 16368) .

In the transplantation context, hematopoietic-derived DNA is shorter than non-
hematopoietic DNA (Y.W. Zheng et al., Clin. Chem. 58, (2012) : 549) . For example,
if a patient receives a liver from a donor, then the DNA derived from the liver (a
nonhematopoietic organ in the adult) will be shorter than hematopoietic-derived
DNA in the plasma (Y.W. Zheng et al., Clin. Chem. 58, (2012) : 549) . Similarly,

in a patient with myocardial infarction or stroke, the DNA released by the damaged
nonhematopoietic organs (i.e., the heart and brain, respectively) would be expected

to result in a shift in the size profile of plasma DNA towards the shorter spectrum. In
these cases, it is believed that cancer-related death of cells from a particular tissue can
lead to an inordinate about of small nucleic acid molecule fragments derived from that
tissue.

In addition to absolute nucleic acid molecule sizes, other related statistical values
can be used for detecting or classifying a pathology. These values can include, for
example, a cumulative frequency for a given size or various ratios of amount of DNA
fragments of different sizes. A cumulative frequency can correspond to a proportion
of DNA fragments that are of a given size or smaller. The statistical values provide

information about the distribution of the sizes of DNA fragments for comparison
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against one or more size thresholds for healthy control subjects. One skilled in the art
will know how to determine such thresholds or cutoffs.

V. GUIDING ASSAY DESIGN

In other aspects, the present disclosure provides methods for designing assays to
measure the size of nucleic acid molecules with multiplexed digital amplification
reactions. The methods are particularly useful for designing assays having an improved
ability to differentiate between, and/or quantify the absolute and/or relative abundance
of, relatively long and short nucleic acid molecules in a sample of a plurality of
nucleic acid molecules. To determine what assay parameter selections result in such
an improved assay, the provided assay design methods use sequencing data from long
amplicons. More specifically, the provided methods use in-silico simulations based
on long-read sequencing data to predict and compare simulated results of different
multiplexed digital amplification assay designs.

As an example, the provided assay design methods have been used to select
parameters for a multiplexed digital amplification assay differentiating the maternal
plasma DNA of mothers with healthy pregnancies from the maternal plasma DNA of
pregnant mothers with preeclampsia toxemia (PET) . As discussed above, a previous
study demonstrated, by using single-molecule real-time sequencing technology, that
the proportion of long cell-free DNA in plasma is significantly reduced in pregnancies
with preeclampsia compared to normal pregnancies (Yu et al., Proc. Natl. Acad. Sci.
USA 118, (2020) : €2114937118) . Technologies such as sequencing platforms that
use bridge amplification, however, have inferior discriminatory power for this purpose
due to the inability of the technologies to sequence long DNA sequences having
lengths greater than 600 base pairs. The provided assay guidance method was used to
advantageously develop a digital PCR method capable of effectively comparing the
size distributions of DNA in plasma from normal pregnant women and preeclamptic
patients.

FIG. 7A illustrates an exemplary workflow for using in-silico simulation analysis to
predict digital PCR performance. As shown in FIG. 7A, sequencing data associated
with plasma cell-free DNA (cfDNA) from preeclamptic and normal pregnancies were
analyzed to compare the size differences between the two groups. For each sample in
the group, the molecules located in the potential design region were analyzed. In one
example of the assay designs, one forward primer (F1) and two reverse primers (R1
and R2) were used. Sequenced fragments that span the sequences between F1 and R2
primer annealing sites, and that can therefore be amplified by F1 and R2 primers, are
called digital PCR (dPCR) long fragments. Those sequenced fragments that span the
sequences from F1 to R1, but do not span the R2 primer annealing site, are regarded
as dPCR short fragments. FIG. 7A illustrates this PCR design. The three fragments
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710 from among the sequences SMRT-seq fragments each cover both the first forward
primer (F1) and the last reverse primer (R2) . As a result, relatively long amplicons
can be produced from these fragments in a digital amplification reaction, and these
three fragments will be designated as long fragments. The two fragments 720 each
cover the first forward primer (F1) and the first reverse primer (R1) , but not the last
reverse primer (R2) . As a result, only relatively short amplicons can be produced from
these fragments in a digital amplification reaction, and these two fragments will be
designated as short fragments.

After determining which fragments from the long-read sequencing data will
be designated as long or short fragments according to the above operations, the
percentage of long cfDNA (denoted as L%) can be calculated based on the number
of long dPCR fragments in relation to the number of short dPCR fragments in the in-
silico dPCR analysis. To determine improved parameter values for the dPCR assay
design, the in-silico simulation analysis is repeated for a series of different parameter
values. In each simulation, the L%of each sample in each group is calculated. L
%values are then compared between the two groups to determine which simulated
parameter value provided the strongest discriminatory power. In some embodiments,
the discriminatory power is measured using the area under the curve (AUC) calculated
using a receiver operating characteristic (ROC) analysis.

For example, the left graph of FIG. 7B plots AUC results for different long DNA
amplicon sizes, i.e., amplicons targeted by the F1 and R2 primers, as tested in different
in silico simulations. The right graph of FIG. 7B plots AUC results for different
simulated numbers of fragments in the plurality of nucleic acid molecules used in
simulated digital amplification reactions. In both graphs, the plotted data can be
used to identify which parameters, e.g., long DNA amplicon size or number of DNA
fragments, result in desired high AUC values indicative of strong discriminatory power
in distinguishing the PET and control test groups.

A. Determining amplicon sizes

Among the parameters considered in the design of the dPCR assay are the sizes of
the relatively long and relatively short overlapping amplicons targeted by the primer
sets added to the plurality of multiplexed digital amplification reactions. The provided
in-silico dPCR simulation method can be used to evaluate the performance of assays
using different sizes of long and short amplicons, thereby identifying which sizes
provided improved differentiation ability.

In general, it can be preferable to design the multiplexed digital amplification assay
such that the relatively shorter region targeted for amplification has as short a length
as possible. A shorter length not only can increase the efficiency of amplification, e.g.,

PCR amplification, but also can ensure that the difference in size between the short
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and long amplicons is maximized. Each region target for amplification in the assay
is targeted by a pair of forward and reverse primers, and a probe. The typical length
of each PCR primer is approximately 25 bp, and the typical length of the probe is
approximately 20 bp. Accordingly, in some embodiments, the minimal length of the
shorter amplicon is approximately 70 bp (25-bp primer + 25-bp primer +20-bp probe) .
In other embodiments, the length of the shorter amplicon is between about 40 bp and
about 100 bp, e.g., between about 40 bp and about 76 bp, between about 46 bp and
about 82 bp, between about 52 bp and about 88 bp, between about 58 bp and about
94 bp, or between about 64 bp and about 100 bp. In terms of upper limits, the shorter
amplicon can have a size that is, for example, less than about 100 bp, e.g., less than
about 94 bp, less than about 88 bp, less than about 82 bp, less than about 76 bp, less
than about 70 bp, less than about 64 bp, less than about 58 bp, less than about 52 bp,
or less than about 46 bp. In terms of lower limits, the shorter amplicon can have a size
that is, for example, greater than about 40 bp, e.g., greater than about 46 bp, greater
than about 52 bp, greater than about 58 bp, greater than about 64 bp, greater than about
70 bp, greater than about 76 bp, greater than about 82 bp, greater than about 88 bp,
or greater than about 94 bp. Larger short region sizes, e.g., greater than 100 bp, and
smaller short region sizes, e.g., less than about 40 bp, are also contemplated.

The multiplexed digital amplification assay can be designed such that the
relatively longer region targeted for amplification has as a length suitably balancing
amplification efficiency and discriminatory power. As discussed above, a shorter
length for the relatively longer amplicon can increase the efficiency of amplification,
e.g., PCR amplification, of this amplicon. A longer length for the relatively longer
amplicon can, however, be beneficial for increasing the difference in sizes between the
longer and shorter amplicons of the assay. To balance these competing considerations,
the longer amplicon can have a length that is, for example, between about 100 bp and
about 1000 bp, e.g., between about 100 bp and about 640 bp, between about 190 bp
and about 730 bp, between about 280 bp and about 8§20 bp, between about 370 bp
and about 910 bp, or between about 460 bp and about 1000 bp. The relatively longer
amplicon can have a size that is, for example, between about 100 bp and about 250 bp,
e.g., between about 100 bp and about 190 bp, between about 115 bp and about 205 bp,
between about 130 bp and about 220 bp, between about 145 bp and about 235 bp, or
between about 160 bp and about 250 bp. In terms of upper limits, the longer amplicon
can have a size that is, for example, less than about 1000 bp, e.g., less than about 910
bp, less than about 820 bp, less than about 730 bp, less than about 640 bp, less than
about 550 bp, less than about 460 bp, less than about 370 bp, less than about 280 bp,
less than about 250 bp, less than about 235 bp, less than about 220 bp, less than about
205 bp, less than about 190 bp, less than about 175 bp, less than about 160 bp, less
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than about 145 bp, less than about 130 bp, or less than about 115 bp. In terms of lower
limits, the longer amplicon can have a size that is, for example, greater than about

100 bp, e.g., greater than about 115 bp, greater than about 130 bp, greater than about
145 bp, greater than about 160 bp, greater than about 175 bp, greater than about 190
bp, greater than about 205 bp, greater than about 220 bp, greater than about 235 bp,
greater than about 250 bp, greater than about 280 bp, greater than about 370 bp, greater
than about 460 bp, greater than about 550 bp, greater than about 640 bp, greater than
about 730 bp, greater than about 820 bp, or greater than about 910 bp. Larger sizes,
e.g., greater than about 1000 bp, and smaller sizes, e.g., less than about 100 bp, are also
contemplated.

FIG. 8 presents a graph plotting results from in-silico dPCR simulations based on
SMRT sequencing data from 10 preeclamptic and 10 normal pregnancies reported
previously (Yu et al., Proc. Natl. Acad. Sci. USA 118, (2020) : e2114937118) .

The simulations evaluated the best sizes for the short and long amplicons of the
multiplexed digital amplification reactions. The short amplicon of the simulations
was configured to amplify as much cfDNA within the design region as possible in
order to represent the total number of plasma cfDNA molecules. Accordingly, the
size of the short amplicon was set at 70 bp, roughly equal to the sum of the lengths
of two primers (25 bp x2) and a probe (20 bp) . To determine the optimal size of
the long amplicon, simulations were performed using the following sizes for the
relatively longer amplicon: 100 bp, 170 bp, 200 bp, 300 bp, 400 bp, 500 bp, and
1000 bp. As the sequencing depth of the samples is shallow, with an average depth
of approximately 0.5-fold, fragments from different locations of the genome were
pooled. Approximately 5000 fragments were pooled from different locations for each
simulation.

FIG. 8 shows the AUC results of simulations involving long amplicon sizes ranging
from 100 to 1000 bp and a fixed short amplicon size of 70 bp. The long amplicon size
of 170 bp provides the highest AUC among the simulated sizes. Therefore, an optimal
size range for long amplicons (nucleic acid molecules, such as DNA and/or RNA) can
be 100-200 bp, and more specifically can be between any of the following numbers:
110 bp, 120 bp, 130 bp, 140 bp, 150 bp, 160, 170 bp, 180 bp, and 190 bp, for short
amplicons being 70 bp (or more broadly 70-100 bp, 70-90 bp, or 70-80 bp) as the
optimal sizes for the long and short amplicons, respectively, for this multiplexed digital
amplification assay.

B. Determining fragment count

Another parameter considered in the design of a dPCR assay is the minimum
number of nucleic acid molecules, e.g., DNA fragments, necessary to achieve optimal

discriminatory power in the multiplexed digital amplification assay. While performing
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the assay with a smaller number of nucleic acid molecules can simplify and streamline
the assay, this benefit must be weighed against the improved reliability and accuracy of
the assay resulting from the use of a larger number of nucleic acid molecules.

The number of nucleic acid molecules used in the assay can be, for example, between
about 100 nucleic acid molecules and about 500,000 nucleic acid molecules, e.g.,
between about 100 nucleic acid molecules and about 17,000 nucleic acid molecules,
between about 230 nucleic acid molecules and about 39,000 nucleic acid molecules,
between about 550 nucleic acid molecules and about 91,000 nucleic acid molecules,
between about 1300 nucleic acid molecules and about 210,000 nucleic acid molecules,
or between 3000 nucleic acid molecules and about 500,000 nucleic acid molecules.

In terms of upper limits, the number of nucleic acid molecules can be, for example,
less than about 500,000 nucleic acid molecules, e.g., less than about 210,000 nucleic
acid molecules, less than about 91,000 nucleic acid molecules, less than about 39,000
nucleic acid molecules, less than about 17,000 nucleic acid molecules, less than about
7000 nucleic acid molecules, less than about 3000 nucleic acid molecules, less than
about 1300 nucleic acid molecules, less than about 550 nucleic acid molecules, or less
than about 230 nucleic acid molecules. In terms of lower limits, the number of nucleic
acid molecules can be, for example, greater than about 100 nucleic acid molecules,
e.g., greater than about 230 nucleic acid molecules, greater than about 550 nucleic acid
molecules, greater than about 1300 nucleic acid molecules, greater than about 3000
nucleic acid molecules, greater than about 7000 nucleic acid molecules, greater than
about 17,000 nucleic acid molecules, greater than about 39,000 nucleic acid molecules,
greater than about 91,000 nucleic acid molecules, or greater than about 210,000
nucleic acid molecules. Larger numbers of nucleic acid molecules, e.g., greater than
500,000 nucleic acid molecules, and smaller numbers of nucleic acid molecules, e.g.,
less than 100 nucleic acid molecules, are also contemplated.

FIG. 9 presents a graph plotting results from in-silico dPCR simulations based using
different numbers of sequenced fragments, ranging from 500000 to 5 fragments. For
each tested number of sequenced fragments, the simulation was run 50 times with
random sampling of the fragments. The median and standard deviation (SD) of the
AUC values obtained from 50 simulations were then calculated. As shown in FIG.

9, the AUC plateaued when more than 5000 fragments were used, with a very small
standard deviation (less than 0.015) . Therefore, the in-silico PCR indicated that at
least 5000 molecules were required to achieve robust discriminatory power for this
multiplexed digital amplification assay.

C. Determining target regions for amplification -single copy and repeats

Another parameter considered in the design of a dPCR assay is the identity of the

regions or sequences targeted for amplification to achieve optimal discriminatory
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power in the multiplexed digital amplification assay. For example, the targeted regions
or sequences could be those for which there is a single copy or multiple copies (i.e.,

a repeated sequence) in a human genome. Targeting repeated sequences within the
genome can advantageously improve the analytical sensitivity of the method for
quantifying molecules of different sizes since the increased number of molecules to be
analyzed can reduce sampling variation. Accordingly, using repeated sequences can
provide more amplicons to be analyzed, potentially providing improved dPCR results.

As an example, the LINE]1 repetitive element can be targeted for amplification. As
illustrated in FIG. 10A, by designing a size-based digital PCR assay based on the
LINEI repetitive element, then for one haplotype human genome, multiple signals can
be produced since LINEI has approximately 1540 genomic copies. Alternatively, and
as illustrated in FIG. 10B, if the size assay is alternatively designed based on a single-
copy genomic region, such as the VCP gene, then one signal can be produced for one
haplotype human genome.

Notably, the benefits of using repeated multi-copy regions for the provided
multiplexed digital amplification assays can be more generally applicable to the
shared primer assay exemplified in FIGS. 4-6 than to the separate primer assay
exemplified in FIGS. 1-3. This is because the separate primer assay depends on
observing two or more probes associated with two or more independent amplicons in
a compartment or partition, e.g., droplet, of the digital assay. If signals from multiple
probes are detected from a single compartment, then that compartment is identified as
containing a relatively long nucleic acid including multiple targeted regions targeted
for amplification. If, however, nucleic acid molecules with repeat regions are used,
then there can be an increased likelihood that a compartment may include multiple
short nucleic acid molecules, each having a different targeted amplicon of the repeat
region. In this case, multiple signals could be detected from the compartment, even
though the compartment does not include a relative long nucleic acid molecule
including multiple targeted amplicons. This potential confounding factor leading to
false positives is not an issue if the plurality of nucleic acid molecules is diluted such
that no compartment includes more than one nucleic acid molecule template. This
potential for false positives is also not an issue for the shared primer assay of FIGS.
4-6, regardless of the extent of dilution of the plurality of nucleic acid molecules.

In one embodiment, the target regions for the analysis of the size distribution of
nucleic acids using digital PCR could be one copy or multiple copies (i.e., repeated
sequences) in a human genome. Targeting repeated sequences within the genome
may improve the analytical sensitivity of the method for quantifying molecules of
different sizes as the increased number of molecules to be analyzed would reduce

the sampling variation. The configurations presented in FIGS. 1 and 2 make use of
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the co-presence of signals from each short PCR amplicon to determine the presence
of a long DNA molecule in a compartment, which overcome the compromised
amplification efficiency associated with long PCR amplicons. Such an approach can
be complicated when targeting repetitive regions, since the double positive signal may
originate from the same long molecule or from two repeat molecules co-located in
one compartment. To overcome this problem, dilution should be performed so that
on average no more than one molecule is present in one compartment. Alternatively,
the configuration shown in FIGS. 4A and 4B is readily adaptable to a design based on
repetitive elements.

D. Results

Application of multiplexed digital amplification assays designed with guidance from
in silico simulations confirmed the ability of the assays to differentiate preeclamptic
from control subjects. Effective discrimination was achieved with assays using shared
primer pairs to amplify repeat regions of the genome, and assays using separate primer
pairs to amplify single-copy regions.

1. Shared primer assay with repeat regions

Based on the in-silico dPCR results, an assay was developed to differentiate
preeclamptic from control subjects with multiplexed digital amplification reactions
using shared primers. A size of 170 bp was selected for the long amplicon and a size
of 70 bp for the short amplicon. To increase the number of usable molecules from
limited plasma DNA, the size assay was designed based on repetitive regions, in this
case, the LINE1 region. This design used the principles described in FIGS. 4A and
4B, and included three primers, LINE1 Forward Primer 1, LINE1 Reverse Primer
1, and LINE1 Reverse Primer 2, as well as two probes, LINE1_70 bp Probe, and
LINE1_ 170 bp Probe. The LINE1 Forward Primer 1/LINE1 Reverse Primer 1 pair
is used to produce PCR products of 70 bp, and the LINE1 Forward Primer 1/LINE1
Reverse Primer 2 pair is used to produce PCR products of 170 bp. The sequences for
PCR primers and probes are shown in Table 1 below:

Table 1. Primer and probe sequences for shared primer assay with repeat regions.

LINE1 Forward Primer 1 5'-CTCTGAGCTACGGGAGGACATT-3’

LINEI Reverse Primer 1 5-TTCTTCTAAATTTTTTTCAAAGTTTTCAAC-3'

LINEI Reverse Primer 2 5-CTCTGAGCTACGGGAGGACATT-3’
LINE1 70 bp Probe S -Cys5-CTTTGCCTTTGGTTTG-MGB-3"
LINE1 170 bp Probe 5-FAM-AGCCTTGGTTTTCAG-MGB-3’

The designed LINE1 assay targeted approximately 1600 regions repeated across the
human genome. An in-silico dPCR analysis of these targeted regions was performed

using the PacBio sequencing data of the 10 preeclamptic and 10 control subjects.
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As shown in the graph FIG. 12A, preeclamptic subjects have a significantly lower L
%than control subjects (median, 64%vs. 75%, P value = 0.0002) . FIG. 12B plots data
from an ROC analysis of the LINE1 assay, showing that the AUC for differentiating
between the two groups is 0.95. In an experimental analysis, these values would be
expected.

The assay was tested using genomic DNA (gDNA) extracted from buffy coats.

The extracted buffy coat gDNA with a size predominantly around 30 kb can be used
as a control sample of longer DNA. Additionally, shorter gDNA was generated by
sonicating the buffy coat gDNA to a size peaking at 178 bp using an ultrasonicator.
The LINEI assay was performed with both sonicated and non-sonicated samples of
gDNA. In this example, a droplet digital PCR platform was used to compartmentalize
DNA into droplets, perform PCR, and read the results. The PCR reactions were
prepared in a volume of 20 pL, each including 10 pg of template DNA, 10 uL of 2x
ddPCR Supermix for Probes (Bio-Rad) , a final concentration of 900 umol/L of each
primer, and a final concentration of 250 nmol/L of each probe. The droplet generation
and PCR reaction were performed using the QX ONE Droplet Digital PCR (ddPCR)
System (Bio-Rad) . The thermal profile of the assay involved initiation at 37 °C for 30
minutes, then holding at 95 °C for 10 minutes, followed by 45 cycles of 94 °C for 30
seconds and 60 °C for 1 minute, and a final incubation at 98 °C for 10 minutes.

The number of long DNA molecules was determined by using droplets containing
both the 170 bp and 70 bp amplicons. The total number of DNA molecules was
represented by the number of droplets containing the 70 bp amplicon. The non-
sonicated gDNA sample contained 811 copies of long DNA molecules > 170 bases
in a total of 1059 total DNA molecules, giving a percentage of long DNA molecules
of 76.6%. In comparison, the sonicated gDNA sample contained only nine long
DNA molecules out of 1119 total DNA molecules, giving a L%of 0.8%. These
results confirm that the LINE1 digital PCR assay performs well for analyzing the size
distributions of DNA molecules.

2. Separate primer assay with single copy regions

Another assay was developed assay to differentiate preeclamptic from control
subjects with multiplexed digital amplification reactions using separate primers. This
design used the principles illustrated in FIG. 1 to target the single-copy VCP gene
and profile nucleic acids longer than 1001 bp or 533 bp. In the assay for detecting
fragments longer than 1001 bp, two pairs of primers, VCP_0 Forward Primer/VCP_0
Reverse primer and VCP_1001 Forward Primer/VCP_1001 Reverse Primer, were used
to amplify two regions (namely, VCP 0O region, and VCP 1001 region) separated by
1001 bp. Two probes, VCP_0 Probe and VCP_1001 Probe, were used to detect the

two amplicons. Similarly, the assay for detecting fragments longer than 533 bp used
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two pairs of primers (VCP_0 Forward Primer/VCP_0 Reverse primer and VCP_533
Forward Primer/VCP_533 Reverse Primer) for amplifying two regions separated by
533 bp, and two probes (VCP_0 Probe and VCP_533 Probe) to detect amplification
of the two regions. The amplicon size of the VCP_0 Forward Primer/VCP_0 Reverse
primer is 73 bp. Droplets containing this amplicon were used to determine the total
number of template DNA molecules in the sample. The sequences for PCR primers

and probes are shown in Table 2 below.

Table 2. Primer and probe sequences for separate primer assay with single-copy
regions.
VCP 0 Forward Primer 5-CCTGATTCTAGATTATCTTGATATCCTCA-3"
VCP_0 Reverse Primer 5-ATTCCACTGGGGTTAGGGTTG-3'
VCP_0 Probe 5'-Cy5-ATTCTACCTTCCCTTTAGAC-MGB-3'
VCP_1001 Forward Primicr 5-GGGAGGTCTGTGGACCCTATC-3'
VCP 1001 Reverse Primer  5'-TGAGCTGAGATGAGACTCATATACTTATC-3"
VCP_1001 Probe 5'-FAM-CTTCCCCAACCATCAG-MGB-3'
VCP_533 Forward Primer 5-TCTTCTCGGCCTTATTCCAAATT-3’
VCP_533 Reverse Primer ~ 5-GAATTTTAATAGGGCATCAAAGATAAAGA-3'
VCP_333 Probe 5'-VIC-AATGGATTCACCTCAGC-MGB-3'
In this example, the Bio-Rad droplet digital PCR platform was used to

compartmentalize the DNA into droplets, perform PCR, and read the results. The
PCR settings for the 1001-bp assay and the 533-bp assay were the same, as described
below. The reactions were each prepared in a volume of 20 uL, each including 3
ng of template DNA, 10 uL of 2xddPCR Supermix for Probes (Bio-Rad) , a final
concentration of 900 pmol/L of each primer, and a final concentration of 250 nmol/
L of each probe. The droplet generation and PCR reaction were performed using the
QX ONE Droplet Digital PCR (ddPCR) System (Bio-Rad) . The thermal profile of the
assay involved initiation at 37 °C for 30 minutes, then holding at 95 °C for 10 minutes,
followed by 45 cycles of 94 °C for 30 seconds and 57 °C for 1 minute, and a final
incubation at 98 °C for 10 minutes.

Genomic DNA (gDNA) extracted from buffy coats was used to test the assay. The
extracted buffy coat gDNA with a size predominantly around 30 kb can be used
as a control sample of longer DNA. Additionally, shorter gDNA was generated
by sonicating the buffy coat gDNA to a size peaking at 280 bp using a Covaris
ultrasonicator. The two assays were performed using both sonicated and non-sonicated

samples of gDNA. The results are shown in Table 3 and Table 4 below.
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The results of the 1001 bp assay (Table 3) show that the non-sonicated bufty coat

[0175]

gDNA primarily consisted of DNA molecules with a length of at least 1001 bp, since

most of the positive droplets displayed both VCP0 and VCP1001 signals. For the

sonicated buffy coat gDNA, a small proportion of positive droplets had dual positive

signals of both VCPO and VCP1001, indicating a smaller proportion of long molecules

of > 1001 bp. Among the droplets that display dual positive signals, a portion may be

caused by coincidental colocalization of the short DNA molecules from both VCP0

and VCP1001 regions. In one embodiment, the number of droplets with coincidental
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colocalization of one short DNA molecule spanning only the VCPO region and
one short DNA molecule spanning only the VCP1000 region (denoted as c¢) can be

calculated as follows:

=B )m

where M represents the total number of droplets, X represents the number of droplets
that only contained the VCPO signal, and Y represents the number of droplets that
only emit the VCP1001 signal. Thus, the number of positive droplets containing long
DNA molecules of > 1001 bp (L) can be calculated as L = Z —c, where Z represents
the number of droplets that emit both VCP0O and VCP1001 signals. Accordingly, the
percentage of long DNA molecules of > 1001 bp (L%) can be calculated by dividing
the number of positive droplets containing long DNA molecules of > 1001 bp by
the total number of droplets emitting the VCPO signal (including both the number
of droplets that only emit the VCPO signal and the number of droplets that emit both
VCPO and VCP1001 signals) (L.%= L/ (X + Z) x100%) . The same calculations can be
applied to calculate the percentage of molecules greater than 533 bp when using the
533 bp assay (Table 4) .

As shown in Table 3 and Table 4, the percentage of long DNA molecules longer
than 1001 bp was 88.4%and 1.2%in non-sonicated and sonicated buffy coat DNA,
respectively. The percentage of long DNA molecules longer than 533 bp was
94.1%and 3.4%in non-sonicated and sonicated buffy coat DNA, respectively. These
results demonstrate that the digital PCR assay based on two separate primer pairs
spanning a target molecule in a reaction partition can be used to determine the presence
of long DNA molecules.

E. Method

FIG. 11 presents a flowchart of a method 1100 for selecting an assay parameter,
based on simulations using long sequence read data, for a multiplexed digital
amplification assay measuring the sizes of a plurality of nucleic acid molecules
according to embodiments of the present disclosure. Various examples of method
1100 are described above. Method 1100 can be performed partially or entirely using a
computer system.

Atblock 1110, long sequence reads from sequencing a plurality of nucleic acid
molecules are received. In some embodiments, the plurality of nucleic acid molecules
are nucleic acid molecules originating from a sample. In some embodiments, the
sample is a biological sample taken from a subject. In some embodiments, the plurality
of nucleic acid molecules includes or consists of a plurality of DNA molecules. In
some embodiments, the plurality of nucleic acid molecules includes or consists of

a plurality of RNA molecules. In some embodiments, the plurality of nucleic acid
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molecules includes or consists of a plurality of cell-free nucleic molecules, e.g., a
plurality of cell-free DNA molecules. In some embodiments, the long sequence reads
can have an average length that is greater than 500 bp, e.g., greater than 630 bp, greater
than 790 bp, greater than 1000 bp, greater than 1300 bp, greater than 1600 bp, greater
than 2000 bp, greater than 2500 bp, greater than 3200 bp, greater than 4000 bp, or
greater than 5000 bp.

At block 1120, a first group of simulations of digital amplification reactions are
performed using the long sequence reads and a first value for a tested parameter of
the simulated digital amplification reactions. The simulated digital amplification
reactions can be any of those disclosed herein. For example, in some embodiments, the
simulated digital amplification reactions are in silico multiplexed digital amplification
assays using shared primers as exemplified in FIGS. 4-6. In some embodiments, the
simulated digital amplification reactions are in silico multiplexed digital amplification
assays using separate primers as exemplified in FIGS. 1-3. The tested reaction
parameter of the simulated digital amplification reaction can be any of those disclosed
herein. In some embodiments, the parameter is a size of a region targeted for
amplification by primers of the digital amplification reactions. In some embodiments,
the parameter is the identity of the region targeted for amplification by primers of the
digital amplification reactions. In some embodiments, the parameter is the number of
different nucleic acid molecules, as represented by the long sequence reads, used as
templates in the digital amplification reactions.

Atblock 1130, a first number is determined based on the results of the first group
of simulations. In some embodiments, the first number represents a percentage (L
%) of relatively long nucleic acid molecules associated with the long sequence
reads, where the percentage is calculated based on a number of relatively long
nucleic acid molecules in relation to a number of relatively short nucleic acid
molecules as identified by the simulations of the first group. For example, when the
simulated digital amplification reactions are in silico multiplexed digital amplification
assays using shared primers as exemplified in FIGS. 4-6, then the first number can
represent a percentage of the in silico digital assays for which an amplification
product corresponding to the larger targeted region is produced. When the simulated
digital amplification reactions are in silico multiplexed digital amplification assays
using separate primers as exemplified in FIGS. 1-3, then the first number can
represent a percentage of the in silico digital assays for which amplification products
corresponding to all targeted regions are produced. In some embodiments, the first
number relates to an area under a curve (AUC) as calculated using a receiver operating

characteristic (ROC) analysis.
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At block 1140, a second group of simulations of digital amplification reactions are
performed using the long sequence reads and a second value for the tested parameter
of the simulated digital amplification reactions. The second group of simulations
are performed similarly to the first group of simulations of block 1120. In some
embodiments, the second value of the tested parameter is greater than the first value
of the tested parameter. In some embodiments, the second value is less than the first
value. In some embodiments, method 1100 further includes an operation of performing
a third group of simulations of digital amplification reactions performed using the
long sequence reads and a third value for the tested parameter of the simulated digital
amplification reactions. Method 1100 can also include additional operations of
performing additional groups of simulations, each using a different value for the tested
parameter. The number of different groups of simulations performed to test different
parameter values can be, for example, at least 2, e.g., at least 3, at least 4, at least 6, at
least 10, at least 15, at least 20, at least 30, at least 45, at least 65, or at least 100.

At block 1150, a second number is determined based on the second group of
simulations. The second number is determined similarly to the first number of block
1130. For example, in some embodiments, the second number represents a percentage
(L%) of relatively long nucleic acid molecules associated with the long sequence
reads, where the percentage is calculated based on a number of relatively long nucleic
acid molecules in relation to a number of relatively short nucleic acid molecules as
identified by the simulations of the second group. In some embodiments, the second
number relates to an area under a curve (AUC) as calculated using a receiver operating
characteristic (ROC) analysis. In some embodiments, method 1100 further includes
an operation of determining a third number based on a third group of simulations.
Method 1100 can also include additional operations of determining additional numbers
based on additional groups of simulations, each using a different value for the tested
parameter.

Atblock 1160, a value for the tested parameter is selected based on a comparison of
the first number and the second number. In some embodiments, a value for the tested
parameter is selected based on a comparison of all numbers determined for all groups
of performed simulations. The comparison can include determining which of the
numbers is maximum. The comparison can include determining which of the numbers
is a minimum. The comparison can include predicting a maximum or minimum based
on interpolations and/or extrapolations using the numbers. In some embodiments, the
parameter value is selected to maximize a corresponding predicted L%value. In some
embodiments, the parameter value is selected to maximize a corresponding predicted
AUC value.
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VL. COMPARISON OF SIMULATED PCR RESULTS FOR REPEAT AND
SINGLE COPY

FIGS. 12A-12F present graphs plotting simulated results for differentiating control
and PET samples using different multiplexed digital amplification assay procedures
with targeting amplification of repeated or single-copy regions. FIGS. 12A and
12B show results from a simulated digital amplification assay using shared primers
targeting regions of the LINE1 repeat sequence. As described in Section V. D. 1.
above, the longer region targeted for amplification in this assay had a length of 170 bp,
and the shorter subregion targeted for amplification in the assay had a length of 70 bp.
The data of FIGS. 12A and 12B show that the ability of the assay to differentiate the
control and PET samples from one another was very high, with a P value of 0.001 and
an AUC greater than 0.9.

FIGS. 12C and 12D show results from a simulated digital amplification assay
using separate primers targeting regions of the VCP single-copy gene. As described
in Section V. D. 2. above, the regions targeted for amplification in this assay were
separated from one another by a distance of 533 bp. FIGS. 12E and 12F show results
from another simulated digital amplification assay using separate primers targeting
regions of the VCP single-copy gene. In this simulation, and as also described in
Section V. D. 2, the regions targeted for amplification were separated from one another
by a distance of 1001 bp. The data of FIGS. 12C-12F show that the ability of these
assays to differentiate the control and PET samples from one another was not as high
as seen with the assay of FIG. 12A and 12B.

While this difference between the performances of the different simulated assays
may result in part from differences in sizes of the amplicons of the different assays,
the primary driver of the higher discriminatory power of the FIGS. 12A and 12B assay
is the use of the LINE1 repeat sequence. Because the PacBio data of the simulations
does not have a very high coverage, the benefits of using a repeated sequence are
particularly noticeable. Specifically, with the repeated sequence, one coverage of the
genome can produce over 1000 signals, where the single-copy sequence can produce
only either one or zero signals. This increase in the number of potential signals can
significantly enhance the predictive specificity of the multiplexed digital amplification
assay, as shown in FIGS. 12A-12F.

VII. METHODS FOR DETERMINING PATHOLOGY

In certain aspects, the present disclosure provides methods for determining the
presence or classification of a pathology in a subject. These methods rely in part on
the provided multiplexed digital amplification assays for measuring sizes of a plurality
of nucleic acid molecules, e.g., cell-free DNA fragments in a biological sample, from

the subject. As discussed above, various parameters can provide a statistical measure
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of a size profile of DNA fragments in the biological sample. A parameter can be
defined using the sizes of all of the DNA fragments analyzed, or just a portion. In
one embodiment, a parameter provides a relative abundance of short and long DNA
fragments, where the short and long DNA may correspond to specific sizes or ranges
of sizes.

A. Results

As an example, the provided methods for determining a pathology were used to
determine a classification of preeclampsia based on the size of DNA in plasma from
normal pregnant women and patients with preeclampsia. Sixteen control pregnancies
and ten preeclamptic subjects were recruited. Plasma samples were obtained from
each subject, and DNA was extracted using a QIAamp Circulating Nucleic Acid Kit
(Qiagen) and quantified using a Qubit 3.0 (Invitrogen) . Plasma DNA sizes were
determined using three provided multiplexed digital amplification assays described
in more detail above: the LINE]1 repetitive assay (170bp/70bp) , the VCP single-copy
gene assay (533bp/73bp) , and the VCP single-copy gene assay (1001bp/73bp) . The
dPCR profiles and the calculation of relative long cfDNA percentages were performed
as those described in the simulations described above.

Using the LINE1 assay, the preeclamptic group was shown to have a significantly
lower percentage of long cfDNA of > 170 bp (median, 30.5%; range, 26.7%to 36.8%)
compared to the control group (median, 38.6%; range, 33.1%to 47.2%) (Mann-
Whitney U test, P <0.0001) (FIG. 13A) . The percentage of long cfDNA > 533 bp
measured by the VCP 533 bp assay was also significantly lower in the preeclamptic
group (median, 6.6%; range, 3.2%to 10.4%) than in the control group (median, 8.7%;
range, 5.4%to 16.8%) (Mann—Whitney U test, P =0.013) (FIG. 13B) . With the VCP
1001 bp assay, the percentage of long cfDNA > 1001 bp was lower in the preeclamptic
groups (median, 4.1%; range, 2.2%to 6.2%) than in the control group (median, 4.6%;
range, 3.5%to 12.8%) , but the difference was not statistically significant (Mann-
Whitney U test, P =0.138) (FIG. 13C) .

The T-score was also calculated for each of the three assays, where the T-score is
the absolute mean difference between the two groups divided by the pooled standard
deviations between the two groups. The T-score therefore provides a parameter for
evaluation of the discrimination power of the assays. As shown in FIGS. 13A-13C,
the T-score is highest for the LINE1 assay (5.73) compared to the VCP 553 (2.83) and
VCP 1001 assays (2.1738

An ROC curve analysis was used to determine which marker would be the most
useful for differentiating the preeclamptic and control subjects (FIG. 14D) . The AUCs
for the LINEI assay, VCP 533 bp assay, and VCP 1001 bp assay were 0.96, 0.79, and

0.69, respectively. There was a statistically significant difference between AUCs for
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LINE1 and VCP 1001 bp assays (P =0.012, Delong test) , and for LINE1 and VCP 533
bp assays (P = 0.039, Delong test) , but not for VCP 1001 bp and VCP 533 bp assays
(P =0.131, Delong test) .

The results demonstrate the ability of the provided digital amplification assay-
based approach to analyze the size distribution of cfDNA in plasma for differentiating
pregnant women with and without preeclampsia. In this example, the LINE1 assay
provides the best performance, which is consistent with the in-silico dPCR simulation
results. These results also therefore demonstrate that the provided in-silico dPCR
simulations are a useful predictive tool for guiding the design of the assay.

B. Methods

1. Separate primers

FIG. 14 presents a flowchart of a method 1400 for determining a classification of
pathology in a subject by analyzing a biological sample from the subject to measure
the size of nucleic acid molecules in the sample using separate primer sets according
to embodiments of the present disclosure. Various examples of method 1400 are
described above. Method 1400 can be performed partially or entirely using a computer
system.

At block 1410, a sample comprising a plurality of nucleic acid molecules is received.
Block 1410 can be performed in a similar manner to block 310. As with block 310,
in some embodiments, the sample is a biological sample taken from a subject. In
some embodiments, the plurality of nucleic acid molecules includes or consists of
a plurality of DNA molecules. In some embodiments, the plurality of nucleic acid
molecules includes or consists of a plurality of RNA molecules. In some embodiments,
the plurality of nucleic acid molecules includes or consists of a plurality of cell-free
nucleic acid molecules, e.g., a plurality of cell-free DNA molecules. As with block
310, in some embodiments, the plurality of nucleic acid molecules consists of between
about 100 nucleic acid molecules and about 500,000 nucleic acid molecules, e.g., any
of the numbers of nucleic acid molecules described in relation to block 310.

At block 1420, the plurality of nucleic acid molecules is distributed into a plurality
of digital reactions. Block 1420 can be performed in a similar manner to block 320.
As with block 320, in some embodiments, each of the plurality of digital reactions is
a digital polymerase chain reaction. In some embodiments, each of the plurality of
digital reactions is a droplet digital polymerase chain reaction. In some embodiments,
the distribution of the plurality of nucleic acid molecules into the plurality of digital
reactions results in the plurality of digital reactions having an average of one nucleic
acid molecule per digital reaction.

At block 1430, reagents are added into each of the plurality of digital reactions.
Block 1430 can be performed in a similar manner to block 330. As with block 330,
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the reagents for each of the plurality of reactions include a first primer set targeting a
first region of a reference sequence, and a second primer set targeting a second region
of the reference sequence. At least a portion of the plurality of nucleic acid molecules
include at least a portion of the reference sequence, or at least a portion of a sequence
complementary to the reference sequence. The second region is within a specified
number of bases from the first region in the reference sequence. The specified number
of bases can be any of those disclosed herein. For example, in some embodiments,
the specified number of bases is about 5 kilobases or less. In some embodiments, the
specified number of bases is about 500 bases or more. The first primer set includes a
first forward primer, a first reverse primer, and a first probe. The second primer set
includes a second forward primer, a second reverse primer, and a second probe. The
second forward primer and the second reverse primer are each downstream from the
first reverse primer in the reference sequence. The first region and the second region
can each independently have any of the sizes disclosed herein. For example, in some
embodiments, the first region and the second region each independently have a length
that is less than about 500 bp.

The first probe and the second probe can be any of those disclosed herein. In some
embodiments, the first probe and the second probe each independently comprise a
fluorescent label. In some embodiments, the reagents for each of the plurality of digital
reactions further include a reverse transcriptase enzyme.

In some embodiments, the reagents for each of the plurality of reactions further
include a third primer set targeting a third region of the reference sequence. The third
primer set includes a third forward primer, a third reverse primer, and a third probe.
In some embodiments, the third region is located between the first region and the
second region in the reference sequence, such that the third forward primer and the
third reverse primer are each downstream from the first reverse primer in the reference
sequence, and the third forward primer and the third reverse primer are each upstream
from the second forward primer in the reference sequence.

At block 1440, a first signal from the first probe is detected for a first digital reaction
of the plurality of digital reactions, and a second signal from the second probe is also
detected for the first digital reaction. In some embodiments, method 1400 further
includes an operation of detecting a third signal from the third probe, when present,
in the first digital reaction. The signals can be any of those disclosed herein. Block
1440 can be performed in a similar manner to block 340. As with block 340, in some
embodiments, the signals each independently comprise a fluorescence emission light
having a different wavelength from that of the other signals.

At block 1450, a first number of the plurality of reactions that are positive for only

one of the first signal and the second signal are detected. This first number therefore
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represents the count of digital reactions containing a nucleic acid molecule, e.g., a
relatively short nucleic acid molecule, that includes only one of the first targeted region
and the second targeted region.

At block 1460, a second number of the plurality of digital reactions that are positive
for both of the first signal and the second signal are detected. This second number
therefore represents the count of digital reactions containing a nucleic acid molecule,
e.g., arelatively long nucleic acid molecule, that includes both the first targeted region
and the second targeted region.

At block 1470, a parameter is determined using the first number and the second
number. The parameter measures a relative amount between the first number and the
second number. In some embodiments, the parameter is a separation value between
the first number and the second number. As one example, determining the parameter
can comprise dividing the first number by the second number or by a sum of the first
number and the second number. As another example, determining the parameter can
comprise dividing the second number by the first number or by a sum of the first
number and the second number. As another example, determining the parameter can
comprise subtracting the first number from the second number, and optionally dividing
the subtraction result by the first number, by the second number, or by a sum of the
first number and the second number. As another example, determining the parameter
can comprise subtracting the second number from the first number, and optionally
dividing the subtraction result by the first number, by the second number, or by a
sum of the first number and the second number. In some embodiments, the parameter
provides a statistical measure of a size profile (e.g., a histogram) of DNA fragments in
the biological sample. The parameter may be referred to as a size parameter since it is
determined from the sizes of the plurality of DNA fragments.

In some embodiments, method 1400 further includes detecting a third number of the
plurality of digital reactions that are positive for the third signal from the third probe,
when present in the digital reactions, and that also are positive for only one of the first
signal and the second signal. This third number therefore represents the count of digital
reactions containing a nucleic acid molecule that includes either the first region and the
adjacent third region, or the second region and the adjacent third region.

In some embodiments, method 1400 further includes an operation of determining a
second parameter using the first number and the third number, where the parameter
measures a relative amount between the first number and the third number. In some
embodiments, the second parameter is a separation value between the first number and
the third number. As one example, determining the second parameter can comprise
dividing the first number by the third number. As another example, determining the

second parameter can comprise dividing the third number by the first number or by a



WO 2024/230768 PCT/CN2024/091880

[0212]

[0213]

[0214]

53

sum of the first number and the second number. As another example, determining the
second parameter can comprise subtracting the first number from the third number, and
optionally dividing the subtraction result by the first number, by the third number, or
by a sum of the first number and the third number. As another example, determining
the second parameter comprises subtracting the third number from the first number,
and optionally dividing the subtraction result by the first number, by the third number,
or by a sum of the first number and the third number.

In some embodiments, method 1400 further includes an operation of determining a
second parameter using the second number and the third number, where the second
parameter measures a relative amount between the second number and the third
number. In some embodiments, the second parameter is a separation value between
the second number and the third number. As one example, determining the second
parameter can comprise dividing the second number by the third number. As another
example, determining the second parameter can comprise dividing the third number
by the second number or by a sum of the first number and the second number. As
another example, determining the second parameter can comprise subtracting the
second number from the third number, and optionally dividing the subtraction result
by the second number, by the third number, or by a sum of the second number and the
third number. As another example, determining the second parameter can comprise
subtracting the third number from the second number, and optionally dividing the
subtraction result by the second number, by the third number, or by a sum of the
second number and the third number.

Atblock 1480, a classification of a pathology is determined using the parameter.

In some embodiments, the classification of the pathology is determined using the
parameter and the second parameter. In some embodiments, the determination of the
pathology classification involves comparing the one or more parameters to one or
more reference values. Examples of a reference value include a normal value and a
cutoff value that is a specified distance from a normal value (e.g., in units of standard
deviation) . The reference value may be determined from a different sample from

the same organism (e.g., when the organism was known to be healthy) . Thus, the
reference value may correspond to a value of a parameter determined from a sample
when the organism is presumed to have no pathology. In some embodiments, the
biological sample is obtained from the organism after treatment and the reference value
corresponds to a value of the first parameter determined from a sample taken before
treatment. The reference value may also be determined from samples of other healthy
organisms.

In some embodiments, the pathology is a cancer. In some embodiments, the

pathology is preeclampsia toxemia.
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In some embodiments, the classification may be numerical, textual, or any other
indicator. The classification can provide a binary result of yes or no as to a pathology,
a probability, or other score, which may be absolute or a relative value, e.g., relative
to a previous classification of the organism at an earlier time. In some embodiments,
the classification is that the organism does not have a pathology or that the level of the
pathology has decreased. In other embodiments, the classification is that the organism
does have a pathology or that a level of the pathology has increased.

In some embodiments, the classification of a pathology includes the level of
the pathology, the existence of the pathology, a stage of the pathology, or a size
of a tumor associated with the pathology. For example, whether the one or more
parameters exceed (e.g., is greater than or less than, depending on how the first
parameter is define) a reference threshold can be used to determine if a pathology
exists, or at least a likelihood (e.g., a percentage likelihood) . The extent above the
threshold can provide an increasing likelihood, which can lead to the use of multiple
thresholds. Additionally, the extent above can correspond to a different level of the
pathology, e.g., more tumors or larger tumors. Thus, embodiments can diagnose, stage,
prognosticate, or monitor progress of a level of a pathology in the subject organism.

2. Shared primers

FIG. 15 presents a flowchart of a method 1500 for determining a classification of
pathology in a subject by analyzing a biological sample from the subject to measure
the size of nucleic acid molecules in the sample using shared primer sets according
to embodiments of the present disclosure. Various examples of method 1500 are
described above. Method 1500 can be performed partially or entirely using a computer
system.

Atblock 1510, a sample comprising a plurality of nucleic acid molecules is received.
Block 1510 can be performed in a similar manner to block 310. As with block 310,
in some embodiments, the sample is a biological sample taken from a subject. In
some embodiments, the plurality of nucleic acid molecules includes or consists of
a plurality of DNA molecules. In some embodiments, the plurality of nucleic acid
molecules includes or consists of a plurality of RNA molecules. In some embodiments,
the plurality of nucleic acid molecules includes or consists of a plurality of cell-free
nucleic acid molecules, e.g., a plurality of cell-free DNA molecules. As with block
310, in some embodiments, the plurality of nucleic acid molecules consists of between
about 100 nucleic acid molecules and about 500,000 nucleic acid molecules, e.g., any
of the numbers of nucleic acid molecules described in relation to block 310.

At block 1520, the plurality of nucleic acid molecules is distributed into a plurality
of digital reactions. Block 1520 can be performed in a similar manner to block 320.

As with block 320, in some embodiments, each of the plurality of digital reactions is
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a digital polymerase chain reaction. In some embodiments, each of the plurality of
digital reactions is a droplet digital polymerase chain reaction. In some embodiments,
the distribution of the plurality of nucleic acid molecules into the plurality of digital
reactions results in the plurality of digital reactions having an average of one nucleic
acid molecule per digital reaction.

At block 1530, reagents are added into each of the plurality of digital reactions.
Block 1530 can be performed in a similar manner to block 530. As with block 530,
the reagents for each of the plurality of reactions include a first primer set targeting a
first region of a reference sequence, and a second primer set targeting a second region
of the reference sequence. At least a portion of the plurality of nucleic acid molecules
include at least a portion of the reference sequence, or at least a portion of a sequence
complementary to the reference sequence. The second region is larger than the first
region and includes the first region. The first primer set includes a first forward primer,
a first reverse primer, and a first probe. The second primer set includes a second probe
and a second primer that is either a second forward primer or a second reverse primer.
The second primer set shares a common primer with the first primer set. For example,
if the second primer set includes a second forward primer, then the second primer set
shares the first reverse primer of the first primer set as a common primer with the first
primer set. Alternatively, if the second primer set includes a second reverse primer,
then the second primer set shares the first forward primer of the first primer set as a
common primer with the first primer set. The shorter first region targeted by the first
primer set can have any of the shorter first region sizes disclosed herein. For example,
in some embodiments, the shorter first region has a length that is between about 40
bp and about 100 bp. The longer second region targeted by the second primer set can
have any of the larger second region sizes disclosed herein. For example, in some
embodiments, the longer second region has a length that is between about 100 bp and
about 1000 bp. In some embodiments, the longer second region has a length that is
between about 100 bp and about 250 bp.

The first probe and the second probe of block 1530 can be any of those disclosed
herein and can be similar to the first probe and the second probe described in relation
to block 330. As with block 330, in some embodiments, the first probe and the second
probe each independently comprise a fluorescent label. As with block 330, in some
embodiments, the reagents of block 1530 further include a reverse transcriptase
enzyme.

In some embodiments, the reagents of block 1530 further include a third primer set
targeting a third region of the reference sequence. The third region is larger than the
first region and includes the first region. Additionally, the second region is larger

than the third region and includes the third region. Accordingly, the first region is a
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subregion of the third region, which is itself a subregion of the second region. The
third primer set includes a third probe and a third primer that is either a third forward
primer or a third reverse primer. The third primer shares the common primer with

the first primer set and the second primer set. For example, if the second primer set
includes a second forward primer, then the third primer set includes a third forward
primer and the third primer set shares the first reverse primer of the first primer set as a
common primer with the first primer set and the second primer set. Alternatively, if the
second primer set includes a second reverse primer, then the third primer set includes

a third reverse primer and shares the first forward primer of the first primer set as a
common primer with the first primer set and the second primer set.

At block 1540, a first number of the plurality of reactions that are positive for only
a first signal from the first probe is detected. The first signal can be any of those
disclosed herein. Block 1540 can be performed in a similar manner to block 540.

As with block 540, in some embodiments, the first signal comprises a fluorescence
emission light, e.g., a fluorescence emission light having a different wavelength than
that of fluorescence emission lights of the second signal and the third signal, when
present. The first number represents the count of digital reactions containing a nucleic
acid molecule, e.g., a relatively short nucleic acid molecule, that includes the entirety
of the first targeted region but that does not include the entirety of the second targeted
region.

Atblock 1550, a second number of the plurality of digital reactions that are positive
for both the first signal and a second signal is detected. The second signal is from
the second probe. The second signal can be any of those disclosed herein. Block
1550 can be performed in a similar manner to block 550. As with block 550, in some
embodiments, the second signal comprises a fluorescence emission light, e.g., a
fluorescence emission light having a different wavelength than that of fluorescence
emission lights of the first signal and the third signal, when present. The second
number represents the count of digital reactions containing a nucleic acid molecule,
e.g., arelatively long nucleic acid molecule, that includes the entirety of the first
targeted region and the entirety of the second targeted region.

In some embodiments, method 1500 further includes detecting a third number of the
plurality of reactions that are not positive for the second signal and that are positive
for both the first signal and a third signal. The third signal is from the third probe.

The third signal can be any of those disclosed herein. In some embodiments, the third
signal comprises a fluorescence emission light, e.g., a fluorescence emission light
having a different wavelength than that of fluorescence emission lights of the first
signal and the second signal. The third number represents the count of digital reactions

containing a nucleic acid molecule that includes the entirety of the first targeted region
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and the entirety of the third targeted region but that does not include the entirety of the
second targeted region.

At block 1560, a parameter is determined using the first number and the second
number. Block 1560 can be performed in a similar manner to block 560. As with block
560, in some embodiments, the parameter measures a relative amount between the first
number and the second number. In some embodiments, the parameter is a separation
value between the first number and the second number. As one example, determining
the parameter can comprise dividing the first number by the second number or by a
sum of the first number and the second number. As another example, determining
the parameter can comprise dividing the second number by the first number or by a
sum of the first number and the second number. As another example, determining the
parameter can comprise subtracting the first number from the second number, and
optionally dividing the subtraction result by the first number, by the second number, or
by a sum of the first number and the second number. As another example, determining
the parameter can comprise subtracting the second number from the first number, and
optionally dividing the subtraction result by the first number, by the second number, or
by a sum of the first number and the second number.

In some embodiments, method 1500 further includes an operation of determining a
second parameter using the first number and the third number, where the parameter
measures a relative amount between the first number and the third number. In some
embodiments, the second parameter is a separation value between the first number and
the third number. As one example, determining the second parameter can comprise
dividing the first number by the third number. As another example, determining the
second parameter can comprise dividing the third number by the first number or by a
sum of the first number and the second number. As another example, determining the
second parameter can comprise subtracting the first number from the third number, and
optionally dividing the subtraction result by the first number, by the third number, or
by a sum of the first number and the third number. As another example, determining
the second parameter can comprise subtracting the third number from the first number,
and optionally dividing the subtraction result by the first number, by the third number,
or by a sum of the first number and the third number.

In some embodiments, method 1500 further includes an operation of determining a
second parameter using the second number and the third number, where the second
parameter measures a relative amount between the second number and the third
number. In some embodiments, the second parameter is a separation value between
the second number and the third number. As one example, determining the second
parameter can comprise dividing the second number by the third number. As another

example, determining the second parameter can comprise dividing the third number
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by the second number or by a sum of the first number and the second number. As
another example, determining the second parameter can comprise subtracting the
second number from the third number, and optionally dividing the subtraction result
by the second number, by the third number, or by a sum of the second number and
the third number. In some embodiments, determining the second parameter comprises
subtracting the third number from the second number, and optionally dividing the
subtraction result by the second number, by the third number, or by a sum of the
second number and the third number.

At block 1570, a classification of a pathology is determined using the parameter.

In some embodiments, the classification of the pathology is determined using the
parameter and the second parameter. In some embodiments, the determination of the
pathology classification involves comparing the one or more parameters to one or
more reference values. Examples of a reference value include a normal value and a
cutoff value that is a specified distance from a normal value (e.g., in units of standard
deviation) . The reference value may be determined from a different sample from

the same organism (e.g., when the organism was known to be healthy) . Thus, the
reference value may correspond to a value of a parameter determined from a sample
when the organism is presumed to have no pathology. In some embodiments, the
biological sample is obtained from the organism after treatment and the reference value
corresponds to a value of the first parameter determined from a sample taken before
treatment. The reference value may also be determined from samples of other healthy
organisms.

In some embodiments, the pathology is a cancer. In some embodiments, the
pathology is preeclampsia toxemia.

In some embodiments, the classification may be numerical, textual, or any other
indicator. The classification can provide a binary result of yes or no as to a pathology,
a probability, or other score, which may be absolute or a relative value, e.g., relative
to a previous classification of the organism at an earlier time. In some embodiments,
the classification is that the organism does not have a pathology or that the level of the
pathology has decreased. In other embodiments, the classification is that the organism
does have a pathology or that a level of the pathology has increased.

In some embodiments, the classification of a pathology includes the level of
the pathology, the existence of the pathology, a stage of the pathology, or a size
of a tumor associated with the pathology. For example, whether the one or more
parameters exceed (e.g., is greater than or less than, depending on how the first
parameter is define) a reference threshold can be used to determine if a pathology
exists, or at least a likelihood (e.g., a percentage likelihood) . The extent above the

threshold can provide an increasing likelihood, which can lead to the use of multiple
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thresholds. Additionally, the extent above can correspond to a different level of the
pathology, e.g., more tumors or larger tumors. Thus, embodiments can diagnose, stage,
prognosticate, or monitor progress of a level of a pathology in the subject organism.

VII. SYSTEMS

In another aspect, the present disclosure provides various systems, e.g., measurement
systems and/or computer systems, for performing the methods described herein, or
individual or combined operations of those methods.

FIG. 16 illustrates a measurement system 1600 according to an embodiment of the
present disclosure. The system as shown includes a sample 1603, such as cell-free
DNA molecules within an assay device 1610, where an assay 1608 can be performed
on sample 1605. For example, sample 1605 can be contacted with reagents of assay
1608 to provide a signal of a physic6l characteristic 1615 (e.g., multiplexed digital
amplification information using a cell-free DNA molecule) . An example of an assay
device can be a flow cell that includes probes and/or primers of an assay or a tube
through which a droplet moves (with the droplet including the assay) . Physical
characteristic 1615 (e.g., a fluorescence intensity, a voltage, or a current) , from
the sample is detected by detector 1620. Detector 1620 can take a measurement at
intervals (e.g., periodic intervals) to obtain data points that make up a data signal. In
one embodiment, an analog-to-digital converter converts an analog signal from the
detector into digital form at a plurality of times. Assay device 1610 and detector 1620
can form an assay system, ¢.g., a digital PCR system that performs multiplexed digital
amplification reactions according to embodiments described herein. A data signal
1625 is sent from detector 1620 to logic system 1630. As an example, data signal 1625
can be used to determine the production of targeted amplicons. Data signal 1625 can
include various measurements made at a same time, e.g., different colors of fluorescent
dyes or different electrical signals for a different molecule of sample 1605, and thus
data signal 1625 can correspond to multiple signals. Data signal 1625 may be stored in
a local memory 1635, an external memory 1640, or a storage device 1645.

Logic system 1630 may be, or may include, a computer system, ASIC,
microprocessor, graphics processing unit (GPU) , etc. It may also include or be
coupled with a display (e.g., monitor, LED display, etc. ) and a user input device
(e.g., mouse, keyboard, buttons, etc. ) . Logic system 1630 and the other components
may be part of a stand-alone or network connected computer system, or they may
be directly attached to or incorporated in a device (e.g., a digital PCR device) that
includes detector 1620 and/or assay device 1610. Logic system 1630 may also include
software that executes in a processor 1650. Logic system 1630 may include a computer
readable medium storing instructions for controlling measurement system 1600 to

perform any of the methods described herein. For example, logic system 1630 can
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provide commands to a system that includes assay device 1610 such that partitioning,
amplification or other physical operations are performed. Such physical operations can
be performed in a particular order, e.g., with reagents being added and removed in a
particular order. Such physical operations may be performed by a robotics system, e.g.,
including a robotic arm, as may be used to obtain a sample and perform an assay.

Measurement system 1600 may also include a reporting device 1655, which can
present results of any of the methods describe herein, e.g., as determined using the
measurement system. Reporting device 1655 can be in communication with a reporting
module within logic system 1630 that can aggregate, format, and send a report to
reporting device 1655. Reporting device 1655 can present information indicating, for
example, the presence of a relatively long DNA molecule in sample 1605, where the
size of the relatively long DNA molecule is measured or estimated without requiring
sequencing of the DNA molecule. The reporting module can present information from
any one or more of the detecting and/or determining steps in methods 300, 600, 1100,
1400, and/or 1500, as described in Sections II. C, III. B, V. E, VIL. B (1) , and VII. B
(2) , respectively. The information can be presented by reporting device 1655 in any
format that can be recognized and interpreted by a user of the measurement system
1600. For example, the information can be presented by reporting device 1655 in a
displayed, printed, or transmitted format, or any combination thereof.

Measurement system 1600 may also include a treatment device 1660, which can
provide a treatment to the subject. Treatment device 1660 can determine a treatment
and/or be used to perform a treatment. Examples of such treatment can include
surgery, radiation therapy, chemotherapy, immunotherapy, targeted therapy, hormone
therapy, and stem cell transplant. Logic system 1630 may be connected to treatment
device 1660, e.g., to provide results of a method described herein. The treatment
device may receive inputs from other devices, such as an imaging device and user
inputs (e.g., to control the treatment, such as controls over a robotic system) .

Any of the computer systems mentioned herein may utilize any suitable number of
subsystems. Examples of such subsystems are shown in FIG. 17 in computer system
10. In some embodiments, a computer system includes a single computer apparatus,
where the subsystems can be the components of the computer apparatus. In other
embodiments, a computer system can include multiple computer apparatuses, each
being a subsystem, with internal components. A computer system can include desktop
and laptop computers, tablets, mobile phones and other mobile devices.

The subsystems shown in FIG. 17 are interconnected via a system bus 75. Additional
subsystems such as a printer 74, keyboard 78, storage device (s) 79, monitor 76 (e.g.,

a display screen, such as an LED) , which is coupled to display adapter 82, and others

are shown. Peripherals and input/output (I/O) devices, which couple to I/O controller
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71, can be connected to the computer system by any number of means known in the
art such as input/output (I/O) port 77 (e.g., USB,FIREWIRE®) . For example, 1/0
port 77 or external interface 81 (e.g., Ethernet, Wi-Fi, etc. ) can be used to connect
computer system 10 to a wide area network such as the Internet, a mouse input device,
or a scanner. The interconnection via system bus 75 allows the central processor 73
to communicate with each subsystem and to control the execution of a plurality of
instructions from system memory 72 or the storage device (s) 79 (e.g., a fixed disk,
such as a hard drive, or optical disk) , as well as the exchange of information between
subsystems. The system memory 72 and/or the storage device (s) 79 may embody a
computer readable medium. Another subsystem is a data collection device 85, such as
a camera, microphone, accelerometer, and the like. Any of the data mentioned herein
can be output from one component to another component and can be output to the user.

A computer system can include a plurality of the same components or subsystems,
e.g., connected together by external interface 81, by an internal interface, or via
removable storage devices that can be connected and removed from one component
to another component. In some embodiments, computer systems, subsystem, or
apparatuses can communicate over a network. In such instances, one computer can
be considered a client and another computer a server, where each can be part of a
same computer system. A client and a server can each include multiple systems,
subsystems, or components. In various embodiments, methods may involve various
numbers of clients and/or servers, including at least 10, 20, 50, 100, 200, 500, 1,000,
or 10,000 devices. Methods can include various numbers of communications between
devices, including at least 100, 200, 500, 1,000, 10,000, 50,000, 100,000, 500,00, or
one million communications. Such communications can involve at least 1 MB, 10 MB,
100 MB, 1 GB, 10 GB, or 100 GB of data.

Aspects of embodiments can be implemented in the form of control logic
using hardware circuitry (e.g., an application specific integrated circuit or field
programmable gate array) and/or using computer software stored in a memory with
a generally programmable processor in a modular or integrated manner, and thus a
processor can include memory storing software instructions that configure hardware
circuitry, as well as an FPGA with configuration instructions or an ASIC. As used
herein, a processor can include a single-core processor, multi-core processor on a same
integrated chip, or multiple processing units on a single circuit board or networked, as
well as dedicated hardware. Based on the disclosure and teachings provided herein, a
person of ordinary skill in the art will know and appreciate other ways and/or methods
to implement embodiments of the present disclosure using hardware and a combination

of hardware and software.
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Any of the software components or functions described in this application may
be implemented as software code to be executed by a processor using any suitable
computer language such as, for example, Java, C, C++, C#, Objective-C, Swift, or
scripting language such as Perl or Python using, for example, conventional or object-
oriented techniques. The software code may be stored as a series of instructions
or commands on a computer readable medium for storage and/or transmission. A
suitable non-transitory computer readable medium can include random access memory
(RAM) , aread only memory (ROM) , a magnetic medium such as a hard-drive or
a floppy disk, or an optical medium such as a compact disk (CD) or DVD (digital
versatile disk) or Blu-ray disk, flash memory, and the like. The computer readable
medium may be any combination of such devices. In addition, the order of operations
may be re-arranged. A process can be terminated when its operations are completed,
but could have additional steps not included in a figure. A process may correspond to
a method, a function, a procedure, a subroutine, a subprogram, etc. When a process
corresponds to a function, its termination may correspond to a return of the function to
the calling function or the main function.

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

Any of the methods described herein may be totally or partially performed with
a computer system including one or more processors, which can be configured to
perform the steps. Any operations performed with a processor may be performed in
real-time. The term “real-time” may refer to computing operations or processes that
are completed within a certain time constraint. As examples, a time constraint may be
30 seconds, 1 minute, 10 minutes, 30 minutes, 1 hour, 4 hours, 1 day, or 7 days. Thus,
embodiments can be directed to computer systems configured to perform the steps of
any of the methods described herein, potentially with different components performing
a respective step or a respective group of steps. Although presented as numbered steps,
steps of methods herein can be performed at a same time or at different times or in a

different order. Additionally, portions of these steps may be used with portions of other
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steps from other methods. Also, all or portions of a step may be optional. Additionally,
any of the steps of any of the methods can be performed with modules, units, circuits,
or other means of a system for performing these steps.

The specific details of particular embodiments may be combined in any suitable
manner without departing from the spirit and scope of embodiments of the
disclosure. However, other embodiments of the disclosure may be directed to specific
embodiments relating to each individual aspect, or specific combinations of these
individual aspects.

The above description of example embodiments of the present disclosure has
been presented for the purposes of illustration and description. It is not intended
to be exhaustive or to limit the disclosure to the precise form described, and many
modifications and variations are possible in light of the teaching above.

39 <

A recitation of “a, ” “an, ” or “the” is intended to mean “one or more” unless
specifically indicated to the contrary. The use of “or” is intended to mean an “inclusive
or, ” and not an “exclusive or” unless specifically indicated to the contrary. Reference
to a “first” component does not necessarily require that a second component be
provided. Moreover, reference to a “first” or a “‘second” component does not limit the
referenced component to a particular location or order unless expressly stated. The
term “based on” is intended to mean “based at least in part on. ”

The claims may be drafted to exclude any element which may be optional. As
such, this statement is intended to serve as antecedent basis for use of such exclusive
terminology as “solely” , “only” , and the like in connection with the recitation of
claim elements, or the use of a “negative” limitation.

All patents, patent applications, publications, and descriptions mentioned herein
are incorporated by reference in their entirety for all purposes. None is admitted as
being prior art. Where a conflict exists between the instant application and a reference

provided herein, the instant application shall dominate.
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Claims

A method for analyzing a biological sample from a subject, the method
comprising:

receiving the biological sample comprising a plurality of cell-free
nucleic acid molecules;

distributing the plurality of cell-free nucleic acid molecules into a
plurality of digital reactions;

adding reagents into each of the plurality of digital reactions, wherein
the reagents for each of the plurality of reactions include a first primer
set targeting a first region of a reference sequence, and a second primer
set targeting a second region that is within a specified number of bases
from the first region in the reference sequence, the first primer set
including a first forward primer, a first reverse primer, and a first probe,
the second primer set including a second forward primer, a second
reverse primer, and a second probe, wherein the second forward primer
is downstream from the first reverse primer in the reference sequence,
and wherein the specified number of bases is 5 kilobases or less;

for a first digital reaction of the plurality of digital reactions, detecting
a first signal from the first probe and a second signal from the second
probe; and

based on detecting the first signal and the second signal, determining
that the first reaction includes a cell-free nucleic acid molecule of

the plurality of the cell-free nucleic acid molecules that is at least the
specified number of bases in length and that covers the first region and
the second region.

The method of claim 1, wherein the specified number of bases is 500
bases or more.

The method of claim 1 or 2, further comprising:

detecting a first number of the plurality of digital reactions that are
positive for only one of the first signal and the second signal;

detecting a second number of the plurality of digital reactions that are
positive for both of the first signal and the second signal; and
determining a parameter using the first number and the second number,
the parameter measuring a relative amount between the first number
and the second number.

The method of claim 3, further comprising:
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determining a size distribution of the plurality of cell-free nucleic acid
molecules using the parameter.

The method of claim 3, further comprising:

determining a classification of a pathology for the subject using the
parameter.

The method of claim 5, wherein the pathology comprises preeclampsia.
The method of claim 3, wherein the reagents for each of the plurality
of digital reactions further include a third primer set targeting a third
region of the reference sequence, the third primer set including a third
forward primer, a third reverse primer, and a third probe, wherein the
third forward primer is downstream from the first reverse primer in the
reference sequence, wherein the second forward primer is downstream
from the third reverse primer in the reference sequence, and wherein
the method further comprises:

for each digital reaction of the plurality of digital reactions, detecting
the first signal, the second signal, and a third signal, wherein the third
signal is from the third probe.

The method of claim 7, wherein the parameter is a first parameter, and
wherein the method further comprises:

detecting a third number of the plurality of digital reactions that are
positive for the third signal and only one of the first signal and the
second signal; and

determining a second parameter using the first number and the third
number, the parameter measuring a relative amount between the first
number and the third number.

The method of claim 7, wherein the parameter is a first parameter, and
wherein the method further comprises:

detecting a third number of the plurality of digital reactions that are
positive for the third signal and only one of the first signal and the
second signal; and

determining a second parameter using the second number and the third
number, the parameter measuring a relative amount between the second
number and the third number.

The method of claim 8 or 9, further comprising:

determining a size distribution of the plurality of cell-free nucleic acid
molecules using the first parameter and the second parameter.

The method of claim 8 or 9, further comprising:
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determining a classification of a pathology for the subject using the first
parameter and the second parameter.

The method of claim 11, wherein the pathology comprises
preeclampsia.

The method of any one of claims 7-12, wherein the third region has a
length that is less than 500 bp.

The method of any one of claims 7-13, wherein the third signal
comprises a third fluorescence emission light.

The method of claim 14, wherein the third probe comprises a third
fluorescent label.

The method of any one of claims 1-15, wherein the first region and the
second region each independently have a length that is less than 500 bp.
The method of any one of claims 1-16, wherein the plurality of digital
reactions has an average of one cell-free nucleic acid molecule per
digital reaction.

The method of any one of claims 1-17, wherein the plurality of cell-free
nucleic acid molecules consists of between 100 cell-free nucleic acid
molecules and 500,000 cell-free nucleic acid molecules.

The method of any one of claims 1-18, wherein each of the plurality

of digital reactions is independently a droplet digital polymerase chain
reaction (ddPCR) .

The method of any one of claims 1-19, wherein the reagents for each of
the plurality of digital reactions further include a reverse transcriptase
enzyme.

The method of any one of claims 1-20, wherein the first signal
comprises a first fluorescence emission light, and the second signal
comprises a second fluorescence emission light.

The method of claim 21, wherein the first probe comprises a first
fluorescent label, and the second probe comprises a second fluorescent
label.

A method for analyzing a biological sample from a subject pregnant
with a fetus, the method comprising:

receiving the biological sample comprising a plurality of cell-free
nucleic acid molecules;

distributing the plurality of cell-free nucleic acid molecules into a
plurality of digital reactions;

adding reagents into each of the plurality of digital reactions, wherein

the reagents for each of the plurality of reactions include a first primer
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set targeting a first region and a second primer set targeting a second
region that is larger than the first region and includes the first region,
the first primer set including a first forward primer, a first reverse
primer, and a first probe, the second primer set including a second
probe and a second primer that is a second forward primer or a second
reverse primer, wherein the second primer set shares a common primer
with the first primer set, and wherein the second probe recognizes a
portion of the second region that is not within the first region;
detecting a first number of the plurality of digital reactions that are
positive for only a first signal from the first probe;

detecting a second number of the plurality of digital reactions that

are positive for both the first signal and a second signal, wherein the
second signal is from the second probe;

determining a parameter using the first number and the second number,
the parameter measuring a relative amount between the first number
and the second number; and

determining a classification of a preeclampsia for the subject using the
parameter.

The method of claim 23, wherein the first and second regions are each a
part of a same repeat region that occurs at least 10 times in a reference
human genome.

The method of claim 23 or 24, wherein the first region has a length
between 40 bp and 100 bp.

The method of any one of claims 23-25, wherein the second region has
a length between 100 bp and 1000 bp.

The method of any one of claims 23-26, wherein the reagents for each
of the plurality of digital reactions further include a third primer set
targeting a third region that is larger than the first region and includes
the first region, the third primer set including a third forward primer,

a third reverse primer, and a third probe, wherein the third primer

set shares the common primer with the first primer set, wherein the
second region includes the third region, and wherein the method further
comprises:

detecting a third number of the plurality of digital reactions that are
not positive for the second signal and that are positive for both the

first signal and a third signal, wherein the third signal is from the third
probe.

The method of claim 27, further comprising:
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determining a second parameter using the first number and the third
number, the second parameter measuring a relative amount between
the first number and the third number, wherein the determining of the
classification of the preeclampsia further uses the second parameter.
The method of claim 27 or 28, further comprising:

determining a third parameter using the second number and the third
number, the second parameter measuring a relative amount between the
second number and the third number, wherein the determining of the
classification of the preeclampsia further uses the third parameter.
The method of any one of claims 27-29, wherein the third signal
comprises a third fluorescence emission light.

The method of claim 30, wherein the third probe comprises a third
fluorescent label.

The method of any one of claims 23-31, wherein the plurality of digital
reactions has an average of one cell-free nucleic acid molecule per
digital reaction.

The method of any one of claims 23-32, wherein the plurality of cell-
free nucleic acid molecules consists of between 100 cell-free nucleic
acid molecules and 500,000 cell-free nucleic acid molecules.

The method of any one of claims 23-33, wherein each of the plurality
of digital reactions is independently a droplet digital polymerase chain
reaction (ddPCR) .

The method of any one of claims 23-34, wherein the reagents for

each of the plurality of digital reactions further include a reverse
transcriptase enzyme.

The method of any one of claims 23-35, wherein the first signal
comprises a first fluorescence emission light, and the second signal
comprises a second fluorescence emission light.

The method of claim 36, wherein the first probe comprises a first
fluorescent label, and the second probe comprises a second fluorescent
label.

A computer product comprising a non-transitory computer readable
medium storing a plurality of instructions that, when executed, cause
a computer system to perform the method of any one of the preceding
claims.

A system comprising:

the computer product of claim 38; and
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one or more processors for executing instructions stored on the
computer readable medium.

A system comprising means for performing any of the above methods.
A system comprising one or more processors configured to perform any
of the above methods.

A system comprising modules that respectively perform the steps of

any of the above methods.



