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ABSTRACT

Methods for non-invasive classification of one or more genetic copy number variations for a test
sample comprising: a) identifying, using a method comprising a segmentation process, the
presence or absence of a copy number variation segment in a region comprising a first set of
genomic portions; b) providing a sequence read quantification for a sub-region within the sub-
chromosome region comprising a second set of genomic portions, wherein the second set is a
predetermined set of genomic portions, and the genomic portions in (a) and (b) comprise
portions of a reference genome to which sequence reads obtained for nucleic acid in the test
sample have been mapped; and providing a classification for presence or absence of the copy
number variation in the subchromosome region for the test sample according to (a) or (b), or (a)
and (b). The method may be used as part of non-invasive pre-natal testing and oncology
testing.
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METHODS AND PROCESSES FOR ASSESSMENT OF GENETIC VARIATIONS

Related Patent Application

This application claims the benefit of U.S. provisional patent application no. 62/449,766, {iled on January
24,2017,

Field

Technology provided herein relates in part to methods, systems, machines and computer program
products for non-invasive classification of a genetic copy number variation (CNV) for a test sample.
Technology provided herein is useful for classifying a genetic CNV for a sample as part of non-invagive

pre-natal (NIPT) testing and oncology testing, for example.

Background

Genetic information of living organisms (e.g., antmals, plants and microorganisms) and other forms of
replicating genetic information (e.g., viruses} is encoded in deoxyribonucleic acid (DNA) or nibonucleic
acid (RNA). Genetic mformation is a succession of nucleotides or modified nucleotides representing the
primary structurs of chemical or hypothstical nucleie acids. In humans, the complete gonome contains
about 30,000 genes located on 24 chromosomes (1.¢., 22 antosomes, an X chromosome and a 'Y
chromosome; ses The Human Genome, T. Strachan, BIOS Scientific Publighers, 1992). Each gene
sncodes a specific protein, which affer expression via transcription and translation fulfills a specific

biochemical function within a living cell.

Many medical conditions are caused by one or more genetic variations and/or genctic alterations. Certan
genetic variations and/or genetic alterations cause medical conditions that include, for example,
hemophilia, thalassemia, Duchenne Muscular Dystrophy (DMD), Huntington's Dhsease (HD),
Alzheimer's Disease and Cystic Fibrosis (CF) (Human Genome Mutations, D. N, Cooper and M.
Krawczak, BLOS Publishers, 1993). Such genetic discases can result from an addition, substitution, or
deletion of a single nucleotide in DNA of a particular gene. Certain birth defects are caused by a
chromosomal abnormality, also referred (o as an ancuploidy, such as Trisomy 21 (Bown's Syndrome),

Trisomy 13 (Patau Syadrome), Trisomy 18 (Edward's Svndrome), Monosomy X (Tumer's Syndrome) and

Date Regue/Date Received 2021-02-12
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certain sex chromosome ancuploidies such as Klinefelter's Syndrome (XXY), for example. Anocther
genetic vanation 1s fetal gender, which can often be determined based on sex chromosomes X and Y.
Some genetic variations may predispose an individual to, or canse, any of a nuraber of diseases such as,
for oxample, diabetes, arteriosclerosis, obesity, various autoimmune diseases and cancer {e.g., colorectal,

breast, ovarian, lung, bladder, stomach, cervix, kidney, prostate, brain, and oesophageal).

Identifving one or more genetic vanatioons and/or genetic alierations {e.g., copy number alierations, copy
number variations, single nucleotide alterations, single nucleotide variations, chromosome alterations,
translocations, deletions, insertions, and the like) or variances can lead to diagnosis of, or determining
predisposttion to, a particular medical condition. Identifving a genetic variance can result in facilitating a
medical deciston and/or emploving a helpful medical procedure. In certain embodiments, identification
of one or more genetic variations and/or genetic alterations involves the analysis of circulating cell-free
nucieic acid. Circulating cell-free nucleic acid (CCF-NA), such as cell-free DNA (CCF-DNA) for
sxample, 18 composed of DNA fragments that originate from cell death and circulate in peripheral blood.
High concentrations of CF-DNA can be indicative of certain clinical conditions such as cancer, trawma,
burns, myocardial infarction, stroke, sepsis, infoction, and other iinesses. Additionally, cell-free fetal
DNA (CFF-DNA) can be detected in the matemal bloodstream and used for various noninvasive prenatal

diagnostics.

Summary

Provided herein are the methods for classifying presence or absence of a copy number variation m a sub-
chromosomeo region for a test sample, comprising: a) identifying, using a mothod comprising a
segmentation process, the presence or absence of a copy number variation segment in 4 region comprising
a first set of genomic portions; b) providing a sequence read quaniification for a sub-region within the
sub-chromosome region comprising a second set of genomic portions, wherein the second set iz a
predetermined set of genomic portions, and the genomic portions in (a) and (b) comprise portions of a
eference genome to which sequence reads obtained for nucleic acid in the test sample have been mapped;
wheremn providing a classification for presence or absence of the copy number variation in the sab-

chromosome region for the test sample according to (a), or (b). or (a) and (b).

Provided m certain aspects are methods for classifying presence or absence of a copy number variation in
a sub-chromosome region for a test sample, comprising a) dentifying, using a method comprising a

segmentation process, the presence or absence of a copy number variation segment in a region comprising

2
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a first set of genomic portions; b) providing a sequence read guantification for a sub-region witlun the
gub-chromosome region comprising a sccond set of genomic portions, where the second setis a
predetermined set of genomic portions, and the gepomic portions in (&) and (b) comprise portions of a
reference genome to which sequence reads obtamned for nucleic acid i the fest sample have been mapped;
and ¢} providing a classification for presence or absence of the copy number variation in the sub-
chromosome region for the test sample based on changes within the region of (a), the sub-region of (b), or
both relative o a reference set of samples. The region n a) may encompass or overlaps with the sub-

shromosome region.

In some embodiments, the first set of genomic portions are portions 1 the region in the chromosome
where the copy number variation is expected to occur in association with a phenotype of interest. Such
genomic portions can often be obtained by mining public disease databases such ag the International
Standards of Cytogenomie Arravs database (ISCA). In one embodiment, the phenotype is microdeletion
syndrome. In one embodiment, the first set of the genomic portions are one or more genomic portions

selected from 1p36, 22q11.2, 15g11-13, 8¢23.2-24.1, 11924 1, 4p13.3, 17p13.3, and 7g11.23.

Also provided, in certain aspects, are methods for classifying presence or absence of a copy number
variation in a sub-chromosome region for a test sample, comprising a) providing a sequence read
guaniification for a sub-region within the sub-chromosome region comprising a st of genomic portions,
where 1) the genomic portions comprise portions of a reference genome to which sequence reads obtained
for nucleic acid in the test sample have been mapped; 1) the set is a predetermined set of genomic
portions; and 111} the predetermined set of genomic portions has been identified by a process comprising
1) providing multiplc candidato sub-regions within the sub-chromoesome rogion; 2) providing onc or morc
accuracy measures for each of the multiple candidate sub-regions for multiple samples in the training set,
where each of the multiple samples is classified as having a copy number variation in the sub-
chromosome region; and 3) identifving the sub-region 1 (a) as the sub-region that provides an accuracy
measure that is equal 1o or above a predetermined threshold; and b) providing a classification for presence
or absence of the copy number vanation in the sub-chromosome region for the test sample according to
the sequence read guantification in {a) relative the sequence read quantification for a reference set of

samples.

Also provided herein is a system, comprising ong or more progessors and memory, which memory
comprises instructions executable by the one or more processors, and which instructions exccutable by

the one or more processors are configured to
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a) identifying, using a method comprising a segmentation process, the presence or absence of a
copy number variation segment in a region comprising a first set of genomic portions; and/or b)
providing a sequence read quantification for a sub-region within the sub-chromosome region
comprising a second set of genomic portions, wherein: the second set is a predetermined set of
genomic portions, and the genomic portions in (a) and (b) comprise portions of a reference
genome to which sequence reads obtained for nucleic acid in the test sample have been mapped,;
and c) providing a classification for presence or absence of the copy number variation in the sub-
chromosome region for the test sample based on changes within the region of (a), the sub-region

of (b), or both relative to a reference set of samples.

Also provided herein is a computer program product in a computer readable storage medium, the
product comprising programed instructions for the computer to perform a) identifying, using a
method comprising a segmentation process, the presence or absence of a copy number variation
segment in a region comprising a first set of genomic portions; and/or b) providing a sequence
read quantification for a sub-region within the sub-chromosome region comprising a second set
of genomic portions, wherein: the second set is a predetermined set of genomic portions, and the
genomic portions in (a) and (b) comprise portions of a reference genome to which sequence
reads obtained for nucleic acid in the test sample have been mapped; and c¢) providing a
classification for presence or absence of the copy number variation in the sub-chromosome
region for the test sample based on changes within the region of (a), the sub-region of (b), or

both relative to a reference set of samples.

In an embodiment, there is provided a computer-implemented method for classifying presence or
absence of a copy number variation in a sub-chromosome region for a test sample, comprising:
(a) identifying, using a method comprising a segmentation process, the presence or absence of a
copy number variation segment in a region comprising a first set of genomic portions, wherein:
the region comprises at least a part of the sub-chromosome region, and the segmentation process
comprises performing, using one or more processors and memory, a decomposition generating
process to find edges of the copy number variation segment within a genomic window
encompassing the region; and (b) obtaining sequence reads for nucleic acid in the test sample
using a sequencer, and providing, using the sequence reads and a focused analysis window for a

sub-region within the sub-

Date Regue/Date Received 2022-07-18
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chromosome region, a sequence read quantification for the sub-region, wherein: the sub-
chromosome region comprises a second set of genomic portions, the second set of genomic
portions is a predetermined set of genomic portions, and the first set of genomic portions in (a)
and the second set of genomic portions in (b) comprise portions of a reference genome to which
the sequence reads have been mapped; and (¢) providing a classification for the presence or
absence of the copy number variation in the sub-chromosome region for the test sample based on
changes within the region of (a), the sub-region of (b), or both relative to a reference set of

samples.

In an embodiment, there is provided a computer-implemented method for classifying presence or
absence of a copy number variation in a sub-chromosome region for a test sample, comprising:
(a) obtaining sequence reads for nucleic acids in the test sample using a sequencer, and
providing, using the sequence reads and a focused analysis window for a sub-region within the
sub-chromosome region, a sequence read quantification for the sub-region, wherein: 1) the sub-
chromosome region comprises a set of genomic portions; ii) the set of genomic portions
comprise portions of a reference genome to which the sequence reads have been mapped; iii) the
set of genomic portions is a predetermined set of genomic portions; and iv) the predetermined set
of genomic portions has been identified by a process comprising: 1) providing multiple candidate
sub-regions within the sub-chromosome region; 2) providing one or more accuracy measures for
each of the multiple candidate sub-regions for multiple samples in a training set, wherein each of
the multiple samples is classified as having a copy number variation in the sub-chromosome
region; and 3) identifying the sub-region in (a) as the sub-region that provides an accuracy
measure that is equal to or above a predetermined threshold; and (b) providing a classification
for the presence or absence of the copy number variation in the sub-chromosome region for the
test sample according to the sequence read quantification in (a) relative to the sequence read

quantification for a reference set of samples.

In an embodiment, there is provided a system, comprising a sequencer and one or more
processors and memory, which memory comprises instructions executable by the one or more
processors, and which instructions executable by the one or more processors are configured to
(a) identify, using a method comprising a segmentation process, presence or absence of a copy
number variation segment in a region comprising a first set of genomic portions, wherein: the
region comprises at least a part of a sub-chromosome region, and the segmentation process

comprises performing, using one or more processors and memory, a decomposition generating
4a
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process to find edges of the copy number variation segment within a genomic window
encompassing the region; (b) provide, using a focused analysis window for a sub-region within
the sub-chromosome region, a sequence read quantification for the sub-region, wherein: the sub-
chromosome region comprises a second set of genomic portions, the second set of genomic
portions is a predetermined sct of genomic portions, and the first genomic portions in (a) and the
second set of genomic portions in (b) comprise portions of a reference genome to which
sequence reads obtained, using the sequencer, for nucleic acid in a test sample have been
mapped; and (c) provide a classification for the presence or absence of the copy number
variation segment in the sub-chromosome region for the test sample based on changes within the

region of (a), the sub-region of (b), or both relative to a reference set of samples.

In an embodiment, there is provided a computer program product in a computer readable storage
medium, the product comprising programed instructions for the computer and a sequencer to
perform a method comprising: a) identifying, using a method comprising a segmentation
process, the presence or absence of a copy number variation segment in a region comprising a
first set of genomic portions, wherein: the region comprises at least a part of a sub-chromosome
region, and the segmentation process comprises performing, using one or more processors and
memory, a decomposition generating process to find edges of the copy number variation
segment within a genomic window encompassing the region; b) obtaining sequence reads for
nucleic acid in the test sample using the sequencer, and providing, using the sequence reads and
a focused analysis window for a sub-region within the sub-chromosome region, a sequence read
quantification for the sub-region, wherein: the sub-chromosome region comprises a second set of
genomic portions, the second set of genomic portions is a predetermined set of genomic portions,
and the first set of genomic portions in (a) and the second set of genomic portions in (b)
comprise portions of a reference genome to which the sequence reads have been mapped; and c¢)
providing a classification for the presence or absence of the copy number variation segment in
the sub-chromosome region for the test sample based on changes within the region of (a), the

sub-region of (b), or both relative to a reference set of samples.

Certain embodiments are described further in the following description, examples, claims and

drawings.

4b
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Brief Description of the Drawings

The drawings illustrate certain embodiments of the technology and are not limiting. For
clarity and ease of illustration, the drawings are not made to scale and, in some instances,
various aspects may be shown exaggerated or enlarged to facilitate an understanding of

5 particular embodiments.

Fig. 1 shows an illustrative embodiment of a system in which certain embodiments of the

technology may be implemented.

Fig. 2 shows sensitivity values for detecting a microdeletion vs. fetal fraction ranges for
two detection methods (i.e., a genome-wide sequence analysis and a focused sequence

10 analysis).

4c
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Fig. 3 shows chromosome 22q11.2 deletion regions associated with DiGGeorge syndrome. Analysis of

certain 22¢11.2 deletions discussed herein imcludes the regions indicated by the vertical dashed lines.

Fig. 4 shows chromosome 22q1 1.2 deletions reported in the ISCA database and present in genomic DNA
(gDNA) nsed in mixture models. Black vertical dashed lines (.., outer sct of vertical dashed lines)
represent an analysis window for 2211 .7 deletions using genome-wide analysis alporithms discussed
heremn. Gray vertical dashed lines (t.e., inner set of vertical dashed lines) represent a focused analysis

window for 22q11.2 deletion analysis optimized around a particular 22g11.2 deletion region.

Figs. 5A-5D) show a schematic depiction of 22q11.2 deletions analyzed by whole genome sequencing.
Stmulated signal, noise, and event sizes are shown to depict 22q1 1.2 deletions. Panels A-I represent
samples with potential combinations of lower or ligher fetal fraction and smaller or larger event

Fig.5A depicts an analysis by whole genome sequencing of a large deletion event in a sample with low

fetal fraction Simulated signal, noise, and event sizes are shown to depict a 22q11.2 deletions.

Fig. 5B depicts an analveis by whole genome scquencing of a large deletion event in a sample with high

fetal fraction. Simulated signal, noise, and event sizes are shown to depict a 22q11.2 deletions.

Fig, 5C depicts an analysis by whole genome sequencing of a smal! deletion event in a sample with low

fetal fraction. Simulated signal, noise, and ovent sizes are shown to dopict a 22¢g11.2 deletions.

Fig. 5D depicts an analvsis by whole genome sequencing of a small deletion event in a sample with high

fetal fraction. Simulated signal, noise, and event sizes are shown to depict a 22q11.2 deletions.

Fig. 6 shows combined analysis sensitivity for detecting 22¢11.2 deletions.

Detailed Description

Provided herein arc methods uscful for classifying presence or absence of a copy number variation in a
sub-chromosome region for a test sample. In some embodiments, sample nucleic acid subjected to a

seguencing process and the resulting sequence reads are further analvzed to determine the presence or
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absence of a copy number vanation. In some embodiments, presence or absence of a copy number
variation 1s classified according to a genome-wide sequencing analvsis. In some embodiments, presence
or absence of a copy rumber variation is classified according to a focused sequencing analysis (e.g.,
analvsis of sequence reads for a predetermined genomic sub-region). Focused sequencing analysis can
mnprove the accuracy (e.g., sensitivity) for detecting copy number variations in certain types of samples.
In some embodiments, prescoce or absence of a copy number variation 15 classified according to a

genome-~wide sequencing analysis and a focused sequencing analysis.

Also provided are systems, machines and computer program products that, in some embodiments, carry

out methods or parts of methods described herein.

Copy number variation classification using genome-wide and/or focused sequence analysis

Provided herein are methods and processes for classifying presence or absence of a copy muraber
variation in a sub-chromosome region (e.g., microdeletion, microduplication). As used herein,
microdeletion and microduplication commonly referred to a deletion of duplication that is smaller than §
million base pars. Microdeletion and microduphcation is typically too small to be detected by
conventional cytogenetic methods or high resolution karvotyping. The presently disclosed methods and

systems can be used 1o accurately detect both microdeletion and microduplication,

In some embodiments, the presence or absence of a copy number variation 1s classified according to a set
of sequence reads. In some embodiments, sequence reads are obtained for nucleic acid 10 a test sample.
in some embodiments, sequence reads are mapped to genowmic portions m a reference genome, In some
embodiments, classifying presence or absence of a copy number variation in a sub-chromosome region
comprises identifving the presence or absence of copy number variation segment, Ag used herein, copy
number variation segment 1s a segment in & chromosome that comprises a4 copy number vanation. In
some embodiments, a copy number variation segment is identified using a method comprising a
segmentation process. A method comprising a segmentaiion process may include a decision analysis,
such as a decision analysis deseribed herem. A methoed comprising a segmentation process may be part of
a genome-wide sequence analysis method. A method comprising a segmentation process may be part of a
sequence analysis of probe ohigonucieotide captured nucleic acid. In some embodiments, classifying
presence or absence of a copy number variation 1 a sub-chramosome region comprises providing a
sequence read quantification for a sub-region within the sub-chromosome region. As one illustrative

example, the sab-region is one that is defined by the gray dashed hoe in Figure 4.
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In some embodiments, & sub-region comprises a predetermined set of genomic portions. Providing a
sequence read quantification for a sub-region may be part of a focused sequence analysis. Providmg a
sequence read quantification for a sub-region may be part of a focused sequence analysis of probe
cligonucleotide captured nucleic acid. In some embodmments, a classification for presence or absence of a
copy number variation in a sub-chromosome region is provided according to the presence or absence of a
copy number variation segment. In some embodiments, a classification for presence or absence of a copy
nymber variation n a sub-chromosome region 1s provided according to a sequence read guantification for
a sub-region within the sub-chromosome region. In some embodiments, a classification for presence or
absence of a copy number variation in a sub-chromosome region is provided according o the presence or
absence of a copy number variation segment and accordmg to a sequence read quaniification for a sub-

region within the sub-chromosome region.

In some embodiments, classifying presence or absence of a copy number variation in a sub-chromosome
region compriges providing a sequence read quantification for a sub-region within the sub-chromosome
region, where the sub-region comprises a predetermined set of genomic portions. A predetermined set of
genomic portions may be identified according (o one or more accuracy measures or multiple samples
(e.z., muoltiple samples in a training set). Typically, each of the samples in the set of multiple samples
{e.g., in the training set) is classified as having a copy number variation in a sub-chromosome region of
mterest. Samples in the set of multiple samples may be obtained from one or more subjects known to
have the copy number variation and/or may be generated by the addition of genomic DNA having the
copy number variation to reference samples and/or may be generated according to in silico modeling.
Having a copy numbear variation in a sub-chromosome region of mterest mav imclude a copy number
variation identificd al genomic coordinates within the sub-chromosome region of intorest, 2 copy number
variation identified at genomic coordmates overlapping the sub-chromosome region of interest, a copy
number variation identified at genomic coordinates adjacent o the sub-chromosome region of micrest
(e.g., within about 1 megabase of the sub-chromosome region of interest), and the like. Copy number
variations in a set of multiple samples may include duplications, microduplications, deletions and
microdeletions. While duplications and deletions may be of any size, microduplications and
microdeletions are typically refers to those that are smaller than 5 million base that are generally too small

to be detected by conventional cvtogenetic methods or high resclution karvotyping,

Acouracy measures for the maultiple samples may include any suitable accuracy measure for determining
the presence of absence of a copy number variation for the multiple samples. Accuracy measures may

melude sensitivity, specificity, standard deviation, median absolute deviation (MAD), measure of
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certainty, measure of confidence, measwre of certamty or confidence that a value obtained for a test
sample 15 mside or outside a particular range of valucs, measure of uncertainty, moasure of uncertamnty
that a value obtained for a test sample is inside or outside 3 particular range of values, coefficient of
variation (CV), confidence level, confidence interval (e.g., about 93% confidence interval), standard score
(e.g., z-score), chi value, phi value, result of a t-test, p-value, ploidy value, fitted minority species
fraction, area ratio, median level, the like or combination thercof. In some embodiments, an accuracy

measure includes sensitivity,

Typically, each of the multiple saraples (e.g., multiple samples in a traming set) has a knows copy
number vartation, and thus the accuracy of detecting the copy number variation can be assessed. In some
embodiments, the accuracy of detecting a copy number variation for the multiple samples can be
optimized. In some embodiments, the accuracy of detecting a copy number variation for the multiple
samples can be optimized by identifying the set of genomic portions that provides an optimal accuracy
measure for clagsifying presence of the copy number variation for the multiple samples. As disclosed
herein, the term “optimal accuracy” refers to an accuracy measure that 1s equal to or sbove a predetermine
threshold. The predetermined threshold is considered as a mmimum requirement for defecting the
absence or presence of the copy number variation with reasonable accuracy. One of ordinary skill in the
art can readily determine what the predetermined threshold is for any particular accaracy measurement
required for a particular assay. In some embodiments, the accuracy of detecting a copy number vanation
for the multiple samples can be optimized by identifying the sei of genomic portions that provides an
optimal sensitivity for classifyimg presence of the copy number variation for the multiple samples. In
some embodiments, a set of genomic portions that provides an opiimal accuracy measure {e.g., optimal
sensitivity) is reforred o as a predetermined st of genomic portions or a predetermined sub-region. In
some embodiments, a set of genomic portions that provides an optimal accuracy measure (e.g., optimal
sensitivity) is identified by a process comprising 1) providing muliiple candidate sub-regions within a
sub-chromosome region of inderest (¢.2., a sub-chromosome region having a possible copy number
variation); 2) providing one or more accuracy measures (e.g., sensitivity values) for each of the multiple
candidate sub-regions for multiple samples {e.g., m a training set); and 3) identifying the set of genomic
portions i the sub-region that provides an oplimal accuracy {(e.g., optimal sensitivity} according to the
one or more accuracy measures. Multiple candidate sub-regions provided for identifving a set of genomic
portions that provides an optimal accuracy measure generally include sub-regions having one or more
genomic coordmates that differ from one another. For example, candidate sub-regions may each have a

unique genomic coordinate at the 5° end, may each have a unigue genomic coordinate at the 37 end, or
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may have unigee genomic coordinates ot both the 5" and 3” ends. Candidate sub-regions may be the same

fength as one another or may be of differing lengths, or a combination of both,

in some embodiments, the one or more accuracy MEAsOres COMPrise a sensHivity measore. Sensitivity
may be determined as the number or percentage of samples identified as having a copy number variation,
where the samples are from a sot of multiple samples having the copy number vanation. In some

a copy number variation in the sub-chromosome region of interest i3 at least about 70%. For example, the
sensitivity for classifying cach of the multiple samples (e.g., in 3 training set) as having a copy mumber
varigtion 1n the sub-chromosome region of interest may be at least about 70%, 71%. 72%. 73%. 74%.,
75%, 76%, 77%, 18%, 79%, 80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%, 88%, 89%, 90%, 91%, 92%,
93%, 94%, 95%, 96%, 97%, 8%, 99%, or 100%. In some embodiments, the sensitivity for classifving
cach of the multiple samples (o.2., In a training sel} as having a copy number variation 1o the sub-
chromosome region of interest 15 at least about 75%. In some embodiments, the sensitivity for classifying
each of the multiple samples (e.g., in a training set) as having a copy number vaniation in the sub-
chromosome region of inierest 1s at least about 80%. In some smbodiments, the sensitivity for classifving
sach of the multiple samples (e.g., in a training set) as having a copy number vadation in the sub-
chromosome region of interest is at least about 85%. In some embodiments, the sensitivity for classifying
gach of the multiple samples (e.g., in a {raining set) as having a copy number variation in the sub-
chromosome region of interest is at least about 30%. In some embodiments, the sensitivity for classifying
gach of the mukltiple samples (¢.g., in a training set} as having a copy number variation in the sub-
chromosome region of interest is at least about 93%. In some embodiments, the sensitivity for classifying
cach of the multiple samples (c.g., In @ {raining scl) as having a copy numbor variation in the sub-

chromosome region of interest is at least about %7%.

in some emboduments, classifying presence or absence of a copy number variation in a sub-chromosome
region comprises providing a sequence read quanification for a sub-region (e.g., a sub-region described
above). A sequence read quantification for a sub-region may be a sequence read count {e.g., a direct sum
of read counts, a raw read count, a normalized read count, a filiered read count, a read density, a weighted
read count, a read count ratio, an average read count, a mean read count, an adjusted read count, the like,
and combinations thereo!). In some embodiments, a sequence read quantification for a sub-region is a
normalized sequence read quaniification generated by a normalization process. A normalization process
may mnclude any suitable normalization that normalizes GC bias and/or other bias. Examples of certain

normalization processes are described herein, In some embodiments, a normalization process comprises
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LOESS nommalization. In some embodinients, a normalization process comprises principal component
normalization. Classification of the presence or absence of a copy number vartation m a sub-chromosome
region can be based on the changes of the sequence read guantification relative to a reference set of
samples. For purpose of {his disclosure, a reference set of samples can be any samples that have been
wdentified as not having the copy number variation to be detected m the test sample. The reference
samples may be from similar tvpes of tissues and/or similar tvpes of population of subjects who do not

have the copy number vanation.

In some embodiments, a sequence read quantification for a sub-region is a standard score. In some
embodiments, a sequence read quantification for a sub-region 13 a z-score. A z-score sometimes s fora
sub-region, and sometimes is assigned to each genomic portion included in a sub-region. A z-score may

be generated for a sub-region (Zsus) according to the following:
ZSLfB = ( SUBgcq - SUBmcq) I MAD

where SUB.q 15 a test sample count quantification of a sub-region (e.g., SUB may be the total
normalized counts in the sub-region divided by the total normalized antosome counts for the test sample);
SUBuq is a median count guantification for the sub-region generated for a reference set of samples; and
MAD is a median absolute deviation determined for the count quantification of the sub-region for the
reference set of samples. In certain instances, SUBu 15 a mean count quantification for the sub-region
generated for a reforence set of samples; and the denominator of the above equation 1s a standard
deviation determined for the count quantification of the sub-region for the reference set of samples. In
certain mstances, SUBsq may be the total counts in the sub-region divided by the total autosome counts
for the tesi sample. Total autosome counts may be normalized {e.g., GC normalized), filiered {¢.g., repeat
regions filtered out, low mappability regions filtered out, and/or other regions filtered out as described
herein}, or normalized and filtered, as described herein. In certain instances, SUB, may be the total
counts {c.g., total normalized counts) in the sub-region divided bv total counts (2.g., total normalized
counts) for a genomic subset for the test sample. A genomic subset may include, for example, all
auntosomes, parts of all autosomes, certain autosomes, parts of certain autosomes, the hike, and
combinations thereof. A reference set of samples may comprise samples classified as not having a copy
number variation. In some embodiments, reference samples consist of samples classified as not having a
copy number variation. Accordingly, in some embodiments, reference samples comprise or consist of
samples that are cuploid for cach chromosome and chromosome region tested. Reference samples may be
from human subjects. In some embodiments, reference samples are from female subjects. In some

embodiments, reference samples are from male subjects. In some embodiments, reference samples are
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from male and female subjects. Reference samples may include samples from one subject or may mclude
samples from multiple subjects. Reference samples may melude one reference sample and often include a
plurality of samples. For example, reference samples may include 2, 3,4, 3,6, 7, 8,9, 10, 11, 12, 13, 14,
15,16, 17, 18,19, 20, 30, 40, 50, 60, 70, 80, 90, 100 or more samples. Instead of z-scores, other
quantifications may be utilized, non-limiting examples of which include normal scores, z-values,

standardized variables and t-statistics.

in some embodiments, the presence or absence of a copy number variation for a sub-region is classified
according to a z-score cutoff. A z-score cutoff may be determined according 1o a preferred level of
sensitivity and/or specificity for determinming the presence or absence of a copy number variation for a test
sample. In some embodiments, a z-score cutoff value is set at an absohite value of about 2 to about 4.
For example, a z-score ontoff value me be set at an absohute value of about 2.0, 2.1,2.2,2.3,2.4,2.5, 2.6,
27,2%,29,30,31,3.2,33,3.4,35,36,37,3.8,39 or4{0. In some embodiments, a z-score cutoff
value 18 set at an absolute value of about 3 to about 5. For example, a z-score cutoff value me be set at an
absolute value of about 3.0,3.1,3.2,33,34,3.53.6,3.7,38,39,40,41,42,43,44,45,46,4.7,
4.8, 4.9, or 5.0, In some embodiments, a z-score cutofl value 1s sel al an absolute value of aboul 3.9 to
about 4.0. For example, a z-score cutoff value may be set at an absolute value of about 3.90, 391,392,
3.93,3.94,3.95,3.96,3.97,3.98,399 or4.0. Insome embodiments, a z-score cutoff value is set at an
absolute value of abowut 3.95. The presence or absence of a copy number vanation may be determined for
a test sample 1f the absolute value of one or more z-scores for a sub-region is greater than the selected
cutoff value. In some embodiments, classification for presence or absence of a copy number variation in
a sub-chiromosome region for a test sample s provided according to the sequence read quantification
(c.g., z=scorc) for a sub-region. In some cmbodiments, the classification of prosence of a delotion 1 a
sub-chromosome region 15 determined if the z-score, produced using the methods described herein, is loss
than -3, less than -3.2 or less than -3.5, e.g , less than -3.95. In some embodiments, the classification of
the presence of a duplication in a sub-chromosome region is made if the z-score 15 greater than 3, greater

than 3.2, greater than 3.5, e g, greater than 3.95.

in some embodiments, classifying presence or absence of a copy number variation in a sub-chromosome
region comprises identifving the presence or sbsence of copy number variation segment. In some
embodiments, a copy number variation segment is wentified using a method comprising a segmentation
process. A method comprising a segmentation process may include a decision analysis, such as a
decision analysis described herein. For example, a decision analysis sometimes comprises applying one

or more methods that produce one or more results, an ovaluation of the resulis, and a series of decistons
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based on the results, evaluations and/or the possible consequences of the decisions and terminating at
some juncture of the process where a final decision 18 made. In some embodiments, a docision analysis 1s
a decision free. In some embodiments, the presence or absence of & copy number variation segment is

identified according o a decision analy sis comprising a segmeniation process or segmenting process.

In some embodiments, a scgmentation process is applied to identify a segment or segments (c.g., 2
segent spamning a copy number vartation; a copy number vanation scgment). Any sutlable
segmentation process may be utilized, including without limitation a circular binary segmentation (CBS)
process. CBS generally works by iteratively partitioning a chromosome into equal copy number regions
using the hikelihood ratio statistic. CBS 1s described, for example, in Olshen et al. (2004) Biostatistics
5:557-72; Venkatraman et al. (2007) Bioinformatics 23:657-63; Lai et al. (2003) Bioinformatics 21:3763-
70, Willenbrock et al. (2005} Biomnformatics 21:4084-91. Other processes could be utilized nstead of, or
i addition to, CBS, non-limiting examples of which include wavelet segmentation (e.g., Haar wavelet

segmentation), Fourier transformation, sliding window z-scores, and Markov chain models,

In some embodiments, the method of classification of the prosence or absence of a copy number variation
employs a genome-wide analysis, i.., an analysis based on a circular binary segmentation (CBS) method
to find event, e.g., microdeletion or microduplications, edges within a genomic window encompassing a
target region, e.g., 22q11.2. CBS 1g useflul to detect small deletions.  In some embodiments, the method
of classification of the presence or absence of a copy number variation emplovs a focused analysis, 1.6,
an analysis using a fixed region within the target region. In general, when the test sample contains low
fetal fraction, e.g.. less than 10%, the focused sequencing analysis is more reliable and/or sensitive, while
whon the tost sample contains high fotal fraction, ¢.g., morc than 10%, the genome-wide scquencing
analysis may be more sensitive and therefore preferred. An illustrative embodiment is shown in Figure 2.
In certain embodiments, the method uses both the genome-wide analysis and focused sequencing analvsis
maximized sensitivity by using edge detection capabilities of CBS, which allows the identification of

small deletions and an improved sensitivity at lower fetal fractions wiik a focused sequencing analysis.

in some embodiments, a quantification is generated for a copy number variation segment identified by a
segmentation process. In some embodiments, a segmentation process generates a quantification for a
copy number variation segment. A quantification {or a copy number variation segment may include a
sequence read quantification. A sequence read quantification for a copy number variation segment may
he a sequence read count (e.g., a direct sum of read counts, a raw read count, a normalhized read count, a

filtered read count, aread density, a weighted read count, a read count ratio, an average read count, a
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mean read count, an adjusted read count, the like, and combinations thereof). In some embodiments, a
gequence read quantification for a copy number variation segment 15 a normalized sequence read
quantification generated by a normalization process. A normalization process may include any suitable
normalizaiion that normalizes GO bias and/or other bias. Examples of certain normalization processes are
described herein. In some embodiments, a normalization process comprises LOESS normalization. In

some embodiments, a normalization process comprises principal component normalization,

in some embodiments, a quaniification for a copy number vanation segment is a standard score. In some
embodiments, a quantification for a copy sumber vaniation segment iy a z-score. A 2-8core somelimes is
for a segment, and sometimes is assigned to each genomic porfion incleded in a segment. A z-score may

be generated for a copy number variation segment (Zspg) according to the following:
ZS:[;G = (SEGS;;Q - SEGqu) ,', NLA\D

where 5EGyq is a test sample cound guantification of a segment {e.g., SEGu mav be the total normalized
counts in the segment divided by the total normalized astosome counts for the test sample), SEGueq 18 a
median count quantification for the segment generated for a reference set of samples; and MAD 15 a2
median absclute doviation determined for the count gquaniification of the segment for the reference set of
samples. In certain instances, SEGag is a mean count quantification for the segment generated for a
reference set of samples; and the denominator of the above equation is a standard deviation determined
for the count guantification of the segment for the reference set of samples. In certam mstances, SEGeq
may be the total counts in the sub-region divided by the total autosome counts for the test sample. Total
antosome counts may be normalized (e.g., GC normalized), filtered (e.g., repeat regions filtered out, low
mappability regions filtered out, and/or other regions filtered out as described herein), or normalized and
filtered, as described herein. In certain instances, SEGgeq may be the total counts (e.g., total normalized
sounts) in the sub-region divided by total counts (e.g., total normalized counts) for a genomic subset for
the test sample. A genomic subset may include, for example, all autosomes, parts of all antosomes,
certain antosomes, parts of certain autosomes, the like, and combinations thereof. A reference set of

samples may be any suitable reference set and may include a reference set of samples described herein.

Non-himiting examples of methodology useful for generating z-score copy number guantifications based
on segmentation (e.g., CBS) are described in Zhao et al., Clin. Chem, 61:4; 608-616 (2015); Lefkowitz et
al., American Journal of Obstetrics & Gynecology 1.el {2016); and International patent application no.
PCT/US2614/039389 filed on May 23, 2014 and published as WO 2014/190286 on November 27, 2014,
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Instead of z-scores, other normalized CNV guantifications may be utihzed, non-luniting examples of

which mclude normal scores, z-values, standardized variables and {-statistics.

in some embodiments, the presence or absence of a copy number variation for a segment 1s classified
according to a z-score cutoff. A z-score cutoff may be determined according to a preferred level of
sensitivity and/or specificity for determining the presence or absence of a copy number variation for a tost
sample. In some cmbodimenis, a z-score cutolT valuc 1s set at an absolute value of about 2 to about 4.
For example, a z-score cutoff value me be set at an absclute value of about 2.0, 2.1, 2.2, 23, 2.4,2.5, 2.6,
27,28,29,3.0,3.1,32,33,34,3.5,3.6,3.7,3.3,3.9, or 4.0. In some embodiments, a z-score cwoff
value 1s set at an absolute value of about 3 to about 5. For example, a z-score cutoff value me be set at an
absolute value of about 3.0,3.1,3.2,33,34,3.5,36,3.7,38,3.5,4.0,41,42,43,44,45,4.6,47,
4.8,4.9,0r 5.0. In some embodiments, a z-score cutoft vahue is set at an absolute value of about 3.9 to
aboutl 4.0, For example, a z-score cutoff value may be set al an absohute value of about 3.96,3.91,3.92,
3.93,3.94,395,396,3.97,3.95,399 or4.0. In some embodiments, a z-score cutoff value 18 set at an
absoluie value of about 3.95. The presence or absence of a copy number variation may be determined for
a lest sample i the absolute value of one or more z-scores for a segment is grealer than the selected culolY
value. In some embodiments, classification for presence or absence of a copy number variation in a sub-
chromosceme region for a test sample is provided according to the quantification (e.g., z-score) for a copy

number variation segment.

In some embodiments, classification for presence or absence of a copy number variation in a sub-
chromosome region for a test sample 18 provided according to the quantification (e.g., z-score) for a copy
number variation sogmont and according to tho scquonce read quanitfication (¢.g., z-scorc) for a sub-
region. In some embodiments, classification for presence or absence of a copy number variation in a sub-
chromosome region for a test sample 1s provided accordimg to the quaniification {(e.g., z-score) for a copy
number variation segraent or according to the sequence read quantification (e.g., z-score) for a sub-region.
Thus, in certain instances, a classification is provided according to quantifications (e.g., z-scores) for both
a segment and a sub-region, and 1 certain mstances, a classification is provided according to either a

guantification (e g, z-score) for a segment or a quantification {e g, z-score) for a sub-region.

In some embodiments, a segment comprises a first set of genomic poritons and a sub-region comprises a
second set of genomic portions, In some embodiments, the first set of genomic portions and the second
set of genomic portions comprise the same genomic portions. 1n some embodiments, the first set of

genomic portions and the second set of genomic portions consist of the same genomic portions. In some
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embodiments, the first set of genomic portions and the second set of genomic portions compnse different
genomic portions. In some embodiments, the first set of genomuc portions and the second set of genomic
portions comprise some genomic portions that are the same and some genomic portions that are different.
1n some embodiments, the second set of genomic portions is a subset of the first set of genomic portions.
In some embodiments, the first set of genomic portions is a subset of the second set of genomic portions.
In some embodiments, the second set of genomic portions overlaps with the first set of genomic portions.
In some embodiments, the second set of genomic portions partially overlaps with the first set of genomic
portions. In some embodiments, the second set of genomic portions comprises fewer genomic portions
than the first set of genomic portions. In some embodiments, the second set of genomic portions

comprises more genomic portions than the first set of genomic portions.

In some embodiments, a method herein comprises classifying presence or absence of a microduplication
m a sub-chromosome region. A microduphcation may be a duphication in a chromosome chosen from
chromosome 1,2,3,4,5,6,7,8,9, 10, 11,12, 13, 14,15, 16,17, 18, 19,20, 21,22, X, and Y. Insome
embodiments, 8 method herein comprises classifying presence or absence of a microdeletion in a sub-
chromosome region. A microdeletion may be a deletion i a chromosome chosen from chromosome 1, 2,
3,4,5.6,7,8,9,10,11,12,13, 14,15, 16,17, 18,19,20,21,22, X, and Y. Insome embodiments, a
microdeletion is a deletion in a genomic region, or part of a genomic region, chosen from 1p36, 22¢11.2,
15q11-13, 8423224 1, 119241 4p13.3, 17p13.3, and 7611 23, In some embodiments, a microdeletion
or a microduplication s agsociated with a discase or syndrome. Exampies of svadromes that may be
associated with certam microdeletions and/or microduplications include 1p36 syndrome, DiGeorge
syadrome, Prader-Willi svadrome, Angelman syndrome, Langer-Giedion syndrome, Jacobsen syndrome,
Wolf-Hirschhora syndrome, Miller-Dicker syndromo, and Williams Beuren syndrome. A non-limiting
list of known and/or potential associations between copy number variations 1 certain genomic regions

and syndromes is provided in Table 1 below.

Table 1

Syndreme name Genomic Region
1p36 syadrome 1p36

DiGeoroe 225112
Prader-Willi 15g11-13
Angelman 15q11-13
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Table 1
Syndreme name Genomic Region
Langer-Giedion $¢23.2-24.1
Jacobsen Flg24.1
Wolf-Hirschhom 4pl3.3
Miller-Dicker 17p133
Williams Beuren 7g11.23

In some embodiments, a copy number variation in a sub-chromosome region 1s characterized by ifs size
(i.e., length). The length of a copy number variation in a sub-chromosome region refers to the number of
sontiguouns nucieotide bases that is deleted (e.g., 10 a microdeletion) or duplicated (e.g., in a
microduplication), In some embodiments, the length of a copy number variation in a sub-chromosome
region is about 1 megabase or less. For example, the length of a copy number variation in a sub-
chromosome region way be about 900 kilobases (kb), 800 kb, 760 kb, 600 kb, 500 kb, 400 kb, 300 kb,
200 kb or 100 kb, Tn some embodiments, the length of a copy number variation in a sub-chromosome
region is between about | megabase to about 40 megabases. For example, the length of a copy mumber
variation in a sub-chromosome region may be between about 1 megabase to about 2 megabases, 1
megabase to about 3 megabases, | megabase to about 4 megabases, 1 megabase to about 5 megabases, |
megabase (o aboul 6 megabases, 1 megabase (o about 7 megabases, 1 megabase (o about 8 megabases, 1
megabase to about 9 megabases, 1 megabase to about 10 megabases, 1 megabase to about 11 megabases,
1 megabase to about 12 megabases, 1 megabase (o about 13 megabases, 1 megabase to about 14
megabases, | megabase 1o about 15 megabases, 1 megabase (o about 16 megabases, 1 megabase (o about
17 megabases, I megabase to about 18 megabases, 1 megabase to about 19 megabases, 1 megabase to
about 20 megabases, 1 megabase to about 25 megabases, 1 megabase to abont 30 megabases, | megabase
tor about 33 megabases, or 1 megabase to about 40 megabases. In some embodiments, the leagth of a
copy number variation in a sub-chromosome region is between aboui 1 megabaso to about 20 mogabascs.
In some embodiments, the length of a copy number variation in a sub-chromosome region is between
about I megabase io about 10 megabases. In some embodiments, the length of a copy number vanation

in a sub-chromosome region is between about 1 megabase to about 7 megabases.
in some embodiments, presence or absence of a copy number variation in a sub-chiromosome region for a

test sample 1s classified with a sensitivity of at least about 70%. For example, presence or absence of a

copy number variation in a sub-chromosome region for a test sample may be clagsified with a sensitivity
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of at least about 70%, 71%, 72%, 73%, 74%, 75%, 76%, 77%, 78%, 79%, 80%, 81%, 82%, 83%, 849,
85%, 86%, 87%, 88%, 89%, 0%, 1%, 92%, 93%, V4%, D5%, 96%, 37%, 8%, V9%, or 100%. In some
embodiments, presence or absence of a copy number variation in a sub-chromosome region for a test
sample 15 classified with a sensitivily of at least aboot 75%. In some embodiments, presence or absence
of a copy number variation in a sub-chromosome region for a test sample is classified with a sengttivity of
at least sbout 80%. In some embodiments, presence or absence of a copy number variation in a sub-
chromosome region for g test sample s classified with a sensitivity of at least about 85%. In some
embodunents, presence or absence of a copy number variation i a sub-chromosome region for a test
sample is classified with a sensitivity of at least abount 90%. In some embodunents, presence or absence
of a copy number variation in & sub-chromosome region for g test sample is classified with a sensitivity of
at least about 95%. In some embodiments, presence or absence of a copy number variation in a sub~

chromosome region for a test sample 1s classified with a sensitivaty of at least about 97%.

In some embodiments, presence or absence of a copy number vanation m & sub-chromosome region for a
test sample 1s classified with a specificity of at least about 90%. For example, presence or absence of a
copy numbeor variaiion in a sub-chromosome region for a tesl sample may be classified with a specificily
of at least about 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, 99%, 99.1%, 99.2%, 99.3%, 99 4%,
99.5%, 99.6%, 99.7%, 99.8%, 99.9%, or 100%. 1n some embodiments, presence or absence of a copy
number vartation i a sub-chromosome region for a test sample is classified with a specificity of at least
about 99%. In some embodiments, presence or absence of a copy number vanation in a sub-chromosome
region for a test sample is classified with a specificity of at least about 99.9%. In some embodiments,
presence or absence of a copy number vanation in a sub-chromosome region for a fest sample 1s classified

with a specificity of about 100%.

In some embodiments, the nucleic acid in a test sample is from a test subject. In some embodiments, the
nucleic acid 1n a test sample comprises circulating cell free nucleic acid. In some embodiments,
circulating cell free nucleic acid is from blood plasma or blood serum from a test subject. In some
embodiments, a test subject 1s a male. In some embodiments, a test subject is a human male. In some
embodiments, a test subject is a female. In some embodiments, a test subject is a human female. In some
embodiments, a test subject ts a pregoant female. Tn some embodiments, nucleic acid in a test sample
comprises malernal nucleic acid and fetal nucleic acid. In some embodiments, the fraction of fetal nucleic
acid in a fest sample is less than about 25%. For example, the fraction of fetal nucleic acid 1n a lest
sample may be about 24%, 23%, 22%, 21%, 20%, 19%, 18%, 17%, 16%, 15%, 14%, 13%, 12%, 11%,

16%, 9%, 8%, 7%, 6%, 3%, 4%, 3%, 2%, or 1%. In some embodiments, the fraction of fetal nucleic acid
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in a test sample is less than about 10%. In some embodiments, the fraction of fetal nucleic acid i a test
sample 15 less than about 5%. In some embodiments, a test subject 15 a cancer patient, or is a subject
being tested or screened for cancer. In some embodiments, nucleic acid in a test sample comprises
patient/host nocleic acid, and tumor nucleic acid or nucleic acid from a cancer cell. In some
embodiments, the fraction of tumor/cancer nucleic acid in a test sample is less than about 25%. For
example, the fraction of tumor/cancer nucleic acid 1n a test sample may be about 24%, 23%, 22%, 21%

20%, 19%, 18%, 17%, 16%, 15%, 14%, 13%, 12%, 11%, 10%, 9%, 8%, 7%, 6%, 5%, 4%, 3%, 2%, or

i

1%. In some embodiments, the fraction of tumor/cancer nucleic acid in a test sample is less than about
10%. In some embodiments, the fraction of temor/cancer nucleic acid in a test sample is less than about

5%.

Samples

Provided herein are systems, methods and products for analyzing nucleic acids. In some embodiments,
nucleic acid fragments in a mixture of nucleic acid fragments are analyzed. Nucleic acid fragments may
be referred to as nucletc acid templates, and the terms may be used interchangeably herein. A mixtare of
nucleic acids can comprise two or more nucleic acid fragment species having the same or different
nucleoiide sequences, different fragment lengths, different origins (e.g., genomic ongins, fetal vs.
maternal origins, cell or tissue origins, cancer vs. non-cancer origin, fumor vs. non-tumor origin, sample

origing, subject origins, and the like), or combinations thereof.

Nucleic acid or a nucleic acid mixture utilized in svetems, methods and products described herom ofien is
isolated from a sample obtained from a subject (e.g., a test subject). A subject can be any living or non-
living organism, inclading bat not limited to a human, a non-human animal, a plani, a bacterium, a
fungus, a protest or a pathogen. Any human or non-himan animal can be selected, and may include, for
example, mamnal, reptile, avian, amphibian, fish, ungulate, rummant, bovine {(e.g., cattle), equine (e.g.,
horse), caprine and ovine (e.g., sheep, goat}, swine (¢.g., pig), camelid (e.g.. camel, llama, alpaca),
monkey, ape (e.g., gorilla, chunpanzee), ursid (e.g., bear), pouliry, dog, cat, mouse, rat, {ish, dolphin,
whale and shark. A subject may be a male or female {e.g , woman, a pregnant woman). A subject may
be any age (e.g , an embryo, a fetus, an infant, a child, an adult). A subject may be a cancer patient, a
patient suspected of baving cancer, a patient in remission, a patient with a family history of cancer, and/or
a subject obtainimg a cancer screen. In some embodiments, atest subject is a female. In some
embodiments, a test subject is a human female. In some embodiments, a test subject is a male. In some

embodiments, a test subject is a human male.
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Nucleic acid may be isolated from any type of suttable biclogical specimen or sample (e.g., a test
gsample). A sample or test sample can be any specunen that is isolated or obtained from a subject or part
thereof {g.g., a human subject, a pregnant female, a cancer patient, a fetus, a turaor). Non-limiting
examples of specimens mclude fluid or tissue from a sobject, mcluding, without imitation, blood or a
blood product {e.g., serum, plasma, or the like), umbilical cord blood, chorionic villi, amniotic fhnd,
cercbrospinal fluid, spinal flmd, lavage fhuid (e.g., bronchoalveolar, gastric, peritoneal, ductal, car,
arthroscopic), biopsy sample (e.g., from pre-implaniation embryo; cancer biopsy), celocentesis sample,
cells (blood cells, placental cells, embrvo or fetal cells, fetal nucleated cells or fetal cellular remnants,
normal cells, abnormal cells (e.g., cancer cells)) or parts thereof (e.g., mitochondrial, nucleus, extracts, or
the like), washings of female reproductive tract, urine, feces, sputum, sahva, nasal mucous, prostate fluid,
favage, semen, lymphatic fluid, bile, tears, sweat, breast milk, breast fluid, the like or combinations
thereof. In some embodiments, a biological sample is a cervical swab from 3 subject. A fluid or tissue
sample from which nuclete acid is extracted may be acellular {e.g., cellfrec). In some cmbodiments, a
fluid or tissue sample may contain cellular elements or cellular remnants. In some embodiments, fetal

cells or cancer cells may be included in the sample.

A sample can be a ligeid sample. A hquid sample can comprise extracellular nucleic acid (e.g.,
girculating cell-free DNA). Non-limating examples of liquid samples, include, blood or a blood preduct
{e.g., serum, plasma, or the bike), urine, biopsy sample (e.g., liquid biopsy for the detection of cancer), a
liquid sample described above, the like or combinations thersof. In certain embodiments, a sampleis a
liquid biopsy, which generally refers to an assessment of a liquid sample from a subject for the presence,
absence, progression or remission of a disease (e.g., cancer). A Liquid biopsy can be used in conjunciion
with, or as an altemative o, a sold biopsy {c.g., tumor biopsy). In cortain instances, exfracellular nucleic

acid 1s analyzed in a ligquid biopsy.

in some emboduments, a biclogical sample may be blood, plasma or serom. The term “blood”
encorpasses whole blood, blood product or any fraction of blood, such as serum, plasma, buffy coat, or
the like as conventionally defined. Blood or fractions thereof often comprise nucleosomes. Nucleosomes
comprise nucleic acids and are sometimes cell-free or intracellular. Blood also comprises buffy coats.
Buffy coats are sometimes isolated by utilizing a ficoll gradient. Buffy coats can comprise white blood
cells (e.g., leukocyies, T-cells, B-cells, platelets, and the like). Blood plasma refers to the fraction of
whole blood resulting from centrifugation of blood {reated with anticoagulanis. Blood serum refers o the
watery portion of fluid remaming after a blood sample has coagulated. Fluid or tissue samples often are

sollected in accordance with standard protocols hospitals or clinics generally follow. For blood, an
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appropriate amount of peripheral blood {¢.g., between 3 to 40 milliliters, between 5 to 50 mithiliters) often

15 collected and can be stored according to standard procedures prior to or after preparation.

An analysis of nucleic acid found m a subject’s blood may be performed using, ¢.g., whole blood, serum,
or plasma. An analysis of fetal DNA found in maternal blood, for example, may be performed using, e.g.,
whole blood, serum, or plasma. An analysis of tamor DNA found in a patient’s blood, for example, may
be pedformed using, ¢.g., whole blood, serum, or plasma. Methods {or prepanng serum or plasma from
blood obtained from a subject (e.g., a maternal subject; cancer patient) are known. For example, a
subject’s blood (e.g., a pregrant woman's blood; cancer patient’s blood) can be placed in a tube
containing FDTA or a specialized commercial product such as Vacutammer $8T (Becton Dickinson,
Franklin Lakes, N.J.) to prevent blood clotting, and plasma can then be obtained from whole blood
through centrifugation. Serum may be obtained with or without centrifugation-following blood clotting,
if centrifugation 15 used then it 1s typically, though not exclusively, conducted at an appropriate speed,
s.g., 1,5300-3,000 times g. Plasma or serum may be subjected to additional centrifugation steps before
being transferred to a fresh tube for nucleic acid extraction. In addition to the acellular portion of the
whole blood, nucleic acid may also be recovered from the collular fraction, enriched in the buflly coat
portion, which can be obtained following centrifugation of a whole blood sample from the subject and

removal of the plasma.

A sample may be heterogeneons. For example, a sample may inchide more than one cell type and/or one
or more nucletc acid species. In some instances, a sample may include (1) fetal cells and maternal cells,
{11} cancer cells and non-cancer cells, and/or (i11) pathogenic cells and host celils. In some instances, a
sample may include (i) cancer and non-cancor nucleic acid, (it) pathogen and host nucleic acid, (i) fetal
derived and maternal derived nucleic acid, and/or more generally, (iv) mutated and wild-tvpe nucleic

actd. In some mstances, a sample may include a minority nucleic acid species and a majority nucleic acid
species, as described i further detail below. In some instances, a sample may mclude cells and/or nucleic

acid from a single subject or may include cells and/or nucleic acid from multiple subjecis.

Cell types

As used herein, a "cell type" refers to a type of cell that can be distinguished from another type of cell.
Extracellular nucleic acid can include nuocleic acid from several different cell types. Non-limiting
examples of cell types that can coniribute nucleic acid to circulating cell-free nucleic acid include liver

cells (e.g., hepatooytes), lung cells, sploen cells, pancreas cells, colon cells, skin cells, bladder cells, eye
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cells, brain cells, esophagus cells, cells of the head, cells of the neck, cells of the ovary, cells of the testes,
prostate cells, placenta colls, epithelial celis, endothelial cells, adipocvie cells, kidney/renal cells, heart
cells, muscle cells, blood cells (e.g., white blood cells), central nervous systern (CNS) cells, the like and
combmations of the foregoing. In some embodiments, cell types that contribute nucleic acid to
circulating celi-free mucleic acid analyzed include white blood cells, endothelial cells and hepatocyte liver
cells. Dhfferent cell types can be sereened as part of identifving and selecting nucleic acid loci for which
a marker state 1s the same or substantially the same for a cell type in subjects having a medical condition

and for the cell type in subjects not having the medical condifion, as described in further detatl herem.

A particular cell type somehmes remains the same or substantially the same in subjects having a medical
condition and in subjects not having a medical condition. In a non-limiting example, the number of living
or viable cells of a particular cell type may be reduced 10 a cell degenerative condition, and the living,

viable cells are not modified, or are not modified significantly, in subjects having the medical condition.

A particular cell type sometimes i1s modified as part of a medical condition and has one or more different
propertics than in i original state. Tn a non-limiting example, a particular cell type may proliferaic al a
higher than normal rate, may transform info a cell having a different morphology, may transform to a
cell that expresses one or more different cell surface markers and/or may become part of a tumor, as part
of a cancer condition. In embodiments for which a particular cell type (i.e., a progenitor cell) 1s modified
as part of a medical condition, the marker state for each of the one or more markers assayed often 15 the
same or substantially the same for the particular cell type in subjects having the medical condition and for
the particular cell type in subjects not having the medical condition. Thus, the term “cell type” sometimes
pertamns to a tvpe of ccll in subjocts not having a modical condition, and 4o a modificd version of the coll
in subjects having the medical condition. In some embodiments, a "cell type” is a progenitor cell only
and not a modified version arising from the progentior cell. A “cell type"” sometimes pertams to a
progenttor cell and a modified cell arising from the progenitor cell. In such embodiments, a marker state
for a marker analyzed often is the same or substantially the same for a cell type in subjects having a

medical condition and for the cell tvpe in subjects not having the medical condition.

In certain embodiments, a cell type 15 a cancer cell. Certain cancer cell types include, for example,

eukemia cells {e.g ., acule myeloid lenkemia, acute lymphoblastic leukemia, chronic myeloid leukemia,
chronic lvmphoblastic leukemia); cancerous kidney/renal cells {e.g., renal cell cancer (clear cell, papillary
type 1, papillary type 2, chromophebe, oncocytic, collecting duct), renal adenocarcinoma,

hypemephroma, Wilm's tumor, transitional cell carcinoma); brain tumor cells {(e.g., acoustic neuroma,
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astrocytoma (grade ©: pilocytic astrocytoma, grade I low-grade astrocyvtoma, grade IH: anaplastic
astrocytoma, grade 1V: ghoblastoma (GBM})), chordoma, ens lymphoma, crantopharvagioma, glioma
(brain stem glioma, ependvmorsa, mived ghioma, optic nerve glioma, subependymoma),
medulloblasioma, meningioma, metastatic brain tumors, oligodendroglioma, pifaitary humors, primitive
neuroectodermal (PNET), schwannoma, juvenile pilocytic astrocytoma (JPA), pineal tumor, rhabdoid

tumor).

Infferent cell types can be distinguished by any suitable characteristic, including without limitation, one
or more different cell sarface markers, one or more different morphological features, one or more
different funchions, one or more different protein (e.g.. histone) modifications and one or more different
nucleic acid markers, Non-limiting examples of nucleic acid markers include smgle-nucleotide
polymorphisms (SNPs), methylation state of a nucleic acid locus, short tandem repeats, insertions {e.g.,
micromsertions), deletions (microdeletions) the like and combimations thercof. Non-hmiting examples of
profein {e.g., histone) modifications include acetylation, methylation, ubiquityiation, phosphorylation,

sumovlation, the like and combinations thereof.

As used herein, the term a "related cell type” refers to a cell type having multiple characteristics in
common with another cell type. In related cell types, 75% or more cell surface markers sometimes are
common o the cell tvpes {e.g.. about 80%, 85%, 90% or 95% or more of cell surface markers are

comumon o the related cell types).

Nucleic acid

Provided herein are methods for analyzing nucleic acid. The terms “nucleic acid,” “sucleic acid
molecule,” “nucleic acid fragment,” and “aucleic acid template” may be used mterchangeably throughout
the disclosure. The terms refer to nucleic acids of any composition from, such as DNA (e g,
complementary DNA (cDNA), genomic DNA (gDDNA) and the like), RNA (c.g., message RNA (mRNA),
short inhibitory RNA (siRNA), ribosomal RNA (fRNA), (RNA, microRNA, RNA highly expressed by a
fetus or placenta, and the like), and/or DNA or ENA analogs {(e.2., containing base analogs, sugar analogs
and/or a non-native backbone and the like), RNA/DNA hybrids and polyamide nucleic acids (PNAs), all
of which can be in single- or double-stranded form, and unless otherwise limited, can encompass known
analogs of nataral nucleotides that can function in a sisnlar manaer as naturally occurring noucleotides. A
nucleic acid may be, or may be from, a plasmid, phage, virus, bacterium, autonomously replicating

sequence (ARS), mitochondria, centromere, artificial chromosome, clromosome, or other nucleic acid
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able to replicate or be replicated in vitro or n a host cell, a cell, a cell nucleus or cvioplasmn of a cell in
certamn embodiments. A template nucleic acid in some embodiments can be from a smngle chromosome
(e.g., a nucleic acid sample may be from one chromosome of a sample obtained from a diploid organism).
Unless specifically limited, the term encompasses nucleic acids containing known analogs of natural
nucleotides that have similar binding properties as the reference nucleic acid and are metabolized in a
manner similar to naturally oceurring nucleotides. Unless otherwise indicated, a particular nucleic acid
sequence also implicitly encompasses conservatively modificd vanants thoreof (¢.g., degenerate codon
substitutions), alleles, orthologs, single nucleotide polvmorphisms (SNPs), and complementary sequences
as well as the sequence explicitly indicated. Specifically, degenerate codon sabstitutions may be achieved
by generating sequences mn which the third position of one or more selected {or all) codons 1s substituted
with mixed-base and/or deoxymosine residues. The term nmucleic acid is used interchangeably with locus,
gene, cDINA, and mRNA encoded by a gene. The term also may include, as equivalents, derivatives,
vartants and analogs of RNA or DNA gyathesized from nuclectide analogs, smgle-stranded (Msense” or

"o

"antisense," "plus” strand or "munus” strand, "forward" reading frame or "reverse” reading frame) and
double-stranded polynucleotides. The term "gene” refers 1o a section of DNA mvolved in producing a
polypepiide chain; and goserally includes regions preceding and lollowing the coding region (Jeader and
trailer) involved in the transcriptionftranslation of the gene product and the regulation of the
transcription/translation, as well as intervening sequences {inirons) between individual coding regions
{exons). A nucleotide or base generally refers to the purine and pyrinndime molecular units of nucleic
acid (e.g., adenine (A}, thymine (1), guanine (), and cyviosine (C)). For RNA, the base thyvmine is

replaced with uracil. Nucleic acid length or sive may be expressed as a number of bases.

Nucloic acid may be single or double stranded. Single stranded DNA, for cxample, can be generated by
denaturing double stranded DNA by heating or by treatment with alkali, for example. In certain
ammbodimenis, sucleic acid is in a D-loop structure, formed by strand mvasion of a duplex DNA molecuie
by an oligonucleotide or a DNA-like molecule such as peptide nucleic acid (PNA). D loop formation can
be facilitated by addition of E. Coli RecA protem and/or by alteration of salt conceniration, for example,

using methods known m the art.

Nucleic acid provided for processes descoribed herein mav contain nucleic acid from one sample or from
two or more samples (e.g., from 1 or more, 2 or more, 3 or more, 4 or more, 3 or more, 6 or more, 7 or
more, § or more, 9 or more, 10 or more, 11 or more, 12 or more, 13 or more, 14 or more, 13 or more, 16

or more, 17 or more, 18 or more, 19 or more, or 20 or more samples).



10

20

25

30

CA 030500585 2015-07-08

WO 2018/140521 PCT/US2018/015081

Nucleic acid may be derived from one or more sources {e.g., biological sample, blood, cells, serum,
plasma, bufty coat, urine, Iymphatic fluid, skin, soil, and the like) by methods known m the art. Any
suitable method can be vsed for isolating, extracting and/or purifying DNA from a biological sample
{e.g., from blood or a blood product), non-hmiting examples of which inchude methods of DNA
preparation {e.g., described by Sambrook and Russell, Molecular Cloning: A Laboratory Manual 3d ed.,
2001), various commercially available reagents or kits, such as OQiagen’s QlAamp Circulating Nucleic
Acid Kit, GiaAmp DNA Mini Kit or QraAmp DNA Bloed Mo Kit (Qragen, Hilden, Germany),
GenomicPrep™ Blood DNA Isolation Kit (Promega, Madison, Wis.), and GFX™ Genomic Blood DNA

Parification Kit (Amersham, Piscataway, N.J.}, the like or combinations thereof.

In some embodiments, nucleic acid is extracted from cells using a cell lysis procedure. Cell lysis
procedures and reagents are known in the art and may generally be performed by chemical (e.g.,
detergent, hypotonic solotions, enzvmatic procedures, and the like, or combination thereof), physical
{e.g., French press, somcation, and the like), or electrolvtic lysis methods. Any suitable lysis procedure
can be utilized. For example, chemical methods generally employ lyvsing agents to disrupt cells and
gxiract the nucleic acids from the cells, followed by treatmoent with chaolropic salts. Physical methods
such as frecze/thaw followed by grinding, the use of cell presses and the like also are useful. ln some

mstances, a high salt and/or an alkaline lysis procedure may be utilized.

Nucleic acids can include exiracellular nucleic acid in certain embodiments. The term "extracellular
nucleic acid” as used herein can refer to nucleic acid 1solated from a source having substantially no cells
and alse 15 referred to as “celi-free” nucleic actd, “circulating cell-free nucleic acid” (e.g., CCF fragments,
cef DNAY and/or “cell-frce circulating nuclcic acid.” Extracellular nucloic acid can beo present in and
obtained from blood {e.g., from the blood of a human subject). Extracellular nucleic acid often includes
no detectable cells and may contain cellular elements or cellular revanants. Non-limiting examples of
acellular sources for extracellular nucleic acid are blood, blood plasma, bloed serum and urine. As used
herein, the term “obtain cell-free circulating sample nucleic acid” includes obtaining a sample directly
(e.g., collecting a sample, e.g., a test sample) or obtaining a sample from another who has collected a
sample. Without being limited by theory, extraceliular nucleic acid may be a product of cell apoptosis
and cell breakdown, which provides basis for extracellular nucleic acid often having a series of lengths
across a spectrum (e.g., a "ladder”). In some embodiments, sample nucleic acid from a test subject is
circulating celi-free nucleic acid. In some embodiments, circulating cell free nuclete acid s from blood

plasma or bloed serum from a test subject.
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Extraceliular nucleic acid can mchide different nucleic acid species, and therefore is referred to herein as
"heterogencous” in certain embodiments. For example, blood serum or plasma from a person having
cancer can inclade nucleic acid from cancer cells (e.g., tumor, neoplasia) and nucleic acid from non-
cancer cells. In another oxample, blood serum or plasma from a prognant female can melude maternal
nucleic acid and fetal nucleic acid. In some instances, cancer or fetal nucleic acid sometimes 1s about 3%
to about 50% of the overall nucleic acid (e.g., about 4,5, 6, 7.8, 9, 10, 11, 12, 13, 14, 15,16, 17, 18, 19,
20, 71,22, 23, 24,2526 27,28 29 30,31, 32, 33,34, 35,36, 37, 38,39, 40, 41, 42, 43_44_45_46_47.

438, or 49% of the total nuclew acid is cancer or fetal nucleic acid).

At least two different nucleic acid specics can exast in different amounts in extracellular nucleic acid and
sometimes are reforred to as minority species and majority species.  In cortan instances, a minority
species of nucleic acid is from an affected cell type (e.2., cancer cell, wasting cell, cell attacked by
mmmune system ). In certamn embodiments, a genetic variation or genetic alteration (e.g., copy number
alteration, copy number vanation, single nucleotide alteration, single nucleotide vanation, chromosome
alteration, and/or translocation} is determined for a minonty nucleic acid species. In certain
embodiments, a genetic varation or genelic alleration is deternuined for a majonily nucleic acid species.
Gonerally it is not intended that the terms “minority” or “majority” be rigidly defined in any respect. In
one aspect, a nucleic acid that is considered “minority,” for example, can have an abundance of at least
about 0.1% of the total nucleic acid 1n a sameple to less than 50% of the total mucleic acid in a sample. In
some embodiments, a minority nucleic acid can have an abundance of at least about 19 of the total
nucleic acid in a sample to about 40% of the total nucleic acid in a sample. In some embodiments, a
minority nucleic acid can have an abundance of at least about 2% of the total nucleic acid in a sample to
about 30% of the total nucleic acid in a sample. In some cinbodiments, @ minority nucleic actd can have
an abundance of at least about 3% of the total nucleic acid in a sample {o about 25% of the total nucleic
acud 1n a sample. For example, a minonity nacleic acid can have an abundance of aboui 1%, 2%, 3%, 4%,
5%, 6%, 7%, 8%, 9%, 10%, 11%, 12%, 13%, 14%, 15%, 16%, 17%, 18%, 19%, 20%, 21%. 22%., 23%,
24%, 25%, 26%, 27%, 28%, 29% or 30% of the lotal nucleic acid in a sample. In some instances, a
minority species of extracellultar nucleic acid sometimes is about 1% to about 40% of the overall nucleic
acid (e.g., about 1%, 2%, 3%, 4%4, 5%, 6%, 7%, 8%, 9%, 10%, 119%, 12%, 13%, 14%, 15%, 16%, 179%,
18%, 19%, 20%, 21%, 22%, 23%, 24%, 25%, 26%, 27%, 28%, 29%, 30%, 31%, 32%, 33%, 34%, 35%,
36%, 37%, 38%, 39% or 40% of the nucleic acid is munority species nacleic acid). In some
emnbodiments, the minority nucleic acid is extracelular DNA. In some embodiments, the minority
nucleic acid 1s extracellular DNA from apoptotic tissue. In some embodiments, the minority nucleic acid

is extracellular DNA from tissue affected by a cell prolifevative disorder. In some ombodiments, the
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minority nucleic acid 1s extracellular DNA from a temor cell. In some embodiments, the mimority nucleic

acid 15 extracetlular fetal DNA.

in another aspect, a nucleic acid that 15 considerad “mgjonty,” for example, can have an abundance
greater than 50% of the total nucleic acid 1n a sample to about 99.9% of the total nucleic acid in a sample.
In some embodiments, a majority nucleic acid can have an abundance of at least about 60% of the fotal
nucleic acid im a sample to about 99% of the total nucleic acid in a sample. Tn some embodiments, a
majority nuecleic acid can have an abundance of at least about 70% of the total nucleic acid in a sample to
about 98% of the total nucleic acid in a sample. In some embodirents, a majority mucleic acid can have
an abundance of at least about 75% of the total nucleic acid 10 a sample to about $7% of the total nuecleic
acid in a sample. For example, a majority nucleic acid can have an abundance of at least about 70%,
T1%, 72%, 73%, T4%, T5%, T6%, 77%, 78%, 79%, 80%, 81%, 82%, 83%, 8§4%, 85%, 86%, 87%, 88%,
89%. 90%. 91%, 92%, 93%., 94%., 95%. 96%. 97%, 98% or 99% of the total nucleic acid 1 g sample. In
some embodiments, the majority nucleic acid 15 extracellular DNA. In some embodiments, the majority
nucleic acid 1s extraceltular maternal DNA. In some embodiments, the majority nucleic acid 1s DNA

from healthy tissue. In some enbodiments, the majorily nuclete acid 1s DNA from non-tumor cells.

In some embodiments, a minonty species of extracellular nucleic acid is of a length of about 500 base
pairs or less {e.g., about 80, 85,90, 91, 92,93, 94, 95,96, 97, 98, 99 or 160% of minority species nucleie
acid 1s of a length of about 500 base pairs or less).  In some embodimenis, a minority species of
extracellular nucleic acid is of a length of about 300 base pairs or less {e.g., about 80, 83, 90, 91, 92, 93,
94, 95, 96, 97, 98, 99 or 100% of minority species nucleic acid is of a length of about 300 base pairs or
fess). In some cmbodimoents, @ minority specics of oxtracellular nucleic acid is of a longth of about 250
base pairs or less (e.g., about 80, 85, 90, 91, 92, 93,94, 95, 96, 97, 98, 99 or 100% of minority species
nucleic acid is of a length of about 250 base pairs or less). Tn some embodiments, a minority species of
sxtracellular nucleic acid is of a length of about 200 base pairs or less {e.g., about 80, 83, 90, 91, 92, 93,
94,95, 96,97, 98, 99 or 100% of minonty species nucleic acid is of a length of about 200 base pairs or
less). In some embodiments, a minority species of extracellular nucleic acid 1s of a length of about 150
base pairs or less (e.g., about 80, 85, 90, 91, 92,93, 94, 935, 96, 97, 98, 99 or 106% of minority species
pucleic acid is of a length of about 150 base pairs or less}.  In some embodiments, a minority species of
extracellular nucleic acid 5 of a length of about 100 base pairs or less {e.g.. about 80, 83, 90, 91,92, 93,
94, 93, 96, 97, 98, 99 or 100% of minority species nacleic acid is of a length of about 100 base pairs or

less). In some embodiments, a minority species of extracellular nucleic acid 1s of a length of about 50
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base pairs or less {e.g., about 86, 85, 90, 91, 92, 93, 94, 95, 96, 97, 98, 99 or 180% of minority species

nucleie acid 15 of a length of about 50 base pairs or less).

Nucleic acid may be provided for conducting methods described herein with or without processing of the
sample(s) containing the nucleic acid. In some embodiments, nucleic acid 1s provided for conducting
methods described herom after processing of the samplefs) contaming the pucleic acid. For example, a
nucleic acid can be extracted, isolated, purnified, partially punfied or amplified from the sample(s). The
term “isolated™ as used herein refers fo nucleic acid removed from s origingl environment {e.g., the
natural environment if it is naturally occurring, or a host cell if expressed exogenounslty), and thus is
altered by human infervention {e.g., "by the hand of man") from its original environment. The term
“isolaied nucleic acid™ as used hergin can refer to a nucleic acid removed from a subject (e.g., a human
subject). An isolated mucleic acid can be provided with fewer non-nucleic acid components {e.g., protein,
fipid}) than the amount of components present in a source sample. A composition comprising isclated
nucleic acid can be about 50% to greater than 99% free of non-nucleic acid components, A composition
comprising isolated nucleic acid can be about 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, 99% or
greater than 99% [ree of non-nucleic acid components. The term “purified” as used herein can referto a
nucleic acid provided that contains fewer non-nucleic acid components (e.g., protein, lipid, carbohydrate)
than the amount of non-nucleic acid components present prior to subjecting the nucleic acid 1o a
purification procedure. A composition comprising purified nucleic acid may be about 80%, 81%, 82%,
83%, 84%, 85%, 86%, 87%, 8§8%, 89%, 90%, 91%, 92%, 93%, 24%, 95%, 96%, 97%, 98%, 99% or
preater than 99% free of other non-nucleic acid components. The term “purified” as used herein can refer
to a nucleic acid provided that contains fewer nucleic acid species than is the sample source from which
the nucleic acid is derived. A composition comprising purificd nucleic acid may be about 20%, 91%,
2%, 93%, 94%, 95%, 96%, 97%, 98%, 99% or greater than 99% free of other nucleic acid species. For
example, fetal nucleic acid can be purified from a mixture comprising maternal and fetal nucleic acid. In
certain examples, small fragments of fetal nucleic acid (e.g., 30 to 300 bp fragments) can be purified, or
partially purified, from a mixiure comprising both fetal and maternal nucleic acid fragments. In certain
examples, nucleosomes compnging smaller fragments of fetal nucleic acid can be purified from a mixture
of larger nucleosome complexes comprising larper fragments of maternal nucleic acid. In certain
examples, cancer cell nucleie acid can be purified from a mixture comprising cancer cell and non-cancer
cell nucleic acid. Tn certain examples, nucleosomes comprising small fragments of caacer cell nucleic
acid can be purified from a mixiure of larger nucleosome complexes comprising larger fragments of non-
cancer nucleic acid. In some embodiments, nucleic acid 1s provided for conducting methods descnbed

herein without prior processing of the sample(s) containing the nucleic acid. For example, nucleic acid
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may be analyzed directly from a sample without prior extraction, punification, partial purification, and/or

amphification,

in some embodiments nucleic acids, such as, for example, cellular nuclero acids, are sheared or cleave
prior to, during or after a method described herein. The term “shearing™ or “cleavage™ generally refers to
a procedure or conditions i which a nucleic acid molecule, such as a nucleic acid template gene molecule
or amphified product thereof, may be severed into two (or more) smaller nucleic acid molecules. Such
shearing or cleavage can be sequence specific, base specific, or nonspecific, and can be accomplished by
any of a variety of methods, reagents or conditions, including, for example, chemical, enzymatic, physical
shearing (¢.g., physical fragmentation). Sheared or cleaved nucleic acids wmay have a nommal, average or
mean length of about 5 to about 10,000 base pairs, about 100 to about 1,000 base pairs, abount 100 to
about 300 base pairs, or about 10, 13, 20, 25, 30, 35, 40, 45, 50, 35, 60, 63, 70, 73, 80, 85, 90, 95, 100,
200, 300, 400, 300, 600, 700, $00, 900, 1000, 2000, 3000, 4000, 5600, 6000, 7000, 8800 or 9000 basa

pairs,

Sheared or cleaved nucleic acids can be generaied by a suitable method, nos-limiting examples of which
include physical methods (e.g., shearing, ¢.g., sonication, French press, heat, UV irradiation, the like),
enzymatic processes (e.g., enzymatic cleavage agents {e.g., a suitable nuclease, a suitable restriction
enzyvme, a suitable methylation sensifive restriction enzyme)), chemical methods (e g, alkylation, DMS,
piperidine, acid hydrolysis, base hydrolysis, heat, the like, or combinations thereof), processes described
in 1.S. Patent Application Publication No. 2005/0112590, the like or combinations thereof. The average,
mean or nominal length of the resplting nucleic acid fragments can be conirolled by selecting an

appropriate fragmont-gencrating mothod.

The term “amplified” as used herein refers to subjecting a target nucleic acid m a sample 1o a process that
imearly or exponentially generates amplicon nucleic acids having the same or substantially the same
nucleotide sequence as the target nucleic acid, or part thereof  In cerlain embodimenis the term
“amplified” refers to a method that comprises a polvmerase chain reaction (PCR). In certain instances, an
amplified product can contain one or more nucleotides more than the amplified nucleotide region of a
nucleic acid template sequence (.g., a primer can contain "extra”™ nucleotides such as a transcriptional
mitiation sequence, in addition to nucleotides complementary fo a nucleic acid template gene molecule,
resulting in an amplified product containing "extra” nucleoiides or nucleotides not corresponding to the

amplified nucleotide region of the nucleic acid template gene molecule).
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Nucleic acid also may be exposed to a process that modifies certain nuclectides in the nucleic acid before
providing nucleic acid for a method described herein. A process that selectively modifies nucleic acid
based upon the methylation state of nucleotides therein can be applied to nucleic acid, for example. In
addition, conditions such as high temperature, uliraviolet radiation, x-radiation, can induce changes in the
sequence of anucleic acid molecule. Nucleic acid may be provided in any suitable form useful for

conducting a sequence analysis.

Euriching nucleic acids

In some embodiments, nucleic acid (8. g, extracellnlar nocleie acid) is enriched or relatively enrichad for
a subpopulation or species of nucleic acid. Nucleic acid subpopulations can include, for example, fetal
nucleic acid, maternal nucleic acid, cancer nucletc acid, patient nucleic acid, nucleic acid comprising
fragments of a particular length or range of lengths, or nucleic acid from a particular genome region (e.g.,
single chromosome, set of chromosomes, and/or certain chromosome regions). Such enriched samples
can be used in conjunction with a method provided herein. Thas, in certain embodiments, methods of the
technology comprise an additional step of enriching for a subpopulation of nucleic acid in a sample_ such
as, for example, cancer or fetal nucleic acid. In certain embodiments, a method for determining fraction
of cancer cell nucleic acid or fetal fraction also can be wsed to enrich for cancer or fetal nucleic acid. In
certain embodiments, nucleic acid from normal tissue (e.g., non-cancer cells) is seloctively removed
{partially, substantially, almost completely or completely) from the sample. In cerlain embodiments,
maternal nucleic acid is selectively removed (partially, substantially, almost completely or completely)
from the sample. In certain embodiments, eariching for a particular low copy number species nucleic
acid (e.g., cancer or fetal nucleic acid} may improve quantitative sensitivity. Methods for enriching a
sample for a particular species of nucleic acid are described, for example, in U.S. Patent No. 6,927,028,
[nternational Patent Application Publication No. W02007/140417 International Patent Application
Publication No. W(Q2007/147063, International Patent Application Publication No. WO2009/032779,
International Patent Application Publication No. WO2009/032781, International Patent Application
Publication No. WO2010/033639, Interational Patent Application Publication No, W0O2011/034631,
International Patent Application Publication No. WO2006/056480, and International Patent Application
Publication No. W02011/143639,

In sorae embodiments, nucleic acid is enviched for certain target fragment species and/or reference

fragment species. In certain embodiments, nucleic acid is enriched for a specific nucleic acid fragment

29

Date Recgue/Date Received 2021-02-12



10

15

20

25

30

85418329

length or range of fragment lengths vsing one or more length-based separation methods described below.
In certain embodiments, nucleic acid is enriched for fragments from a select genomic region {e.g.,
chromosome) using one or more sequence-based separation methods described herein and/or known ia

the art.

Non-limiting examples of methods for enriching for a nucleic acid subpopulation in 3 sample include
methods that exploit epigenetic differences between nucleic acid species (e.g., methylation-based fetal
nucleic acid enrichment methods described in U.S. Patent Application Publication No. 2010/0103049);
restriction endonuclease enhanced polymorphic sequence approaches {e.g., such as a method described

in UJ.S. Patent Application Publication WNo. 2009/0317818}; sclective enzymatic degradation approaches;
massively parallel signature sequencing (MPSS) approaches; amplification (e.g., PCR)-based approaches
{e.g., loci-specific amplification methods, multiplex SNP allele PCR approaches; universal amplification
methods); pull-down approaches {e.g., biotinvlated uliramer pull-down methods); extension and ligation-

based methods {e.g., molecular inversion probe (MIP) extension and ligation); and combinations thereof.

Ia some embodimenis, nucleic acid is enriched for fragmonts from a select genomic region (.2,
chromosome) using one or more sequence-based separation methods described herein. Sequence-based
separation generally is based on nucleotide sequences present in the fragments of interest (e.g., target
and/or reference fragments) and substantially not present in other fragmenis of the sample or present in an
insubstantial amount of the other fragments {e.g., 5% or less). In some embodiments, sequence-based
separation can generate separated target fragments and/or separated reference fragments. Separated target
fragments and/or separated reference fragments often are isclated away from the remaining fragments in
the nucleic acid sample. In cortain embodiments, tho soparated target fragments and the seoparated
reference fragments also are isolated away from each other (e.g., isolated in scparate assay
compartments). In certain embodiments, the separated target fragments and the separated reference
fragments are isolated together (6.g., isclated in the same assay compartment). In some embodiments,

unbound fragments can be differentially removed or degraded or digested.

In some embodiments, a selective nucleic acid capture process 1s used to separate target and/or reference
fragments away from a nucleic acid sample. Commercially available nucleic acid capture systems
include, for example, Nimblegen sequence capture system (Roche NimbleGen, Madison, WI); Homina
BEADARRAY platform (Hlumina, San Diego, CA), Affvmetrix GENECHIP platform (Affymetrix, Santa
Clara, CA); Agilent SureSelect Target Enrichment System (Agilent Technologies, Santa Clara, CA); and
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related platforms. Such methods typically involve hvbridization of a capture oligonucicotide to a part or
all of the nucleotide sequence of a target or reference fragment and can include use of a solid phase (c.g.,
solid phase array) and/or a solution based plaiform. Capture oligonucleotides (sometimes referred to as
“pail’”) can be selected or designed such that they preferentially hybridize to nucleic acid fragments from
selected genomic regions or loci (e.g., one of chromosomes 21, 18, 13, X or Y, or a reference
chromosome). In certain embodiments, a hybridization-based method (e.g., using oligonucleotide arrays)
can be used to enrich for nucleic acid sequences from certain chromosomes {(e.g., a potentially ancuploul
chromosome, reference chromosome or other chromosome of interest), genes or regions of interest
thereof. Thus, in some embodiments, a nucleic acid sample is optionally enriched by capturing a subset
of fragments using capture ohgomucleotides complementary to, for example, selected genes in sample
nucleic acid. In certain instances, captured fragments are amplified. For example, captured fragments
containing adapters may be amplified using primers complementary to the adapter oligonucleotides to
form collections of amplified fragments, indexed according to adapter sequence. In some embodiments,
nucleic acid 1s enriched for fragments from a select genomuc region (e.£., chromosome, a gene) by
amplification of one or more regions of interest using oligonucleotides {e.g., PCR primers}

complementary to sequences in fragments conlaining the region(s) of intercst, or part{s) thereofl

In some embodiments, nucleic acid 1s enriched for a particular nucleic acid fragment length, range of
lengths, or lengths under or over a particular threshold or cutoff using one or more length-based
separation methods. Nucleic acid fragment length typically refers to the number of nucleotides in the
fragment. Nucleic acid fragment length also is sometimes referred to as nucleic acid fragment size. In
some embodiments, a length-based separation method is performed without measuring lengths of
mdividual fragments. In some cmbodiments, a length based separation mothod is performed in
conjunction with a method for determining length of mdividual fragments. In some embodiments, length-
based separation refers to a size fractionation procedure where all or part of the fractionated pool can be
isolated (e.g., retained) and/or analvzed. Size fractionation procedures are known in the art {e.g.,
separation on an array, separation by a molecular sieve, separation by gel electrophoresis, separation by
column chromatography (e.g., size-exclusion columns), and microthndics-based approaches). In certain
mstances, length-based separation approaches can include selective sequence tagging approaches,
fragment circularization, chemical treatment (e.g., formaldehyde, polvethylene glycol (PEG)

precipitation), mass spectrometry and/or size-specific nucleic acid amplification, for example.

Nucleic acid quantification

31



10

20

25

30

CA 030500585 2015-07-08

WO 2018/140521 PCT/US2018/015081

The amount of nucleic acid {e.g., concentration, relative amount, absolute amount, copy number, and the
like) i a sample may be determined. The amount of a minority aucleic acid {(¢.g., concentration, relative
amount, absolute amount, copy number, and the like) in nucleic acid is determined in some embodiments.
In certain embodiments, the amount of 4 minority nucleic acid specics in a sample is referred to as
“minority species fraction.” In some embodiments “minority species fraction” refers to the fraction of a
minority nucleic acid species in circulating cell-free nucieic acid in a sample {e.g., a blood sample, a

scrum sample, a plasma sample, a unne sample) obtained from a subject.

The amount of a minority nucleic acid in extracefhilar nucleic acid can be quantified and used in
conpunchion with a method provided heremn. Thus, i certain embodiments, methods descenbed herein
comprise an additional step of determining the amount of a minority nucleic acid. The amount of a
mincrity nucleic acid can be determined m a sample from a subject before or after processing to prepare
sample nucleic acid. In certain embodiments, the amount of a minority nucleic acid s determined in a
sample after sample nucleic acid is processed and prepared, which amount is utilized for further
assessment. In some embodiments, an outcome comprises factoring the minonty species fraction in the

sample nucleic acid {e.g., adjusting counis, removing samples, making a call or not making a catl).

A determination of minority species fraction can be performed before, during, or at any one point in a
method described herein, or after certain methods desenbed herein (o g, defection of a genetic varation
or genetic alteration). For example, to conduct a genetic variation/genetic alleration determination
method with a certain sensitivity or specificity, a minority vucleic acid guantification method may be
imaplemented prior to, during or alter genetic vartation/genetic alteration defermunation to identify those
samples with greater than about 2%, 3%, 4%, 5%, 696, 7%, 8%, 9%, 10%, 11%, 12%, 13%,
14%6,15%,16%, 17%, 18%, 19%, 20%, 21%., 22%, 23%, 24%., 25% or more minority nucleic acid. In
some embodiments, samples determined as having a certain threshold amount of minority nucleic acid
(e.g., about 15% or more minority nucleic acid; about 4% or more minority nucleic acid) are further
analyzed for a genetic variation/genetic alteration, or the presence or absence of a genetic
varigtion/genetic alteration, for example. In certain embodiments, determinations of, for example, a
genetic variation or genetic alteration are selected {e.g., selected and communicated to a patient) only for
samples having a certain threshold amount of a minority nucleic acid (e.g., about 15% or more minority

nucleic acid; about 4% or more minority nucleic acid).

The amount of cancer cell nucleic acid (e.g., concentration, relative amount, absolute amount, copy

number, and the like) in nucleic acid is determined in some embodiments. In certain instances, the
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amount of cancer cell nucleic acid in a sample is referred to as “fraction of cancer cell nuclete acid,” and
gometimes is referred to as “cancer fraction” or “tumor fraction.” In some embodiments “fraction of
cancer cell nucleic acid” refers to the fraction of cancer cell nucleic acid in circulating cell-free nucleic
acid in a sample {e.g., a blood sample, a scrum sample, a plasma sample, a urine sample) obtamned from g

subject.

The amount of fetal nucleic acid (¢.g., concentration, relative amount, absolute amount, copy number, and
the like) in nucleic acid is determined in some embodiments. In certain embodiments, the amount of fetal
nucleic acid in a sample is referred o as “fetal fraction.” In some embodiments “fetal fraction™ refers to
the fraction of fetal nucleic acid in circulating cell-free nucleic acid in a sample {e.g., a blood sample, a
serum sample, a plasma sample, a uring sample) obtained from a pregnant female, Certain methods
described herein or known in the art for determining fetal fraction can be used for determining a fraction

of cancer cell nucleic acid andfor a minority species fraction.

In certain instances, fetal fraction may be determined according to markers specific to a male fetus (e.g.,
Y-chromosome STR markers {¢.g., DYS 19, DYS 383, DYS 392 markers), RhD marker in RhiD-negative
females), allelic ratios of polymorphic sequences, or according to one or more markers specific to fetal
nucleic acid and not maternal nucleic acid (e.g., differential epigenetic biomarkers (e.g., methylation)
between mother and fetus, or fetal RNA markers in maternal blood plasma (see ¢.2., Lo, 2003, Journal of
Histochemistry and Cytochemistry 53 (3): 293-296)). Determunation of fotal fraction sometimes is
performed using a fetal quantifior assay (FQA) as described, for example, in L8, Patent Apphcation
Pablication MNo. 2010/0105049. This type of assay allows for the detectton and quantification of fetal

nucleic actd in a maiernal sample based on the methylation statas of the nucleic acid in the sample.

In certain embodiments, a minority species fraction can be determined based on allelic ratios of
polymorphic sequences (e.¢., single nucleotide polymorphisms (SNPs)), such as, for example, using a
method described in U 8. Patent Application Pubhication No. 2011/0224087. In such a method for
determimng fetal fraction, for example, nucleotide sequence reads are obtained for a maternal sample
and fetal fraction 15 determined by comparing the total number of nucleotide sequence reads that

map to a first allele and the total number of nucleotide sequence reads that map to a second allele at an

mformative polymorphic site (e.g., SNP) in a reference genome.
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A nunority speeies fraction car be determined, in some embodiments, using methods that incorporate
mformation derived from chromosomal aberrations as described, for example, in Interational Patent
Application Peblication No. WQO2014/055774. A minority species fraction can be delermined, in some
embodiments, using methods that incorporate information derived from sex chromosomes as deseribed,
for example, in U.S. Patent Application Publication No. 2013/0288244 and U.S. Patent Application
Publication Ne. 2013/0338933

A miunority species fraction can be determined in some embodiments using methods that meorporate
fragment length information {e.g., fragment length ratio {FLR) analyvsis, fetal ratio statistic (FRS) analysis
as described in International Patent Application Publication No. W02013/177086). Cell-free fetal nucleic
acid fragments generally are shorter than maternalty-derived nucleic acid fragments (sec e.g.,

Chan et al. (2004) Clin. Chem. 50:38-92; Lo et al. (2010) Sci. Transl Med. 2:61ra91}. Thas, fetal fraction
can be determined, in some embodiments, by counting fragments under a particular length threshold

and comparing the counts, for example, to counts from fragments over a particular length threshold and/or
10 the amount of total nucleic acid in the sample. Methods for counting nucleic acid fragments of a

particular length are described in further detail in International Patent Application Publication

No, WO2013/177086.

A minonty species fraction can be determined, i some embodiments, sccording o portion-specific
fraction estimates (e.g., as described in Infernational Patent Application Publication No. W(
2014/205401). Without being limited to theoty, the amount of reads from fetal CCF fragments

{o.g., fragmonts of a particular longth, or rango of longths) ofton map with ranging froquoncies to

portions (e.g., within the same sample, e.g., within the same sequencing run). Also, without being limited
to theory, certain portions, when compared among multiple samples, tend to have a similar representation
of reads from fetal CCF fragments {e.g., fragments of a particular length, or range of lengths), and that
the representation correlates with portion-specific fetal fractions {e.g., the relative amount, percentage

or ratio of CCF fragments originating from a fetus). Portion-specific fetal fraction estimates generally

are determined according to portion-specific parameters and their relation to fetal fraction.
In some embodiments, the determination of minority spectes fraction {e.g., fraction of cancer cell nucleic

acid; fetal fraction) 1s not required or necessary for identifymg the presence or absence of a genetic

variation or genetic alteration. In some embodiments, identifying the presence or absence of a genetic
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variation or genetic alteration does not require a sequence differentiation of a mmonity nucleic acid versus
a majority nucleic acid. 1o cortain embodiments, this 15 becanse the summed contribution of both
minority and meajority sequences in 3 particular chromosome, chromosome portion or part thereof is
analvzed. In some embodunents, identifving the presence or absence of a genetic variation or genetic
alteration does not rely on a prion sequence information that would distinguish minority nucleic acid

from majority nucleic acid.

Nucleic acid library

In some embodiments a nucleic acid library 1 a plurality of polvnucleotide molecules (e.g., a sample of
nucleic acids) that are prepared, assembled and/or modified for a specific process, non-limiting examples
of which mclude immobilization on a solid phase (e.g., a solid support, a flow cell, a bead}, enrichment,
amplification, cloning, detection and/or for nucleic acid sequencing. In certain embodiments, a nucleic
acid library is prepared prior to or during a sequencing process. A nucleic acid library {e.g., sequencing
librarv} can be prepared by a suitable method as known m the art. A nucleic acid hbrary can be prepared

by a targeted or a non-targeted preparation process.

In some embodiments a library of nucleic acids is modified to comprise a chemical molety {e.g., a
functional group) configured for immobilization of nucleic acids to a solid support. In some
embodiments a library of nucleic acids is modified (o comprise a biomolecule (e.g., a functional group)
and/or member of a binding pair configured for immobilization of the library to a solid support, non-
hmiting examples of which include thyroxin-binding globulin, steroid-binding proteins, antibodies,
antigens, haplens, enzymes, lectins, nucleic acids, repressors, protein A, protein G, avidin, streptavidin,
biolin, complement component Clg, nucleic acid-binding proteins, receptors, carbohydrates,
oligonucleotides, polynucieotides, complementary nucleic acid sequences, the like and combinations
thereof. Some examples of specific binding pairs melude, without limitation: an avidin mosety and a
biotin moicty; an antigenic epitope and an antibody or immunologically reactive fragrent thereof, an
antibody and a hapten; a digoxipen moiety and an anti-digoxigen antibody; a fluorescein motety and an
anti-fluorescein antibody; an operator and a repressor; a muclease and a mucleotide; a lectin and a
polvsaccharide; a steroid and a steroid-binding protein; an active compound and an achive compound
receptor; a hormone and a hormone recepior; an enzyvrae and a substrate; an smunoglobubn and protein
A an oligonucieotide or polynuclectide and its correspondimg complement; the like or combinations

thereof.
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In some embodiments, a library of nucleic acids is modified to comprise one or more polymucleotides of
known composition, non-limiting cxamples of which wnclude an wentificr (e.g., a tag, an indexing tag), a
capture sequence, a label, an adapter, a restriction enzyme site, a promoter, an enhancer, an origin of
replication, a stem loop, a complimentary sequence {¢.g., a primer bmding site, an annealing site), a
suttable integration site (e.g., a transposon, a viral integration site), a modified nucleotide, the like or
combmations thercof. Polynucleotides of known sequence can be added at a suitable position, for
example on the 5" end, 3' ond or within a nucleic acid sequence. Polyaucleotides of known sequence can
be the same or different sequences. In some embodiments a polyaucieotide of known sequence is
configured to hybridize to one or more oligonucleotides immobilized on a swrface (e.g., a swrface in flow
cell). For example, a nucleic acid molecule comprising a 3" known sequence may hybnidize to a first
plurality of oligonucleotides while the 3' known sequence may hybridize to a second plurality of
oligonucleotides. In some embodiments a library of nucleic acid can comprise chromosome-specific tags,
capture sequences, labels and/or adapiers. In some embodiments, a library of nucleic acids comprises one
or more detectable labels. In some embodiments one or more detectable labels may be incorporated mto a
nucleic acid hibrary at a 5' end, at a 3’ end, and/or at any nucleotide position within a nucleie acid in the
fibrary. In some embodiments a bibrary of nucleic acids comprises hybridized olizonucleotides. In
certain embodiments hyhridized oligonucleotides are labeled probes. In some embodiments a library of

nucleic acids comprises hvbridized oligonucleotide probes prior to immobilization on a solid phase.

in some embodiments, a polvaucleotide of known sequence comprises a universal sequence. A universal
sequence 18 a specific nucleotide sequence that 1s integrated info two ar more nucleic acid molecules or
two or more subsets of nucleic acid molecules where the aniversal sequence s the same for all molecules
or subscts of molcoules that 1t is integrated info. A universal sequence s often designed (o hybridize to
and/or amplify a plurality of different sequences using a single universal primer that is complementary to
a universal sequence. In some embodiments two (e.g., a pair) or more vniversal sequences and/or
universal primers are used. A universal primer ofien comprises a universal sequence. In some
embodiments adaplers (e.g., universal adapters) comprise universal sequences. In some embodiments one
or more universal sequences are used to capture, identify and/or detect multiple species or subsets of

mucleic acids.

In certain embodimenis of preparing a nucleic acid library, (e.g.. in certain sequencing by synthesis
procedures), nucleic acids are size selected and/or fragmenied into lengths of several hundred base pairs,
or less {e.g., in preparation for library generation). In some embodiments, library preparation 1s

performed without fragmentation {e.g., when using cell-free DNA).
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In certain embodiments, a ligation-based library preparation method is used {(e.g., ILLUMINA TRUSEQ,
Hiumina, San Diego CA). Ligation-based hbrary preparation methods often maake use of an adapter (e.g.,
a methviated adapter) design which can incorporate an index sequence (2.g., a sample index sequence to
identify sample origin for a nucleic acid sequence) at the mitial Hgation step and often can be used to
prepare samples for single-read sequencing, paired-end sequencing and multiplexed sequencing. For
example, nucleic acids (c.g., fragmented nucleic acids or cell-free DNA) may be end repaved by a fill-in
reaction, an exonuclease reaction or a combination thereof. In some embodiments the resulting blunt-end
repaired nucleic acid can then be extended by a single nucleotide, which is complementary to a single
nucleotide overhang on the 37 end of an adapter/primer. Any nucleotide can be used for the

extension/overhang nucleotides,

In some embodiments nucleic acid library preparation comprises ligating an adapter cligonucleotide (e.g.,
to a sample nucleic acid, to a sample nucleic acid fragment, to a template nucleic acid). Adapter
oligonucleotides are often complementary to flow-cell anchors, and sometimes are utilized to immobilize
a nucleic acid library to a solid support, such as the mside surflace of a flow cell, for cxample. In some
embodiments, an adapter oligonucleotide comprises an identifier, one or more sequencing primer
hybridization siles (e.g., sequences complementary to universal sequencing primers, single end
sequencing primers, paired end sequencing pnimers, multiplexed sequencing primers, and the like}, or
combinations thereof (¢.g., adapler/sequencing, adapter/identifier, adapter/identifier/sequencing). In some
embodiments, an adapter oligonucleotide comprises one or more of primer annealing polynucleotide (e.g.,
for annealing to flow cell attached cligonucieotides and/or 10 free amplification primers), an index
polynucleotide {¢.g., sample indox scquonce for tracking nucleie acid from differcnt samples; also
referred to as a sample ID), and a barcode polynucleotide (e.g., single molecule barcode (SMB) for
tracking individaal molecules of sample nucleic acid that are amplified prior to sequencing; also referred
to as a molecular barcode). In some embodiments, a primer annealing component of an adapter
oligonucleotide comprises one or more universal sequences (e.g., sequences complementary to one or
more universal amplification primers). In some embodiments, an index polvnucleotide (e.2., sample
index; sample ID) is a component of an adapter ohigonucleotide. In some embodiments, an index
polyvnucleotide {e.g., sample index; sample ID) 1s a component of a universal amplification primer

sequance,

In some embodiments, adapler ohigonucleotides when used in combination with amplification primers

(e.g., universal amplification primers) are designed generate library constructs comprising one or more of:
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umversal sequences, molecular barcodes, sample ID sequences, spacer sequences, and a sample nucleic
acid sequence. In some embodiments, adapter oligonucleotides when used in combination with universal
amplification primers are designed generate library constructs comprising an ordered combination of one
or more of universal sequences, molecular barcodes, sampie 1D sequences, spacer sequences, and a
sample nucleic acid sequence. For example, a library construct may comprise a first universal sequence,
followed by a second universal sequence, followed by first molecular barcode, followed by a spacer
sequence, followed by a femplate sequence {e.g., sample nucleic acid sequence), followed by a spacer
sequence, followed by a second molecular barcode, followed by a third universal sequence, followed by a
sample ID, followed by a fourth umiversal sequence. In some embodiments, adapter oligonscleotides
when used n combmation with amplification pnmers {¢.g., nniversal amplification primers) are designed
generate library constructs for each strand of a template molecule (e.g., sample nucleic acid molecule). In

some embodiments, adapter cligonucleotides are duplex adapter oligonucleotides.

An wdentifier can be a suitable detectable label incorporated into or attached o a nucleic acid (e.g., a
polynucleotide) that allows detection and/or identification of nucleic acids that comprise the identifier. In
some embodiments an idendifier is incorporated mlo or atlached to a nucleic acid during a sequencing
method {e.g., by a polymerase). Non-limiting exammples of identifiers include nucleic acid tags, nucleic
acid indexes or barcodes, a radiolabel (e.g., an 1sotope), metallic label, a flucrescent 1abel, a
chemilummescent label, a phosphorescent label, a fluorophore quencher, a dve, a proten (e.g., an
enzyme, an anfibody or part thereof, a linker, a member of a bmding pair), the like or combinaiions
thereof. In some embodiments an identifier (e.g., a nucleic acid index or barcode) is a unigue, known
and/or ideniifiable sequence of nucleotides or nucleotide analogues. In some embodiments identifiers are
six or more configuous nucleotides. A multitude of flucrophores arc available with a varicty of differont
excitation and emission specira. Any suitable type and/or number of fluorophores can be used as an
identifier. In some embodiments 1 or more, 2 or more, 3 or more, 4 or more, 5 or more, 6 or more, 7 or
more, 8 or more, 9 or more, 10 or more, 20 or more, 30 or more or 30 or more different identifiers are
utilized in a method described herein (e.g., a nucleic acid detection and/or sequencing method). In some
embodiments, one or two types of Wdentifiers {(o.g., fluorescent labels) are hinked to each nucleic acid in a
Bbrary. Detection and/or quantification of an 1dentifier can be performed by a suitable method, apparatus
or machine, non-limiting examples of which include flow eytometry, qguantitative polymerase chain
reaction {qPCR), gel electrophoresis, a luminometer, a ltuorometer, a spectrophotometer, a suitable gene-
chip or microarray analvsis, Western blot, mass specirometry, chromatography, cviofluorimetric analysis,
fluorescence microscopy, a suitable fluorescence or digital imaging method, confoca] laser scanning

microscopy, laser scanning cviometry, affinity chromatography, manual batch mode separation, electric

38



10

20

25

30

CA 030500585 2015-07-08

WO 2018/140521 PCT/US2018/015081

field suspension, a suitable nucleic actd sequencing method and/or nucleic acid sequencing apparatus, the

iike and combinations thereof,

in some embodiments, a transposon-based hibrary preparation method s used (e.g., EPICENTRE
NEXTERA, Epicentre, Madison, W1}, Transposon-based methods typically use in vitro transposition to
simultancously fragment and tag DNA 1n a single-tube reaction (often allowing incorporation of platform-

specific tags and optional barcodes), and prepare sequencer-ready Libraries.

In some embodiments, a nucleic acid Hbrary or parts thereof are amplified (¢.g., amplhified by a PCR-
based method). In some embodiments a sequencing method comprises amplhification of a nacleic acid
fibrary. A nucleic acid library can be amplified prior to or after immobilization on a solid support (e.g., 2
solid support in a flow cell). Nucleie acid amplification includes the process of amplifying or increasing
the numbers of a nucleic acid template and/or of a complement thereof that are present {¢.g., in a nucleic
acid library), by producing one or more copies of the template and/or its complement. Amplification can
be carried out by a suitable method. A nucleic acid library can be amplified by a thermocyeling method
or by an isothermal amplification method. In some embodiments a rolling circle amplification method is
used. In some embodiments amplification takes place on a solid support (e.g., within a flow cell) where a
nucleic acid library or portion thereof 1s immobilized. In certain sequencing methods, a nucleic acid
library s added to a flow cell and tmmobilized by hybridization to anchors under smitable conditions.
Thas type of nucleic acid amphification 18 often referred to as solid phase amphfication. In some
embodiments of solid phase arnplification, all or a portion of the amphified products are synthesized by an
exiension initiating from an immobilized primer. Solid phase amplification reaciions are analogous to
standard solution phasc amplifications cxcept that at Icast onc of the amplification oligonuclootides {c.g.,
primers} is immobilized on & solid support. In some embodiments, modified nucleic acid (e.g., nucleic

actd modified by addition of adapiers) is amplified.

In some embodiments, solid phase amplification comprises a nucleic acid amplification reaction
comprising only one species of ohgonuclestide primer immobilized to a surface. In certain embodiments
solid phase amplification comprises a plurality of different immobilized oligonucleotide primer species.
In some embodiments solid phase amplification may comprise a nucleic acid amplification reaction
comprising one species of oligonucleotide primer immaobilized on a solid surface and a second different
oligonucleotide primer species in solution. Multiple different species of immobilized or solution based

primers can be used. Non-hmiting examples of solid phase nucleic acid amphification reactions include
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mterfacial amplification, bridge amplification, emulsion PCR, WildFire amplification (e.g., U.5. Patent

Application Pablication No, 2013/0012399), the like or combinations thercof,

Nucleic acid capture

In some embodiments, a sample nucleic acid (or a sample nucleic acid library) is subjected to a target
capture process. Generally a target capture process is performed by contacting sample mucleie acid {or a
sample nucleic acid library) with a set of probe oligonucleotides under hybridization conditions. A set of
probe cligonucleotides (e.g., capture oligonucleotides) generally includes a plurality of probe
oligonucleotides having sequences that are complereniary {0, or substantially complementary (o,
sequences in sample mucleie acid. A plurality of probe oligonucleotides may nclude about 10 probe
oligonucleotide species, aboul 530 probe ohgonucleotide species, about 100 probe oligonucleotide species,
about 500 probe oligonucleotide species, about 1,000 probe oligonucleotide species, 2,000 probe
oligonuclentide species, 3,000 probe oligonucleotide species, 4,000 probe oligonucleotide species, 3000
probe oligonucleotide species, 10,000 probe oligonucleotide species, or more. Generally, a first probe
oligonucleotide species has a different nucleotide sequence than a second probe cligonucleotide species,

and different species of probe oligonucleotides in a sot each have a different nucleotide sequence.

A probe oligonucleotide typically comprises a nucleotide sequence capable of hybridizing or annealing to
a nucleic acid fragment of inferest {e.g. target {ragment) or a portion thereof A probe ohgonucleotide
may be naturally occurring or synthetic and may be DNA or RNA based. Probe oligonucleotides can
allow for specific separation of, for example, a target fragment away from other fragments in a nucleic
acid sample. The term “specific” or “specificity,” as used herein, refers to the binding or hybridization of
one molecule to another molecule, such as an oligonucleotide for a target polynucleotide. “Specific” or
“specitficity” refers to the recognition, contact, and formation of a stable complex between two molecules,
as compared to substantially less recognition, contact, or complex formation of either of those two
molecules with other molecules. As used herein, the terms “anneal” and “hybridize™ refer to the
formation of a stable complex between two molecules. The terms “probe,” probe oligonucleotide,”

95 4¢

“capture probe,” “capture oligenucleotide,” “capture oligo,” “oligo,” or “oligonuclentide” may be used

mterchangeably throughout the document, when referring to probe oligonucleotides.
A probe oligonuclcotide can be designed and synthesized using a suitable process, and may be of any
fength suitable for hybridizing to a nucleotide sequence of interest and performing separation and/or

analysis processes described herein. Oligonucleotides may be designed based upon a nucleotide sequence
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of mterest {c.g., target fragment sequence, genomic sequence, gene sequence). An oligonucleotide (eg., a
probe oligonuclootide), in some crubodiments, may be about 10 to about 300 nucleotidos, about 530 to
about 200 nucleotides, about 75 to about 150 nucleotides, about 110 to about 130 nucleotides, or about
111, 132, V13, B84 115, 116, 117, 118, 119, 120, 121,122,123, 124, 125, 126, 127, 128, or 129
nucleotides in length. An ohgonucleotide may be composed of naturally occurring and/or non-naturally
occurring nucleotides (e.g., labeled nucleotides), or a mixture thergof. Oligonucleotides suitable for use
with embodiments described herein, mayv be svnthesized and labeled using known techniques.
Oligonucleotides may be chemically synthesized according to the solid phase phosphoramidite triester
method first described by Beaucage and Camuthers (1981) Tetrahedron Letts. 22:1839-1862, using an
automated svathesizer, and/or as described m Needham-VanDevanter ef al. (1984) Nucleic Acids Res.
12:6159-6168. Purification of oligonuclestides can be effected by native acrylamide gel electrophoresis
or by amuon-exchange high-performance hquid chromatography (HPLC), for example, as described in

Pearson and Regnier (1983) J. Chrom. 255:137-149.

All or a portion of a probe ohigonuclectide sequence (naturally occurring or synthetic) may be
substaniially complementary o a larget sequence or portion thereof, in some cmbodiments. As referred
to herein, “substantially complementary™ with respect to sequences refers to nucleotide sequences that
will hybridize with each other. The stringency of the hybndization conditions can be altered to tolerate
varving amouits of sequence mismaich. Included are target and oligonucleotide sequences that are 55%
or more, 56% or more, 57% or more, 38% or more, 59% or more, 60% or more, 61% or more, 62% or
more, 63% or more, 64% or more, 65% or more, 66% or more, 67% or more, 68% or more, 69% or more,
70% or more, 71% or more, 72% or more, 73% or more, 74% or more, 73% or more, 76% or more, 77%
or more, 78% or more, 79% or more, 80% or more, $1% or morc, 82% or more, 83% or more, 84% or
more, 83% or more, 86% or more, 87% or more, 88% or more, $9% or more, 90% or more, 91% or more,
92% or more, 93% or more, 94% or more, 93% or more, 96% or more, 97% or more, 98% or more or

99% or more complementary to each other.

Probe oligonucleotides that are substantially complhimentary to a nucleotide sequence of nterest (e.g.,
target sequence) or portion thereof are also substantially similar {0 the compliment of the target sequence
or relevant portion thereof (e.g., substantially similar to the anti-sense strand of the nucleic acid). One
test for determining whether two nucleotide sequences are substantially similar is to deternine the percent
of identical nucleotide sequences shared. As referred to herein, “substantially similar” with respect to
sequences refers to nucleotide sequences that are 55% or more, 56% or more, 57% or more, 58% or more,

59% or more, 60% or more, 61% or more, 62% or more, 63% or more, 64% or more, 65% or morg, 66%
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or more, 67% or more, 68% or more, 69% or more, 70% or more, 71% or more, 72% or more, 73% or
more, 74% or more, 75% or more, 76% or more, 77% or more, 78% or more, 79% or more, 86% or more,
81% or more, 2% or more, 83% or more, 84% or more, 85% or more, 86% or more, 87% or more, 88%
or more, 89%% or more, 90% or more, 91% or more, 92% or more, Y3% or more, 94% or more, 93% or
more, 96% or more, 97% or more, 98% or more or 99% or more identical to each other.

Hybndization conditions {

e.g., annealing conditions) can be deternnined and/or adjusted, depending on the
characteristics of the oligonucleotides used in an assay. Oligonucleotide sequence and/or length
sometimes may affect hybridization to a nucleic acid sequence of interest. Depending on the degree of
mismaich between an ochgonucleotide and nucleic acid of miterest, low, medivm or ugh strnngency
conditions may be used to effect the anncaling. As used herein, the term “stringent conditions” refers to
conditions for hybridization and washing, Methods for hybridization reaction temperature condition
optunization are known in the art, and may be found in Cuarrent Protocols in Molecular Biclogy, Joha
Wiley & Song, N.Y ., 6.3.1-6.3.6 (198Y). Aqueous and non-agquecus methods are described in that
reference and either can be used. Non-limiting examples of stringent hybridization conditions are
hybridization m 6X sodium chloride/sodum citrate (55C) at aboul 45°C, lollowed by one or more washes
in 0.2X 8SC, 0.1% SDS at 50°C. Another example of siringent hybridization conditions are hybridization
m 6X sodium chloride/sodium citrate (SSC) at about 45°C, followed by one or more washes in 0.2X SSC,
0.1% SDS at 535°C. A further example of stringent hybndization conditions is hybndization in 6X sodium
chioride/sodium citrate (SSC) at about 45°C, followed by one or more washes in 0.2X $8C, 0.1% SDS at
60°C. Ofien, stringent hybridization conditions are hybridization in 6X sodium chloride/sodium citrate
(S88C} at aboui 45°C, followed by one or more washes in 0.2X 58C, 0.1% SDS at 65°C. More often,
stringency conditions arc 0.5M sodium phosphate, 7% SDS at 65°C, followed by one or more washos at
0.2X S8C, 1% SDS at 65°C. Stringent hybridization temperatures can also be altered (1.¢. lowered) with
the addition of certain organic solvents, formamide for example. Organic solvents, like formamide,
reduce the thermal stability of double-stranded polynucleotides, so that hybridization can be performed at
fower temnperatures, while still maintaining stringent conditions and extending the useful life of nucleic

acids that may be heat labile.

In some embodiments, one or more probe oligonucleotides are associated with an affinity ligand such as a
member of a binding pair (e.g., biodin) or antigen that can bind to a capture agent such as avidin,
sireptavidin, an antibody, or a receptor. For example, a probe oligonucleciide may be biotinylated such

that it can be captured onto a streptavidin-coated bead.
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In some embodunents, one or more probe oligonucleotides and/or capture agents are effectively linked to
a solid support or substrate. A solid support or substrate can be any physically separable solid to which a
probe oligonucleotide can be directly or indirectly attached including, but not limited to, surfaces
provided by pucroarrays and wells, and particles such as beads (e.g., paramagnetic beads, magnetic beads,
microbeads, nanobeads), microparticles, and nanoparticles. Solid supports also can include, for example,
chips, columns, optical fibers, wipes, filters (c.g., flat swrface filters), one or more capillarics, glass and
modified or functionalized glass (c.g., controlled-pore glass (CPG)), gquariz, mica, diazotized membranes
(paper or nylon}, polyformaldehyde, cellulose, cellulose acetate, paper, ceramics, metals, metalloids,
semiconductive materials, quanturn dots, coated beads or particles, other chromatographic materials,
magnetic particles; plastics (including acrvhics, polystyrene, copolymers of stvrene or other materials,
polybutylene, polyurethanes, TEFLON™ oolyethyiene, polvpropylene, polyvamide, polyester,
polyvinvhidenedifluonide (PVDF), and the like), polysaccharides, nylon or nitrocellulose, resins, silica or
sitica-based materials including silicon, silica gel, and modified silicon, Sephadex®, Sepharose®, carbon,
metals {e.g., steel, gold, silver, aluminum, silicon and copper), inorganic glasses, conducting polvmers
(including polymers such as polypyrole and polyindole); micro or nanostructured surfaces such as pucleic
acid tiling arrays, nanotube, nanowire, or nanoparticulale decorated surfaces; or porous surfaces or gels
such as methacryvlates, acrylamides, sugar polymers, cellalose, silicates, or other fibrous or stranded
polvmers. In some embodiments, the solid support or substrate may be coated using passive or
chemically-derivatized coatings with any number of matenals, including polymers, such as dextrans,
acrylamides, gelatins or agarose. Beads and/or particles may be free or m connection with one another
(e.g., sintered). In some embodimenis, the solid phase can be a collection of particles. In some
embodiments, the particles can comprise silica, and the silica meay comprise sihica dioxide. in some
cmbodimonts the silica can be porous, and in certain embodiments the silica can be non-porous. In some
embodiments, the particles further comprise an agent that confers a paramagnetic property to the particles,
In certain embodiments, the agent comprises a metal, and 1 certain embodiments the agent is a metal
oxide, (e.g., iron or iron oxides, where the iron oxide contfains a mixiure of Fe2+ and Fe3+). The probe
oligonucleotides may be linked to the sohd support by covalent bonds or by non-covalent interactions and
may be linked to the solid support directly or indirectly {(e.g., via an mntermediary agent such as a spacer
molecule or biotin). A probe oligonuclectide may be linked to the solid support before, during or after

nucleic acid capture.

Nucleic acid that has been modified, such as modified by the addition of adapler sequences described
herein, may be captured. In some embodiments, snmodified nucleic acad 1s captured.  Nucleic acid may

be amplified before and/or after capture, in sormme embodiments, by an amplification process such as PCR.
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The term “captured nucleic acid” generally mcludes nucleic acid that has been captured and mcludes
nucleie acid that has been captured and amplificd. Captured nucleic acid may be subjected to additional
rounds of capture and amplification, in some embodiments. Captured nucleic acid may be sequenced,

such as by a sequencing process deseribed heremn.

Detection of copy number variations in captured nucleic acid

Provided herein are methods and processes for classifving presence or absence of a copy number
variation (c.g., microduplication, microdeletion). In some embodiments, determining the presence or
absence of a copy number variation is determined according o a set of sequence reads. In some
embodiments, defermmming the presence or absence of a copy number variation is determined according to
a sequence read quantification for a segment and/or a sub-region described herein. In some embodiments,
seguence reads are ebtained from circulating cell free sample nucleic acid from a tost subject captured by
probe oligonucleotides under hybridization conditions. In some embodiments, the presence or absence of
a copy number variation is determined according o a set of consensus sequences generated from
sequence reads. In some embodiments, the presence or absence of a copy number variation is determined
according to a probe coverage quaniification. In some embodiments, determining the presence or absence
of a copy number vanation is determined according to a probe coverage quantification for a segment
and/or a sub-region described herein. A probe coverage quantification may be a quantification of
sequence reads for each probe oliponuclectide. A probe coverage quantification may be a quantification
of consensus sequences for each probe oligonucleotide. In some embodiments, the presence or absence
of a copy number variation is determined according to a nommalived probe coverage quantification (e.g., a
normalized probe coverage guantification of sequence reads for each probe oligonucleotide; a normalized
probe coverage quantification of consensus sequences for each probe oligonucleotide). In some
embodiments, determining the presence or absence of a copy mumber variation comprises a segmentiation
process. In some embodiments, determining the presence or ashsence of a copy number varnation

comprises a filtering process.

In some embodiments, delermining the presence or absence of a copy number variation is based on a
probe coverage quantification or a normalized probe coverage quantification. In some embodiments,
“based on” can include other factors such as segments, filtered segments, copy number determination or
gstimation, copy number gain or loss determmation or estimation, filtered copy number determuination or
gstimation, filtered copy number gain or loss determination or estimation, for example. The presence or

absence of a copy number vanation may be determined according (o a probe coverage quantification, or a
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normalized probe coverage guantification, for a single probe oligonucleotide, in some embodiments. The
presence or absence of a copy number variation may be determined according to a probe coverage
quantification, or a normalized probe coverage quantification, for a plurality of probe oligonucleotides, i

some embodiments.

In some embodiments, sample nucleic acid is captured by probe oligonucleotides. Tvpically, in such
embodimenis, sample nucleic acid s contacted with probe oligonucleotides under hybridization
conditions. A sample nucleic acid may comprise {or consist of} sample polynucleotides and probe
cligonucleotides may comprise probe polynucleotides complementary to sample polynoclestides in a
sample nucleic acid. In some embodmments, probe polynuclestides are complementary to a sequence ina
sub-chromosome region of interest, a segment, and/or a sub-region described herein. In some
embodiments, hybridization condition stringency permifs only probe polynucleotides with 100%
complementarity (1.e., no mismatches) to hybridize to sample nucleic acid. In some emboduments,
hybridization condition stringency permits probe polynucleotides with one or two mismatches to

hybridize to sample nucleic acid.

In some embodiments, sequence reads are mapped o portions of a reference genome. Certain methods
for mapping sequence reads to portions of a reference genome are described herein. In some
embodiments, genomic porfions are of {ixed length. In some embodiments, genomic portiens are of equal
length. In some embodiments, genomic portions are about 50 kilobases in length. Tn some embodiments,
at least two genomic portions are of unequal length, Tn some embodiments, genomic portions do not
overlap. In some embodimenis, the 37 ends of genomic portions abut the 537 end of each adjacent and

dowastroam gonomic portion. In some cmbodiments, at loast bwo gonomic portions overlap.

In some embodiments, sequence reads mapped o a reference genome are matched o probe sequences and
identified as on-target reads. In some embodiments, 2 method herein comprises identifving on-target
reads. In some embodiments, a read is identified as on-tarpet when the read aligns with a genomic region
corresponding 1o a probe oligonucleotide sequence. As described in further detail herem, probe
oligonucleotide sequences generally align to (i.e., correspond to) specific regions of a genome (eg., a
reference genome) and often comprise nucleotide sequences corresponding to certain genomic sequences
of mnterest {e.g., a sequence in a sub-chromosome region of interest, a segment, and/or a sub-region
described herein). A read that aligns to a genomic region fo which a probe oligonucleotide also aligns is
considered an on-tarset read. A sequence read may be considered on target when the entire read length

aligns to a genomic region to which a probe oligonucleotide also aligns, m some embodiments, In some
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embodiments, a read is 1dentified as on-target when part of the read aligns with a genomic region
corresponding to a probe oligonucleotide sequence, and part of the read aligns within a genomic region
adjacent to a genomic region corresponding to a probe oligonucleotide sequence. Generally, in such
instances, the read aligns to a contiguons genomic sequence comprising 1) part of a genomic region
corresponding to a probe oligonucleotide sequence and 2) a genomic region adjacent to the genomic
region corresponding to a probe oligonucleotide sequence. The latter genomic region may be located
upsiream or downstream of the genomic region corresponding (o a probe oligonucleotide sequence. For
example, a sequence read may be considered on target when part of the read (e.g., at least about 5% of the
read, 16% of the read, 20% of the read, 30% of the read, 40% of the read, 50% of the read, 60% of the
read, 70% of the read, 80% of the read, 90% of the read) with a genomic region corresponding to a probe
oligonucleotide sequence and the remainder of the read aligns 1o a genomic sequence directly upsiream or
downstream of a genomic region corresponding o a probe oligonucleotide sequence. A sequence read
may be considered on target when no pari of the read aligns to a probe seguence and the entire read length
aligns to a genomic seguence directly upstream or downstream of a genomic region corresponding to a

probe oligonucleotide sequence, in some embodiments.

A sequence comprising a probe sequence (i.e., genomic sequence corresponding 10 a probe sequence) and
additional genomic sequence upstream and/or downstream to the probe sequence may be referred to as a
padded probe sequence. A collection of padded probe sequences may be referred (o as a padded panel.

in some embodiments, a padded probe sequence comprises at least 1 nucleotide of genomic sequence
directly upstresm and/or downstream to the genomic sequence corresponding to the probe sequence. For
example, a padded probe sequence may comprise at least about 5, 10, 20, 30, 40, 50, 100, 150, 200, 250,
300, 400, 500 or 1000 nucleotides of genomic scquence diroctly upstream and/or downstream {o the
genomic sequence correspondmg to the probe sequence. In some emboduments, a padded probe sequence
comprises 2530 nucleotides of genomic sequence directly upstream and 250 nucleotides of genomic

sequence directly downstream fo the genomic sequence corresponding to the probe sequence.

Probe oligonucleotide sequences may be stored as a panel of sequences in a database. In some
embodiments, reads are aligned directly with probe oligonucleotide sequences (e.g., probe
oligonucleotide sequences stored in a table or database, with or without adjacent genomic region
sequences as described above), and such reads are identiflied as on target reads. For example, sequence
reads may be aligned to a panel of sequences in a database without first being mapped (o a reference
genome. A sequence read may be considered on target when the entire read length aligns to a probe

seguence, in some embodiments. In some embodiments, sequence reads are aligned directly to padded
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probe sequences, as described above. For example, a sequence read may be considered on target when
part of the read {(¢.g., at least about 5% of the read, 10% of the read, 20% of the read, 30% of the read,
40% of the read, 50% of the read, 66% of the read, 70% of the read, 80% of the read, 90% of the read)
aligns to a probe sequence and the remainder of the read aligns to a genomic sequence directly upstream
or downstream of the probe sequence, in some embodiments. A sequence read may be considered on
target when no part of the read aligns to a probe sequence and the entire read length aligns fo a genomic

sequence divectly upstream or downstream of the probe sequence, 1n some embodiments.

In some embodiments, a consensus sequence 1s geaerated from sequence reads. In some embodiments, a
consensus sequence is generated from sequence reads 1dentified as “on target” reads. Generally, a
consensus is generated by collapsing a set of sequence reads (e.g., reads in aread group) to generate a
single nucleotide sequence that corresponds to a unique nucleic acid molecule in the sample from which
the sequence reads were generated. Consensus sequences can be generated from read groups by any
suitable method mcluding, for example, linear or non-linear methods for consensus making dertved from
digital communication theory, information theory, or bioinformatics (e.g., averaging, voting, statistical,
dynamic programming, maximaurm a postieniort or maximum likelihood detection, Bayesian, hidden

Markov or support vector machine methods, and the like).

In some embodiments, determming the presence or absence of a copy number variation is determined
according {o a probe coverage quantification {(e.2., a probe coverage quantification for a segment and/or a
sub-region described herein, a probe coverage quantification for a sequence in a segment and/or a
sequence 1n a sub-region described herein). Probe coverage generally refers {0 a quantification of
scguence roads or conscnsus scquences mapped to cach nuclootide position in a probe oligonucleotide. In
some emboduments, determming a probe coverage (uantification comprises determining the number of
seguence reads that map at each of the nucleotide positions i a probe oligonscleotide. Sequence reads
may be shorter in length than probe oligonucleotides and/or mav partially overlap with probe
oligonucleotide sequences. Thus, the quantification of sequence reads mapped o each nucleotide in a
probe can vary along the length of a probe ohgonucleotide. Accordingly, in some embodiments,
determining a probe coverage quantification comprises delermining a quantile estimate of the population
of sequence reads mapped at cach of the nucleotide positions 1n a probe. A quantile estimate may
nclude, for example, median, mean, mode, range, and the like. In some embodiments, determining a
probe coverage gquantification comprises defermining the median number of sequence reads mapped at
each of the nucleotide positions in a probe. In some embodiments, the median number of sequence reads

mapped at each of the nucleotide positions for each probe oligonuclootide is the probe coverage
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guantification for ecach probe cligonucleotide. In some embodiments, determming a probe coverage
quantification comprises determining the number of consensus sequences that map at cach of the
nacleotide positions in a probe oligonuclectide. Consensus sequences may be shorter in length than
probe oligonucleotides and/or may partially overlap with probe ohigomuclectide sequences. Thus, the
quantification of consensus sequences mapped to each mucleotide in a probe can vary along the length of
a probe oligonucleotide. Accordingly, in some embodiments, determining a probe coverage
guantificaiion comprises determining the median nuimber of consensus sequences mapped at cach of the

nuclectide positions s a probe,

In some embodiments, determming the presence or absence of a copy number vanation 1s determined
according to a normalized probe coverage quantification. Probe coverage quantifications can be
normalized usiag a suitable normalization process, such as a normalization process described herein, In
some embodiments, normalization comprises scaling probe coverage gquantifications for cach probe
oligonucleotide for a fest sample. Scaling probe coverage quantifications for each probe oligonucleotide
generates a scaled probe coverage quantification for each probe oligonucleotide. In some embodiments,
probe coverage quantifications for cach probe are scaled accordmmg (o a probe coverage guantificalion
median for all probe oligonucleotides for a test sample. For example, probe coverage quantifications for

each probe oligonucleotide may be divided by a probe coverage quantification median.

In some embodiments, normalization comprises normakizing probe coverage guantifications according to
puanine-cytosine (CG) content for cach probe oligonucleotide for a test sample. Tn some embodiments,
normalizaiion comprises normalizing scaled probe coverage quaniifications according {0 guanine-
cytosine (CG) content for cach probe oligonucleotide for a tost sample. Normalizing probe coverage
guantifications according to GC content for each probe chigonucleotide generates a GC normalized probe
coverage guandification for each probe oligonucleotide. In some embodiments, probe coverage
guantifications are normalized by a LOESS normalization. LOESS normalization {g.g., GC LOESS) 15

described in further detail herein.

in some embodiments, normalization comprises normalizing probe coverage quantifications for a test
sample according to probe coverage quantifications obtained from reference samples. Reference samples
may comprise samples classified as not having a copy number vartation. In some embodiments, reference
samples consist of samples classified as not having a copy number variation. Accordingly, in some
embodiments, reference samples comprise or consist of samples that are euploid for each chromosome

and chromosome region tosted. Reference samples may be from human subjects. In some emboduments,
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reference samples are from female subjects. In some embodiments, reference samples are from male
gubjects. In some cmbodiments, reference samples are from male and fomale subjects. Reference samples
may include samples from one subject or may include samples from multiple subjects. Reference
samples may include one reference sample and often include a plurality of samples. For example,
reference samples may include 2, 3,4,5,6,7,8,9, 10, 11,12, 13, 14, 15, 16, 17, 18, 19, 2G, 30, 48, 50,
60, 70, 80, 90, 100 or more samples.

In some embodiments, probe coverage quantifications for a test sample are normalized according to probe
coverage quaniifications obtained from reference samples. In some embodiments, scaled probe coverage
guantifications for a test sample are normalized according to probe coverage quantifications obtained
from reference samples. In some embodiments, GC normalized probe coverage quantifications for a test
sample are nommalized according to probe coverage quantifications obtamned from reference samples. In
some embodiments, probe coverage guantifications for a test sample are nommalized according o a probe
coverage median for each probe oligonucleotide obtained from reference samples. In some embodiments,
scaled probe coverage quantifications for a test sample are normalized according (o a probe coverage
median {or cach probe oligonucicoiide oblamed from reference samples. Tn some embodimends, GC
normalized probe coverage quantifications for a test sample are normalized according to a probe coverage
median for each probe oligonucleotide obtamned from reference samples. A probe coverage median often
is determined according 1o probe coverage quantifications for the same probe across multiple reference
samples. In some embodiments, a probe coverage median 18 determined according o normalized {e.g.,
GC normalized) probe coverage quandifications for the same probe across muftiple reference samples.
Normalizing probe coverage quantifications (or scaled probe coverage guaniifications or GC normalized
probe coverage guantifications) for cach probe oligonuckeotide according o probe coverage
quantifications {e.g., probe coverage median) obtained from reference samples generates a reference

sample normalized probe coverage quantification for each probe oligonucleotide for a tost sample.

In some embodiments, normalizing according to a probe coverage median (e.g., a probe coverage median
for each probe oligonucleotide obtained from reference samples) comprises dividing each probe coverage
quantification for sach probe oligonucleotide (i, for a test sample) by a probe coverage median for each
probe oligonucleotide obtained from reference samples. Tn some embodiments, normalizing according to
a probe coverage median (e.g, a probe coverage median for cach probe oligonuclectide obtained from
reference samples) comprises dividing cach scaled probe coverage (uantification for each probe
ohigonucleotide (e, for a test sample) by a probe coverage median for each probe oligonucleotide

obtamed from reference samples. In some embodiments, normalizing according to a probe coverage
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median {¢.g., a probe coverage median for each probe oligonucleotide obtained from reference samples)
comprises dividing each GC normalized probe coverage gquantification for each probe oligonucleotide
(i.e., for a test sample) by a probe coverage median for each probe oligonucleotide obtained from
reference samples. In such embodiments, normahizing according to a probe coverage median generates a

ratio for each probe oligonucleotide.

In some embodiments, probe coverage quantifications are loganihmically transformed. For example, a
reference sample normalized probe coverage quantification for each probe oligonucleotide may be
logarithmically transformed. Logarithmically transforming a reference sample normalized probe
coverage quantification for each probe cligonucleotide gencrates a logarnthmically transtormed reference
sample normalized probe coverage quaniification for each probe oligonuclectide. In certain
embodiments, a ratio for each of the probe oligonucleotides is fogarithmically transformed.
Logarithmically transforming a ratio for each probe oligonucleotide generates a logarithmically
transformed ratio for each probe oligonuclectide. In some embodiments, a loganthmic transformation 1s a
log? transformation. Accordingly, in some embodiments, a log?2 transformed reference sample
normalized probe coverage gquaniification {or each probe oligonucleotide 1s generated. In some
embodiments, a log? ratio for each probe oligonucleotide is generated. In certain instances, a log2 ratio
of probe coverage quantifications is proportional to a log2 ratio for copy number (CN) gain or loss as

shown, for example, according 1o Equation A:

Fauation A

where “test coverage” refers to a probe coverage quaniification {(e.g., scaled probe coverage
guanitfication, normalized probe coverage quantification) for a probe oligonucleotide for a test sample;
“normal coverage™ refers to a probe coverage quantification (e.g., probe coverage median) for a probe
oligonucleotide obtamed from reference samples; and CN is the copy number gain or copy nuraber loss
for a segment represented by a probe cligonucicotide (1.e., a segment containing a sequence wdentical or

substantially identical to a probe ohgonucleotide sequence).

A pomnalized probe coverage quantification {or a probe oligonuacieotide for a test sample may refer to any
normalized probe coverage quantification described hereim or any suitable variation thereof. For

example, a normalized probe coverage quandification for a probe oligonucleotide for a test sample may
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refer to a scaled probe coverage quantification for a probe oligonucleotide for a test sample. In certain
mstances, a normalized probe coverage quantification for a probe ohigonucleotide for a test sample may
refer to a GC normalized probe coverage guantification for a probe oligomucleotide for a test sample. In
certain mnstances, a normalized probe coverage guantification for a probe oligonucleotide for a test sample
may refer to a reference sample nomalized probe coverage quantification for a probe oligonucleotide for
a test sample. In cortain instances, a normalized probe coverage quantification for a probe
oligonucleoiide for a fest sample may refer (o a ratio for a probe ohigonucleotide for a test sample. In
certain mstances, a normalized probe coverage quantification for a probe oligonuclectide for a test sample
may refer to a logarithmically transformed reference sample normalized probe coverage quantification for
a probe ohigonucleotide for a test sample. In certain instances, a normalized probe coverage
guantification for a probe oligonucleotide for a test sample may refer to a logarithmically transformed
ratio for a probe oligonucleotide for a test sample. In certain instances, a normalized probe coverage
guaniification for a probe cligonucleotide for a test sample may refer to a log2 transformed reference
sample normalized probe coverage guantification for a probe ohgonucleotide for a test sample. In certain
mstances, a normalized probe coverage quantification for a probe oligonucleotide for a test sample may

refer {o a log? ratio for a probe cligonucleotide lor a tost sample.

In some embodiments, a segmentation process 1s applied to identify a segment or segments{e.g., a
segment spanning a copy number variation}. Any suiiable segmentation process may be ntilized,
meluding without linatation a circular binary segmentation (CBS) process. Other processes could be
utilived mstead of, or in addition to, CBS, non-limiting examples of which include wavelet segmentation
{e.g., Haar wavelet segmentation), Fourier fransformation, shiding window z-scores, and Markov chain

models.

In some embodiments, a segmentation process is applied to ideniifv a segment according to a probe
soverage guantification for each probe oligonucleotide. In some embodiments, a segmentation process 1s
applied to identfy a segment according to a normalized probe coverage quantification for each probe
oligonucleozde. A segment sometimes includes multiple probe oligonucleotides (1.., muliiple probe
oligonucleotides having probe coverage quantifications indicative of a copy number variaiion gain or
loss). A segmentation process sometimes provides a start and end position for each segment (e.g., a start
and end position according o genomic coordinates; a start and end posttion according to a probe mndex), a
copy number variation quantification for the segment, and optionally a measure of confidence for the
segment. In some embodiments, positions for each end of each segment (e.g., according to a probe

index), and a probe coverage guantification, is provided for cach segment. In some embodunents,
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positions for each end of cach segment {c.g., according to a probe mndex), and a normalized probe
coverage quantification, 1s provided for cach scgment. In some embodiments, one or more genes that

overlap with each segment are identified.

In some embodiments, the number of copies of each segment is determined or estimated according to a
probe coverage quantification associated with cach segment. In some embodiments, the number of copies
of cach segment is determined or estimated according o a normalized probe coverage quantification
associated with each segment. Determining or estimating the number of copies of each segment provides
a copy number (CN) gain or copy number {CN) loss for each of segment. In some embodiments, a copy
number {CN) gain or copy nummber {TN} loss for each segment 1s determmned or estimated according to a
transformation of segment median coverage for each segment. Thus, in certain instances, a segment
median coverage is determined according to probe coverage quantifications for probe oligonucleotides in
a segment. In some embodiments, a copy number (CN) gain or copy number {CN) loss for a scgment 1
determined or estimated according to a transformation of segment median coverage log? ratio for each
segment.  Thus, in certain instances, a median log?2 ratio is determined according to probe coverage
guaniifications for probe oligonucleotides in a segment. In other words, the median log2 ratio {or probe
oligonucleotides in a segment is used for determining or estimating copy number (CN} gain or copy
number (CN) loss for a segment. For example, a copy number gain or copy mumber loss for a segment

may be determmed or estimated according to Equation B:

(N =2 # (p{egmentmedian loglmatio) |y Equation B

whore ON i the copy number gain or copy number loss for cach scgment.

In some embodiments, segments are filtered (e g, removed from consideration). Segments may be
filtered according to one or more of probe coverage quantification associated with a segment, normalized
probe coverage quantification associated with a segment, and copy number gain or copy number loss for a
segment. Filtering segments generally provides a set of retained filtered segments. Segments often are
coupled to a corresponding copy number quantification, and segments for which the absolute value of the
corresponding copy number quantification is between 0 and about | (for candidate duplications) or
between (0 and about 0.9 (for candidale deletions} often are filtered away as part of a noise reduction
filtering process. In some embodiments, segments for which there is a 1 or greater copy mumber gain (for
candidate duplications) may be retained as filtered segments. For example, segments for which there is a

1L, 02,03, 14,135,1.6,1.7,1.8,19,2,3,4,5,6,7. 8,9, 10 or greater copy number gain mav be

2
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retained as filiered segments. In some embodiments, segments for which there 15 a 0.9 or greater copy
number loss (for candidate deletions) may be retained as filtered segments. As copy number
quantifications for candidate deletions generally fall below zero, “a 0.9 or greater copy number loss”
corresponds 1o the absolute value of a copy mumber quantification for a candidate deletion. Thas, for
example, segments for which there 18209, 1.0,1.2, 13,14, 1.5, 1.6, 1.7, 1.8, 1.9, or 2 copy number loss
may be retained as filtered scgments. In other words, scgments having a copy number quantification of -

69,-10,-12,-13 -1.4,-15,-1.6,-1.7, -1.8,~-1.9, or -2 may be retained as filtered segments.

Nucleic acid sequencing and processing

Methods provided herein generally mclude nucleic acid sequencing and analysis. In some embodiments,
nucleic acid 18 sequenced and the sequencing product (e.g., a collection of sequence reads) 1s processed
prior to, or in conjunction with, an analvsis of the sequenced nucleic acid. For example, sequence reads
may be processed according to one or more of the following: aligning, mapping, filiering portions,
selecting portions, counting, normalizing, weighting, generating a profile, and the like, and combinations
thereof. Certain processing steps mayv be perfonmed in any order and certain processing steps may be
repeated. For example, portions may be filtered followed by sequence read count normalization, and, in
certain ernbodimentis, sequence read counts may be normalized followed by portion filtering. In some
embodiments, a portion filtering step 1s followed by sequence read count normalization followed by a
further portion filtering step. Certain sequencing methods and processing steps are described in further

detail below.

Sequencing

In some embodiments, nucleic acid {e.g., nucleic acid fragments, sample nucleic acid, cell-free nucleic
acid) 18 sequenced. Iu certain mstances, a full or substantially foll sequence is obtained and sometimes a
partial sequence is obtamned. Nucleic acid sequencing generally produces a collection of sequence reads.

2% 8¢

As used herein, “reads”™ (e.g., “aread,” “a sequence read”) are short nucleotide sequences produced by
any sequencing process described herein or known n the art. Reads can be gencrated from one end of
nucleic acid fragments ("single-end reads”), and sometimes are generated from both ends of nucleic acid

fragments (e.g., pared-end reads, double-end reads).

The length of a sequence read is often associated with the particular sequencing technology. High-
throughput methods, for example, provide sequence reads that can vary in size from tens to hundreds of

hase pairs (bp). Nanopore sequencing, for example, can provide sequence reads that can vary i size from
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tens to hundreds to thousands of base pairs. In some embodiments, sequence reads are of a mean,
median, average or absolute length of about 15 bp to about 900 bp long. In certain embodiments
sequence reads are of a mean, median, average or absolute length of about 1000 bp or more. In some
embodiments sequence reads are of a mean, median, average or absclute length of about 1360, 2000,
2300, 3000, 3500, 4000, 4500, or 3000 bp or more. In some embodiments, sequence reads are of a mean,
median, average or absolute length of about 100 bp to about 200 bp. In some embodiments, sequence
reads are of a mear, median, average or absolute length of about 140 bp to about 160 bp. For example,
sequence reads may be of a mean, median, average or absolute length of about 140, 141, 142, 143, 144,
145, 146, 147, 148, 149, 150, 151, 152, 153, 154, 155, 156, 157, 158, 159 or 160 bp.

In some embodiments the nominal, average, mean or absolute length of single-end reads sometimes 15
about 10 continuous nucleotides to about 250 or more contignous nucleotides, about 13 condiguous
nucieotides o about 200 or more contiguous nucleotides, about 15 contigeons nucleotides to about 150 or
more contiguous nucleotides, about 15 contignous nucleotides to about 125 or more contiguous
nucleotides, about 15 contiguous nucleotides to about 100 or more contiguous nucleotides, about 15
contiguous nucleotides to about 73 or more contiguous nucleotides, aboul 15 contiguous nucleotides o
about 60 or more contiguous nucleotides, 15 contiguous nucleotides to about 50 or more contiguous
nucleotides, about 13 contignous nucleotides to about 40 or more contignous pucleotides, and sometimes
about 15 contiguous nucleotides or about 36 or more contiguous muclectides. In certain embodiments the
nominal, average, mean or absolute length of single-end reads is about 20 to about 30 bases, or about 24
to about 28 bases in length. In certain embodiments the nominal, average, mean or absolute length of
single-end reads is about 1,2, 3. 4,5, 6,7.8,9, 10, 11, 12,13, 14, 15, 16, 17, 18, 19, 21. 22, 23, 24 25,
26, 27, 28 or about 29 basos or more in length. In corlain cmbodiments the nominal, average, mean or
absolute length of single-end reads 15 about 20 1o about 200 bases, about 100 to about 200 bases, or about
140 to about 160 bases 1o length. [n certain embodiments the nominal, average, mean or absolute length
of single-end reads is about 30, 40, 30, 60, 70, 80, 90, 100, 110, 120, 130, 140, 150, 160, 170, 180, 190,
or about 200 bases or more in lengih. In ceriain embodiments, the nominal, average, mean or absolute
length of pared-end reads sometines is about 10 contiguous nucleotides to about 25 contiguous
mucleotides or more {e.g., about 10, 11, 12,13, 14, 15,16, 17,18, 19, 20, 21,22, 23, 24 or 25 nucleotides
int length or more), about 13 contiguous nucleotides to about 20 contiguous nucleotides or more, and
soretimes is about 17 contiguous necleotides or about 18 contiguous nucleotides. In certam
embodiments, the nominal, average, mean or absolule length of paired-end reads sometimes is about 23
contiguous nucleotides to about 400 contiguous nucleotides or more (e.g., about 23, 30, 40, 50, 60, 70, 80,

GG, 160, 110, 120, 130, 140, 150, 160, 170, 180, 190, 200, 210, 220, 230, 240, 250, 260, 270, 280, 290,
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300, 310, 320, 330, 340, 350, 360, 370, 380, 390, or 400 nucleotides in length or more), about 50
contiguous nucleotides to about 350 contiguous nucleotides or more, about 100 contiguous nucleotides to
about 323 contiguous nucleotides, about 130 contiguous nucleotides to about 323 contignous nucleotides,
about 200 contiguous nucleotides to about 325 contiguous nuclectides, aboul 275 contiguous nuclectides
1o about 310 contiguous nucleotides, about 100 contiguous nucleotides to about 200 contiguous
nucleotides, about 100 contiguous nucleotides to about 173 contiguous nucleotides, about 123 contiguous
nuclootides to about 175 contiguous nucleotides, and sometimes 1s about 140 contiguous nucleotides to
about 160 contiguous nucleotides. In certain embodiments, the nominal, average, mean, or absolute
length of paired-end reads is about 130 contignous nucleotides, and sometimes is 150 contiguons

nucleotides.

In some embodiments, sucleotide sequence reads obtained from a sample are partial nucleotide sequence
reads. As used herein, “partial nucleotide sequence reads™ refers to sequence reads of any length with
mcomplete sequence information, also referred to as sequence ambiguity. Partial nucleotide sequence
reads may lack information regarding nuclechase wdentity and/or muclecbase position or order. Partial
nucleotide sequence reads generally do not include sequence reads in which the only incomplete sequence
mformation (or in which less than all of the bases are sequenced or determined) is from madvertent or
unintentional sequencing errors. Such sequencing errors can be inherent to certain sequencing processes
and include, for example, incorrect calls for nucleobase identity, and missing or extra nuclecbases. Thus,
for partial nucleotide sequence reads herein, certain information about the sequence is ofien deliberately
excluded. That is, one deliberately obtains sequence information with respect to less than all of the
nucleobases or which might otherwise be characterized as or be a sequencing error. In some
smbodiments, a partial nucleotide sequence read can span a portion of a nucleic acid fragment. In some
embodiments, a partial nucleotide sequence read can span the entire length of a nucleic acid fragment.
Partial nucleotide sequence reads are described, for example, in International Patent Application

Publication No. W0O2013/052907.

Reads generally are representations of nucleotide sequences in a physical nucleic acid. Forexample, in a
read contamning an ATGC depiciion of a sequence, "A" represends an adenine nucleotide, "T" represents a

we

thymine nucleotide, "(G" represents a guanine nucleotide and "C" represents a cytosine nucleotide, in a
physical nucleic acid. Sequence reads obtained from a sample from a subject can be reads from a mixture
of a minonty mucleic acid and a majority nucleic acid. Fer example, sequence reads obtained from the

blood of a cancer patient can be reads from a mixture of cancer nucleic acid and non-~cancer nucleic acid.

v
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In another example, sequence reads obtamed from the blood of a pregnant female can be reads from a
mixture of fetal nucleic acid and maternal nucleic acid. A mixture of relatively short reads can be
transformed by processes described herein into a representation of genomic nucleic acid present in the
subject, and/or a representation of genomic nucleic acid present in a tumor or a fetos. In cerfain mstances,
a mixture of relatively short reads can be transformed into a representation of a copy number alteration, a
genetic variation/genetic alteration or an ancuploidy, for example. In one example, reads of a mixture of
cancer and non-cancer nucleic acid can be transformed into a representation of a compostie chromosome
or a part thereof comprising features of one or both cancer cell and non-cancer cell chromosomes. In
another example, reads of a mixture of maternal and fetal nucleic acid can be transformed into a
representation of a composite chromosome or a part thereof comprising features of one or both maternal

and fetal chromosomes.

in some instances, circalating cell free nucleic acid fragmenis (CCF fragments) obtained from 2 cancer
patient comprise nucleic acid fragments origimating from normal cells (1.e., non-cancer fragments) and
nucleic acid fragments origmating from cancer cells (1.¢., cancer fragments). Sequence reads derived
from CCF fragmends originatmg from normal cells (i.¢., non-cancerous cells) are referred o heremn as
“non~-cancer reads.” Sequence reads derived from CCF fragments originating from cancer cells are
referred to herein as “cancer reads.” CCF fragments from which non-cancer reads are obtamed may be
referred to herein as non-cancer templaies and CCF fragments from which cancer reads are obtaned may

be referred herem to as cancer termplates,

Ia some instances, circulating cell free nucleic acid fragments (CCF fragments) obtained from a pregnant
female comprisc nucleic acid fragments originating from fotal cells (1o, fotal fragments) and nucleic acid
fragments origmating from maternal cells {i.e., maternal fragments). Sequence reads derived from CCF
fragments ongmating from a fetus are referred to herein as “fetal reads.” Sequence reads derived from
CCF fragments originating from the genome of a pregnant female (2.2., a mother) bearing a fetus are
referred (o herein as “malernal reads.” CCF fragments from which fetal reads are obtained are referred to
herein as fetal templates and CCF fragments from which maternal reads are obtained are referred herein

to as maternal templates.

In certain emboediments, “obtaining” nucleic acid sequence reads of a sample from a subject and/or
“oblaining” nucleic acid sequence reads of a biclogical specimen from one or more reference persons can
mvolve directly sequencing nucleic acid to obtain the sequence mformation. In some embodiments,

“obtaining” can mvolve receiving sequence mformation obtained directly from a nucleic acid by another.

6
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In some embodiments, some or all nucleic acids in a sample are eariched and/or amplified (c.g., non-
specifically, e.g., bv a PCR based method) prior to or during sequencing. In certain embodiments specific
nucleic acid species or subsets in a sample are enriched and/or amphified prior to or during sequencing. In
some embodiments, a species or subset of a pre-selected pool of nucleic acids is sequenced randomly. In
some embodiments, nucleic acids in a sample are not enriched and/or amphfied prior to or during

SCQUEnCing.

In some embodiments, a representative fraction of a genome is sequenced and is sometimes referved to as
“coverage” or “fold coverage.” For exampie, a 1-fold coverage indicates that roughly 160% of the
nucleotide sequences of the genome are represented by reads. In some instances, fold coverage is referred
to as (and is directly proportional to)} “sequencing depth.” In some embodiments, “fold coverage™ 15 a
relative terma referring to a prior sequencing rus as a reference. For example, a second sequencing run
may have 2-old less coverage than a first sequencing run. In some embodiments a genome is sequenced
with redundancy, where a given region of the genome can be covered by twe or more reads or
overlapping reads (¢.g., a “{old coverage” greater than 1, o.g., a 2-fold coverage). In some embodiments,
a genome {¢.5., a whole genome) is sequenced with about 0.01-fold o about 100-fold coverage, about

. 1-fold to 20-fold coverage, or about 0.1-fold to about 1-fold coverage {e.g., about £.015-, 0.02-, 4.03-,
0.04-, 0.05-,0.06-, 0.07- 0.08- 0.09- 0.1~ 02~ 0.3- 0.4- 0.5, 0.6- 0.7- 0.8- 0.9~ 1 2= 3- 4 5- 6-.

2

7-, 8-, 9=, 10, 13-, 20-, 30-, 40-, 30-, 60-, 70-, 80-, 90-fold or greater coverage). In some smbodiments,
specific parts of a genome (e.g., genomic parts from targeted and/or probe-based methods) are sequenced
and fold coverage values generally refer to the fraction of the specific genomic parts sequenced (i.¢., fold
coverage values do not refer to the wholo genome). In somo instances, specific gonomic parls are
sequenced at 1000-fold coverage or more. For example, specific genomic parts may be sequenced at
2000-fold, 5,000-fold, 16,000-fold, 20,000-fold, 30,600-fold, 40,0600-fold or 50,000~-fold coverage. In
some embodiments, sequencing is at about 1,000-fold to about 100,000-fold coverage. In some
embodiments, sequencing is at about 10,000-fold o about 70,000-fold coverage. In some embodiunents,
sequencing 1s at about 20,000-fold to about 60,000-fold coverage. In some embodiments, sequencing 1s

at about 30,0600-fold to about 50,000-fold coverage.

In smme embodiments, one nucleic acid sample {rom one individual s sequenced. In certain
emabodiments, nucleic acids from each of two or more samples are sequenced, where samples are from
one dividual or from different mdividuals. In certain embodiments, nucleic acid samples from two or

more biological samples are pooled, where each biological sample is from one mdividual or two or more
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mdividuals, and the pool 1s sequenced. In the latter embodiments, a nucleic acid sample from cach

biological sample often 15 identified by one or more unique 1dentifiers.

in some embodiments, a scquencing mothod utilizes identifiors that allow multiploxing of sequence

reactions in a sequencing process. The greater the number of unique identifiers, the greater the nomber of
samples and/or chromosomes for detection, for example, that can be multiplexed in a sequencing process.
A seguencing process can be performed using any suitable number of unique identifiers (e.g., 4, §, 12, 24,

4%, 96, or more).

A sequencing process sometimes makes use of a solid phase, and sometimes the solid phase comprises a
flow cell on which nucleic acid from a library can be attached and reagents can be flowed and contacted
with the attached nucleic acid. A flow cell sometimes mchides flow cell lanes, and use of identifiers can
facilitate analyzing a number of samples in each lane. A flow cell often is a sohd support that can be
configured to retamn and/or allow the orderly passage of reagent solutions over bound analytes. Flow cells
frequently are planar in shape, optically transparent, generally in the millimeter or sub-millimeter scale,
and olten have charmels or lanes 1o which the analyle/reagont inleraction occurs. In some embodinenis
the number of samples analyzed in a given flow cell lane is dependent on the number of unigoe identifiers
uiilized during library preparation and/or probe design. Mulliplexing using 12 identifiers, for example,
allows simultancous analysis of 96 samples (e.2., egual to the number of wells in a 96 well microwell
plate) m an 8 lane flow cell. Similarly, muliiplexing using 48 wdentifiers, for example, allows
simultancous analysis of 384 samples (e.g., equal {o the number of wells in a 384 well microwell plate) in
an 8 lane flow cell. Non-luniting examples of commercially available multiplex sequenciag kils mnchude
Mumina’s multiplexing sample preparation oligonucleotide kit and multiploxing sequencing primers and

PhiX control kit (e.g., Ithuming’s catalog numbers PE-400-1001 and PE-400-1602, respectively).

Any suitable method of sequencing nucleic acids can be used, non-limiting examples of which include
Maxim & Gilbert, chain-termination methods, sequencing by svnthesis, sequencing by ligation,
sequencing by mass spectrometry, microscopv-based techniques, the like or combinations thereof. In
some embodiments, a first generation technology, such as, for example, Sanger sequencing methods
including automated Sanger sequencing methods, including microfluidic Sanger sequencing, can be used
in a method provided herein. In some embodiments, sequencing technologies that include the wse of
nucleic acid imaging technologies (e.g., transmission electron microscopy (TEM) and atomic force
microscopy (AFM)), can be used. Tn some embodiments, a high-throughput sequencing method 1s used.

High-throughput sequencing methods generally mmvolve clonally amplified DNA templates or single DNA
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molecules that are sequenced in a massively parallel fashion, sometimes within a flow cell. Next
generation (e.g., Znd and 3rd generation) sequencing techniques capable of sequencing DNA na
massively parallel fashion can be used for methods described herein and are collectively referred to herein
as “magssively parallel sequencing” (MPS). In some embodiments, MPS segoencing methods ntilize a
targeted approach, where specific chromosomes, genes or regions of interest are sequenced. In certain
embodiments, a non-~targeted approach is used where most or all nucleic acids in a sample are sequenced,

amplified and/or captured randomly.

In some embodiments a targeted envichment, amplification and/or sequencing approach is used. A
targeted approach often isolates, selects and/or enriches a subset of nucleic acids m a sample for further
processing by use of sequence-specific oligonucleotides. In some embodiments a library of sequence-
specific cligonucleotides are utilized to target (e.g., hvbridize to) one or more sets of nucleic acids in a
sample. Sequence-specific oligonuclectides and/or primers are ofien selective for particalar sequences
{e.g., unique nucleic acid sequences) present in one or more chromosomes, genes, exons, infrons, and/or
regulatory regions of interest. Any suitable method or combination of methods can be used for
enrichment, amplification and/or sequencmg of one or more subsets of targeted nucleic acids. In some
embodiments targeted sequences are isolated and/or enriched by capture to a solid phase (e.g., a flow cell,
a bead) using one or more sequence-specific anchors. In some embodiments targeted sequences are
enriched and/or amplified by a polymerase-based method (e.g., a PCR-based method, by any suitable
polvmerase based exiension} using sequence-specific priners and/or primer sets.  Sequence specific

anchors often can be used as sequence-specific primers.

MPS scquencing somcetimes makes use of sequencing by synthesis and cortain imaging procosscs. A
nucleic acid sequencing technology that may be used in a method described herein is sequencmg-by-~
synthesis and reversible termmator-based sequencing {(e.g., Nomma’s Genome Analyzer; Genome
Analyzer I1; HISEQ 2000; HISEQ 2500 (IHumina, San Diego CA)). With this technology, millions of
nucleic acid (e.g., DNA) fragments can be sequenced in parallel. In one example of this type of
sequencing {echnology, a flow cell 1s used which contains an optically transparent shde with 8 individual

fanes on the surfaces of which are bound ohgonucleotide anchors {¢.g., adapier primers).

Sequenciag by synthesis generally is performed by iteratively addiag (e g, by covalent addition) a
nucleotide to a primer or preexisting nucleic acid strand in a template directed manner. Each iterative
addition of a nucleotide 15 detected and the process is repeated multiple times until a sequence of a nucleic

acid strand is obtained. The length of a sequence obtained depends, in part, on the number of addition
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and detection steps that are performed. In some embodiments of scquencing by svathesis, one, two, three
or more nucleotides of the same type (e.g., A, G, C or '} are added and detected n a round of nucleotide
addition. Nucleotides can be added by any suitable method (e.g., enzymatically or chemically). For
example, in some embodiments a polvimerase or a ligase adds a nuclectide to a primer or (o a precxisting
nucleic acid strand in a template directed manner. In some embodiments of sequencing by synthesis,
different tvpes of nucleotides, nucleotide analogues and/or identificrs are used. In some embodiments
reversible terminators and/or removable (e.g., cleavable) ideniafiers are used. In some embodunents
fluorescent labeled nucleotides and/or nucleotide analogues are used. In certain embodiments sequencing
by synthesis comprises 4 cleavage (e.g., cleavage and removal of an identifier) and/or a washing step. In
some embodiments the addition of one or more nucleotides is detected by a suitable method described
herein or known in the art, non-limiting examples of which include any suitable imaging apparatus, a
suitable camera, a digital camera, a CCD (Charge Couple Device) based imaging apparatus {e.g., a CCD
camera), a CMOS (Complementary Metal Gxade Silicon) based imaging apparatus {e.g., a CMOS
camera), a photo diode {e.g., a photomultiplier tube), electron microscopy, a field-effect transistor {e.g., a
DNA field-effect transistor), an ISFET ion sensor {e.g., a CHEMFET sensor), the like or combinations

thercof.

Any suitable MPS method, system or technology plaiform for conducting methods described herein can
be used o obtam nucleic acid sequence reads. Non-himiting examples of MPS platforms mclude
THumina/Soles/HiSeq (e.g., Hlumina’s Genome Analyzer; Genome Analyzer I1; HISEQ 2000; HISEQ),
SOLiD, Roche/d54, PACBIO and/or SMRT, Helicos True Single Molecule Sequencing, Ton Torrent and
{on semiconductor-based sequencing {e.g., as developed by Life Technologies), WildFire, 3500, 3500x1
W and/or 5500« W Genetic Analy zer based technologics (o.g., as doveloped and sold by Life
Technologies, U.S. Patent Apphcation Publication No. 2013/0012399); Polony sequencing,
Pyrosequencing, Massively Parallel Signature Sequencing (MPS8), RMNA polymerase (RNAP)
sequencing, LaserGen systeras and methods, Nanopore-based platforms, chemical-sensitive field effect
transistor {CHEMFET) array, electron microscopy -based sequencing {e.g., as developed by Z8 Genetics,
Haleyon Molecular), nanoball sequencing, the hke or combinations thereof. Other sequencing methods
that may be used to conduct methods herein include digital PCR, sequencing by hybridization, nanopore
sequencing, chromosome-specific sequencing (¢.g., using DANSR (digital analysis of selected regions)

technology.

In some embodiments, sequence reads are generated, obtained, gathered, assembled, manmpulated,

transformed, processed, and/or provided by a sequence module. A machine comprising a sequence
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module can be a switable machine and/or apparatus that determines the sequence of a nucleic acid
vtilizing a sequencing technology known m the art. In some embodiments a sequence module can abgn,
assemble, fragment, complement, reverse complement, and/or exror check (e.g., error correct sequence

reads ).

Mapping reads

Sequence reads can be mapped and the number of reads mapping to a specified nucleic acid region (e.g., a
chromosome or portion thereof) are referred to as counts. Anv suitable mapping method (e.g., process,
algorithm, program, software, module, the like or combination thereof) can be used. Certan aspects of

mapping processes are described hereafter.

Mapping nucleotide sequence reads (1.e., sequence imformation from a fragment whose physical genomic
position is unknown) can be performed in a number of ways, and often comprises alignment of the
obtained sequence reads with a matching sequence in a reference genome. In such alignments, sequence
reads generatly are aligned 1o a reference sequence and those that align are designated as being "mapped,”
as "a mapped sequence read” or as “a mapped read.” In certam embodiments, a mapped sequence read 1s
referred to as a2 “hit” or “count.” In some embodiments, mapped sequence reads are grouped together
according to various parameters and assigned to particular genomic portions, which are discussed in

further detail below.

The terms “aligned,” “alignment,” or “aligning” generally refor to two or more nucleic acid sequences
that can be identified as a match (e.g., 100% tdentity) or partial match. Alignments can be done manually
or by a computer (e.g., a software, program, module, or algorithm), non-limiting examples of which
mchude the Efficient Local Alignment of Nucleotide Data (ELAND) computer program distributed as part
of the Humia Genomics Analysis pipeline. Alignment of a seguence read can be a 100% sequence
match, In some cases, an alignment is less than a 100% sequence match (i.e., non-perfect match, partial
maich, partial alignment). In some embodiments an aligranent 15 about a 99%, 98%, 97%, 96%, 95%,
94%, 93%, 92%, 91%, 90%, 89%, 88%, 87%%, 86%%6, 85%, 84%%, 83%, 82%, 81%, 80%, 79%, 78%, 77%,
76% or 75% match. In some embodiments, an alignment comprises a mismatch. In some embodiments,
an alignment comprises 1, 2, 3, 4 or 5 nusmatches. Two or more sequences can be aligned using either
sirand {c.g., sense or antisense sirand}. In certain embodimenis a nucleic acid sequence 1s ahgned with

the reverse complement of another nucleic acid sequence.
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Various computational methods can be used to map cach sequence read to a portion. Non-limiting
cxamples of computer algorithms that can be used to align sequences include, without limitation, BLAST,
BLITZ, FASTA, BOWTIE 1, BOWTIE 2, ELAND, MAQ, PROBEMATCH, SOAP, BWA or SEQMAP,
or variations thereof or combinations thereof. In some embodiments, scguence reads can be aligned with
sequences in a reference genome. In some embodiments, sequence reads can be found and/or aligned
with sequences in nucleic acid databases known in the art meluding, for example, GenBank, dbEST,
dbSTS, EMBI. (European Molecular Biology Laboratory) and DDBI (DNA Databank of Japan). BLAST
or similar tools can be used to search identified sequences against a sequence database. Search hits can

then be used to sort the identified sequences into appropriate portions {(described hereafter), for example.

In some embodiments, a read mayv uniquely or non~-uniquely map to portions in a reference genome. A
read is considered as “vniquely mapped” if it aligns with a single sequence in the reference genome. A
read 1 considered as “non-umquely mapped” if i aligns with two or more sequences in the reference
genome. In some embodiments, non-umquely mapped reads are eliminated from further analysis {e.g.
quantification). A certain, small degree of mismatch (0-1) may be allowed to account for single
nucleotide polymorphisms that may exist between the reflercnce genome and the reads from individual
samples being mapped, in certain embodiments. In some embodiments, no degree of mismatch is allowed

for a read mapped to a reference sequence.

As used herein, the term “reference genome” can refer to any particular known, sequenced or
characterized genome, whether partial or complete, of any organism or virus which may be used to
reference identified sequences from a subject. For example. a reference genome used for human subjects
as woll as many other crganisms can be found at the National Center for Bioctechnology Information at
World Wide Web URL ncbinlm.nih.gov, A “genome” refers to the complete genetic information of an
organism or virus, expressed s nucleic acid sequences. As used heren, a reference sequence or reference
genoine often is an assembled or partially assembled genomic sequence from an individual or multiple
mdividuals. In some embodiments, a reference genome is an assembled or partially assembled genomic
sequence from one or more human 1ndividuals. In some embodiments, a reference genome comprises

sequences assigned to chromosomes.

In certain embodimenis, mappability is assessed for a genomic region {e.g., portion, genomic porlion).
Mappability is the ability to anambiguously align a nucleotide sequence read to a portion of a reference
genome, typically up to a specified number of mismatches, including, for example, 0, 1, 2 or more

mismatches. For a given genomic region, the expected mappability can be estimated using a sliding-
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window approach of a preset read length and averaging the resulting read-level mappability values.
Genomie regions comprising stretches of nnique nucleotide sequence sometimes have a high mappability

value.

For paired-end sequencing, reads mav be mapped to a reference genome by use of a suitable mapping
and/or alignment program, non-limiting examples of which mclude BWA (Li H. and Durbin R,

QOO Bivinformatics 25, 1754-60), Novoalign {Novoeraft (2010}, Bowue (Langmead B, et al, (2009)
Genome Biol, 10:R25), SOAP2 (L1 R, et al., (2009) Bioinformatics 25, 1966-67), BFAST (Homer N, et
al., (2009) PLoS ONE 4, 7767, GASSST (Rizk, G. and Lavenier, D. (2010) Biotnformaiics 26, 2534
2540}, and MPscan (Ravals B, et al. 2009) Leciure Noites in Computer Science 3724, 246-260), and the
fike. Paired-end reads may be mapped and/or aligned using a suitable short read alignment prograr,
Non-limiting examples of short read alignment programs include BarraCUDA, BFAST, BLASTN,
BLAT, Bowtie, BWA, CASHX, CUDA-EC, CUSHAW, CUSHAW?2, drFAST, ELAND, ERNE,
GNUMAP, GEM, GensearchNGS, GMAP, Genetous Assembler, iISAAC, LAST, MAQ, mrFAST,
mrsFAST, MOSAIK, MPscan, Novealign, NovoahsnCS, Novoeraft, NextGENe, Omixon, PALMapper,
Partck , PASS, PerM, QPalma, RazerS, REAL, cREAL, RMAP, 1NA, RTG, Scgomehl, SegMap, Shrec,
SHRIMP, SLIDER, 8OAP, SOAPZ, SOAP3, SOCS, SSAHA, SSAHA?2, Stampy, SToRM, Subread,
Subjune, Taipan, UGENE, VelociMapper, TimeLlogic, XpressAlign, ZOOM, the like or combinations
thereof. Paired-end reads are often mapped to opposing ends of the same polynucleotide fragment,
according fo a reference genome. In some embodiments, read mates are mapped independently, Tn some
embodiments, information from both sequence reads (i.e., from each end) is factored in the mapping
process. A reference genome 18 often used to determine and/or infer the sequence of nucleic acids located
betwoen paired-cnd read mates. The torm “discordant road pairs”™ as used herein refers o a paired-cnd
read comprising a pair of read mates, where one or both read mates fail to unambiguously map to the
same region of a reference genome defined, in part, by a segiment of contiguous nucleotides. In some
gmbodiments discordant read pairs are paired-end read mates that map to unexpected locations of a
reference genome. Non-limiting examples of unexpected locations of a reference genome imclude (i) two
different chromosomes, (11} locations separated by more than a predetermined fragment size {e.g., more
than 300 bp, more than 500 bp, more than 1000 bp, more than 5000 bp, or more than 10,000 bp), (iti) an
orientation inconsistent with a reference sequence (o.g., opposite orientations), the like or a combination
thereof. In some embodiments discordant read mates are ideatiflied according fo a length (e.g., an average
length, a predetermined fragment size) or expected length of templale polyvnucleotide fragments in a
sample. For example, read mates that map (o a location that is separated by more than the average length

or gxpected length of polynuclootide fragments in a sample are sometimes identified as discordant read
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pairs. Read pairs that map in oppostic orientation are sometimes determined by taking the reverse
complement of one of the reads and comparing the aligament of both reads using the same strand of a
reference sequence. Discordant read pairs can be identified by any suitable method and/or algorithm
known n the art or described herein (e.g., SV Detect, Lumpy, BreskDancer, BreakDancerMax, CREST,

DELLY, the like or combinations thereof}.

Portions

In some embodiments, mapped sequence reads are grouped together according to various parameters and
assigned to particular genomuic portions (e.g., portions of a reference genome). A “portion” also may be
referred (o herein as a “genomic section,” “bin,” “partition,” “portion of a reference genome,” “portion of

a chromosome” or "genomic portion.”

A portion often is defined by partitioning of a genome according to one or more features. Non-limiting
examples of certain partitioning features include length {e.g., fixed lengih, non-fixed length) and other
structural features. Genomic portions sometimes incluade one or more of the following featires: fixed
length, non-fixed length, random length, non-random length, equal length, unequal length {¢.g., at least
two of the genomic portions are of unequal length), do not overlap (e.g., the 37 ends of the genomic
poriions sometimes abut the 57 ends of adjacent genomic portions), overlap {e.g., at least two of the
genomic porlions overlap), contiguous, consecufive, not contiguous, and not consecative. Genomic
portions sometimes are about | to about 1,000 kilobases in length (e.g., about 2,3, 4,5,6,7, 8,9, 10, 15,
20,25,30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95, 100, 200, 300, 400, 500, 600, 700, 800, 900
kilobases in length), about 3 to about 300 kilobases in length, about 10 to about 100 kilobases in length,

or about 40 1o about 60 kilobases in length.

Partitioning sometimes is based on, or is based m part on, certam mformational foatures, such as,
nformation content and information gain, for example. Non-limiting examples of certain informational
features include speed and/or convenience of alignment, sequencing coverage variability, GC content
{e.g., stratified GC content, particular GC conients, high or low GC content), wmiformity of GC content,
other measures of sequence content (e g, fraction of individual nucleotides, fraction of pyrimidines or
purines, fraction of natural vs. non-natural nucleic acids, fraction of methylated nucleotides, and CpG
content), methylation state, duplex melting temperature, amenabilily to sequencing or PCR, uncertainty
value assigned to individual portions of a reference genome, and/or a targeted search for particular

foatures. In some embodunents, information costent may be quantified using a p-valee profile
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measuring the significance of particular genomic locations for distingnishing between groups of

confirmed normal and abnormal subjects (¢.g. cuploid and trisomy subjects, respectively).

in some embodiments, partilioning a genome may eliminate sumilar regions {e.g., 1dentical or homologous
regions or sequences} across a genome and only keep unique regions. Regions removed during
partitioning may be within a single chromosome, mayv be one or more chromosomes, or may span
multiple chromosomes. o some embodiments, a partiioned genome 1s reduced and optimized for faster

alignment, often focusing on uniquely identifiable sequences.

In some embodiments, genomic portions result from a partitioning based on non-overlapping fixed size,
which resulis in consecutive, non-overlapping portions of fixed length. Such portions often are shorier
than a chromosome and often are shorter than a copy number variation {or copy number alteration} region
(e.g., aregion that is duplicated or is deleted), the latter of which can be referred to as a segment. A
“segment” or “genomic segment” often includes two or more fixed-length genomc portions, and often
includes two or more consecutive fixed-length portions (e.g., about 2 to about 100 such portions (e.g., 2,

3,4.5,6,7.8,9, 10, 11, 12, 13, 14, 15. 16, 17, 18. 19, 28, 25, 30, 35, 40, 45, 50, 60, 70, 50, 90 such

portions)).

Multiple portions sometimes are analyzed in groups, and sometimes reads mapped (o portions are
guantified according to a particular group of genomic portions. Where portions are pariitioned by
structural features and correspond to regions in a genome, portions sometimes are grouped into one or
more segments and/or one or more regions. Non-hmiting examples of regions include sub-chromosome
(i.c., shortor than a chromosome), chromosome, autosome, sox chromosome and combinations thereof,
One or more sub-chromosome regions sometimes are genes, gene fragments, regulatory sequences,
mirons, exons, segments (e.2., a segment spanning a copy number alteration region; a segment spanning a
copy number variation region), microduplications, microdeletions and the like. A region sometimes is

smaller than a chromosome of inlerest or 1s the same size of a chromosome of interest, and sometimes is

smaller than a reference chromosome or 18 the same size as a reference chromosome.

Filtering and/or selecting portions

In some embodiments, one or more processing steps can comprise one or more portion filtening sieps
and/or portion selection steps. The term “filtering”™ as used herein refers to removing portions or portions

of a reflerence genome from consideration. In certain embodiments ope or more portions are fltered {(c.g.,
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subjected to a filtering process) thereby providing filtered portions. In some embodiments a filtering
process removes cortam porfions and retains portions (¢.z., 8 subset of portions). Following a filtermg

process, retained portions are often referred to herein as filtered portions.

Portions of a reference genome can be selected for removal based on any suitable criteria, including but
not limited to redundant data (¢.2., redundant or overlapping mapped reads), non-informative data (c.g.,
pertions of a reference genome with zero median counts), portions of a reference genome with over
represented or underrepresenied sequences, noisy data, the like, or combinations of the foregoing, A
filtering process often involves removing one or more portions of a reference genome from consideration
and subtracting the counts in the one or more portions of a reference genome selected for removal from
the counted or summed counts for the portions of a reference genome, chromosome or chromosomes, or
genome under consideration. In some embodiments, portions of a reference genome can be removed
successively (e.g., one at a Hme o allow evaluation of the effect of removal of cach mdividual portion),
and 1n certain embodiments all portions of a reference genome marked for removal can be removed at the
same (ime. In some embodiments, portions of a reference genome characterized by a variance above or
below a certain level are removed, which sometimes is relerred o herein as filtering “noisy” portions of a
reference genome. In certain embodiments, a filtering process comprises abtaining data points from a
data set that deviate from the mean profile level of a portion, a chromosome, or part of a chromosome by
a predetermmed multiple of the profile vartance, and in certwin embodiments, a filtening process
comprises removing data points from a data set that do not deviate from the mean profile level of a
portion, a chromosome or part of a chromosome by a predetermined muluple of the profile variance. In
some embodiments, a filtering process is niilized to reduce the number of candidate portions of a
reference genome analyzed for tho prosence or absence of a genctic variation/genctic alicration and/or
copy number alteration (e.g., aneuploidy, microdeletion, microduplication). Reducing the number of
candidale portions of a reforence genome analyzed for the presence or absence of a genetic
variation/genetic alteration and/or copy number alteration often reduces the complexity and/or
dimensionality of a data set, and sometimes increases the speed of searching for and/or identifying genctic

variations/genctic alteration and/or copy number alterations by two or more orders of magnitude.

Portions may be processed (e.g., filtered and/or selected) by any suitable method and according to any
suttable parameter. Non-lmiting examples of features and/or parameters that can be used to (ilter and/or
select portions include redundant data (e.£., redundant or overlapping mapped reads), non-informative
data (e.g., portions of a reference genome with zero mapped counts), portions of a reference genome with

over represented or under represented sequences, noisy data, counts, count variability, coverage,
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mappability, vaniability, a repeatability measure, read density, vanability of read density, a level of
uncertaity, guanme-cyviosing (GC) content, CCVF fragment longth and/or read length (c.g., a fragment
length ratio (FLR), a fetal ratic statistic (FRS)), DNasel-sensitivity, methylation state, acetvlation, histone
distribution, chromatin struciure, percent repeats, the like or combinations thereof. Portions can be
filtered and/or selected according to any snitable feature or parameter that correlates with a feature or
parametor listed or described herein. Portions can be filtered and/or selected according to features or
parameters that are specific to a portion (8.g., as determined {or a single portion according to multiple
samples} and/or features or parameters that are specific to a sample (e.g., as determined for multiple
portions within 3 sample). In some embodiments portions are filtered and/or removed according to
relatively low mappabilitv, relatively high vartability, a high level of uncertmnty, relatively long CCF
fragment lengths (e.g., low FRS, low FLR), relatively large fraction of repetitive sequences, high GC
content, low GC content, low counts, zero counts, high counts, the like, or combinations thereof. In some
embodiments portions (e.g., a subset of portions) are selecied according to suttable level of mappability,
variability, level of uncertainty, fraction of repetitive sequences, count, GC content, the hke, or
combinations thereof. In some embodiments portions (e.g., a subset of portions) are selected according o

relatively short CCF fragment lengths (e.g.,
portions are sometimes processed (e.g., normalized) prior to and/or after filtering or selecting portions
{e.g., a subset of portions). In some embodimenis counts and/or reads mapped to portions are not

processed prior to and/or after filtering or selecting portions (e.g , a subset of portions).

In some embodiments, portions may be filtered according to a measure of ervor (e.g., standard deviation,
standard error, calculated variance, p-vahue, mean absolute error (MAE), average absolute deviation
and/or mean absolute deviation (MAD)). In cortain instances, a moasure of crror may rofer to count
variability. In some embodiments portions are filtered according to count variability. In certain
emmbodimenis count variability is a measure of error determined for counts mapped to a portion (e,
portion} of a reference genome tor muliiple samples (e.g., multiple sample obtained from multiple
subjecis, e.g., 50 or maore, 100 or more, 500 or mare 1000 or more, 5000 or more or 10,000 or more
subjects). In some embodiments, portions with a count variability above a pre-determined upper range
are filtered (e.g., excluded from consideration). In some embodiments portions with a count variability
below a pre-determined lower range are filtered {e.g., excluded from consideration). In some
embodiments, portions with a count variability outside a pre-determined range are filtered {e.g., excluded
from consideration). In some smbodiments portions with a count variability within a pre-determined
range are selected (e.g., used for defermining the presence or absence of a copy number alteration). In

some embodiments, count variability of portions represents a distribution (¢.g., a normal distribution). In
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some embodiments portions are selected within a quantile of the distribution. In some embodiments

portions within a 9Y9% quantie of the distribution of count variability are selected.

1n some embodiments, the method of classifyig presence or absence of a copy mumber vanation m a sub-
chromosome region for a test sample comprises identifying using a segmentation process. In some
embodiments, the presence or absence of a copy number variation segment may be in a region comprising
a first set of genomic portions, wherein the region comprises at least a part of the sub-chromosome region
of interest. As one illustrative example, the region comprising a first set of genomuc portions is one
contained by the black dashed lines in Fig. 4. In some embodiments, the first set of genomic portions are
portions in the region 1n the chromosome where the copy number variation is expected to occur in
association with a phenotvpe of interest. In sonme embodiments, such genoinic portions can ofien be
obtained by mining public disease databases such as the International Standards of Cytogenomic Arrays
database (ISCA}. In some embodiments, the genomic portions used herein can be identificd by the
crcular binary segmentation (CBS) algonithm within the sub-chromosome region of mterest. {n one
embodiment, the phenotype is microdeletion syndrome. In one embodiment, the first set of the genomic
porlions are one or more genomic portions selected from 1p36, 22q11.2, 15q11-13, 8g23.2-24.1, 11g24.1,

4p13.3, 17p13.3, and 7q11.23.

In some embodiments, the method of classifying presence or absence of a copy number vanation in a
sub-chromosome region for a test sample involves providing a sequence read quaniification for a sub-
region within the sub-chromosome region comprising a set of genomic portions. The genomic porfions
comprise portions of a reference genome to which sequence reads obtained for nucleic acid in the test
samplc have boen mapped. In some embodiments, the setis a predotermined sot of gonomic portions.

As one illustrative example, a sub-chromosome region is one contained by the blackdashed lines m Fig. 4.

In some embodiments, the predetermined set of genomic portions has been identified according to one or
more accuracy measures for multiple samples in a trainimg sel, wherein each of the maultiple samples in
the tramming set is classified as having a copy number variation 1 the sub-chromosome region of interest.
As described in detail herein, accuracy measures may include, but are not limited to, sensitivity,
gpecificity, standard deviation, median absolute deviation (MAD), measure of certamty, measure of
confidence, measure of certainty or confidence that a value obtained for a test sample is inside or outside
a particular range of values, measure of uncertainty, measure of uncertainty that a value obtained for a test
sample 15 mside or outside a particnlar range of values, coefficient of vanation (CV), confidence level,

confidence interval (e.g., about 95% confidence interval), standard score (e.g., z-scove), chi value, phi
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value, result of a t-test, p-value, ploidy value, fitted minority species fraction, area ratio, median level, the
like or combination thercof. In some embodiments, an accuracy measure includes sensitivity. The
genomic portions are selected based on that they provides an accuracy measure that is considered optimal,
i.e.. equal o or above a predetermined threshold, which is considered as a minimum requirement for
detecting the absence or presence of the copy number variation with reasonable accuracy. For example,
when usmg sensitivity as the accuracy measure, the threshold may be any numerical values between 70%

and 100%. c.g., 75%-99%, 80%-~98%, or 85%-95%.

In one embodiment, the predetermined set of genomic portions are identified by a process comprising 1)
providing muliiple candidate sub-regions within the sub-chromosome region; 2) providing one or more
accuracy measures for each of the multiple candidate sub-regions for multiple samples in the training set,
wherein each of the muitiple samples is classified as having a copy number varation m the sub-
chromosome region; and 3) identifying the sub-region m () as the sub-region that provides an optimal

gecuracy according to the one or more accuracy measures.

Sequence reads from any suitable number of samples can be utilized to identily a subset of portions that
meel one or more criteria, parameters and/or features described hersin. Sequence reads from a group of
samples from multiple subjects sometimes are utilized. In some embodiments, the multiple subjects
mclude pregnant females. In some embodiments, the multiple subjects include healthy subjects. In some
embodiments, the multiple subjects nclude cancer patients. One or more samples from each of the
multiple subjects can be addressed (e.g., 1 to about 20 samples from each subject (c.g., about 2,3, 4, 3, 6,
7.8.9, 10,11, 12,13, 14, 153, 16, 17, 18 or 19 samples)), and a suitable number of subjects mayv be
addrossed {c.g., about 2 to about 10,000 subjocts {c.g., about 10, 20, 30, 40, 30, 60, 70, 80, 90, 100, 150,
200, 250, 300, 350, 400, 500, 600, 700, 806, 900, 1000, 2000, 3000, 4000, 5000, 6000, 7000, 8000, 9000
subjects)). In some embodimenis, sequence reads from the same test sample(s) from the same subject are

mapped to portions in the reference genome and are used to generate the subset of portions.

Portions can be selected and/or filiered by any suitable method. In some embodiments portions are
selected according to visual inspection of data, graphs, plots and/or charts. In certain embodiments
portions are sefected and/or filtered {e.g., in part) by a system or a machine comprising one or more
microprocessors and memory. In some embodiments portions are selecied and/or filtered (e.g., in part) by
a non-transitory computer-readable storage medivm with an execuatable program stored thereon, where the

program msirueis a microprocessor to perform the selecting and/or filtering.
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In some embodiments, sequence reads derived from a sample are mapped to all or most portions of a
reference genome and a pre-selected subset of portions are thereafter selected. For example, a subset of
portions to which reads from fragments under a particular length threshold preferentially map may be
selected. Certain methods for pre-selecting a subset of portions are described in U S, Patent Application
Publication No. 2014/0180594. Reads from a selected subset of portions often are utilized in further
steps of a determination of the presence or absence of a genetic variation or genetic alteration, for
example. Often, reads from portions not selected are not utilized in further sieps of a determination of

the presence or absence of a genetic variation or genetic alteration (e.g., reads in the non-selected portions

are removed or filtered).

In some embodiments portions associated with read densities (e.g., where a read density is for a portion)
are removed by a filtering process and read densities associated with removed portions are not included in
a determination of the presence or absence of a copy number alieration {e.g., a chromosome ancuploidy,
microduplication, microdeletion). In some embodiments a read density profile comprises and/or consists
of read densities of filtered portions. Portions are sometimes filtered according to a distribution of counts
and/or a distribution of read densities. In some embodiments portions are filtered according to a
distribution of counts and/or read densities where the counts and/or read densities are obtained from one
or more reference samples. One or more reference samples may be referred to herein as a {raining set. In
some embodiments portions are filtered according to a distribution of counts and/or read densities where
the counts and/or read denstties are obtained from one or more test samples, In some embodimenis
portions are filiered according to a measure of uncertainty for a read density distribution. [n certam
embodiments, portions thal demonstrate a large deviation in read dengsities are removed by a filtering
process. For example, a distribution of read densities {o.g., a distribution of average mean, or median
read densities) can be determined, where each read density n the distribution maps to the same portion.
A measure of mncertainty {(e.g., a MAD) can be determined by comparing a distribution of read densities
for multiple samples where each portion of a genome is associated with measure of uncertainty.
According to the foregoing example, portions can be filtered according to a measure of uncertainty (¢.2., a
standard deviation (8D}, a MAD) associated with each portion and a predetermined threshold. In certain
instances, portions comprising MAD values within the acceptabie range are retained and portions
comprising MAD values outside of the acceptable range are removed from consideration by a filtering
process. In some embodiments, according to the foregoing example, portions comprising read denstiies
values (e.g., median, average or mean read densities) outside a pre-determined measure of uncertainty are
often removed from consideration by a filtering process. In some embodiments portions comprising read

densitics values {e.g., median, average or mean read densities) outside an mger-quartile range of 3
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distribution are removed from consideration by a filiering process. In some embodiments portions
comprising read densitics values outside more than 2 times, 3 fines, 4 times or 3 tines an inter-guartde
range of a distribution are removed from consideration by a filtering process. In some embodiments
portions comprising read densities values cutside more than 2 sigma, 3 sigma, 4 sigma, 5 sigma, 6 sigma,
7 sigma or 8 sigma (e.g., where sigma 1s a range defined by a standard deviation) are removed from

consideration by a filtering process.

Sequence read quantification

Sequence reads that are mapped or partitioned based on a selected feature or variable can be quantified io
determine the amount or number of reads that are mapped o one or more portions {e.g., portion of a
reference genome), in some embodiments. In certain embodiments the quantity of sequence reads that are

mapped to a portion or segment is referred to as a count or read density.

A count often 1s associated with a genomic portion. In some embodiments a count 1s determined from
some or all of the sequence reads mapped 1o (L.e., associated with) a portion. In certain embodiments, a
count is determined from some or all of the sequence reads mapped to a group of portions {e.g., portions

in a segment or region {described herein)).

A count can be determined by a sudable method, operation or mathematical process. A count sometimes
15 the direct sum of all sequence reads mapped to a genomic portion or a group of genomic portions
corresponding o a segment, a group of portions corresponding o a sub-region of a genome (e.g., copy
number vartation region, copy number alferation region, copy number duplication region, copy mumber
deletion region, microduplication region, microdeletion region, chromosome region, autosome region, sex
chromosome region) and/or sometimes is a group of portions corresponding to a genome, A read
guaniification sometimes is a ratio, and sometimes s a ratio of a guantification for portion{s) in region g
to a quantification for portion(s) in region 5. Region ¢ sometimes is one portion, segment region, copy
number variation region, copy number alteration region, copy number duplicaiion region, copy number
deletion region, nucroduplication region, microdeletion region, chromosome region, autosome region
and/or sex chromosome region.  Region & independently sometimes is one portion, segment region, copy
number variation region, copy number alteration region, copy number duplication region, copy number
deletion region, microduplication region, microdeletion region, chromosome region, autosome region, sex
chromosome region, a region including all autosomes, a region including sex chromosomes and/or a

vegion includiag all chromosomes.
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In some embodunents, a count 1s derived from raw sequence reads and/or filtered sequence reads. In
certamn embodiments a count 1s an average, mean or sum of sequence reads mapped to a genomic portion
or group of genomic portions {e.g., genomic portions in a region). In some erabodiments, a count is
associated with an uncertainty value. A count sometunes 15 adjusted. A count mav be adjusied
according to sequence reads associated with a genomic portion or group of portions that have been
weighted, removed, filtered, normalized, adjusted, averaged, derived as a mean, derived as a median,

added, or combination thereof.

A sequence read guantification sometimes 18 a read density, A read density may be determined and/or
generated for one or more segments of a genome. In certain instances, a read densiiy may be determined
and/or generated for one or more chromosomes. In some embodiments a read density comprises a
guantitative measure of counts of sequence reads mapped to a segment or portion of a reference genome.
A read density can be determined by a suntable process. In some embodiments a read density i3
determined by a suitable distribution and/or a suntable distribution function. Non-limiting examples of a
distribution function include 2 probability function, probability distribution function, probability density
function (PDF), a kernel density lunction (kemel density estimation), a cumulative distribubion funclion,
probability mass function, discrete probability distribution, an absolutely continuous univariate
distribution, the like, any suitable distribution, or combinations thereof. A read density may be a density
estimation derived from a suitzble probability density function. A density estimation s the constniction
of an estimate, based on observed data, of an underlying probability density function. In some
embodiments aread density comprises a density estimation (e.g., a probability density estimation, a
kernel density estimation). A read density mav be generated according to a process comprising
genorating a density cstimation for cach of the one or more portions of a genomo whore cach portion
comprises counts of sequence reads, A read density may be generated for normalized and/or weighted
counts mapped to a portion or segment. In some mstances, each read mapped to a portion or segment
may contribute 1o a read density, a value {e.g., a count) equal to 1ts weight oblamed from a normalization
process described herein. In some embodiments read densities for one or more portions or segmenis are
adjusted. Read densities can be adjusted by a sutable method. For example, read densities for one or

more portions can be weighted and/or normalized.

Reads quantified for a given portion or segment can be from one source or different sources. Ip one
example, reads may be obtained from nucleic acid from a subject having cancer or suspected of having
cancer. In such circumstances, reads mapped to one or more portions often are reads representative of

both healthy cells (1.e., non-cancer cells) and cancer cells {e.g., tumor cells). In cerfain embodiments,
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some of the reads mapped to a portion are from cancer cell nucleic acid and some of the reads mapped to
the same portion are from non-cancer cell nucleic acid, 1n ancther example, reads may be obtained from
a nucleic acid sample from a pregnant female bearing a fetus, In such circumstances, reads mapped to
one or more portions often are reads representative of both the fetos and the mother of the fetus (g2, a
pregnant female subject). In certain embodiments some of the reads mapped fo a portion are from a fetal

genome and some of the reads mapped to the same portion are from a matermal genome,

Levels

In some embodiments, a value (¢.g., a number, a quantitative value) is ascribed to alevel. Alevel can be
determined by a suitable method, operation or mathematical process (e.g., a processed lovel). A level
often is, or is dertved from, counts {e.g., normalized counts) for a set of portions. In some embodiments a
fevel of a portion is substantially equal to the ictal number of counts mapped o a portion {c.g., counts,
normalized counts). Often a level 1s determined from counts that are processed, transformed or
manipulated by a suitable method, operation or mathematical process known in the art. In some
embodiments a level s derived from counts that are processed and non-limiling examples of processed
counts include weighted, removed, filtered, normalized, adjusted, averaged, derived as a mean (e.g., mean
level), added, subtracted, transformed counts or combination thereof. In some embodiments a level
compriscs counts that are normalized (¢.g., normalized counis of portions). A level can be for counts
normalized by a switable process, non-limiting examples of which are described herein. A level can
comprise normalized counts or relative amounts of counts. In some embodiments a level is for counts or
normalized coumis of two or more portions that are avergged and the level is referred to as an average
fevel. In some cmbodiments a lovel is for a sot of portions having a mcan count or mean of normalized
counts which is referred to as a mean level, In some embodiments a level 1s derived for portions that
comprise raw and/or filiered counis. In some embodiments, a level is based on counts that are raw. Tn
some embodiments a level is associated with an uncertainty value {e.g., a standard deviation, a MAD). In
some embodiments a level is represented by a Z-score or p-value.

A level for one or more portions is synonymous with a "genomic section level® herein. The tenm “level”
as used herein is sometimes gynonymous with the term “elevation.” A determination of the meaning of
the term “level” can be determined from the context in which it is used. For example, the term “level,”
when nsed in the context of poriions, profiles, reads and/or counts oflen means an elevation. The term

“level” when used in the context of a substance or composition {e.g., level of RNA, plexing level) often
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refers to an amount. The term “level,” when used n the context of uncertainty (e.g., level of error, level

of confidence, level of deviation, level of uncertainty ) often refers 1o an amount,

Normakhized or non-normalized counts for two or more levels {e.g., two or more levels in a profile) can
sometimes be mathematically manmipulated (e.g., added, multiplied, averaged, normalized, the like or
combination thereof) accordmg to levels. For example, normalized or non-normalized counts for two or
more levels can be normalized according 1o one, some or all of the levels i a profile. In some
emboduments normalized or non-normalized counts of all levels in a profile are normalized according to
one level in the profile. In some embodiments normalized or non-normalized counts of a fist level in a

profile are normalized according to normalized or non-normalized counts of a second level m the profile.

Non-limiting examples of a level (e.g., a first level, a second level) are a level for a set of portions
comprising processed counts, a level for a set of portions comprising a mean, median or average of
counts, a level for a set of portions compnising normalized counts, the like or any combination thereof. In
some embodiments, a first level and a second level in a profile are derived from counts of portions
mapped to the same chromosome. In some embodimoents, a {irst level and a second level m a profile are

derived from counts of portions mapped to different chromosomes.

In some embodiments a level 1s determined from normalized or non-nomalized counts mapped to one or
more portiong. In some embodiments, a level is determined from normalized or non-normalized counts
mapped to two or more portions, where the normalized counts for cach portion often are about the same.
There can be variation in counts {¢.g., normalized counts) in a set of portions for a level. Inaset of
portions for a level there can be one or more portions having counts that arc significantly difforent than in
other portions of the set (e.g., peaks and/or dips). Any suitable number of normalized or non-normalized

counts associated with any suitable number of portions can define a level.

In some embodiments one or more levels can be determined from normalized or non-normalized counts
of all or some of the portions of a genome. Often a level can be determimned from all or some of the
normalized or non-normalived counts of a chromosome, or part thereof. In some embodiments, two or
more counts dertved from two or more portions (e.g., a set of portions) determine a level. In some
embodiments {wo or more counis {e.g., counts from two or more portions) determine a level. In some
embodiments, counts from 2 to about 100,060 portions determine a level, In some ambodiments, counts
from 2 to about 30,000, 2 to about 40,000, 2 to about 30,000, 2 {o about 20,000, 2 to about 10,000, 2 1o

gbout 000, 2 to about 2300, 2 to about 1250, 2 to about 1000, 2 to about 300, 2 to about 250, 2 to about
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160 or 2 to about 60 portions determine a level. In some embodiments counts from about 10 to about 50
portions dotermine a level, In some cmbodiments counts from about 20 to about 40 or more portions
determine a level, In some embodiments, a level coraprises connts from about 2,3, 4,5, 6,7, 8,9, 10, 11,
12, 13,14, 15, 16,17, 18, 19,20, 21 22 23, 24,25,26,27, 28,29, 30,31, 32,33, 34,35, 36,37, 3839,
40, 45, 30, 55, 60 or more portions. In some embodiments, a level corresponds to a set of portions (e.g., a
set of portions of a reference genome, a set of portions of a chromosome or a set of portions of a part of a

chromosome).

In some embodiments, a level is determined for normalized or son-normalized counts of portions that are
contiguous. In some embodiments portions {e.g., a set of portions) that are contiguous represent
neighboring regions of a genome or neighboring regions of a chromosome or gene. For example, two or
more contiguous portions, when aligned by merging the portions end to end, can represent a sequence
assembly of a DNA sequence longer than each portion. For example two or more conlignous portions can
reprosent of an ntact genome, chromosome, gene, mtron, exon or part thereof. In some embodiments a

level 1s determined from a collection (e.g., a set) of contiguous portions and/or non-contigucus portions.

Data processing and normalization

Mapped sequence reads that have been counted are referred to herein as raw data, siace the data
represents unmanipulated counts (e.g., raw counis}. In some embodiments, sequence read data in a data
set can be processed further {(e.g., mathematically and/or statistically manipulated) and/or displaved to
facilitate providing an outcome. In certain embodiments, data sets, including larger data seis, may benefit
from pre-processing to facilitate further analygis, Pro-processing of data sets sometimes involves removal
of redundant and/or uninformative portions or portions of a reference genome (e.g., portions of a
reference genome with unminformative data, redundant mapped reads, portions with zero median counts,
over represented or under represented sequences). Without being limited by theory, data processing
and/or preprocessing may (1) remove noisy data, (i) remove wunformative data, (i1) remove redundant
data, (iv) redoce the complexity of larger data sets, and/or (v) facilitate transformation of the data from
one form nto one or more other forms. The terms “pre-processing” and “‘processing” when utilized with
respect to data or data sets are collectively referred to herein as “processing.” Processing can render data
more amenable to further analysis, and can generate an cutcome in some embodimenis. In some
embodimnents one or more or all processing methods (¢.g., normabzation methods, portion {iliermg,
mapping, validation, the like or combinations thereof) are performed by a processor, a micro-processor, a

compuler, in conjunciion with memoery and/or by a microprocessor coutrolled apparatus,
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‘The term “notsy data” as used herein refers to (a) data that has a significant variance between data points
when analyzed or plotted, (b) data that has a significant standard deviation (g.g., greater than 3 standard
deviations), (¢} data that has a sigmificant standard error of the mean, the ike, and combinations of the
foregoing. Noisy data sometimes occurs due to the quantity and/or quality of starting material (e.g.,
nucleic acid sample), and sometimes oceurs as part of processes for preparing or replicating DNA used to
gencrate sequence reads. Tn certain embodiments, noise resulis from certam sequences being
overrepresenied when prepared using PCR-based methods. Methods described herem can reduce or
climinate the contribution of noisy data, and therefore reduce the effect of noisy data on the provided
outcome.

LR

The terms “uninformative data,” “uninformative portions of a reference genome,” and “uninformative
portions” as used herein refer to portions, or data derived therefrom, having a numerical value that is
significantly different from 2 predetermined threshold value or falls outside a predetermined cutoff range
of values. The terms “threshold” and “threshold value”™ herein refer to any nwmber that 1s calculated using
a gualifying data sot and serves as a hmi of diagnosis of a genelic varialion or genctic alteration {e.g., a
copy number alteration, an aneuploidy, a microduplication, a microdeletion, a chromosomal aberration,
and the hike). In certain embodimenis, a threshold is exceeded by results obtained by methods desconibed
herein and a subject 1s dingnosed with a copy number alteration. A threshold value or range of values
often is calculated by mathematically and/or statistically manipulating sequence read data (e.g., from a
reference and/or subject), in some embodiments, and in certain embodiments, sequence road data
manipulated to generate a threshold value or range of values is sequence read data {e.g., from a reference
and/or subjoct). In some cmmbediments, an uncertainty value 1s detormined. An uncertainty value
generally is a measure of variance or error and can be any suitable measure of variance or error. In some
ammbodimenis an uncertainty value is a standard deviation, standard orvor, calculated variance, p-value, or
mean absolute deviation (MAD). In some embodiments an uncertainty value can be caleulated according

0 a formula described herein.

Agy suitable procedure can be utilized for processing data sets described herein. Non-limiting examples
of procedures suttable for use for processing data sets melude filtering, normalizing, weighting,
monitoring peak heights, monitoring peak areas, monitoring peak edges, peak level analvsis, peak width
analysis, peak edge location analysis, peak lateral folerances, determining area ratios, mathematical
processing of data, statistical processing of data, application of statistical algorithms, analysis with fixed

variables, analysis with optimized variables, plotting data to identify patterns or trends for additional
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processing, the like and combinations of the foregoing. In some embodiments, data sets are processed
based on varions teatures (e.g., GO content, redundant mapped reads, centromere regions, telomere
regions, the like and combinations thereof) and/or variables (e.g., subject gender, subject age, subject
ploidy, percent contribution of cancer cell mucleic acid, fetal gender. maternal age, maternal ploidy,
percent contribution of fetal nucleic acid, the like or combinations thereof). In certain embodiments,
processing data sets as described hergin can reduce the complexity and/or dimensionality of large and/or
complex data sets. A non-limuting example of a complex data set includes sequence read data generated
from one or more test subjects and a plurality of reference subjects of different ages and ethnic
backgrounds. In some embodiments, data sets can include from thousands to millions of sequence reads

for each test and/or reference subject.

Data processing can be performed in any number of steps, in certain embodiments. For example, data
may be processed using only g single processing proceduore in some embodiments, and in certain
smbodiments data may be processed using 1 or more, 3 or more, 10 or more or 20 or more processing
steps (e.g., 1 or more processmg steps, 2 or more processing sieps, 3 or more processing steps, 4 or more
processing sleps, 3 or more processing steps, 6 or more processing steps, 7 or more processing sieps, § or
more processing sieps, 9 or more processing steps, 10 or more processing steps, 11 or more processing
steps, 12 or more processing steps, 13 or more processing steps, 14 or more processing steps, 13 or more
processing steps, 16 or more processing steps, 17 or more processing sieps, 18 or more processing steps,
19 or more processing steps, or 20 or more processing steps). In some embodiments, processing steps
may be the same step repeated two or more times {e.g., filtering two or more times, normalizing two or
more thmes), and in certain embodiments, precessing steps may be two or more different processing steps
(c.g., Glicring, normalizing; normalizing, monitoring peak heights and odgoes; filicring, normalizing,
normalizing to a reference, statistical manipulation to determine p-values, and the like), carried out
simultancously or sequentially. In some embodiments, any suitable number and/or combination of the
same or different processing steps can be utilized to process sequence read data to facilitate providing an
outcome. In certain embodimenls, processing data sets by the criteria described herein may reduce the

complexity and/or dimensionality of a data set.

In some embodiments one or more processing steps can comprise one or more normalization steps.
Normalization can be performed by a suitable method described herein or known i the art. In certain
embodiments, normalization comprises adjusting values measured on different scales to a notionally
common scale. In certain embodiments, normalization comprises a sophisticated mathematical

adiustment to bring probability distributions of adjusted values into alignment. In some embodiments
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normalization comprises aligning distributions {o a normal distribution. In certain embodiments
normalization comprises mathematical adjustments that allow comparison of corresponding normalized
values for different datasets in a way that eliminates the effects of certain gross influences (e.g., error and
anomalics). In certain embodiments normalization comprises scaling. Normalization sometimes
comprises division of one or more data sets by a predetermined variable or formula. Normalization
sometimes comprises subtraction of one or more data sets by a predetermined variable or formula. Noo-
limiting examples of normalization methods mnclude portion-wise normalization, normalization by GC
content, median count (median bin count, median portion count) normalization, linear and nonlinear least
squares regression, LOESS, GC LOESS, LOWESS (locally weighted scatterplot smoothing), principal
component normalization, repeat masking (RM), GC-normalization and repeat masking (GCRM), ¢cQn
and/or combinations thereof. In some embodiments, the determination of a presence or absence of a copy
number alteration (¢.g., an aneuploidy, a microduplication, a microdeletion) utilizes a normalization
method (e.g., portion-wise normalization, normalization by GC conlent, median count (nedian bm count,
median portion count) normalization, linear and nonlinear least squares regression, LOESS, GC LOESS,
LOWESS (locally weighted scatterplot smoothing), principal component normalization, repeat masking
(RM), GC-nommalizaiion and repeat masking (GCRM}, cQn, a normalization method kaown in the art
and/or a combination thereof). Described in greater detail hereafier are certain examples of normalization
processes that can be utilized, such as LOESS normalization, principal component normalization, and
hybrid normalization methods, for example. Aspects of certain normalization processes also are
described, for example, in International Patent Application Publication No, W02013/052913 and
International Patent Application Publication No, WO2015/051163.

Any suitable number of normalizations can be used. In some embodiments, data sets can be normalized |
or more, 3 or more, 10 or more or even 20 or more times. Data sets can be normalized to values (e.g.,
normalizing value) representative of any suitable feature or variable (e.g., sample data, reference data, or
both). Non-limiting examples of types of data normalizations that can be used include normalizing raw
count data for one or more selected test or reference portions to the total number of counts mapped to the
chromosome or the entire genome on which the selected portion or sections are mapped; normalizing raw
count data for one or more selected portions to a median reference count for one or more portions or the
chromosome on which a selected portion is raapped; normalizing raw count data to previously normalized
data or derivatives thereof, and normalizing previously normalized data to one or more other
predetermmed normalization variables. Normalizing a data set sometimes has the effect of 1solating

statistical error, depending on the feature or property selecied as the predetermined normalization
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variable. Nommalizing a data set sometinies also allows comparison of data characteristics of data having
different scales, by bringing the data to a common scale {c.g., predetermined normalization vanable). In
soree embodiments, one or more normalizations to a statistically derived value can be wtilized to
miminize data diffcerences and diminish the importance of outlying data. Normalizing portions, or
portions of a reference genome, with respect to a normalizing value sometimes 1s referred to as “portion-

wise normalization.”

in certain ernbodiments, a processing step can comprise one or more mathematical and/or statistical
manipulations. Any suitable mathematical and/or statistical mamipulation, alone or in combination, may
be used to analyze and/or manipulate a data set described herein.  Any suttable number of mathematical
and/or statistical manipulations can be used. In some embodiments, a data set can be mathematically
and/or statistically manipulated 1 or more, 3 or more, 10 or more or 20 or more times. Non-himiting
examples of mathematical and statistical manipalations that can be used include addition, subtraction,
multiplication, division, algebraic functions, least squares estimators, curve fitting, differential equations,
rational polynomials, double polynomials, orthogonal polynomials, z-scores, p-values, chi values, pha
values, analysis of peak lovels. delormination of peak edge locations, calculation of peak arca ratios,
analysis of median chromosomal level, calculation of mean absolute deviation, sum of squared residuals,
mean, standard deviation, standard error, the like or combinations thereof. A mathematical and/or
statistical manipulation can be performed on all or a portion of sequence read data, or processed products
thereof. Non-luniting examples of data set variables or features that can be statistically manipulated
include raw counts, filiered counts, normalized counts, peak heights, peak widths, peak areas, peak edges,
lateral tolerances, P-values, median levels, mean levels, count distribution within a genomic region,

relative reprosentation of nucleic actd specics, the like or combinations thercof.

In some embodiments, a processing siep can comprise the use of one or more statistical algonihms. Any
suitable statistical algorithm, alone or in combination, may be used to analyze and/or manipulate a data
set described herein.  Any suitable number of statistical algorithms can be used. In some embodiments, a
data set can be analyzed using 1 or more, 5 or more, 10 or more or 20 or more statistical algorithms.
Non-limiting examples of statistical algorithms suitable for use with methods described herein include
principal component analysis, decision trees, coundernulls, multiple comparisons, omnibus test, Behrens-
Fisher problem, bootsirapping, Fisher’s method for combining independent tests of sigruficance, null
hypothesis, type I error, type Il error, exact test, one-sample Z test, two-sample Z test, one-sample t-test,
paired t-lest, two-sample pooled t-test having equal variances, two-sample unpooled t-test having unequal

variances, one-proportion z-test, two-proportion z-test pooled, two-proportion z-test unpooled, one-
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sample chi-square test, two-sample F test for equality of variances, confidence interval, credible interval,
significance, meta analysig, sunple linear regrossion, robust hinear regression, the like or combinations of
the foregoing. Non-limiting examples of data set variables or features that can be analyzed using
statistical algorithms include raw counts, filtered counts, normakized counts, peak heighis, peak widihs,
peak edges, lateral tolerances, P-values, median levels, mean levels, count distribution within a genomic

region, rolative representation of nucleic acid species, the like or combmnations thercof,

In certain embodiments, a data set can be analyzed by utilizing multiple (e.g., 2 or more) statistical
algorithins (e.g., least squares regression, principal component analysis, linear discriminant analysis,

guadratic discriminant analvsis, bagging, neural networks, support vector machine models, random

2,
forests, classification tree models, K-ncarest neighbors, logistic regression and/or smoothing) and/or
mathematical and/or statistical manipulations (e.g., referred to herein as manipulations). The use of
muliiple manipulations can generate an N-dimensional space that can be used to provide an ouicome,
some embodiments. In certam embodiments, analysis of a data set by vtihzing multiple manipulations
can reduce the complexity and/or dimensionality of the data set. For example, the use of multiple
manipulalions on a reference data set can generate an N-dimensional space (e.g.. probability plot) that can
be used to represent the presence or absence of a genetic variation/genetic alteration and/or copy number
alteration, depending on the status of the reference samples (e.g., positive or negative for a selected copy
number alteration). Analvsis of {est samples using a substantially similar set of manipulations can be
used to generate an N-dimensional point for sach of the test samples. The complexity and/or
dimensionality of a test subject data set sometimes is reduced to a single value or N-dimensional point
that can be readily compared to the N-dimensional space generated from the reference data. Test sample
data that fall within the N-dimensicnal space populated by the reforence subject data arc indicative of a
genetic status substantially similar to that of the reference subjects. Test sample data that fall outside of
the N-dimensional space populated by the reference subjeci data are indicative of a genetic status
substantially dissimilar to that of the reference subjects. In some embodiments, references are euploid or
do not otherwise have a genetic variaion/genetic alteration and/or copy number alleration and/or medical

condition.

Aftor data sete have been counted, optionally filtered, normalized, and optionally weighted the processed
data sets can be further manipulated by one or more filtering and/or nommalizing and/or weighting
procedures, in some embodiments. A data set that has been further mampulated by one or more filiering
and/or normalizing and/or weighting procedures can be used to generate a profile, in certain

embodiments. The one or more filtering and/or normalizing and/or weighting procedures sometimes can
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reduce data set complexity and/or dimensionality, in some embodiments. An oulcome can be provided
basod on a data sct of reduced compleoxity and/or dimensionality. In some embodunents, a profile plot of
processed data further manipulated by weighting, for example, is generated to facilitate classification
and/or providing an ostcome. An outcome can be provided based on a profile plot of weighied data, for

example.

Filtering or weighting of portions can be performed at one or more suitable points in an analysis. For
example, portions may be filtered or weighted before or after sequence reads are mapped to portions of g
reference genome. Portions may be filtered or weighted before or after an experimental bias for
mdividual genome portions is deternmuned in some embodiments. In certam embodiments, portions mayv

be filtered or weighted before or after levels are calculated.

After data sets have been counted, optionally filiered, normalized, and optionally weighted, the processed
data sets can be manipulated by one or more mathematical and/or statistical {e.g., statistical functions or
statistical algorithm) mamipulations, m some embodimenis. In certain embodiments, processed data sets
can be further manipulated by calculating Z-scores {or one or more selecled portions, chromosomes, or
portions of chromosomes. In some embodiments, processed data sets can be further manipulated by
calculating P-values. In certain embodiments, mathematical and/or stalistical manipulations mclude one
or more assunmptions periainmg o plowdy and/or fraction of a minornity species (e.g., fraction of cancer cell
nucleic acid; fetal fraction). In some embodiments, a profile plot of processed data further manipulated
by one or more statistical and/or mathematical manipulations i1s generated to facilitate classification
and/or providing ap ovtcome. An outcomea can be provided based on a profile plot of statistically and/or
mathematically manipulated data. An oulcome provided based en a profile plot of statistically and/or
mathematically manipulated data often includes one or more assumptions pertaming o ploidy and/or

fraction of a minorily species (e.g., fraction of cancer cell nucleic acid; fetal fraction).

In some embodiments, analysis and processing of data can inclode the use of one or more agsumptions. A
suitable number or type of assumptions can be utilized to analvze or process a data set. Non-hmifing
examples of assumptions that can be used for data processing and/or analysis include subject ploidy,
cancer cell contribution, maternal ploidy, fetal contribution, prevalence of certain sequences in a reference
population, ethaic background, prevalence of a selected medical condition in related family members,
parallelism between raw covnt profiles from different patients and/or runs after GC-normalization and
repeat masking (e.g., GCRM]}, identical matches represent PCR artifacts (e.g., identical base position),

assumptions inherent m a nucleic acid quantification assay (e.g., fetal quantifier assay (FQA}Y),
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assumptions regarding twins (e.g., if 2 twins and only 1 is affected the effective fetal fraction 1s only 50%
of the total measured fetal fraction (similary for triplets, quadruplets and the bike)), cell free DNA (c.g.,

ADNA} usiformly covers the entire genome, the like and combinations thereof.

In those instances where the quality and/or depth of mapped sequence reads does not permit an outcome
prediction of the presence or absence of a genetic variation/genetic alteration and/or copy number
alteration at a desired confidence level (e.g., 95% or hugher confidence level), based on the normalized
sount profiles, one or more additional mathematical manipulation algonithms and/or statistical prediction
algorithms, can be ntilized to generate additional numerical values useful for data analysis and/or
providing an cutcome. The term “normalized count profile” as used herein refers to a profile generated
using normalized counts. Examples of methods that can be used to generate normalized counts and
normalized count profiles are described herein. As noted, mapped sequence reads that have been counted
can be normalized with respect to test sample counts or reference sample counts. In some embodiments,

a normahized count profile can be presented as a plot.

Described 1 greater detail herealler are non-luniling oxamples of processing sleps and normalization
methods that can be utilized, such as normalizing to a window {static or sliding), weighting, determining
bias relationship, LOESS normalization, principal coraponent normalization, hybrid normalization,

generating a profile and performing a comparison.

Normalizing to a window (static or sliding)

in cortain erabodiments, a processing step comprises normalizing o a static window, and 10 some
embodimenls, a processing step comprises normalizing to a moving or sliding window. The term
“window” as used herein refers to one or more portions chosen for analvsis, and sometimes 1s used as a
reference for comparison (e.g., used for normalization and/or other mathematical or statistical
manipulation). The term “normalizing to a static window™ as used berein refers to a normalization
process using one or more portions selected for comparison between a test subject and reference subject
data set. In some embodiments the selected portions are utilized to generate a profile. A static window
generally includes a predetermined set of portions that do not change doring manipulations and/or
analysis. The terms “normalizing to a moving window” and “normalizing to a shding window” as used
herein refer to normalizations performed to portions localized to the genomic region {e.g., ynmediate
surrounding portions, adjacent portion or sections, and the like) of a selecied test portion, where one or

more sclected test portions are normalized to portions immediately surrounding the selocted test portion,
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In certain embodiments, the selected portions are ntilized to generate a profile. A sliding or moving
window normalization often includes repeatedly moving or sliding to an adjacent test portion, and
normalizing the newly selected tost portion to portions immediately surrounding or adjacent to the newly
selected fest portion, where adjacent windows have ¢ne or more portions in common. In certain
embodiments, a plurality of selected test portions and/or chromosomes can be analyzed by a sliding

Window process.

in some embodiments, normalizing to a shiding or moving window can generate ong or more values,
where cach value represents normalization to a different set of reference portions selected from different
regions of a genome {e.g., chromosome). In certain embodiments, the one or more values generated are
cumulative sums (¢.g., a numerical estimate of the integral of the normalized count profile over the
selected portion, domain (e.g., part of chromosome), or chromosome). The values generated by the
sliding or moving window process can be used lo generate a profile and faciliate arriving al an oulcome.
In some embodiments, comulative sums of one or more portions can be displayed as a function of
genomic position. Moving or sliding window analysis sometimes is used to analyze a genome for the
presence or absence of microdeletions and/or microduplications. In certain embodiments, displayving
cumulative sums of one or more portions is used to identify the presence or absence of regions of copy

number alteration (e.g., microdeletion, microduphication).

Weighting

In some embodiments, a processing step comprises a weighting. The terms “weighted,” “weighting” or
“weight funciion”™ or grammatical derivatives or equivalents thereof, as used herein, refertoa
mathematical manipulation of a portion or all of a data set sometimes utilized to alter the influence of
certain data set features or vanables with respect to other data set features or variables (e.g.. increase or
decrease the significance and/or contribution of data contained in one or more portions or portions of a
reference genome, based on the quality or usefulness of the data in the selected portion or portions of a
reference genome). A weighting fusction can be used to tncrease the mfluence of data with 2 relatively
small measurement vanance, and/or fo decrease the influence of data with a relatively large measwrement
variance, in some embodiments. For example, portions of a reference genome with underrepresented or
flow qualily sequence data can be “down weighted” to mininmize the influence ou a data set, whereas
selected portions of a reference genome can be “up weighted” to increase the influcnce on adala set. A
non-limiting example of a weighting function is [1 / (standard deviation)*]. Weighting portions

sometines removes portion dependencies. In some embodiments one or more portions are weighied by
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an eigen function {c.g., an eigenfunction). In some embodiments an eigen function comprises replacing
portions with orthogonal eigen-portions. A weighting stop sometimes 1s performed in a manner
substantially similar to a normalizing step. In some embodimenis, a data set is adjusted (e.g., divided,
multiphied, added, subtracted) by a predetermined variable (¢.g., weighting variable} In some
embodiments, a data set 1s divided by a predetermined variable {e.g., weighting variable). A
predstermined variable {¢.g., minimized target function, Phi) often is sclected to weigh different parts of a
data set differently (e g, increase the mfluence of certamm data types while decreasing the mfluence of

other data types).

Bias relationships

In some embodiments, a processing step comprises determining a bias relationship. For example, one or
more relationships mav be generated between local genome bias estimates and bias frequencies. The term
“relationship™ as use herein refers to a mathematical and/or a graphical relationship between two or more
variables or values. A relationship can be generated by a suitable mathematical and/or graphical process.
Non-limiting examples of a relationship mclhide 3 mathematical and/or graphical representation of a
function, a correlation, a distribution, & linear or non-linear equation, a line, a regression, a fitted
regression, the like or a combination thereof. Sometimes a relationship comprises a fitted relationship. In
some embodiments a fitted relationship comprises a fitted regression, Sometimes a relationship
comprises two or more variables or values that are weighted. In some embodimenis a relationship
comprise a fitted regression where one or more vanables or values of the relationship a weighted.
Sometimes a regression is fitied 1n a weighted fashion. Sometimes a regression is fitted without

weighting. In certain embodiments, generating a relationship comprises plotting or graphing.

In certain embodiments, a relationship 15 generated between GC densities and GC density frequencies, In
some embodunents generating a relationship between (1) GC densities and (8) GU density frequencies for
a sample provides a sample GC density relationship. In some embodiments generating a relationship
between (1) GC densities and (1) GC density frequencies for a reference provides a reference GC density
relationship. In some embodiments, where local genome bias estimates are GC densities, a sample bias
relationship is 3 sample GC density relationship and a veference bias relationship is a reference GC
density relationship. GC densities of a reference GC density relationship and/or a sample GC density
relationship are often representations {e.g., mathematical or quantitative representation) of local GC

content,
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In some embodunents a relationship between local genome bias estimates and bias frequencies comprises
a distribution. In some cmbodiments a relationship between local genome bias estimates and bias
frequencies comprises 3 fitted relationship (e.g., a fitted regression). In some embodiments a relationship
between local genome bias estimates and bias frequencies comprises a fitted linear or non-hnear
regression (e.g., a polvnomial regression). In certain embodiments a relationship between local genome
bias cstimates and bias frequencies comprises a weighted relationship where local genome bias estimates
and/or bias frequencies arc weighted by a suitable process. In some embodiments a weighted fitted
relationship (e.g., a weighted fitting) can be obtained by a process comprising a quantile regression,
parameterized distributions or an empirical distribution with interpolation. In certain embodbments a
relationship between local genome bias estumates and bias frequencies for a fest sample, a reference or
part thereof, comprises a polyromial regression where local genonme bias estimates are weighted. In some
embodiments a weighed fitted model comprises weighting values of a distribution. Values of a
distribution can be weighted by a suitable process. In some embodiments, values located near tatls of 2
distribution are provided less weight than values closer to the median of the distribution. For example,
for a distribution between local genome bias estimates (e 5., GC densities) and bias frequencies (e.g., GC
densiiy frequencies), a weight 1s delermined according to the bias frequency {or a given local gonome bias
estimate, where local genome bias estimates comprising bias frequencies closer to the mean of a
distribution are provided greater weight than local genome bias estimates comprising as frequencies

further from the mean.

In some embodiments, a processing step comprises normalizing sequence read counts by comparing local
genome bias estimates of sequence reads of a test sample to local genome bias estimates of a reference
(c.g., a reforence gonome, or part thereol). In somce embodiments, counts of sequence reads are
normalized by comparing bias frequencies of local genome bias estimates of a test sample to bias
frequencies of local genome bias estimales of a reference. In some embodiments counts of sequence
reads are normalized by comparing a sample bias relationship and a reference bias relationship, thereby

generaling a comparison.

Counts of sequence reads may be normalized according to a comparison of two or more relationships. In
certain embodiments two or more relationships are compared thereby providing a comparison that is nsed
for reducing local bias in sequence reads (e.g., normalizing counts). Two or more relationships can be
compared by a suitable method. In some embodiments a comparison comprises adding, subiracting,
munltiplying and/or dividing a first relationship from a second relationship. In certain embodiments

comparing two or more relationships comprises a use of a suitable linear regression and/or a non-lhinear
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regression. In cerfain embodinments comparing two or more relationships comprises a suitable polynomial

regression (¢.g., a 3™

order polynomzial regression). In some embodiments a comparison comprises
adding, subtracting, multiplying and/or dividing a first regression from a second regression. In some
embodiments two or more relationships are compared by a process compnsing an inferential framework
of multiple regressions. In some embodiments two or more relationships are compared by a process
comprising a suitable multivariate analysis. In some embodiments two or more relationships arc

compared by a process comprising a basis function {o.g., a blending fimciion, e.g., polynonual bases,

Fourier bases, or the fike), splines, a radial basis function and/or wavelets.

In certam embodiments a distribution of local genome bias estimates comprising bias frequencies for a
test sample and a reference is compared by a process comprising a polvnomial regression where local
genome bias estimates are weighted. In some embodiments a polynonual regression 1s generated between
(1} ratios, each of which ratios comprises bias frequencies of local genome bias estimates of a reference
and bias frequencics of local genome bias estimates of a sample and (1) local genome bias estimates. In
some embodiments a polynomial regression is generated between (i) a ratio of bias frequencies of local
genome bias estimates of a referonce to bias [requencies of local genome bias estimales of a sample and
(ii) local genome bias estimates. In some embodiments a comparison of a distribution of local genome
bias estimates for reads of a test sample and a reference comprises determining & log ratio (e.z., a log2
ratio) of bias frequencies of local genome bias estimates for the reference and the sample. In some
embodimenis a comparison of a distribution of local genome bias estimates comprises dividing a log ratio
(e.g., alog?2 ratio) of bias frequencies of local genome bias estimates for the reference by alog ratio (e g,

a log?2 ratio} of bias frequencies of local genome bias estimates for the sample.

Normalizing counts according to a comparison tvpically adjusts some counts and not others. Normalizing
counts sometimes adjusts all counts and sometimes does not adjust any counts of sequence reads. A
sount for a sequence read sometimes is normalized by a process that comprises determining a weighting
factor and sometimes the process does not include directly generating and wtilizing a weighting factor.
Normahzing counts according {o a comparison sometimes compriges defermining a weighting factor for
each count of a sequence read. A weighting factor is often specific to a sequence read and is applied to a
count of a specific sequence read. A weighting factor is often determined according to a comparison of
two or more bias relationships (e.g., a sample bias relationship compared to a reference bias relationship}.
A normalized count is oflen determined by adjusting & count value according o a weighting faclor.
Adjusting a count according to a weighting factor sometimes includes adding, subtracting, multiplying

and/or dividing a count for a sequence read by a weighting factor. A weighting factor and/or a
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normalized count sometimes are determined from a regression (e.g., a regression line). A normalized
count 18 sometimes obtamed directly from a rogression lime (¢.g., a fitted regression ling) resulting from a
comparison between bias frequencies of local genome bias estimates of a reference (e.g., a reference
genome) and a test sample. In some embodiments each count of a read of a sample is provided a
normalized count value according to a comparison of (i) bias frequencies of a local genome bias estimates
of reads compared to (i) bias frequencies of a local genome bias estimates of a reference. In certain
ainbodimenis, counts of sequence reads obtaised for a sample are normalized and bias m the sequence

reads is reduced.
LOFESS normalization

in some embodiments, a processing step comprises a LOESS normalization, LOESS 1s a regression
modeling method known in the art that combines multiple regression models in a k-nearest-neighbor-
based meta-model. LOESS 15 sometimes referred to as a locally weighted polynomial regression. GC
LOESS, in some embodiments, apphies an LOESS model to the relationship between fragment count
(e.g., sequence reads, counts) and GC composition for portions of a reference genome. Plotting a smooth
curve through a set of data ponts using LOESS is sometimes called an LOESS curve, particularly when
sach smoothed value is given by a weighted quadratic least squares regression over the span of values of
the y-axis scattergram criterion variable. For cach point in a data set, the LOESS method fits a low-
degree polynomial to a subset of the data, with explanatory variable values near the point whose response
is being estunated. The polynomial is fitted using weighted least squares, giving more weight to points
near the point whose response 15 being estimated and less weight to points further away. The value of the
regression {unction for a pomnt is then obtained by evaluating the local polvnomial using the explanatory
variable values for that dats pomnt. The LOESS fit 15 sometimes considered complete after regression
function values have been computed for each of the data points. Many of the details of this method, such

as the degree of the polynomial model and the weights, are flexible.

Principal component analysis

in some embodiments, a processing step comprises a principal component analysis (PCA). In some
embodiments, sequence read counts {e.g., sequence read counts of a test sample) 1s adjusted according to
a principal component analysis (PCA). In some embodiments a read density profile {e.g., a read density
profile of a test sample) is adjusted according to a principal component analysis (PCA). A read density
profile of one or more reference samples and/or a read density profile of a test subject can be adjusted

according to a PCA. Removing bias from a read density profile by a PCA related process 1s sometimes
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referved to herein as adjusting a profile. A PCA can be performed by a suitable PCA method, ora
varation thereof. Non-limitmg examples of a PCA method mchude a canonical correlation analysis
(CCA), a Karhunen—Logve transform (KL'T), a Hotelling transform, a proper orthogonal decomposition
{POD), a singular value decomposition (SVD) of X, an eigenvalue decompogition (EVD) of XTX, a
factor analysis, an Eckart-Young theorem, a Schmidt-Mirsky theorem, empirical orthogonal functions
(EQF), sn empirical eigenfunction decomposition, an empirical component analysis, guastharmonic
modes, a spectral decomposition, an empirical modal analviis, the like, vaniations or corabinations
thereof. A PCA often identifies and/or adjusts for one or more biases in a read density profile. A biag
identified and/or adjusted for by a PCA is sometimes referred to herein as a principal component. In
some embodiments one or more biases can be removed by adjusting a read density profile according to
one or more principal component using a suitable method. A read density profile can be adjusted by
adding, subtracting, maultiplying and/or dividing one or more principal components from a read density
profile. In some embodiments, one or more biases can be removed from a read density profile by
subtracting one or more principal components from a read density profile. Although bias n a read density
profile is often identified and/or quantitated by a PCA of a profile, principal components are often
subiracted {rom a profile at the level of read densities. A PCA often dentilics one or more principal
components. In some embodiments a PCA identifies a 1%, 2", 39 4% 5t g% 70 g% 9% and a 10% or
more principal components. In certain embodiments, 1, 2, 3,4, 3, 6, 7, 8,9, 10 or more principal
components are used to adjust a profile. In certain embodiments, 5 primcipal components are used to
adjust a profile. Often, principal coraponents are used 1o adjust a profile i the order of appearance in a
PCA. For example, where three principal components are subtracted from a read density profile, a 1%, 2™
and 3™ principal component are nsed. Sometimes a bias identified by a principal component comprises a
featurce of a profile that is not used to adjust a profife. For oxample, a PCA may identify a copy number
alteration (e.g., an aneuploidy, microduplication, microdeletion, deletion, translocation, inserbion) and/or a
gender difference as a principal component. Thus, in some embodiments, one or more principal
components are not used te adjust a profile. For example, sometimes a 1%, 2* and 4™ principal

component are used to adjust a profile where a 3" principal component is not used to adjust a profile.

A principal component can be obtained from a PCA using any suitable sample or reference. In some
embodiments principal components are obtained from a test sample (e.g., a test subject). In some
embodiments principal componends are obtained from one or more references {e.g., reference samples,
reference sequences, a reference set). In certain instances, a PCA is performed on a median read density
profile obtained from a training set comprising multiple samples resulting in the identification of a 1%

principal component and a 2™ principal component. In some embodiments, principal components are
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obtained from a set of subjects devoid of a copy number alteration in question. In some embodiments,
principal components are obtained from a sct of known cuplowds. Principal component are often

wdentified according to a PCA performed using one or more read density profiles of a reference (e.g., a
traming sot}. Once or more principal components obtained from a reference are often subtracted from a

read density profile of a test subject thereby providing an adjusted profile.

Hybrid nommalization

In some embodiments, a processing step comprises a hyvbrid normalization method. A hybnid
normalization method may reduce biag (e.g., GC biag), in certamn instances. A hvbrid normalization, in
some embodiments, comprises {1) an analysis of a relationship of two variables (e.g., counts and GC
content) and (1) selection and application of a normalization method according to the analysis. A hybrid
normalization, in certain embodiments, comprises (1) a regression (e.g., a regression analvsis) and (1)
selection and application of a rormalization method according to the regression. In some embodiments
counts obtained for a first sample (e.g., a first set of samples) are normalized by a different method than
counts obtained from another sample {e.g., a second set of samples). In some embodiments counts
obtained for a first sample (e.g., a first set of samples) are normalized by a first normalization method and
counts obtained from a second sample (e.g., a second set of samples) are normalized by a second
normalization method. For example, in certain embodiments a first normalization method corprises use
of a linear regression and a second normahization method comprises use of a non-linear regression (e.¢., a

LOESS, GC-LOESS, LOWESS regression, LOESS smoothing).

{n some embodiments a hybrid normalization method is used to normalize sequence reads mapped to
portions of a genome or chromosome (e.g., counis, mapped counts, mapped reads). In certain
embodiments raw counts are normakhized and in some embodiments adjusted, weighted, filtered or
previously normalized counts are normalized by a hybrid normalization methoed. In certain embodiments,
levels or Z-scores are nommalized. In some embodiments counts mapped to selected portions of a genome
or chromoesome are normalized by a hybrid nommalization approach. Counts can refer to a suitable
measure of sequence reads mapped to portions of a genome, non-limiting examples of which uclude raw
counts {(e.g., unprocessed counts), normalized counts (e.g., normalized by LOESS, principal component,
or a suttable method), portion levels {e.g., average levels, mean levels, median Jevels, or the hike), Z-
scores, the hke, or combinations thereof. The counts can be raw counts or processed counts from one or
more samples (e.2., a test sample, a sample from a pregnant female). In some embodiments counts are

obtained from one or more samples obtained from one or more subjects.
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In some embodiments a normalization method (e.g., the type of normalization method) 1s selected
according to a regression (e.g., a regression analysis) and/or a correlation coefficient. A regression
analvsis refers to a statistical fechnique for estimating a relationship among variables (e.g., counts and GC
content). In some embodiments a regression 1s generated accordimg to counts and a measure of GC
content for cach portion of multiple portions of a reference genome. A suitable measure of GC content
can be used, non-bmiting cxamples of which nclude a measure of guaning, cvtosing, adenine, thymine,
purine (GC), or pyrimidine (AT or ATU) content, melting temperature (Tw) (e.g., denaturation
temperature, annealing temperature, hvbridization temperature}, a meagure of free energy, the like or
combinations thersof. A measure of guanine {(G), cytosine (C), ademine (A}, thymine (1), purine {GC), or
pyrimidine (AT or ATU) content can be expressed as a ratio or a percentage. In some embodiments any
suitable ratio or percentage 18 used, non-limiting examples of which include GC/AT, GC/iotal nucleotide,
GC/A, GC/T, AT total nocleotide, AT/GC, AT/G, AT/C, G/A, C/A. GIT, G/A, G/AT, (/T the like or
combinations thereof. In some embodiments a measure of GC content 15 a ratio or percentage of GC to
total nucleotide content. In some embodiments a measure of GC content is a ratio or percentage of GC to
total nuclectide content for sequence reads mapped to a portion of reference genome. Tn corlain
embodiments the GC content is determined according to and/or from sequence reads mapped to each
portion of a reference genome and the seguence reads are obtained from a sample. In some embodiments
a measure of GC content is not determined according to and/or from seguence reads. In certain
embodimenis, a8 measure of GC content is determined Tor one or more samples obtained from one or more

subjects.

In some cmbodiments gonerating a regression commprises goncrating a regression analysis or a corrclation
analvsis. A suitable regression can be used, non-limiting examples of which include a regression
analvais, {e.g., a lincar regression analvsis), a goodness of fit analysis, a Pearson’s correlation analvsis, a
rank correlation, a fraction of variance unexplained, Nash—Sutcliffe model efficiency analysis, regression
model validation, proportional reduction in loss, root mean square deviation, the like or a combination
thereof. In some embodiments o regression line is generated. In certain embodiments generating a
regression comprises generating a linear regression. In certain embodiments generating a regression

comprises generating a non-linear regression (e.g., an LOESS regression, an LOWESS regression).

In some embodiments a regression determines the presence or absence of a correlation (e.g., a linear
correlation), for example between counts and a measure of GC content. In some embodiments a

regrossion (e.g., a lincar rogression) is gonerated and a correlation coefficient is determined. In some
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embodiments a suitable correlation coefficient is determined, non-imiting examples of which mclude a

cocfficient of determination, an R? value, a Pearson's corrclation cocfficient, or the like.

in some embodiments goodness of it is determined for a regression {e.g., a regression analvsis, a hnear
regression). Goodness of fit sometimes is determined by visual or mathematical analysis. An assessment
sometimes includes determining whether the goodness of fit 1s greater for a non-lincar regression or for a
Imear regression. Tn some embodiments a correlation coefficient is a measurs of a goodness of fit. In
some embodiments an assessment of a goodness of fit for a regression is determined according to a
correlation coefficient and/or a correlation coefficient cutoff value. In some embodiments an assessment
of a goodness of fit comprises comparing a correlation coefficient to a correlation coefficient cutoff value.
In some embodiments an assessment of a goodness of tit for a regression is indicative of a linear
regression. For example, in certain embodiments, a goodness of fit is greater for a hinear regression than
for a non-linear regression and the assessment of the goodaess of fif is indicative of a linear regression. In
some embodiments an assessment is indicative of a linear regression and a linear regression 1s used to
normalized the counts. In some embodiments an sssegssment of a goodness of fit for a regression 1s
mdicative of a non-linear regression. For example, i corlain embodimenlts, a goodness of [l is greater
for a non-lingar regression than for a linear regression and the assessment of the goodness of fit is
indicative of a non-linear regression. In some embodiments an assessment 15 indicative of a non-hnear

regrossion and a non-linear regression is used (o normalized the counts.

In some embodunents an assessment of a goodness of fif is indicative of a linear regression when a
correlation coefficient 1s equal to or greater than a correlation coefficient cutoff. In some embodiments an
asscssment of a goodness of fit 1s indicative of a non-lincar regression whoen a corrclation cocfficicnt is
less than a correlation coefficient cutoff. In some embodiments a correlation coefficient cutoff 15 pre-
deiermined. Tn some embodiments a correlation coefTicient cut-off is about 0.5 or greater, about 0.55 or
greater, about 0.6 or greater, about 0.63 or greater, about 0.7 or greater, about .75 or greater, about 0.8 or

greater or about 0.85 or greater.

in some embodiments a specific type of regression 15 selected {e.g., a linear or non-linear regression) and,
after the regression is generated, counts are normalized by subtracting the regression from the counts. In
sorme embodiments subtracting a regression from the covunts provides normalized counts with reduced
bias (e.g., GC bias). In some embodiments a linear regression is subiracted from the counts. In some
embodiments # non-hinear regression (e.g., a LOESS, GC-LOESS, LOWESS regression) 1s subtracted

from the counts. Any suitable method can be used to subiract a regression line from the counts, For
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example, if counts x are derived from portion 7 (e.g., a portion 7) comprising a GC content of 0.5 and a
regression ling determines counts v at a GU content of 0.5, then x-y = nommalized counts for portion i, In
soree embodiments counts are normalized prior to and/or after subtracting a regression. In some
embodiments, counts normahized by a hybrid normalization approach are used to generate levels, Z-
scores, levels and/or profiles of a genome or a part thereof. In certain embodiments, counts normalized
by a hybrid nommalization approach are analyzed by methods described herein to determine the presence

or absence of a genetic variation or genetic alieration (c.g., copy number alteration).

In some embodiments a hybrid nonmalization method comprises filtering or weighting one or more
portions before or after normalization. A suttable method of filtering portions, mcluding methods of
filtering portions (¢.g., portions of a reference genome) described herein can be used. In some
embodiments, portions (e.g., portions of a reference genome) are filtered prior to applying a hybrid
normalization method. In some embodiments, only counts of sequencing reads mapped to selected
poriions (e.g., portions selected according to count variability) are normalized by a hyvbrid normalization.
In some embodiments counts of sequencing reads mapped to filtered portions of a reference genome (e.g.,
portions {iliered according to count variability} are removed prior o ulilizing a hybrid normalization
method. In some embodiments a hybrid noomalization method comprises selecting or filtering portions
{e.g., portions of a reference genome) according {0 a suitable method (e.g.. a method described herein). In
some embodiumnents a hybrid normalization method comprises selecting or {iltering portions {e.g., portions
of a reference genome) according to an uncertainiy value for counts mapped o cach of the poritons for
multiple test samples. In some embodiments a hvbrid normalization method comprises selecting or
filtering portions {e.g., portions of a reference genome) according to count variability. In some
cibodimonts a hvbrid normalization mothod comprisces sclecting or {ilicring portions {c¢.g., portions of a
reference genome) according to GC content, repefitive elements, repetitive sequences, introns, exons, the

like or a combination thereof

Profiles

In some embodiments, a processing step comprises genaraling one or morg profiles {e.g., profile plot)
from various aspects of a data set or derivation thereof (e.g., product of one or more mathematical and/or
statistical data processing steps known in the art and/or described herem).

The ierm “profile” as used herein refers o a product of a mathematical and/or staiistical manipulation of
data that can facilitate identification of patterns and/or correlations in large quantities of data. A “profile”

often includes values resulting from one or more manipulations of data or data sets, based on one or more
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criteria. A profile ofien mncludes multiple data points. Anyv suitable number of data points may be
meluded 1 a profile depending on the nature and/or complexity of a data set. In cortain embodiments,
profiles may include 2 or more data points, 3 or more data points, 5 or more data points, 10 or more data
points, 24 or more data pomts, 25 or more data points, 30 or more data points, 100 or more data pomts,
500 or more data pomts, 1000 or more data points, 3000 or more data points, 10,000 or more data points,

or 100,000 or more data points.

in some embodiments, a profile 1s representative of the entirety of a data set, and in certain embodiments,
a profile is representative of a part or subset of a data set. That i, a profile sometimes includes or is
generated from data points representative of data that has not been filtered o remove any data, and
sometimes a profile includes or is generated from data points representative of data that has been filtered
to remove unwanted data. In some embodiments, a data point in a profile represents the results of data
manipulation for a portion. In certain embodiments, a data point in a profile includes results of data
mampulation for groups of portions. In some embodiments, groups of portions may be adjacent to one
another, and in certain embodiments, groups of portions may be from different parts of a chromosome or

ZENOMme.

Data points in a profile derived from a data set can be representative of any suitable data categorization.
Non-lmiting examples of categories into which data can be grouped to generate profile data ponts
melude: portions based on size, portions based on sequence featares {(e.g.. GC content, AT content,
position on a chromosome (¢.2., short arm, fong arm, centromere, telomere), and the like), lovels of
expression, chromosome, the like or combinations thereof. In some embodiments, a profile may be
generated from data points obtained from another profile (e.g., normalized data profile renormalized (o a
different normalizing value to generate a renormalized data profile). In certain embodiments, a profile
generated from data points obtained from another profile reduces the mumber of data points and/or
somplexity of the data set. Reducing the number of data points and/or complexity of a data set often

facilitates interpretation of data and/or facthitates providing an outcome,

A profile (e.g., a genomic profile, a chromosome profile, a profile of a part of a chromosome} often s a
collection of normalized or non-normalized counts for two or more portions. A profile often includes at
east one level, and ofien comprises two or more levels (e.g., a profile often has multiple levels). A level
generally is for a set of portions haviang about the same counts or normalized counts. Levels are described
m greater detal heremn. In certain embodiments, a profile comprises one or more portions, which portions

can be weighted, removed, filtered, normalized, adjusted, averaged, derived as a mean, added, subtracted,
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processed or transformed by any combination thereof A profile often comprises normalized counts
mapped to portions defining two or more levels, where the counts are further normalized according to one
of the levels by a suitable method. Often counts of 3 profile (e.g., a profile level) are associated with an

uneertainty value.

A profile comprising one or more levels i1s sometimes padded (e.g., hole padding). Padding {¢.g., hole
padding) refers {o a process of Wentifying and adjusting levels in a profile that are due to copy number
alterations (e.g., microduplications or microdeletions in a patient’s genome, maternal microduplications
or microdeletions). In some embodiments, levels are padded that are due to microdaplications or
microdeletions in a tumor or a fetus. Microduplications or microdeletions in a profile can, in some
embodiments, artificially raise or lower the overall level of a profile (e.g., a profile of a chromosome)
leading to false positive or false negative determinations of a chromosome aneuploidy (e.g.. a trisomy).
In some embodiments, levels in a profile that are due (o microduplications and/or deletions are ideniified
and adjusted (e.g., padded and/or removed) by a process sometimes referred to as padding or hole

padding.

A profile comprising one or more levels can inclode a first level and a second level, In some
embodiments a first level is different {e.g., significantly different) than a second level. In some
embodiments a first level comprises a first set of portions, a second level comprises a second set of
portions and the first sei of portions s not a subset of the second set of portions. In certain embodiments,
a first set of portions is different than a second set of portions from which a first and second level are
determined. In some embodiments a profile can have multiple first levels that are different {e.g,
significantly difforont; ¢.g., have a significantly difforent valuc) than a sccond level within the profile. In
some embodiments a profile comprises one or more first levels that are significantly different than a
second level within the profile and one or move of the first levels are adjusted. In some embodiments a
first level within a profile is removed from the profile or adjusied (e.g., padded). A profile can comprise
multiple levels that include one or more first levels significantly different than one or more second levels
and often the majority of levels in a profile are second levels, which second levels are about equal to one
another. In some embodiments greater than 50%, greater than 60%, greater than 70%, greater than 809,

greater than 90% or greater than 95% of the levels in a profile are second levels,

A profile sometimes 1s displaved as a plot. For example, one or more levels representing counts {e.g.,
normalized counts) of portions can be ploted and visnalized. Non-limiting examples of profile plots that

can be generated include raw count (e.g., raw count profile or raw profile), normalized count, portion-
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weighted, z-score, p-value, area ratio versus fitted ploidy, median level versus ratio between fitted and
measured minority species fraction, principal components, the ke, or combinations thereof. Profile plots
allow visualization of the manipulated data, in some embodiments. In certain embodiments, a profile plot
can be utilized to provide an cutcome {e.g., arca ratio versus fitted ploidy, median level versos ratio
between fitted and measured minority species fraction, principal components). The terms “raw count
profile plot” or “raw profile plot” as used hercin refer fo a plot of counts in cach portion in a region
normalized o total counts 1 a region (¢ g, genome, portion, chromosome, chromosome portions of a
reference genome or a part of a chromosome). In some embodiments, a profile can be generated vsing a
static window process, and in certain embodiments, a profile can be generated using a sliding window

process.

A profile generated for a test subject sometimes is compared to a profile generated for one or more
reference subjects, (o facilitate mterpreistion of mathematical and/or statistical mampulations of a data set
and/or to provide an outcome. [n some embodiments, a profile is generated based on one or more starting
assumptions, e.g., assumptions described herein. In certain embodiments, a test profile often centers
around a predetermined value representative of the absonce of a copy number alteration, and ollen
deviates from a predetermined value in areas corresponding to the genomic location in which the copy
number alteration is located in the test subject, if the test subject possessed the copy number alteration. In
test subjects at risk for, or suffering from a medical condition associated with a copy number alteration,
the numerical value for a selected portion is expected to vary significantly from the predetermined value
for non-affected genomic Jocations. Depending on starting assumptions (e.g., fixed ploidy or optimized
ploidy, fixed fraction of cancer cell nucleic acid or optimized fraction of cancer cell nucleic acid, fixed
fotal fraction or oplimizod fotal fraction, or combinations thoreof) the predotermined threshold or cutoff
value or threshold range of values indicative of the presence or absence of a copy number alteration can
vary while still providing an outcome useful for determining the presence or absence of a copy number

alteration. In some embodiments, a profile is indicative of and/or representative of a phenotype.

In some embodiments, the use of one or more reference samples that are substantially free of a copy
number alferation in question can be used to generate a reference count profile {e.g., a reference median
count profile), which may result in a predetermined value representative of the absence of the copy
number alteration, and often deviates from a predetermined value in areas corresponding to the genomic
location in which the copy namber alteration is located in the test subject, if the test subject possessed the
copy number alteration. In {est subjects at risk for, or suffering from a medical condition associated with

a copy number alteration, the numerical value for the selected portion or sections is expected to vary
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significantly from the predetermined value for non-affected genomic locations. In certain embodiments,
the use of one or more reforence samples known fo carry the copy number alteration m question can be
used to gencrate a reference count profile (a reference median count profile), which mav resultin a
predetermined value representative of the presence of the copy number alteration, and often deviates from
a predetermined value in areas corresponding to the genomic location in which a test subject does not
carry the copy number alteration. In test subjects not at risk for, or suffering from a medical condition
associated with a copy number alteration, the numenical value for the selected portion or sections is

expected to vary significantly from the predetermined value for atfecied genomic locations.

By way of a non-limiling cxample, normalized sample and/or reference count profiles can be obtained
from raw sequence read data by (a) calculating reference median counts for seiected chromosomes,
portions or parts thereof from a set of references known not to carry a copy number alteration, (b}
removal of uninformative portions from the reference sample raw counts (e g, filtering}; (¢} nonmakizing
the reference counts for all remaining portions of a reference genome to the total residual number of
counts (e.g., sum of remaining counts after removal of uninformative portions of a reference genome) for
the reference sample selecied chromosome or selected genomic location, thereby generating a normalived
reference subject profile; (d) removing the corresponding portions from the test subject sample; and (2)
normalizing the remaining test subject counts for one or more selected genomic locations to the sum of
the residual reference median counts for the chromosome or clromosomes containing the selected
genomic locations, thereby generating a normalized teost subject profile. In certamn embodiments, an
additional normalizing step with respect to the entire genome, reduced by the filtered portions in (b), can

be incladad between (¢} and (d).

In some embodiments a read density profile is determined. In some embodiments a read density profile
comprises at least one read density, and ofien comprises two or more read densities (e.g., a read densiiy
profile often comprises muliiple read densiiies). In some embodimenis, a read density profile comprises a
suitable quantitative value (e.g., a mean, a median, a Z-score, or the like). A read density profile ofien
comprises values resulting from one or more read densities. A read density profile sometimes comprises
values resulling from one or more mamipulations of read densities based on one or more adjusiments (e.g.,
normalizations). Tn some embodimenis a read density profile comprises unmanipulated read densinies. In
sorme embodiments, one or more read density profiles are generated from various aspects of a data set
comprising read densities, or a derivation thereof (e.g., product of one or more mathematical and/or
statistical data processing steps known in the art and/or described herein). In certain embodiments, a read

density profile comprises normalized read devsities. In some embodiments a read density profile
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compriscs adjusted read densities. In certain embodiments a read density profile comprises raw read
densities (o.g., unmanipulated, not adjusted or normalized), normalized read densitics, weighted read
densities, read densities of filtered portions, z-scores of read densities, p-values of read densities, integral
values of read densities {e.g., area under the curve), average, mean or median read densilies, principal
components, the like, or combinations thereof. Often read densities of a read density profile and/or a read
density profile 15 associated with a measure of uncertaimnty (e.g., a MAD), In certain embodiments, a read
density profile comprises a distribution of median read densiies. 1o some embodiments a read density
profile comprises a relationship (e.g., a fitted relationship, a regression, or the like) of a plurality of read
densities. For example, sometimes a read density profile compriges a relationship between read densities
(e.g.. read densifies value) and genomic locations {e.g., portions, portion locations). In some
embodiments, a read density profile is generated using a staiic window process, and in certain
embodiments, a read density profile is generated using a shiding window process. In some embodiments a
read density profile is sometumes printed and/or displayved {e.g., displayed as a visual representation, e.g.,

a plot or a graph).

In some embodiments, a read densily profile corresponds Lo a set of portions (e.g.. a sel of portions of a
reference genome, a set of portions of a chromosome or a subset of portions of a part of a chromosome).
In some embodiments a read density profile comprises read densities and/or counts associated with a
collection {e.g., a sef, a subset) of portions. In some embodiments, a read density profile is determuned for
read densities of porfions that are contiguous. In some embodiments, contignous porfions COMprise gaps
comprising regions of a reference sequence and/or sequence reads that are not included m a density
prefile {e.g., portions removed by a filtering). Sometimes portions {e.g., a set of portions) that are
contiguous represont noighboring regions of a genome or noighboring regions of a chromosome or gene.
For example, two or more contiguous portions, when aligned by merging the portions end to end, can
represent a sequence assembly of a DNA sequence longer than each portion. For example two or more
contiguous portions can represent an intact genome, chromosome, gene, intron, exon or part thereof.
Sometimes a read density profile is delermined from a collection (2.g., a set, a subset) of contiguous
portions and/or non-contiguous poriions. In some cases, a read density profile comprises one or more
portions, which portions can be weighied, removed, filtered, normalized, adjusted, averaged, derived as a

mean, added, subtracted, processed or transformed by any combination thereof,

A read density profile is often delermined for a sample and/or a reference (e.g., a reference sample). A
read density profile is sometimes genersted for an entire genome, one or more chromosomes, or for a part

of a genome or a chromosome. In some embodiments, one or more read density profiles are determined
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for a genome or part thereof. In some embodiments, a read density profile is representative of the entirety
of a sct of read densitics of a sample, and 1 certain embodiments, a read density profile 1s reprosentative
of a part or subset of read densities of a sample. That is, sometimes a read density profile comprises or is
genorated from read densities representative of data that has not been filtered (o remove any data, and
sometimes a read density profile includes or is generated from data points representative of data that has

been filtered to remove unwanted data.

In some embodiments a read density profile 1s determined for a reference (e.g., a reference sample, a
training set). A read density profile for a reference is sometimes referred to herein as a reference profile.
In some embodiments a reference profile comprises a read donsitics obtained from one or more references
(e.g., reference sequences, reference samples). In some embodiments a reforence profile comprises road
densities determined for one or more (e.g., a set of} known cuploid samples. In some embodiments a
reference profile comprises read densities of filtered portions. In some embodinments a reference profile

comprises read densities adjusted according to the one or more principal components.

Performing a comparison

In some embodiments, a processing step comprises preforming a comparison {g.g., comparing a {est
prefile o a reference profile). Two or more data sets, twe or more relationships and/or two or more
profiles can be compared by a suitable method. Non-hmiting examples of statistical methods suitable for
comparing data sets, relationships and/or profiles include Behrens-Fisher approach, bootstrapping,
Fisher’s method for combining independent tests of significance, Nevman-Pearson testing, confirmatory
data analysis, exploratory data analysis, exact test, F-test, Z-test, T-test, calculating and/or comparing a
measure of uncertaity, a null hypothesis, counternulls and the like, a chi-square test, omnibus test,
calculating and/or comparing level of significance {e.g., statistical sigrnaficance), a meta analysis, a
multivaniate analysis, a regression, simple linear regression, robust Lincar regression, the like or
combinations of the foregoing. In certain embodiments comparing two or more data sets, relationships
and/or profiles comprises determining and/or corpparing a measure of uncertainty. A “measure of
uncertamty” as used herein refers to a measare of significance {¢.g., statistical significance), a measure of
ervor, a measure of variance, a measure of confidence, the like or a combination thereof. A measure of
nncertainty can be a value (e.g., a threshold) or a range of valves (e.g., an interval, a confidence interval, a
Bayestan confidence interval, a threshold range). Non-lumiting examples of a measare of uncertamty
include p-values, a suitable measure of deviation {e.g., standard deviation, sigma, absolute deviation,

mean absolute deviation, the ike), a suitable measure of ervor (e.g., standard error, mean squared error,
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root mean squared error, the like), a suitable measure of variance, a smntable standard score (e.z., standard
deviations, cumulative percentages, percentilo equivalents, Z-scores, 'I'-scores, R-scores, standard nine
(stanine), percent in staning, the like), the like or combinations thereof. In some embodiments
determimning the level of significance comprises determining 3 measure of uncertainty (o.g., a p-value). In
certain embodiments, two or more data sets, relationships and/or profiles can be analyzed and/or
compared by utilizing multiple (e.g., 2 or more) statistical methods (¢.g., least squares regression,
principal component analysis, linear discrominant analysis, guadraiic discriminant analysis, bagging,
neural networks, support vector machine models, random foresis, classification tree models, K-nearest
neighbors, logistic regression and/or loss smoothing) and/or any suitable mathematical and/or statistical

manipulations {e.¢., referred to herein as manipulabons).

In some embodiments, a processing siep comprises a comparison of two or more profiles (e.g., two or
more read denstty profiles). Comparing profiles may comprise comparing profiles generated for a
selected region of a genome. For example, a test profile may be compared to a reference profile where
the test and reference profiles were determined for a region of a genome (e.g., a reference genome) that is
substantially the same region. Comparing profiles sometimes comprises comparing two or more subsets
of portions of a profile {e.g., aread density profile). A subset of portions of a profile may represent a
region of a genome {e.g., a chromosome, or region thereof). A profile {e.g., a read density profile) can
comprise any amount of subsets of portions. Sometimes a profile (e.g., a read density profile} comprises
two or more, three or more, four or more, or five or more subsets, In certain embodiments, a profile (e.g.,
a read density profile) comprises two subsets of portions where each portion represents regions of a
reference genome that are adjacent. In some embodiments, a test profile can be compared to a reference
profilc whore the test profile and reforence profile both comprise a first subsct of portions and a sccond
subset of portions where the first and second subsets represent different regions of a genome. Some
subsets of portions of a profile may comprise copy number alterations and other subsets of portions are
sometiunes substantially free of copy number alterations. Sometimes all subsets of portions of a profile
{e.g., a test profile) are substantially free of a copy number alteration. Sometimes all subsets of portions
of a profile {e.g., a test profile) comprige a copy number alteration. In some embodiments a test profile
can comprise a first subset of portions that comprise a copy number alieration and a second subset of

portions that are substantially free of a copy number alteration.

In certain embodiments, comparing two or more profiles comprises determining and/or comparing a
measure of yncertainty for two or more profiles. Profiles {e.g., read density profiles) and/or associated

measures of uncertainty are sometimes compared to facilitate interpretation of mathematical and/or
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statistical manipulations of a data set and/or to provide an cutcome. A profik (e.g., a read density profile)
generated for a test subject sometimes 18 compared to a profile (¢.g., a read density profile) generated for
one or more references (e.g., reference samples, reference subjects, and the like). In some embodiments,
an cufcome is provided by comparing a profile {e.g.. a read density profile) from a test subject lo a profile
(e.g., aread density profile) from a reference for a chromosome, portions or parts thereof, where a
reference profile 15 obtained from a set of reference subjects known not to possess a copy number
alteration {c g., a refergnce). In some embodiments an outcome 18 provided by comparing a profile (e.g.,
a read density profile) from a test subject to a profile (e.g., a read density profile) from a reference for a
chromosome, portions or parts thereof, where a reference profile is obtained from a set of reference
subiects known to possess a specific copy number alteration {e.g., a chromosome aneuploidy, a

microduplication, a microdeletion).

in certatn erabodimenis, a profile {c.g., a read densily profile) of a test subject 1s compared to a
predetermined value representative of the absence of a copy number alteration, and sometimes deviates
from a predetermined value at one or more genonue locations (e.g., portions) corresponding to a genomic
focation in which a copy number alieration is located. For example, in lest subjects (e.g., subjects al nisk
for, or suffering from a medical condition associated with a copy mumber alteration), profiles are expected
to differ significantly from profiles of a reference {e.g., a reference sequence, reference subject, reference
set) for selected porfious when a test subject comprises a copy number alteration in guestion. Profiles
(e.g., read density profiles) of a test subject are often substantially the same as profiles (e.g., read density
profiles) of a reference (e.g., a reference sequence, reference subject, reference set) for selected portions
when 2 test subject does not comprise a copy number alteration in guestion. Profiles (e.g., read density
profiles) may be comparced 1o a predctormined threshold and/or threshold range. The torm “threshold™ as
used herein refers to any number that is caloulated using a qualifying data set and serves ag a hmit of
diagnosis of a copy number alteration (e.g., an aneuploidy, a microduplication, a microdeletion, and the
fike). In certain embodiments a threshold 15 exceeded by results obtained by methods described herein
and a subject is diagnosed with a copy number alieration. In some embodiments, a threshold value or
range of values may be calculated by mathematically and/or statistically manipulating sequence read data
{e.g., from a reference and/or subject). A predetermined threshold or threshold range of values indicative
of the presence or abgence of a copy number alteration can vary while still providing an outcome useful
for deterraining the presence or absence of a copy sumber alieration. In certain erabodiments, a profile
{(e.g., aread densily profile) comprising normalized read densities and/or normalized counts is generated

to Tacilitate classification snd/or providing an outcome. An oufcome can be provided hased on aplot of a
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profile {e.g., a read density profile) comprising normalized counts (e.g., using a plot of such a read density

profile).

Becision Analysis

[a some embodiments, a determination of an oulcome (e.g., making a call) or a determination of the
presence or absence of a copy number alteration (e.g.. chromosome aneuploidy, microduplication,
microdeletion) is made according 1o a decision analysis. Certain decision analysis features are described
n International Patent Application Publication No. WO2014/190286. For example, a decision analysis
somelimes comprises applyving one or more methods that prodoce one or more resulis, an evaluation

of the results, and a series of decisions based on the resulis, evaluations and/or the possible conseguences
of the decisions and terminating at some juncture of the process where a final decision 1s made. In some
embodiments a decision analysis is a decision tree. A decision analysis, in some embodiments, comprises
coordinated use of one or more processes {e.g., process steps, e.g., algorithms). A decision analysis can be
performed by apersos, a system, an apparatus, software (e.g., a module), a computer, a processor (eg., a
microprocessor), the like or a combination thereof. In some embodiments a decision analysis comprises

a method of determining the presence or absence of a copy number alteration {e.g., chromosome ancuploidy,
microduplication or microdeletion) with reduced false negative and reduced false positive determinations,
compared 1o an nstance in which no decision analbvsis is utilized (e.g., a determination is made directly
[rom normalized counts). In some embodiments a decision analysis comprises deternining the presence

or absence of a condition associated with one or more copy number alterations.

In some embodiments a decision analyeis comprises generating a profile for a genome or aregion of a
genome {(e.g., a chromosome or part thereof). A profile can be generated by any suitable method, known
or described herein. In some embodiments, a decision analysis comprises a segmenting process,
Segmenting can modify and/or transforn a profile thereby providimg one or more decomposition
renderings of a profile. A profile subjected to a segmenting process often is a profile of normalized
counts mapped to porhions in a reference genome or part thereof. As addressed herein, raw counts
mapped to the portions can be normalized by one or more suitable normalization processes {(e.g., LOESS,
GC-LOESS, principal component normalization, or combination thereof) to generate a profile that is
segmented as part of a decision analysis. A decomposition rendering of a profile is often a transformation
of a profile. A decomposition rendering of a profide is sometimes a transformation of a profile into a

representation of a genome, chromosome or part thereof.
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In cortaan cbodiments, a scgmoenting process utiized for the segmentimg locates and wdentifics one or
more levels within a profile that are different (e.g., substantially or significantly different) than one or
more other levels within a profile. A level identified in a profile according to a scgmenting process that is
different than another level in the profile, and has edges that are different than another level in the profile,
18 referred to herein as a level for a discrete segment. A segmenting process can generate, from a profile
of normalived counis or levels, a decomposition rendenmg m which one or more discreie segments can be
wdentified. A discrete segment generally covers fewer portions than what is segmented (e.g.,

chromosome, chromosemes, autosemes ).

In some embodiments, segmenting locates and identifies edges of discrete segments within a profile. In
certain embodiments, one or both edges of one or more discrete segments are identified. For example, a
segmentation process can identify the location {e.g., gesomic coordimates, ¢.g., portion location) of the
right and/or the left edges of a discrete segment in a profile. A discrete segment often comprises two
edges. For example, a discrete segment can include a lefl edge and aright edge. In some embodiments,
depending upon the representation or view, a lefi edge can be a 3”-edge and a righi edge can be a 37-edge
of a nucleic acid segment in a profile. In some embodiments, a lefl edge can be a 3”-edge and a right edge
can be a 37-edge of anocleic acid segment in a profile. Often the edges of a profile are known prior to
segmentation and therefore, in some embodiments, the edges of a profile determine which edge of a level
15 a 57-edge and which edge is 37-edge. In some embodiments one or both edges of a profile and/or

discrete segment is an edge of a chromosome.

In some embodiments, the edges of a discrete segment are determined according (o a decomposition
rendering generated for a reference sample {e.g., a reference profile). In some embodiments a null edge
height distribution is determined according fo a decomposition rendening of a reference profile (e.g., a
profile of a chromosome or part thereof). In certain embodiments, the edges of a discrete segment in a
profile are identified when the level of the discrete segment is outside a null edge height distribution. In
some embodiments, the edges of a discrete segment in a profile are identified according a Z-score
calculated according to a decomposition rendering for a reference profile.

In some instances, segmenting generates two or more discrele segments (e.g., two or more fragmented
levels, two or more fragmented segments) in a profile. In some embodiments, a decomposition rendering
derived from 2 segmenting process is over-segmented or fragmented and comprises multiple discrete

segments. Sometimes discrete segments generated by segmenting are substantially different and
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sometimes discrete segments generated by segmenting are substantially similar. Substantially similar
discrete segments (e.2., substantially similar levels) often refers to two or more adjacent discrete segments
in a segmented profile each having 3 level that differs by less than a predetermined level of uncertainty.
1n some embodiments, substantially sinular discrete segments are adjacent to each other and are not
separated by an intervening segment. In some embodiments, substantially similar discrete segments are
separated by one or more smaller segments. In some embodiments substantially similar discrete segments
are scparated by about 1 o aboui 20, about 1 1o about 13, about | o about 10 or sbout 1 to about §
portions where one or more of the intervening portions have a level significantly different than the level
of cach of the substantially similar discrete segments. In some embodiments, the level of substantially
sinufar discrete segments differs by less than about 3 times, less than about 2 times, less than about 1 time
or fess than about 0.5 times a level of uncertainty. Substantially similar discrete segments, in some
embodiments, comprise a3 median level that differs by less than 3 MAD (e.g., less than 3 sigma), less than
2 MAD, less than 1 MAD or less thar about 0.5 MAD, where a MAD is calculated from a median level
of each of the segments. Substantially different discrete segments, in some embodiments, are not adjacent
or are separated by 10 or more, 15 or more or 20 or more portions. Substantially different discrete
segments gonerally have substandially difforent levels. In corlain embodiments, substantially different
discrete segments comprises levels that differ by more than about 2.5 times, more than about 3 times,
more than about 4 times, more than about 5 times, more than about 6 times a level of uncertainty.
Substantially different discrete segments, in some embodiments, comprise a median level that differs by
more than 2.5 MAD {e.g., more than 2.5 sigma), more than 3 MAD, more than 4 MAD, more than about
5 MAD or more than about 6 MAD, where a MAD 1s calculated from a median level of each of the

discrete segments.

In some embodiments, a segmentation process comprises determining {e.g., calculating) a level (e.g., a
guaniitative value, e.g., a mean or median level), a level of uncertamnty (e.g., an unceriainty value), Z-
score, Z-value, p-value, the like or combmations thereof for one or more discrete segments m a profile or
part thereof. Iu some embodiments a level (e.g., a quantulative value, e.g.. amean or median level), a
level of uncertainty (e.g., an uncertamnty value), Z-score, Z-value, p-value, the like or combmations

thereof are determined (e.g., calculated) for a discrete segment.

Segmenting can be performed, i full or in part, by one or more decomposition generating processes. A
decomposition generaling process may provide, for example, a decomposition rendering of a profile. Any
decomposition generating process described herein or known in the art may be used. Non-himiting

gxamples of a decomposition generating process nclude circular binary segmentation (CBS) (sec e.g.,
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Olshen et al. (2004} Biostatistics 5(4):557-72; Venkatraman, ES, Olshen, AB (2007} Biomformatics
23(6):657-63), Haar wavelet segmentation (sce ¢.g., Haar, Alfred (1910) Mathomatische Annalen
69(3):331-371); maximal overlap discrete wavelet transform (MODWT) (see e.g., Hsu et al. (2005)
Biuostatistics 6 (2):211-226); siationary wavelel (SWT) {ses e.g., Y. Wang and 8. Wang (2067)
International Journal of Bioinformatics Research and Applications 3(2}:206-222); dual-tree complex
wavelet transform (DTCWT) (sce e.g., Nguyen ot al. (2007) Proceedings of the 7th 1EEE International
Conference, Boston MA, on October 14-17, 2007, pages 137-144); maximum entropy scgmeniation,
sonvohition with edge detection kemnel, Jensen Shannon Divergence, Kullback—-Leibler divergence,

Binary Recursive Segmentation, a Fourier transform, the hke or combinations thereof.

In some embodiments, segmenting is accomplished by a procese that comprises one process or multiple
sub-processes, non-limiting examples of which mclude a decomposition generating process, thresholding,
feveling, smoothing, polishing, the like or combination thereof. Thresholding, leveling, smoothing,
polishmg and the like can be performed in conjunction with a decomposition generating process, for

example.

In some embodiments, a decision analysis comprises identifving a candidate segment in a decomposition
rendering. A candidate segment is determined as being the most significant discrete segment in a
decomposition rendening. A candidate segment may be the most significant i terms of the number of
portions covered by the segment and/or in terms of the absolute value of the level of nommalized counis
for the segment. A candidate segment sometimes 1s larger and sometines substantially larger than other
discrete segments in a decomposition rendering. A candidate segment can be entified by a suitable
mothod. In some ombodiments, a candidate sogment is identificd by an arca under the curve (AUC)
analysis. In cerfain embodiments, where a first discrete segment has a level and/or covers a number of
portions substantially larger than for another discrete sepmeont in a decomposition rendering, the first
segment comprises a larger AUC, Where a level is analvzed for AUC, an absolute value of a level often
is wtilized (e.g., a level corresponding to normalized counts can have a negative value for a deletion and a
positive value for a duplication). In certain embodiments, an AUC is determined as an absolute value of a
calculated AUC (e.g., a resulting positive value). In certain embodiments, a candidate segment, once
identified (e.g., by an AUC analysis or by a suitable method) and optionally after it is validated, 1s
selected for a z-score calculation, or the like, to determine if the candidate segment represents a genetic

variation or genetic alteration {e.g., an anevploidy, microdeletion or microduplication).
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In some embodiments, & decision analysis comprises a companson. In some embodiments, a comparison
comprises comparing at least two decomposition renderings. In some embodiments, a comparison
compriges comparing at least two candidate segraents. In certain embodiments, each of the at least two
candidaic scements i from a different decomposition rendering. For example, a first candidate segmont
can be from a first decomposition rendering and a second candidate segment can be from a second
decomposition rendening. In some embodiments, a comparison comprises determuing if two
decompostiton renderings are substantially the same or different. In some embodiments, a comparnson
somprises detenmining if two candidate segments are substantially the same or different. Two candidate
segments can be determined as substantially the same or different by a suitable comparison method, non-
fmiting examples of which include by visual inspection, by comparing levels or Z-scores of the two
candidate segments, by comparing the edges of the two candidate segments, by overlaying etther the two

candidate segments or their corresponding decomposition renderings, the like or combinations thereof.

Classifications and uses thereof

Methods described herein can provide an outcome indicative of a genotype and/or presence or absence of
a genetic variation/alieration i a gonomic region for a test sample {(e.g., providing an outcome
detenmmative of the presence or absence of a genetic variation). Methods described herein sometimes
provide an outcome ndicative of a phenotype and/or presence or absence of a medical condition for a test
sample (e.g., providing an cutcome determinative of the presence or absence of a medical condiiion
and/or phenotype). An outcome ofien 15 part of a classification process, and a classification {e.g.,
classification of presence or absence of a genotype, phenotype, genetic variation and/or medical condition
for a test sample) sometumes 1s based on and/or includes an outcome. An outcome and/or classification
sometimes is based on and/or mcludes a result of data processing for a {est sample that facilitates
determining presence or absence of a genotype, phenotype, genetic variation, genetic alteration, and/or
medical condition in a classification process (c.g., a statistic value (¢.g., standard score {e.g., z-score)).

An outcorne and/or classification sometimes includes or is based on a score determinative of, or a call of,
presence of absence of a genotype, phenotype, genetic variation, genetic alteration, and/or medical
condition. In certain embodiments, an outcome and/or classification inchudes a conclusion that predicis
and/or determines presence or absence of a genotype, phenotype, genetic vanation, genetic alteration,

and/or medical condition in a classification process.

A genotype and/or genetic variation often includes a gain, a loss and/or alteration of a region comprising

one or more nucleotides (e.g., duplication, deletion, fusion, insertion, short tandem repeat (3TR),
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mutation, single nucleotide alteration, reorganization, substitution or sherrant methylation) that results n
a detectable change 1n the genome or genetic information for a tost sample. A genotype and/or genetic
variation often is in a particular genomic region {(e.g., chromosome, portion of a chromosome (i.e., sub-
chromosome region), STR, polvmorphic region, translocated region, alfered nucleotide sequence, the like
or combinations of the foregoing). A genetic variation sometimes 18 a copy number alteration for a
particular region, such as a trisomy or monosomy for chromosome region, or a microduplication or
microdeletion gvent for a particular region (e.g., gain or loss of 4 region of about 10 megabases or less
(e.g., about ¥ megabases or less, § megabases or less, 7 megabases or less, 6 megabases or less, 3
megabages or less, 4 megabases or less, 3 megabases or less, 2 megabases or less or 1 megabase or less)),
for example. A copy number alteration sometimes i1s expressed as having no copy or one, two, three or
four or more copies of a particular region (e.g., chromosome, sub-chromosome, 3TR, microduplication or

microdeletion region),

Presence or absence of a genotype, phenotype, genetic variation and/or medical condition can be
determined by transforming, analyzing and/or mampulating sequence reads that have been mapped to
genomic portions (¢.g., counls, counts of genomic portions of a reference genome). In cerlain
embodimends, an outcome and/or classification is determined according to normalized counis, read
densities, read density profiles, and the like, and can be determined by a method described herein. An
outcome and/or classification sometunes includes one or more scores and/or calls that refer to the
probability that a particular genotype, phenotype, genstic variation, or medical condition is present or
absent for a test sample. The value of a score may be used to determine, for example, a varation,
difference, or ratio of mapped sequence reads that may correspond to a genotype, phenoiype, genelic
variation, or medical condition. For example, calculaling a posiiive score for a sclected gonotypo,
phenotype, genetic vanation, or medical condition from a data set, with respeet to a reference genome,
can lead to a classification of the genoiyvpe, phenotype, genetic vanation, or medical condition, for a fest

sample.

Any suitable expression of an outcome and/or classification can be provided. An outcome and/or
classification sometimes is based on and/or includes one or more numerical values generated using a
processing method described heremn in the context of one or more considerations of probability. Non-
Iimiting examples of values that can be utibized include a sensitivity, specificity, standard deviation,
median absolute deviation (MAD), measure of certainty, measure of confidence, measure of certainty or
confidence that a value obtaimed for a test sample is inside or outside a particudar range of values, measure

of uncertainty, measure of uncertainty that a value obtained for a test sample s inside or outside a
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particular range of values, coefficient of variation (CV), confidence level, confidence mterval {e.g., about
95% confidence interval), standard score (e.g., z~score), chi value, phi value, result of a t-test, p-value,
ploidy value, fitted minority species fraction, area ratio, median level, the like or combination thereof. In
some embodiments, an ouicome and/or classification comprises a read density, a read density profile
and/or a plot (e g., a profile plot). In certain embodiments, multiple values are analyzed together,
sometimes in a profile for such values (e.g., z-score profile, p-value profile, chi value profile, phi value
profile, result of 2 t-test, value profile, the hike, or combination thereof). A consideration of probability
can facilitate determining whether a subject is at risk of having, or has, a genotype, phenotype, genetic
variation and/or medical condition, and an outcome and/or classification determinative of the foregoing

sometimes includes such a consideration.

In certain embodiments, an outcome and/or classification s based on and/or includes a conclusion that
predicts and/or determines a risk or probability of the presence or absence of a genotype, phenotype,
genetic vanation and/or medical condition for a test sample. A conclusion sometimes 15 based on a value
determined from a data analysis method described herein (s.g., a statistics value indicative of probability,
certainty and/or uncerlainly (e.g., standard deviation, median absoluie deviation (MAD), measure of
certainty, measure of confidence, measurs of certainty or confidence that a value obtained {or a test
sample 1s inside or cutside a particular range of values, measure of uncertainty, measure of uncertainty
that a value obtained for a est sample 1s mside or cutside a particular range of values, coefficient of
variation (CV), confidence level, confidence interval (e.g., about 93% confidence inferval), standaxd score
(e.g., z-score), chi value, phi value, result of a t-test, p-value, sensitivity, specificity, the like or
combmation thereof). An ouotcome and/or classification sometimes is expressed in a laboratory test report
(described in greator detail heroafleor) for particular tost sample as a probability (o.g., odds ratio, p-valuc),
likeliheod, or risk factor, associated with the presence or absence of a genotype, phenotype, genetic
variation and/or medical condition. An outcome and/or classification for a test sample sometimes is
provided as “positive” or “negative” with respect a particular genotype, phenotype, genetic variation
and/or medical condition. For example, an outcome and/or classification sometimes is designated as
“positive” m a laboratory test report for a particular test sample where presence of a genotype, phenotype,
genetic variation and/or medical condition is determined, and sometimes an outcome and/or classification
is designated as “negative” in a laboratory test report for a particular test sample where absence of a
genotype, phenotype, genetic variation asd/or medical condition is determined. An outcome and/or

classification sometimes is determined and sometimes inchudes an assumption used in daia processing,.
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An oufcome and/or classification sometimes 1s based on or is expressed as a value 1 or out of a cluster,
vahie over or under a threshold value, value withan a range (c.g., a threshold range), and/or a value with a
measure of variance or confidence. In some embodiments, an outcome and/or classification 1s based on
or is expressed as a value above or below a predetermined threshold or cutoff value and/or a measure of
uncertainty, confidence level or confidence interval associated with the value. In certain embodiments, a
predetermined threshold or cutoff value is an expected level or an expected level range. 1n some
ainbodimenis, a value obtained for a test sample 1s a standard score (e.g., z-score), where presence of a
genotype, phenotype, genetic variation and/or medical condition 1s determined when the absolute value of
the score is greater than a particular score threshold (e.g., threshold between about 2 and about 5; between
about 3 and about 4). and where the absence of a genotype, phenotype, genetic variation and/or medical
condition is determined when the absolute value of the score is less than the particular score threshold, In
certain embodiments, an outcome and/or classification is based on or is expressed as a value that falls
within or cutside a predetermined range of values {e.g., a threshold range) and the associated uncertainty
or confidence level for that value being inside or cutside the range. In some embodiments, an cutcome
and/or classification comprises a value that 1s equal to a predetermiined value (e.g., equal to 1, equal to
vero), or 18 equal (o a value within a predetlermined value range, and iis associated uncertainty or
confidence level for that value being equal or withia or outside the range. An outcome and/or
classification sometimes 1s graphically represented as a plot (e.g., profile plot). An outcome and/or
classification somstimes comprises use of a reference value or reference profile; and sometimes 2
reference value or reference profile is obtamed from one or more reference samples (e.g., reference

sample(s) euploid for a selected part of a genome (e.g., region)).

In some cmbodiments, au outcomoe and/or classification is based on or includes use of a measure of
uncertainty between a test value or profile and a reference value or profile for a selected region. In some
ammbodimenis, a determination of the presence or absence of a genotype, phenotype, genstic variation
and/or medical condition is according to the number of deviations (e.g., sigma) between a test value or
profile and a reference value or profile for a selected region (e.g., a chromosome, or parl thereof). A
measure of deviation ofien 1s an absolute value or absoluie measure of deviation {e.g., mean absolute
deviation or median absolute deviation (MAD)). In some embodiments, the presence of a genotype,
phenotype, genetic variation and/or medical condition 15 determuned when the number of deviations
between a test value or profile and a reference value or profile is about 1 or greater (e.g., about 1.5, 2,2 5,
26,27,28,29,3.3.1,3.2,33,34,3.5,3.6,3.7,3.8,3.9, 4,5 or 6 deviations or greater). In cerlain
embodiments, presence of a genotype, phenotype, genetic variation and/or medical condition is

determined when a fest value or profile and a reference value or profile differ by about 2 to about 5
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measures of deviation {e.g., sigma, MAD), or more than 3 measures of deviation (e.g., 3 sigma, 3 MAD).
A deviation of greater than three between a tost value or profile and a reference value or profile ofien s
indicative of a non-euploid test subject {e.g., presence of a genetic variation (2.g., presence of trisomy,
monosomy, microduplication, microdeletion) for a selected region. Test values or profiles signaficantly
above a reference profile, which reference profile is indicative of euploidy, sometimes are determinative
of a trisomy, sub-chromosome duplication or microduplication. Test values or profiles significantly
below a reference profile, which reference profile is indicative of cuploidy | sometimes are determinative
of a monosomy, sub-chromosome deletion or microdeletion. In some embodiments, absence of a
genotype, phenotype, genetic variation and/or medical condition is determined when the number of
deviations between a test value or profile and reference value or profile for a selected region of a genome
is about 3.5 or less (e.g., about less than about 3.4,3.3,3.2,31,3,29,2.8,2.7,2.6,25,24,23,2.2,2.1,
2,19, 18 1.7,1.6,1.5, 14,13, 1.2, 1.1, L orless less). In certain embodiments, absence of a genotype,
phenotype, genetic variation and/or medical condition is determuned when a test value or profile differs
from a reference value or profile by less than three measures of deviation (e.g., 3 sigma, 3 MAD), In
some embodiments, a measure of deviation of less than three between a test value or profile and reference
value or profile (e.g., 3-sigma for slandard deviation) often 18 mdicative of aregion that is cuploid (e.g.,
absence of a genetic variation). A measure of deviation between a test value or profile for a test sample
and a reference value or profile for one or more reference subjects can be plotted and visualized (e.g., z-

score plot}.

In some embodiments, an outcome and/or classification is determined according to a call zone. In certain
embodiments, a call is made (2.2., a call determining presence or absence of a genotype, phenotype,
genetic variation and/or modical condition} whon a value {c.g., a profile, @ read density profile and/or a
measure of uncertainty) or collection of values falls within a pre-defined range (e.g., 2 zone, a call zone).
In some embodiments, a call zone is defined according to a collection of values (e g., profiles, read
density profiles, measures or determination of probability and/or measures of uncertainty) obtained from a
particutar group of samples. In certaim embodiments, a call zone is defined according to a collection of
values that are derived from the same chromosome or part thereof. In some embodiments, a call zone for
determining presence or absence of a genotvpe, phenotype, genetic variation and/or medical condition is
defined according a measure of uncertainty (e.g., high level of confidence or low measure of uncertainty)
and/or a quantification of a mmority nucleic acid species (e.g., about 1% minority species or grealer (e.g.,
about 2,3, 4, 5,6, 7, 8,9, 10% or more minority nucleic acid species)} determimed for a test sample. A
minority nucleic acid species quantification sometimes is a fraction or percent of cancer cell nucleic acid

or fetal nucleic acid (1.e., fetal fraction) ascertained for a test sample. In some embodiments, a call zone is
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defined by a confidence level or confidence interval (e.g., a confidence miterval for 95% level of
confidence). A call zone sometunes 1s defined by a confidence level, or confidence interval based on a
particular confidence level, of about 90% or greater (e.g., about 91, 92, 93, 94, 95, 96, 97, 98, 99, 99.1,
962,993,994, 993,996,997, 998, 99.5% or greater). In some embodiments, a call 1s made using a
call zone and additional data or information. In some embodiments, a call is made without using a call
zone. In some embodiments, a call 1s made based on a comparison without the use of a call zone. In
some embodiments, a call 1s made based on visual inspection of a profile (e.g., visual inspection of read

densities).

In some embodiments, a classification or call 1s not provided for a test sample when a test value or profile
is in a no~call zone. In some embodiments, a no-call vone 18 defined by a value (e.g., collection of values)
or profile that indicates low accuracy, high risk, high error, low level of confidence, high measure of
uncertainly, the like or combination thereof. In some embodiments, a no-call zone is defined, in part, by a
minority nucleic acid species guantification (e.g., a minority nucleic geid species of about 10% or less
(e.g., about 9, 8,7, 6,5, 4,3, 2% or less minonty nucleic acid species)). An outcome and/or classification
gencrated for determimng the presence or absence of a genotype, phenotype, genctic vanation and/or
medical condition sometimes includes a null result. A null resoli sometimes is a data point between two
clusters, a numerical value with a standard deviation that encompasses values for both the presence and
absence of a genotype, phenotype, genetic varation and/or medical condition, a data set with a profile
plot that is not similar o profile plots for subjects having or free from the genetic variation being
mvestigated). In some embodiments, an outcome and/or classification indicative of a null result is
considered a determinative resulf, and the determination can include a conclusion of the need for
additional information and/or a repeat of data gencration andfor analysis for detcrmining the proseace or

absence of a genotype, phenotype. genetic variation and/or medical condition.

There typivally are four types of classifications generated in a classification process: true positive, false
posilive, true negative and {alse negative. The term “irue positive” as used herein refers to presence of a
genotype, phenotype, genetic variation, or medical condition correctly determined for a test sample. The
term “false positive” as used herein refers to presence of a genotvpe, phenolype, genetic variation, or
medical conditton incorrectly determined for a test sample. The term “true negative” as used herein refers
to absence of a genotype, phenotype, genetic variation, or medical condition correctly determined for a
test sample. The term “Talse negative™ as used hersin refers to absence of a genotype, phenolype, genetic
vanation, or medical condition mcorrectly determined for a test sample. Two measures of performance

for a classification process can be calculated based on the ratios of these occurrences: (i) a sensitivity
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value, which generally is the fraction of predicted positives that are correctly identified as being positives;
and (i1} a specificity value, which generally is the fraction of predicted negatives correctly identified as

being negative.

In certain embodiments, a laboratory test report generated for a classification process includes a measure
of test performance (e.g., sensitivity and/or specificity) and/or a measure of confidence (e.g., a confidence
level, confidence interval). A measure of test performance and/or confidence sometimes is obtained from
a clinical validation study performed prior to performing a laboratory test for a test sample. In certain
embodiments, one or more of sensitivity, specificity and/or confidence are expressed as a percentage. In
sorne embodiments, a percentage cxpressed independently for cach of sensitivity, specificity or
confidence level, is greater than about 90% {e.g., about 90, 91, 92, 93, 94, 95, 96, 97, 98 or 99%, or
greater than 99% (e.g., about 99.3%, or greater, about 99.9% or greater, about 99.93% or greater, about
99.99% or greater)). A confidence interval expressed for a particular confidence level {c.g., a confidence
level of about 90% to about 99.9% (e¢.g., about 93%)) can be expressed as a range of values, and
sometimes is expressed as a range or sensitivities and/or specificities for a particular confidence level.
CoefTicient of variation (CV) in some embodiments is ¢xpressed as a percentage, and sometimes the
percentage is about 10% or less (e.g., about 10,9, 8,7, 6, 3, 4, 3, 2 or 1%, or less than 1% (e.g., about
(1.5% or less, about 0.1% or less, about 0.05% or less, about 0.01% or less)). A probability (e.g., that a
particular outcome and/or classification 15 not due to chance) in certain embodiments 1s expressed as a
standard score {e.g., z-score), a p-value, or result of a t-test. In some embodiments, a measured variance,
confidence level, confidence mterval, sensitivity, specificity and the like (¢.g., referred to collectively as
confidence parameters) for an outcome and/or classification can be generated using one or more data
processing mampulations described herein. Specific examples of gonerating an outcome and/or
classification and associated confidence levels are described, for example, 1n International Patent
Application Publication Nos. W0O2013/032913, W02014/190286 and WO2015/051163.

An outcome and/or classitication for a test sample often 15 ordered by, and often 15 provided to, a health
care professional or other qualified mdividual (e.g., phvsician or assistant) who {ransmits an outcome
angl/or classification o a subject from whon the fest sample 15 obtawned. ln certain embodiments, an
putcome and/or classification 15 provided using a suitable visunal medium (e.g., a peripheral or component
of a machine, e.g., a printer or display). A classification and/or outcome often 1s provided io a healthcare
professional or qualified individual m the form of a report. A report tvpically comprises a display of an

outcome and/or classification (¢.g., a value, or an assessment or probability of presence or absence of a
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genotype, phenotype, genetic variation and/or medical condition}, sometimes includes an associated
confidence paramcter, and sometimes weludes a measure of performance for a test used to generate the
cutcome and/or classification. A report sometunes includes a recommendation for a follow-up procedure
{c.g., a procedure that confirms the outcome or classification). A report sometimes ncludes a visual
representation of a chromosome or portion thereof (e.g., a chromosome tdeogram or karvogram), and
sometimes shows a visualization of a duplication and/or deletion region for & chromosome {(c.2., a
visualization of a whole chromosome for a chromosome deletion or duplication; a visualization of a
whole chromosome with a deleted region or duplicated region shown; a visualization of a portion of
chromosome duplicated or deleted; a visuvalization of a portion of 4 chromosome remaining in the event of

a deletion of a portion of a chromosome) identified for a test sample.

A report can be displaved in a suitable format that facilitates determination of presence or absence of a
genotype, phenolype, genctic variation and/or medical condition by a health professional or other
guabfied individeal. Non-limiting examples of formats suitable for vse for generating a report include
digital data, a graph, a 2D graph, a 3D graph, and 4D graph, a picture (e.g., a jpg, bitmap (e.g., bmp), pdf,
1Y, gif, raw, pag, the hke or suitable format), & pictograph, a charl, a iable, a bar graph, a pic graph, a
diagram, a flow chart, a scatter plot, a map, a histogram, a density chart, a function graph, a circuit
diagram, a block diagram, a bubble map, a constellation diagram, a contour diagram, a cartogram, spider

chart, Venn diagram, nomogram, and the bke, or combination of the foregoing.

A report may be generated by a computer and/or by human data entry, and can be transmitted and
commurnicated using a suitable electronic medium (e.g., via the internet, via computer, via facsimile, from
onc network location to another location at the same or differont physical sites), or by another mothod of
sending or receiving data (e.g., mail service, courter service and the like). Non-hmiting examples of
communication media for fransmitting a report include anditory file, computer readable file (e g, pdf
file), paper file, laboratory file, medical record file, or any other medium described in the previous
paragraph. A laboratory [ile or medical record file may be in tangible form or electronic form (e.g.,
computer readable form), m certain embodiments. After a report 18 generated and fransmutted. a report
can be received by obtaining, via a suitable communication medium, a written and/or graphical
representation comprising an outcome and/or classification, which upon review allows a healtheare
professional or other qualified individual o make a determination as to presence or absence of a

genotype, phenotype, genetic variation and/or or medical condition for a test sample.
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An oufcome and/or classification may be provided by and obtained from a laboratory {(e.g., obtained from
a laboratory file). A laboratory file can be gencrated by a laboratory that carries out one or more tests for
determining presence or absence of a genotype, phenotype, genetic variation and/or medical condition for
a test sample. Laboratory personned {e.g., a laboratory manager) can analyze information associated with
test samples (e.g., test profiles, reference profiles, test values, reference values, level of deviation, patient
miormation) underlying an outcome and/or classification. For calls portaining to presence or absence of a
genotype, phenotype, genetic variation and/or ruedical condition that are close or questionable, laboratory
personnel can re-run the same procedure using the same (e.g., aliquot of the same sample) or different test
sample from a test subject. A laboratory may be in the same location or different location (e.g., in another
country) as personnel assessing the presence or absence of a genotvpe, phenotype, genetic variation
and/or a medical condition from the laboratory file. For example, a laboratory file can be generated in
one location and transmitted to ancther location in which the information for a test sample therein 15
assessed by 4 healthcare professional or other gualified mdividual, and optionally, transmitied io the
subject from which the test sample was obtamned. A laboratory sometimes generates and/or transimits a
laboratorv report containing a classification of presence or absence of genomic mstability, a genotype,
phenoiype, a genelic variation and/or a medical condition for a test sample. A laboralory gencraling a
laboratory test report sometimes is a certified laboratory, and sometimes is a laboratory certified under the

Chinical Laboralory Improverment Amendments (CLIA).

An outcome and/or classification sometimes 15 a component of a diagnosis for a subject, and sometumes
an outcome and/or classification 1s uiitized and/or assessed as part of providing a diagnosis for a fest
sample. For example, a healthcare professional or other qualified individual may analyze an ouicome
and/or classification and provide a diagnosis based on, or based in part on, the outcome and/or
classification. In soms embodiments, determination, detection or diagnosis of a medical condition,
disease, svndrome or abnormality comprises use of an outcome and/or classification determinative of
presence or absence of a genotype, phenotvpe, genetic variation and/or medical condition. In some
embodiments, an outcome andfor classification based on counted mapped sequence reads, normalized
counts and/or fransformations thereof is determimative of presence or absence of a genotype and/or
genetic variation. In certain embodiments, a diagnosis comprises determining presence or absence of a
condition, syndrome or abnormality. In certain instances, a diagnosis comprises a determination of g
genoiype or genetic variation as the nature and/or cause of a medical condition, disease, syndrome or
abnormality., Thas, provided herein are methods for diagnosing presence or absence of a genolype,
phenotype, a genetic variation and/or a medical condition for a test sample according to an outcome or

classification generated by methods described herein, and optionally according to generating and
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transmitting a laboratory report that includes a classification for presence or absence of the genotype,

phonotype, a genetic vartation and/or a medical condition for the tost sample.

An ouicome and/or classification sometimes 13 a component of health care and/or treatment of a subject.
An outcome and/or clagsification sometimes 15 utilized and/or assessed as part of providing a trestment
for a subject from whom a test sample was obtained. For example, an outcome and/or classification
indicative of presence or absence of a genotype, phenotype, genetic varniation, and/or medical condition s
g component of health care and/or treatment of a subject from whom 4 test sample was obtained. Medical
care, treatment and or diagnosis can be in any suitable area of kealth, such as medical reatment of
subjects for prenatal care, cell prohferative conditions, cancer and the hke, for example. An outcome
and/or classification determinative of presence or absence of a genotype, phenotype, genetic variation
and/or medical condition, discase, syndrome or abnormality by methods described herein sometimes ¢
mdependenily verified by further testing. Any sutiable type of further test to verify an cutcome and/or
classification can be nitlized, non-limiting examples of which include blood level test (e.g., serum test),
biopsy, scan (e.g., CT scan, MRI scan), invasive sampling (e.g., amniocentesis or chorionic villus

sampling). karvolyping, microarray assay, ullrasound, sonogram, and the like, for example.

A healtheare professional or qualified individual can provide a suitable healthcare recommendation based
on the outcome and/or classification provided in a laboratory report. In some embodiments, a
recommendation 15 dependent on the outcome and/or classification provided (e.g., cancer, stage and/or
type of cancer, Down’s syndrome, Tumer syndrome, medical conditions associated with genetic
variations 1 T 13, medical conditions associated with genetic vanations in T18). Non-hmiting examples
of recommendations that can be provided bascd on an cutcome or classification in a laboratory ropor(
includes, without limitation, surgery, radiation therapy, chemotherapy, genetic counseling, after-birth
treatment solotions (e.g., hfe planning, long term assisted care, medicaments, sympiomatic treatments),
pregnancy termination, organ fransplant, blood transfusion, further testing described in the previous
paragraph, the like or combinations of the foregoing. Thus, methods for treating a subject and methods
for providing health care to a subject sometimes include generating a classification for presence or
absence of a genotype, phenotype, a genetic variation and/or a medical condition for a test sample by a
method described herein, and optionally generating and transmitting a laboratory report that includes a
classification of presence or absence of a genotype, phenoty pe, genetic variation and/or medical condition

for the tesi sample.
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Generating an outcome and/or classification can be viewed as a transformation of nucleic acid sequence
rcads from a test sample nto a representation of a subject’s cellular nucleic acid. For example,
transmuting sequence reads of nucleic acid from a subject by a method described herein, and generating
an cuicome and/or classification can be viewed as a transformation of relatively small sequence read
fragments to a representation of relatively large and complex structure of nucleic acid in the subject. In
some embodiments, an outcome and/or classification results from a transformation of sequence reads
from a subject into a representation of an exisiing nucleic acid siructure present 1 the subject (c.g., a
genome, a chromosome, chromosome segment, mixture of circulating cell-free nucleic acid fragments in

the subject).

In some embodiments, a method herein comprises treating a subject when the presence of a genetic
alteration or genetic variation is determined for a test sample from the subject. In some embodiments,
treating a subject comprises performing 3 medical procedure when the preseance of a genetic alteration or
genetic vanation 18 determined for a test sample. In some embodiments, a medical procedure meludes an
mvasive diagnostic procedure such as, for example, ammocentesis, chorionic villus sampling, biopsy, and
the Like. For example, a medical procedure comprising amniocentesis or chorionic villus sampling may
be performed when the presence of a fetal ancuploidy is determined for a test sample from a preguant
female. In another example, a medical procedure comprising a biopsy mav be performed when presence
of a genetic alleration mdicative of or associated with the presence of cancer 18 determined for a test
sample from a subject. An invasive diagnostic procedurs may be performed to confinm a determination
of the presence of a genetic alteration or genetic vanation and/or may be performed to further charactenize
a medical condition associated with a genetic alleration or genglic variation, for example. In some
cinbodimonts, a medical procedure may be performoed as a troatment of a medical condition associated
with a genetic alteration or genetic variation. Treatments may include one or more of surgery, radiation
therapy, chemotherapy, pregnancy {erminaiton, organ traosplani, cell ransplant, blood transfusion,

medicaments, symptomatic treatments, and the like, for example.

In some embodiments, a method herein comprises treating a subject when the absence of a genetic
alteration or genetic vartation is determined for a test sample from the subject. In some embodiments,
treating a subject comprises performing a medical procedure when the absence of a genetic alteration or
genetic variation is determined for a test sample. For example, when the absence of a genetic alteration or
genetic variation is determined for a test sample, a medical procedure may inchude health monitoring,
retesting, further screening, follow-up examinations, and the like. In some embodiments, a method herein

comprises treating a subjoct consistent with a cuploid pregnancy or normal pregnancy when the absence
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of a fetal anenploidy, genetic variation or genetic alteration is determined for a test sample from a
pregnant fomale. For example, a medical procedure consistent with a cuploid pregnancy or normal
pregnancy may be performed when the absence of a fetal aneuploidy, genetic variation or genetic
alteration 15 determined for a test sample from a pregnant female. A medical procedure consistent with a
euploid pregnancy or normal pregnancy may include one or more procedures performed as part of
monitoring health of the fetus and/or the mother, or monitormg feto-maternal well-being, A medical
procedure consistent with a cuploid pregnancy or normal pregnancy may include one or more procedures
for treating symptoms of pregnancy which may include, for exaraple, one or more of nausea, fatigue,
breast tenderness, frequent unnation, back pain, abdominal pain, leg ceamps, constipation, heartburn,
shoriness of breath, hemorrhoids, urinary imcontinence, varicose veins and sleeping problems. A medical
procedure consistent with a euploid pregnancy or normal pregnancy may include one or more procedures
performed throughout the course of prenatal care for assessing potential risks, freating complications,
addressing preexisting medical conditions (e.g., hypertension, diabeles), and monitonng the growth and
development of the fetus, for example. Medical procedures consistent with 2 eupload pregnancy or
normal pregnancy may mclude, for example, complete blood count (CBC) monitoring, Rh antibody
testing, urinalysis, urine culiure monitormg, rubella screening, hepatilis B and hepatitis C screcning,
sexually transmitted infection (STT) screening (e.g., screening for syphilis, chlamydia, gonorrhea), human
mmunodeliciency virus (HIV) screening, tuberculosis (TB) screening, alpha-fetoprotein screening, fetal
heart rate monitoring {e.g., using an ultrasound transducer), uterine activity monifoning {e.g., using toco
transduser), genetic screening and/or diagnostic testing for genetic disorders {e.g., oystic fibrosig, sickle
cell anemia, hemophiha A), glucose screening, glucose tolerance testing, treatment of gestational
diabetes, treatment of prenatal hypertension, treatment of preeclampsia, group B strepiococet (GBS)
blood type sercening, group B strep cullure, treatment of group B strep (¢.g., with antibiotics), ultrasound
monitoring (e.g., routine ultrasound monitoring, level I1 ultrasound monitoring, targeted ultrasound
montiorng ), non-stress test monitoring, biophysical profile monitoring, amniotic fluid index monttoring,
serum testing (e.g., plasma protein-A (PAPP-A), alpha-fetoprotein (AFP), human chorionic gonadotropin

(hCQG), uncormgugated estriol (uE3), and inhibin-A (inhA) testing}, genetic testimg, amnioceniesis

&

diagnostic testing and chonomie villas sampling (CVS) diagnostic testing,

In some embodiments, a method hergin comprises treating a subject consistent with having no cancer
when the absence of a genetic variation or genetic alleration is determined for a test sample from a
subject. In certain embodiments, a medical procedure consistent with a healthy prognosis may be
performed when absence of a genetic alteration or genetic variation associated with cancer 1s determined

for a test sample. For example, medical procedures consistent with a healthy prognosis include without
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himitation monttoring health of the subject from whom a test sample was tested, performing a secondary
tost (0.2., a sccondary screening test), performing a confirmatory test, monitonng one or more biomarkers
associated with cancer {¢.g., prostate specific antigen (PSA) i males), monitoring blood cells (e.g., red
blood cells, white blood cells, platelets), monitoring one or more vital signg {e.g.. heart rafe, blood
pressure), and/or monitoring one or more blood metabolites {e.g., total cholesterol, HDL (lugh-density
lipoprotem), LDL (low-density lipo-protein), triglycerides, total cholesterol/HDL ratio, glucose,
fibrinogen, hemoglobin, dehydroepiandrosierone (DHEA), homocysicine, C-reactive prolein, hormones
e.g., thyroid stimulating hormone, testosterone, estrogen, estradiol), creatine, salt (e.g., potassium,
caleivm), and the bike). In some embodiments, a method herem comprises performing no medical
procedure, and sometimes no medical procedure that mchades invasive sampling, when the absence of a

genetic alteration or genetic variation is determined for a test sample.

Machines, software and imterfaces

Certain processes and methods described herein (e.g., mapping, counting, normalizing, range setting,
adjusting, categorizing and/or detenmining sequence reads, counts, levels and/or profiles) ofien cannot be
performed without a computer, microprocessor, software, module or other maching., Methods described
herein typically are computer-implemented methods, and one or more portions of a method sometimes are
performed by one or more processors (©.2., MICIOPrOCessors), computers, systems, apparatuses, or

machines {e.g., microprocessor-confrolied machine).

Coraputers, systems, apparatuses, machives and computer program products suitable for use often
mclude, or are utilized m conjunction with, compuier readable storage media. Noa-lmiting examples of
compuier readable storage media include memory, hard disk, CD-ROM, flash memory device and the
like. Computer readable storage media generally are computer hardware, and often are non-transitory
computer-readable storage media.  Computer readable storage media are not computer readable

transmission media, the latter of which are transmission stgnals per se.

Provided herein are compuier readable storage media with an executable program stored thereon, where
the program instructs a microprocessor to perform a method described herein. Provided also are
computer readable storage media with an executable program module stored thercon, where the program
module mstrucis a microprocessor 0 perform part of a method described herem. Also provided herem are
systems, machines, apparatuses and computer program products that include computer readable storage

media with an executable program stored thereon, where the prograrm instructs a microprocessor (o
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perform a method described herein. Provided also are systems, machines and apparatuses that include
computer readable storage media with an executable program module stored thereon, where the program

module instrets a microprocessor to perform part of a method described herein,

Also provided are computer program products. A computer program product often includes a computer
usable medium that includes a computer readable program code embodied therein, the computer readable
program code adapied for being executed to implement a method or part of a method described herein.
Computer usable media and readable program code are not transmission media (Le., transmission signals
per se). Computer readable program code often is adapted for being executed by & processor, compater,

gystem, apparatus, or machine.

In some embodiments, methods described herein {e.g., quantifying, counting, filtering, normalizing,
transforming, clustering and/or defermining sequence reads, counts, levels, profiles and/or cutcomes) are
performed by automated methods. In some embodiments, one or more steps of a method deseribed herein
are carried out by a microprocessor and/or computer, and/or carried out in conjunction with memory. In
some embodiments, an auiomaled method is emmbodied in soflware, modules, microprocessors,
peripherals and/or 2 machine comprising the like, that perform methods described herein. As used herein,
software refers to computer readable program instructions that, when executed by a microprocessor,

perform computer operations, as described herein.

Sequence reads, counts, levels and/or profiles sometimes are referred to as “data” or “data sets.” In some
embodiments, data or data sets can be characierized by one or more features or variables (e.g.. sequence
based (c.g., GC content, specific nuclootide soguence, the like), function specific {(o.g., oxprossed genes,
cancer genes, the like), location based (genome specific, chromosome specific, portion or portion-
specific), the like and combinations thereof). In certain embodiments, data or data sets can be organized
into a matrix having two or more dimensions based on one or more features or variables. Data organized
mto matrices can be organized using any suitable features or variables. In certain embodiments, data sets

characterized by one or more features or variables sometimes are processed after counting.

Machines, software and interfaces may be used to conduct methods described herein. Using machmes,
software and interfaces, a user may enter, request, query or determine options for using particular
imformation, programs or processes {e.g., mapping sequence reads, processing mapped data and/or
providing an outcome), which can involve implementing statistical analysis algorithms, statistical

significance algorithms, statistical algorithms, iterative steps, validation algorithms, and graphical
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representations, for example. In some embodiments, a data set mayv be entered by a user as mput
nformation, a user may download one or more data scts by suitable hardware media (e.g., flash drive),
and/or a user may send a data set from one systes to another for subsequent processing and/or providing
an cuicome (e.g., send sequence read data from a sequencer to a computer system for sequence read
mapping; send mapped sequence data to a computer system for processing and vielding an onicome

and/or report).

A system typically comprises one or more machines. Hach machine comprises one or more of memory,
one or more microprocessors, and instructions. Where a system includes two or more machines, spme or
all of the machines may be located at the same location, some or all of the machines may be located at
different locations, all of the machines may be located at one location and/or all of the machines may be
Iocated at different locations. Where a svstem includes two or more machines, some or all of the
machines may be located at the same location as a user, some or all of the machines may be located at a
location different than a user, all of the machines mav be focated at the same location as the user, and/or

all of the machme may be located at one or more locations different than the user.

A system sometimes comprises a computing machine and a sequencing apparatus or machine, whers the
sequencing apparatus or machine is configured to receive phvsical nucleic acid and generate sequence
reads, and the computing apparatus is configured to process the reads from the sequencing apparatus or
machine. The computing machine sometimes 15 configured to determine a classification outcome from

the sequence reads.

A uscr may, for oxample, place a gquery (o sofiware which thon may acquire a data sct via inlernet acecss,
and 1n certain embodiments, a programmable microprocessor may be prompied to acquire a suitable data
set based on given parameters. A programmable microprocessor also may prompt a user {o select one or
more data set options selected by the microprocessor based on given parameters. A programmable
mIcroprocessor may prompi a user o select one or more data set options selected by the microprocessor
based on mformation found via the intemet, other ntemal or external nformation, or the hike. Options
may be chosen for selecting one or more data feature selections, one or more statistical algorithms, one or
more statistical analysis algorithms, one or more statistical sigmificance algorithme, Herative steps, one or
more validation algortthms, and one or more graphical represeniations of methods, machines, apparatuses,
computer programs or a non-{ransitory computer-readable storage medium with an execotable program

stored thereon.
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Systems addressed herein mav comprise general components of computer systems, such as, for example,
network servers, laptop systems, desktop systoms, handhbeld svstoms, personal digital assistants,
computing kiosks, and the like. A computer system may comprise one or more input means such as a
kevboard, touch screen, mouse, voice recognition or other means o allow the user to enter data into the
gvstem. A system may further comprise one or more outputs, including, but not hmited to, a display
scroen {(e.g., CRT or LCD), speaker, FAX maching, printer (¢.g., laser, ink jet, impact, black and white or
color printer), or other output useful for providing visual, auditory and/or hardeopy ougpud of mformation

.g., outcore and/or report).

In a system, mput and output components mayv be connected to a central processing umt which may
comprise among other components, a microprocessor for execnting program instructions and memory for
storing program code and data. In some embodiments, processes may be implemented as a single user
system located in a single geographical site. In certain embodiments, processes may be implemented as a
multi-user system. In the case of @ multi-user implementation, multiple central processing units may be
comected by means of a network. The network may be local, encompassing a single departinent in one
portion of a building, an entire building, span multipic butldings, span a region, span an enlire coundry or
be worldwide. The network may be privaie, being owned and controlled by a provider, or it may be
mplemented as an internet based service where the user accesses a web page to enter and retrieve
mformation. Accordingly, in certain embodiments, a system includes one or more machines, which may
be local or remote with respect to a user. More than one machine in one location or multipie locations
may be accessed by a user, and data may be mapped and/or processed in series and/or in parallel. Thus, a
suitable configuration and countrol may be ulilized for mapping and/or processing data using multiple

machines, such as in local network, remote notwork and/or "cloud” computing platforms,

A system can include a communications interface in some embodimenis. A communications interface
atlows for fransfer of software and data between a computer system and one or more external devices.
Non-limiting examples of communications mterfaces inchide a modem, a network interface (such as an
Ethernet card), a communications port, a PCMCIA slot and card, and the like. Software and data
transferred via a communications interface generally are in the form of signals, which can be electronic,
clectromagnetic, optical and/or other signals capable of being received by a communications interface.
Sigaals often are provided to a communications interface via a chaanel. A channel often carries signals
and can be implemented using wire or cable, fiber optics, a phone line, a cellular phone link, an RF link
and/or other communications channels. Thus, in an example, a communications interface may be used to

receive signal information that can be detected by a signal detection module,
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Data may be input by a suitable device and/or method, meluding, but not hmited to, manual input devices
or direct data entry devices (DDEs). Non-limiting examplos of manual devices inchide kevboards,
concept kevboards, touch sensitive screens, light pens, mouse, tracker balls, joysticks, graphbic tablets,
scanners, digital cameras, video digitizers and voice recogmiion devices. Nou-limiting examples of
DDEs include bar code readers, magnetic strip codes, smart cards, magnetic ink character recognition,

optical character recognition, optical mark recognition, and tursaround documents.

in some embodiments, output from a sequencing apparatus or machine may serve as data that can be input
via an inpat device, In certain embodiments, mapped sequence reads may serve as data that can be input
vig an mput device. In certain embodiments, nucleic acid fragment size {(e.g., length) may serve as data
that can be input via an input device. In certain embodiments, cutput from a nucleic acid capture process
(e.g., genomic region origin data) may serve as data that can be input via an input device. In certain
embodiments, a combmation of nucleic acid fragment size (e.g., length} and output from a aucleic acd
capture process (e.g., genonc region origin data) may serve as data that can be input via an mput device.
In certain embodiments, simulated data 1s generated by an in silico process and the simulated data serves
as data that can be input via an 1npud device. The term "in silico” relers to research and experimenis
performed using a computer. In silico processes inchide, but are not limited to, mapping sequence reads

and processing mapped sequence reads according to progesses described herein.

A system mav melude software useful for performing a process or part of a process described herein, and
software can include one or more modules for performing such processes (e.g., sequencing module, logic
processing module, data display orgamzation module). The torm "software” refers to computer readable
program mstructions that, when exceated by o computer, porform computor oporations. Insiructions
executable by the one or more microprocessors sometimes are provided as executable code, that when
executed, can cause one or more nicroprocessors 0 implement a method described herein. A module
described herein can exist as software, and instructions {e.g., processes, routines, subroutines) embodied
in the software can be implemented or performed by a microprocessor. For example, a module (e.g., a
software module) can be a part of a program that performs a particular process or task. The term
“module” refers to a self-contained functional unit that can be used in a larger machine or software
gystem. A module can comprise a set of instructions for carrying out a function of the moduele. A module
can transform data and/or information. Data and/or information can be ia a suitable form. For exanaple,
data and/or information can be digital or analogue. In certain embodiments, data and/or information
sometimes can be packets, bytes, characters, or buts. In some embaodiments, data and/or information can

be any gathered, assembled or usable data or information. Non-himiting examples of data and/or
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mformation mclude a suitable media, pictures, video, sound (e.g. freguencies, audible or non-audible),
numbers, constants, a value, objects, time, functions, instructions, maps, references, sequences, reads,
mapped reads, levels, ranges, thresholds, signals, displays, representations, or transformations thereof. A
module can accept or receive data and/or information, transform the data and/or information mto a second
form, and provide or transfer the second form to an machine, peripheral, component or another module.
A module can perform ong or more of the following non-limiting functions: mapping sequence reads,
providing counts, assembling portions, providing or determining a level, providing a count profile,
normalizing (e.g., normalizing reads, normalizing counis, and the like), providing a normalized count
profile or levels of normalized counts, comparing two or more levels, providing uncertainty values,
providing or determining expected levels and expected ranges(e.g.. expected level ranges, threshold
ranges and threshold levels), providing adjustments to levels (e.g., adjusting a first level, adjusting a
second level, adjusting a profile of a chromosome or a part thereof, and/or padding), providing
dentification (e.g.. identifying a copy number alteration, penshic variation/genetic alteration or
aneuplowdy), categorizing, plotting, and/or determining an outcome, for example. A microprocessor can,
m certain embodiments, carry out the instructions i a module. In some embodiments, one or more
MICTOProcessors are required Lo carty out instructions in a module or group of modules. A module can
provide data and/or information {0 another maodule, machine or source and can receive data and/or

mformation from ancther moduole, machine or source.

A computer program product sometimes 18 embodied on a tangible computer-readable mednm, and
sometimes is tangibly embodied on a non-transitory computer-readable medivm. A module sometimes is
stered on a computer readable medium (e.g , digk, drive) or in memory {e.g., random access memory). A
module and microprocessor capable of implementing instructions from a modulc can bo locaied in a
machine or in a different maclme. A module and/or microprocessor capable of implementing an
mstruction for a module can be located 1o the same locaiion as a user (e.g., local network) or in a different
focation from a user (e.g., remote network, cloud system). In embodiments in which a method 1s carried
out in conjunciion with two or more modules, the modules can be located in the same machine, one or
more modules can be located in different machine in the same phvsical location, and one or more modules

may be located in different machines in different physical locations.

A machine, in some embodiments, comprises at least one micraprocessor for carrving out the instructions
in a module. Sequence read quantifications (e.g., counis) sometimes are aceessed by a microprocessor
that executes instructions configured to carry out a method described herein. Sequence read

guantifications that arc accessed by a microprocessor can be within memory of a system, and the counts
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can be accessed and placed into the memory of the system after they are obtained. In some embodiments,
a machine medes a microprocessor (¢.g., One or more microproccssors) which microprocessor can
perform and/or implement one or more instructions (e.g., processes, routines and/or subroutines) from a
module. In some embodiments, a machine meludes multiple microprocessors, such as miCroprocessors
coordinated and working 1n parallel. In some embodiments, a machine operates with one or more
extormal microprocessors (e.g., an internal or external network, server, storage device and/or storage
network {e.g., a cloud)). In some embodinents, a machine comprises a module {c.g., one or more
modules). A machine comprising a module often is capable of receiving and transferring one or more of

data and/or information to and from other modules.

In certain embodiments, a machine comprises peripherals and/or components. In certain embodiments, a
machine can comprise one or more peripherals or components that can transfer data and/or information to
and from other modules, penipherals and/or components. In certain embodiments, a machine interacts
with a peripheral and/or component that provides data and/or mformation. In certain embodiments,
peripherals and components assist # machine in carrving out a function or interact directly with a module.
Non-limiting exanmples of peripherals and/or components include a suitable compuler peripheral, /O or
storage method or device including but not linited (o scanners, printers, displays (e.g., montiors, LED,
LCT or CRTs), cameras, microphones, pads (e.g., ipads, tablets), touch screens, smart phones, mobile
phones, USB 140 devices, USB mass storage devices, keyboards, a computer mouse, digital pens,
modems, hard drives, jump drives, flash drives, a microprocessor, a sexver, CDs, DVDs, graphic cards,
specialized 1/O devices (e.g., sequencers, photo cells, photo multipher tubes, optical readers, sensors,
eic.). one or more flow cells, fluid handiing componenis, network interface controllers, ROM, RAM,
wircloss transfor moethods and dovices (Bluctooth, WiFi, and the like,), the world wide web (www), the

internet, a computer and/or another module.

Software often is provided on a progran product containing program instructions recorded on a computer
readable medium, including, but not limited to, magnetic media including floppy disks, hard disks, and
magnetic tape; and optical media including CD-ROM discs, DVD dises, magneto-optical discs, flash
memory devices (e.g., flash drives), RAM, floppy discs, the like, and other such media on which the
program instructions can be recorded. Tn online implementation, a server and web site maintained by an
organization can be configured to provide software downloads o remote users, or remote users may
access a remote system maintained by an organization o remotely access software. Software may oblain
or receive inpat information. Software may include a module that specifically obtains or receives data

(e.g., a data recerving module that receives sequence read data and/or mapped read data) and may include
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a module that specifically processes the data (e.g., a processing module that processes recetved data (e g,
filtors, normalizes, provides an ontcome and/or report). The terms “obtainng” and “receiving” wput
information refers to receiving data {o.g., sequence reads, mapped reads) by computer communication
means from a local, or remote site, human data eniry, or any other method of receiving data. The input
mformation may be generated in the same location at which it is received, or it may be generated m a
different location and transmitted to the receiving focation. In some embodiments, mput information 15

modified before 1t 1s processed (e.g., placed mto a format amenable to processing (¢.g., tabulated)).

Software can include one or more algorithms in certain embodiments. An algorithm may be used for
processing data and/or providing an outcome or report according to a finite sequence of instructions. An
algorithm often is a list of defined instructions for completing a task. Starting from an initial state, the
instructions may describe a computation that proceeds through a defined series of successive states,
eventually ternunaiing in a fina! ending state. The transition from one state {o the next (s not necessarily
determmnistic {e.g., some algorithms mcorporate randomness). By way of example, and without
himitation, an algorithm can be a search algorithm, sorting algoritlim, merge algorithm, numerical
slgorithm, graph algorithin, string slgorithm, modeling algorihm, computational genometric algorithm,
combinatorial algorithm, machine learning algorithm, cryptography algorithm, data corpression
algorithm, parsing algorithm and the like. An algorithm can include one algorithm or two or more
algorithms working in combination. An algonthm can be of any suitable complexity class and/or
parameterized complexity. An algorithm can be used for calculation and/or data processing, and i some
embodiments, can be used in a deterministic or probabilistic/predictive approach. An algorithm can be
raplemented i g compuling envirenment by use of a suitable programming language, non-hmiting
cxamples of which arc C, C++, Java, Perl, Python, Foriran, and the like. In somoe ombodiments, an
algorithm can be configured or modified to mclude margin of ervors, statistical analysis, statistical
significance, and/or comparison to other information or data seis (¢.g., applicable when using a newral net

or clustering algorithm).

In certain embodiments, several algorithms may be tmplemented for use in software. These algonithms
can be trained with raw data in some embodiments. For each new raw data sample, the trained algorithms
may produce a representative processed data set or outcome. A processed data set sometimes 15 of
reduced complexity compared o the parent data set that was processed. Based on a processed set, the
performance of a trained algorithm may be assessed based on sensitivity and specificity, in some
embodiments. An algorithm with the highest sensitivity and/or specificity may be identified and utilized,

i certamn embodiments.
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In cortain embodiments, stmudated (or simulation) data can aid data processing, for example, by tramning
an algorithm or festing an algorithm. In some embodiments, simulated data includes hypothetical various
samplings of differant groapings of sequence reads. Sumulated data may be based on what might be
expected from a real population or may be skewed to test an algorithm and/or to assign a correct
classification. Simulated data also 1s referred to herein as “virtual” data, Simulations can be performed
by a computer program in certain embodiments. One possible step in using a simulated data set is to
evaluate the confidence of identified resulis, e.g., how well a random sampling matches or best represents
the original data. One approach is to calculate a probability value (p-value), which estimates the
probability of a random sample having betier score than the sclected samples. In some embodiments, an
empirical model mav be assessed, in which it is assumed that at least one sample maiches a reference
sample (with or without resolved varations). In some embodiments, another distribution, such as a

Poisson distribution for example, can be used to define the probability distribution.

A system may melude one or more microprocessors in certain embodiments. A microprocessor can be
connecied 1o a communication bus. A computer sysiem may include a mam memory, oflon random
access memory (RAM), and can also include a secondary memory. Memory in some embodiments
comprises a non-transitory computer-readable storage medium, Secondary memory can inchude, for
example, a hard disk dnive and/or a removable storage dnive, representing a floppy disk drive, a magnetic
tape drive, an optical disk drive, memory card and the like. A removable storage drive often reads from
and/or writes to a removable storage unit. Non-limiting examples of removable storage units include a
floppy disk, magnetic tape, optical disk, and the like, which can be read by and written to by, for example,
a removable slorago drive. A removablo storage unit can include a computcr-usable storage moediom

having stored therein computer software and/or data.

A microprocessor may implement software in a system. In some embodiments, a microprocessor may be
programmed {o automatically perform a task described herein that a user could perform. Accordingly, a
microprocessor, or algorithm conducted by such a microprocessor, can require little to no supervision or
input from a user (e.g., software may be programmed 1o implement a function sutomatically). In some
embodiments, the complesity of a process is so large that a single person or group of persons could not
perform the process in a timeframe short enough for determining the presence or absence of a genetic

variation or genetic alteration.
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In some embodunents, secondary memory may include other similar means for allowing computer
programs or other mstructions to be loaded nio a computer system. For example, a syvstem can include a
removable storage unit and an interface device. Non-limiting examples of such systems include a
program cartridge and cartridge interface (such as that found n video game devices), a removable
memory chip (such as an EPROM, or PROM) and associated socket, and other removable storage umits
and nterfaces that allow software and data to be transferred from the removable storage unitto a

compuier sysiem.

Fig. 1 illastrates a non-limiting examople of a computing environment 110 in which various systems,
methods, algorthms, and data structures described hergin may be implemented. The computing
environment 110 is only one example of a suitable computing environment and is not intended to suggest
any limutation as to the scope of use or functionality of the systems, methods, and data structures
described herein. Neither should computing envirenment 110 be interpreied as having anv dependency or
requirement relating to any one or combination of components tustrated 1n computing environment 110,
A subset of systems, methods, and data structures shown i Fig. 1 can be utilized in certain embodiments.
Svstems, meothods, and data structures described herein are operalional with numerous other general
purpose or special purpose computing sysiem environments or configurations. Examples of known
computing systems, environments, and/or configarations that may be suitable include, but are not imited
to, personal computers, server computers, thin chents, thick clients, hand-held or laptop devices,
multiprocessor systems, microprocessor-based systems, sef top boxes, programmable consumer
electronics, network PCs, mimicomputers, mainframe computers, distributed computing environments that

include any of the above systems or devices, and the like.

The operating environment 110 of Fig. 1 includes a general purpose computing device in the form of a
computer 120, mcluding a processing vnit 121 a sysiem memory 122, and a sysiem bus 123 that
operatively couples various system components machiding the system memory 122 to the processing wnit
121. There may be only one or there may be more than ene processing unit 121, such that the processor
of computer 120 includes a single central-processing unit (CPU), or a plurality of processing units,
commonly referred to as a parallel processing environment. The computer 120 may be a conventional

computer, a distributed computer, or anv other type of computer.

The system bus 123 may be any of several tvpes of bus structures including a memory bus or memory
controlier, a peripheral bus, and a local bus using any of a vaniety of bus architectures. The system

memory may also be referved to as simply the memory, and includes read ondy memory (ROM) 124 and
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random access memory (RAM). A basic mput/cutput system (BIOS} 126, containing the basic routines
that help to transfer information between slements within the computer 120, such as during start-up, 18
stored in ROM 124, The computer 120 may further include a hard disk drive interface 127 for reading
from and wrriing o a hard disk, not shown, a magnetic disk drive 1238 for reading from or writing to a
removable magnetic disk 129, and an optical disk drive 130 for reading from or writing to a removable

optical disk 131 such as a CID ROM or other optical media.

The hard disk drive 127, magnetic disk drive 128, and optical disk drive 130 are connected o the system
bus 123 by a hard digk drive mterface 132, a magnetic disk drive interface 133, and an optical disk drive
mterface 134, respectively. The drives and their associated computer-readable media provide nonvolatile
storage of computer-readable instructions, data structures, program modules and other data for the
computer 120, Any type of computer-readable media that can store data that 1s accessible by a computer,
such as magnetic cassettes, flash memory cards, digital video disks, Bemouolli cartridges, random access

memories (RAMSs), read only memories (ROMs), and the like, may be used n the operating environment.

A nuraber of program modules may be stored on the hard disk, magnetic disk 129, optical disk 131, ROM
124, or RAM, including an operaiing system 133, one or more application programs 136, other program
modules 137, and program data 138. A user may enter commands and mformation mio the personal
computer {20 through input devices such as a kevboard 140 and pounting device 142, Other input devices
{(not shown) may mchude a microphone, joystick, zame pad, satellite dish, scanner, or the bke. These and
other input devices are often connected o the processing unit 121 through a serial port interface 146 that
is coupled to the system bus, bot may be connecied by other mterfaces, such as a parallel port, game port,
or a untversal sortal bus (USB). A monitor 147 or other type of display dovice is also connected to the
system bus 123 via an mnterface, such as a video adapter 148. In addition to the monitor, computers

typically mclude other peripheral output devices {not shown), such as speakers and priniers.

The compuler 120 may operate in a networked environment using logical connections (o one or more
remote computers, such as remote computer 149, These logical connections may be achieved bv a
commumication device coupled to or a part of the computer 120, or in other manners. The remate
computer 149 may be another computer, a server, a router, a network PC, a client, a peer device or other
common network node, and typically includes many or all of the elements described above relative to the
computer 120, although only a memory storage device 150 has been illustrated in Fig. 1. The logical

connections depicted m Fig. 1 include a local-area network (LAN) 151 and a wide-area network {WAN)

127



10

15

28

25

30

CA 030500585 2015-07-08

WO 2018/140521 PCT/US2018/015081

152. Such networking enviromments are commonplace in office networks, enterprise-wide computer

networks, intrancts and the Internet, which all are types of networkas.

When used 1 a LAN-networking environment, the computer 120 is connecied to the local network 151
through a network interface or adapter [53, which is one type of communications device. When used in a
WAN-networking environment, the computer 120 often includes a modem 154, a tvpe of commumications
device, or any other type of communications device {or establishing communications over the wide area
network 132, The modem 154, which may be internal or external, is connected to the system bus 123 via
the serial port interface 146, In a networked environment, program modules depicted relative (o the
personal computer 120, or porfions thereof, mav be stored m the remote memory storage device. Itis
approciated that the network connections shown are non-limiting examples and other communications

devices for establishing a commumnications link between computers may be used.

Transformations

As noted above, data sometimes is transformed from one form mto another form. The terms
“transformed,” “ransformation,” and grammatical derivations or equivalents thereof, as used herein refer
to an alteration of data from a physical starting material (e.g., test subject and/or reference subject sample
nucleie acid) indo a digital representation of the physical starting material (e.g., sequence read data), and
m some embadiments meludes a further transformaiion mto one or more numerical values or graphical
representations of the digital representation that can be utilized to provide an outcome. In certam
embodiments, the ong or more numerical values and/or graphical representations of digitally reprosented
data can be utilized to represent the appearance of a test subject’s phvsical genome {e.g., virtnally
represent or visually represent the presence or absence of 4 genomic insertion, duplication or deletion;
represent the presence or absence of a variation in the physical amount of a sequence associated with
medical condittons). A virlual representation sometimes 1s further transformed into one or more
numerical values or graphical representations of the digital representation of the starting material. These
methods can transform physical starting material into a numerical value or graphical representation, or a

representation of the physical appearance of a test subject’s nucleic acid.

In some embodiments, transformation of a data set facilitates providing an outcome bv reducing data
complexity and/or data dimensionality. Data set complexily sometimes is reduced duting the process of
transforming a physical starting material into a virtual representation of the starting material (e.g.,

sequence reads representative of physical starting material). A suitable feature or variable can be atilized
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to reduce data set complexity and/or dimensionahty. Non-himiting examples of features that can be
chosen for use as a target feature for data processing inchude GO content, fetal gender prediction,
fragment size {(e.g., length of CCF fragments, reads or a suitable representation thereof (e.g., FRS)),
fragment sequence, dentification of 2 copy number alteration, ideniification of chromosomal mmeoploidy,
wdentification of particular genes or proteins, identification of cancer, diseases, inherited genes/traits,
chromosomal abnormalitics, a biological category, a chemical category, a biochemical catcgory, a
category of genes or proteins, a gene ontology, a proten ontology, co-regulated gones, cell signaling
genes, cell cycle genes, protems pertaining to the foregoing genes, gene variants, protein variants, co-
regulated genes, co-regulated proteins, amine acid sequence, nucleotide sequence, protein structure data
and the hike, and combinations of the foregoing. Non-limiting examples of data set complexaty and/or
dimensionality reduction include; reduction of a plurality of sequence reads to profile plots, reduction of a
plurality of sequence reads to numerical values (e.g., normalized values, Z-scores, p-values); reduction of
muliiple analysis methods to probability plots or single points; principal component analysis of derived

guantitics; and the like or combinations thereof.

Genetic variglions/genelic alierations and medical conditions

The presence or absence of a penetic variation can be determined using a method or apparatus described
herein. A genchic variation also may be referred to as a geoetic alteration, and the terms are often used
mierchangeably herein and in the art. In certam instances, “genetic alleration™ may be used to describe a
somatic alteration whereby the genome in a subset of cells in a subject contains the alteration {such as, for
example, i tumor or cancer cells). In certain inslances, “genctic variation” may be used to describe a

vartation inherited from one or both parents {such as, for example, a genctic variation in a fetus).

In certain embodiments, the presence or absence of one or more genetic variations or genetic alterations is
determined according o an outcome provided by methods and apparatuses desenibed herein. A genetic
variation generally ig a particular genctic phenotype present in certain individuals, and often a genetic
variation is present in a statistically significant sub-population of individuals. In some embodiments, a
genetic variation or genetic alieration 1s a chromosome abnormalily or copy number alteration (e.g.,
aneuploady, duplication of one or more chromosomes, loss of one or more chromosomes, partial
chromosome abnormality or mosaicism (e.g., loss or gain of one or more regions of a chromosome),
franslocation, mversion, each of which is described 1n greater detail herein). Non-limtting examples of
genetic variations/genetic alterations include one or more copy number alterations/variations, deletions

{e.g., microdeletions), duplications {s.g., microduplications), insertions, multations (¢.g., single nucleotide
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variations, single nucleotide alierations), polvmorphisms {(e.g., single-nucleotide polvmorphisms),
fustons, repeats (e.g., short tandem repeats), distinet methylation sites, distingt methvlation pattorns, the
like and combinations thereof. An mnsertion, repeat, deletion, duplication, mutation or polymorphism can
be of any length, and in some embodmments, s about 1 base or base pawr (bp) to about 250 megabases
(Mb) in fength. In some embodiments, an msertion, repeat, deletion, duplication, mutation or
polymorphism is about 1 base or base pair {bp) to about 50,000 kilobases (kb) in length (c.g., about 10 bp,
50 bp, 100 bp, 500 bp, 1 kb, 5 kb, 10kb, 50 kb, 100 kb, 500 kb, 1000 kb, 5000 kb or 10,000 kb in length).

A genetic variahion or genetic alteration is sometime a deletion. In certain instances, a deletion is a
mutation (2.g., a genetic aberration) in which a part of a chromosome or a sequence of DNA is missing,
A deletion is often the loss of genetic material. Any number of nucleotides can be deleted. A deletion
can comprise the deletion of one or more entire chromosomes, a region of a chromosome, an allele, a
gene, an intron, an exon, any non-coding region, any coding region, a part thereof or combination thercof.

A deletion can comprise a microdeletion. A deletion can comprise the deletion of a single base.

A genelic vanation or geoelic alteration 1s sometimes a duplication. In cerlain instances, a duplicaiion is
a mutation (e.g., 4 genetic aberration) in which a part of a chromosome or a sequence of DNA is copied
and inserted back indo the genome. In certain embodiments, a genetic duplication (e.g., duplication) is
any duplication of a region of DNA. In some embodiments, a duplication is a nucleic acid sequence that
15 repeated, often in tandem, within a genome or chromosome, In some embodiments, a duplication can
comprise a copy of one or more entire chromosomes, a region of a chromosome, an allele, a gene, an
iniron, an exon, any non-coding region, any coding region, part thereof or combination thereof. A
duplication can comprisc a microduplication. A duplication somclimes comprises onc or more copics of a
duplicated nucleic acid. A duoplication sometimes 1s characterized as a genetic region repeated one or
more times {e.g., repeated 1,2,3, 4,5, 6,7, 8,9 or 10 times). Duplications can range from small regions
(thousands of base pairs) to whole chromosomes in some instances. Duplications frequently occur as the
result of an error in homologous recombination or due {o a relrotransposon event. Duplications have been
associated with certain types of proliferative diseases. Duplications can be charactenized using genomic

microarrays or comparative genetic hybnidization (CGH).

A genetic variation or genetic alteration 1s soretimes an insertion. As inseriton is sometimes the addition
of onie or more nucleotide base pairs into a nucleic acid sequence. An insertion is sometimes a
micromsertion. In certain embodiments, an imsertion comprises the addition of 4 region of a chromosome

into a genome, chromosome, or part thereof. In certain embodiments, an insertion comprises the addition
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of an allele, a gene, an mitron, an exon, any non-coding region, any coding region, part thereof or
combination thereof into a genome or part thereof. In certain embodiments, an mscrtion compnscs the
addition {e.g., ingertion) of nucleic acid of unknown origin into a genome, chromosome, or part thereof.

1n certain embodiments, an msertion comprises the addition (o.g., msertion} of a single base.

As used herein a “copy number alteration” gencrally 15 a class or type of genetic variation, genetic
alteration or chromosomal aberration. A copy number alieration also may be referred to as a copy
number variation, and the terms are often used interchangeably herein and in the art. In certain instances,
“copy mumber alteration”™ mayv be used to describe a somatic alteration whereby the genome in a subset of
cells in a subject contains the alteration (such as, for example, in tumor or cancer cells). In certan
instances, “copy number variation” may be used to describe a variation inherited from one or both parents
(such as, for example, a copy number variation in a fetus). A copy number alieration can be a deletion
(e.g.. microdeletion), duphication (e.g., a microduplication} or msertion {¢.g., a micromnseriion). Often, the
prefix “micro™ as used herein sometimes is a region of nucleic acid less than 5 Mb in length. A copy
npmber alteration can mclude one or more deletions (e.g., microdeletion), duplications and/or insertions
(c.g., a nucroduplication, nucroinseriion) of a pari of 4 chromoesome. In cerlain embodiments, a
duplication comprises an insertion. In certain embodiments, an insertion is a duplication. In certain

embodiments, an insertion 1s not a doplication.

In some embodiments, a copy number alieration is a copy number alieration from a tumor or cancer cell.
I some embodiments, a copy number alteration is a copy number alteration from a non-cancer cell. In
certain embodiments, a copy nomber alteration s a copy number alteration within the genome of a subject
(c.g., a cancer pationt) and/or within the genome of a cancer cell or tumor in a subject. A copy number
alteration can be a heterozyvgous copy number alteration where the vanation {e.g., a duplication or
deletion) is present on one allele of a genome. A copy number alteration can be a homozygous copy
nutmber alteration where the alteration is present on both alleles of a genome. In some embodiments, a
copy number alteration is a heterozygous or homozygous copy number alteraion. In some embodiments,
a copv number alteration 1s a heterozygous or homozvgous copy number alteration from a cancer cell or
non-cancer cell. A copy number alieration sometimes is present 1n @ cancer cell genome and a non-cancer
cell genome, a cancer cell genome and not a non-cancer cell genome, or a non-cancer cell genome and not

a cancer cell penome.

In some embodiments, a copy number alteration is a fetal copy number alteration. Often, a fetal copy

rumber alteration is a copy number alteration in the genome of a feius. In some embodiments, a copy
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number alteration is a maternal and/or fetal copy number alteration. In certain embodiments, a maternal
and/or fetal copy number alieration 18 a copy number alteration within the genome of a pregnant fomale
(e.g., a female subject bearing a fetus), a female subject that gave birth or a female capable of bearing a
fetus. A copy number alieration can be a heterozygous copy number alteration where the albteration {c.g.,
a duplication or deletion) is present on one allele of a genome. A copy number alteration can be a
homozygous copy number alteration where the alteration 1s present on both alleles of a genome. In some
embodimenis, a copy number alieration s a heterozygous or homozygous fetal copy number alieration.
In some embodiments, a copy number alteration is a heterozygous or homozygous maternal and/or fetal
copy number alteration. A copy number alteration sometimes is present in 4 maternal genome and a fetal

genome, & maternal genome and not a fetal genome, or a fetal genome and not a maternal genome.

“Ploidy” s a reference to the number of chromosomes present in a subject. In certain embodiments,
“ploidy™ is the same as “chromosome ploidy.” In humans, for example. autosomal chromosomes are
often present in pairs. For example, in the absence of a genetic variation or genetic alteration, most
humans have two of each autosomal chromosome (e g., chromosomes 1-22). The presence of the normal
complement of 2 aulosomal chromosomes 1 a human is often referred Lo as cuploid or diploid.
“Microploidy™ is similar in meaning to ploidy. “Microploidy” often refers to the ploidy of a partof a
chromosceme. The term “microploidy”™ sometimes 15 a reference 1o the presence or absence of a copy
number alteration (e g., a deletion, duplication and/or an wsertion) within a chromosome {e.g., a

homozygous or heterozygous deletion, duphication, or insertion, the like or absence thereof).

A genetic variation or genetic alteration for which the presence or absence is identified for a subject is
associated with a medical condition in certain cmbodimonts. Thus, technology deseribed hercin can bo
used to identfy the presence or absence of one or more genetic variations or genetic alterations that are
associated with a medical condition or medical state. Non-limiting examples of medical conditions
include those associated with intellectual disability (e.g., Down Syndrome), aberrant celi-proliferation
{e.g., cancer), presence of a micro-organism nucleic acid (e g, virus, bacterium, fungus, veast), aud

preeclampsia.

Non-himiting examples of genetic variations/genetic alterations, medical conditions and states are

described hereafier.

Chromosome gbnormnalities
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In some embodunents, the presence or absence of a chromosome abnormality can be determined by using
a method and/or apparatus described herein. Chromosome abnormalities include, without hmitation,
copy munber alierations, and a gain or loss of an entire chromosome or a region of a chromosome
comprising one or more genes. Chromosome abnormalitics include monosomies, trisomics, polysomies,
foss of heterozygosity, translocations, deletions and/or duplications of one or more nucleotide sequences
(c.g., one or more genes), ncluding deletions and duplications caused by unbalanced translocations. The
term "chromosomal abnormality” or “ancuploidy” as used herein refer to a deviation between the
structure of the subject chromosome and a nommal homologous chromosome. The term "normal” refers to
the predominate karvotvpe or banding patiern found in healthy individuals of a particular species, for
example, a euploid genome (e.g., diploid in humans, ¢.g., 46, XX or 46, XY). As different organisms have
widely varyving chromosome complements, the term "ancuploidy” does not refer to a particular number of
chromosomes, but rather to the situation in which the chromosome content within a given cell or cells of
an organtsra is abnormal. In some embodiments, the term “ancuploidy”™ herein refers to an imbalance of
genetic material caused by a loss or gain of a whole chromosome, or part of a chromosome. An
“aneuploidy” can refer to one or more deletions and/or insertions of a region of a chromosome. The term

“euploid,” in some embodiments, refers a normal complement of chromosomes.

The term "monosomy” as used herein refers to lack of one chromosome of the normal complement.
Partial monosomy can occour in unbalanced translocations or deletions, in which only a part of the
chromosome 15 present in a single copy. Monosomy of sex chromosomes (43, X)) causes Tumner
syndrome, for example. The term "disomy” refers to the presence of two copies of a chromosome. For
organisms such as humans that have two copiss of each chromosome (those that are diploid or "euploid™),
disomy is the normal condition. For organismus that normally have three or moro copics of cach
chromosome (those that are triploid or above), disomy is an aneuploid chromosome state. In uniparental
disomy, both copies of a chromosome come from the same parent (with no contribution from the other

parent).

The term "trisomy" as used herein refers to the presence of three copies, mstead of two copies, of a
particular chromosome. The presence of an extra chromosome 21, which is found i human Down
gyndrome, is referred to as "Trisomy 21." Trisomy 18 and Trisomy 13 are two other human autosomal
trisomies. Trisomy of sex chromosomes can be seen in females {e.g., 47, XXX in Triple X Syndrome) or
males (e.g., 47, XXY in Klinefelter's Syndrome; or 47 XYY in Jacobs Syndrome). In some
embodiments, 2 (nsomy is a duplication of most or all of an auvtosome. In certain embodiments, a frisomy

is a whole chromosome aneuploidy resulting in three instances (e.g., three copes) of a particular type of
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chromosome (e.g., instead of two mstances (e.g., a pair) of a particular type of chromosome for a

cuploid),

The torms “fotrasomy™ and "pentasomy” as ased herein refor to the presence of four or five copics of a
chromosome, respectively. Although rarely seen with autosomes, sex chromosoms tetrasomy and
pentasomy have been reported in humans, mcluding XXXX, XXXY, XXYY, XYYY, XXXXX,
XXXXY XXXYY, XXYYY and XYYYY.

Medical disorders and medical conditions

Methods described herein can be applicable to any suitable medical disorder or medical condilion. Non-
himiting examples of medical disorders and medical conditions mclude cell proliferative disorders and
conditions, wasting disorders and conditions, degenerative disorders and conditions, sutoimmune
disorders and conditions, pre-eclampsia, chemical or environmental toxicity, ver damage or disease,

kidney damage or disease, vascular disease, high blood pressure, and myocardial infarction.

In some embodiments, a cell proliferative disorder or condition sometimes is a cancer, tumor, neoplasm,
metastatic disease, the like or combination thereof. A cell proliferative disorder or condition sometimes is
a disorder or condition of the liver, lung, spleen, pancreas, colon, skin, bladder, eve, brain, esophagus,
head, neck, ovary, testes, prostate, the like or combmation thereol. Non-limiting examples of cancers
include hematopoletic neoplastic disorders, which are diseases involving hvperplastic/neoplastic cells of
hematopoictic origin {g.g., arising from myeloid, lvmphoid or erythroid lineages, or precursor cells
thereof), and can arise from poorly differentiated acute leukemias (e.g., ervthroblastic leukemia and acute
megakaryoblastic levkemia). Certain myveloid disorders include, bul are not imited {o, acate promyeloid
leukemia (APML), acute myelogenous leukemia (AML) and chronic myelogenous leukemia (CML).
Certain lvmphoid malignancies include, but are not limited to, acute lymaphoblastic leukemia (ALL),
which includes B-lineage ALL and T-lineage ALL, chronic lvmphocytic lenkemia (CLL),
prolvmphocytic levkemia (PLL), hairy cell leukemia (HLL) and Waldenstrom’s macroglobulinemia
{WM). Certain forms of malignant lymphomas include, but are not limited to, non-Hodgkin lvmphoma
and variants thereof, peripheral T cell lymphomas, adult T cell leukemiadlymphoma (ATL), cutaneous T-
cell lymphoma (CTCL), large granular Iymphocytic leukemia (LGF), Hodgkin's disease and Reed-
Stermnberg disease. A cell proliferative disorder sometimes is a non-endocrine tumor or endocrine tumor.
{Hustrative examples of non-endocrine tumors include, but are not limited to, adenocarcinomas, acinar

cell carcinomas, adenosquamous carcinomas, giant cell tumors, miraductal papillary mucinous
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neoplasms, mucinous cystadenocarcinomas, pancreatoblastomas, serous cvstadenomas, sohid and

pseudopapillary tumors. An endocrine tumor sometimes is an islet cell tumor.

In some embodiments, a wasting disorder or condition, or degenerative disorder or condition, is cirrhosis,
amyotrophic lateral sclerosis (ALS), Alzheimer's disease, Parkinson's disease, multiple system atrophy,
atherosclerosis, progressive supranucicar palsy, Tay-Sachs discase, diabetes, heart discase, keratoconus,
mflammatory bowel disease (IBD), prostatitis, ostooarthritis, osteoporosis, rheumatoid arthatis,
Huntington's disease, chronic traumatic encephalopathy, chronic obstructive pulmonary disease (COPD),
tuberculosis, chronic diarrhea, acquired immune deficiency syndrome (AIDS), supertor mesenteric artery

syadrome, the like or combination thercof.

In some embodiments, an autoimmune disorder or condition is acute disseminated encephalomyelitis
(ADEM), Addison’s disease, alopecia arcata, ankylosing spondylitis, antiphospholipid antibody syndrome
{APS), autounmune hemolytic anemia, autoimmune hepatifis, autoimmune inner ear disease, bullous
pemphigoid, cebiac disease, Chagag disease, chronic obstructive pulmonary disease, Crohng Disease (a
tvpe of idiopathic inflammalory bowel dissase "IBD"), dermatomyosilis, diabetes mellitus type 1,
endometriosis, Goodpasture's syndrome, Graves' disease, Guillain-Bareé syndrome (GBS), Haghimoto's
disease, hidradenitis suppurativa, wiopathic thrombocvtopenic purpura, interstitial oystitis, Lupus
ervthematosus, mixed connective tissuc disease, morphea, multiple sclerosis (MS), myasthenia gravis,
narcolepsy, emromyotonia, pemphigus vilgans, pernicious anasnua, polymyositis, primary biliary
cirrhosis, thewmatoid arthritis, schizophrenia, scleroderma, 8jégren's syndrome, temporal arteritis (also
known as "giant cell arteritis™), ulcerative colitis {a type of idiopathic mflammatory bowel discase

"IBD"}, vasculitis, vitiligo, Wogener's granulomatosis, the like or combination thoreof,

Preeclampsia

In some embodiments, the presence or absence of preeclampsia is determined by vusing a method or
apparaius described herein. Preeclampsia is a condition in which hyperiension arises mn pregnancy {e.g.,
pregnancy~induced hypertension) and 1s asseciated with significant amounts of protein in the nrine. In
certain instances, preeclampsia may be associated with elevated levels of exiracellular nucleic acid and/or
alterations in methylation patterns, For example, a positive correlation between extracellular fetal-derived
hypermethylated RASSF1A levels and the severily of pre-eclampsia kas been obgerved. In certain
mstances, increased DNA methylation 1s observed for the H19 gene in preeciamptic placentas compared

10 normal controls.
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Pathogens

In some embodiments, the presence or absence of a pathogenic condition is determined by a method or
apparatus descnbed herein. A pathogenic condifion can be caused by infection of a host by a pathogen
mcluding, but not limited to, a bacterium, virus or fungus. Since pathogens typically possess nucleic acid
{(o.g., genomic DNA, genomic RNA, mRMNA) that can be distinguishable from host nucleic acid, methods,
machines and apparatus provided herein can be used to determine the presence or absence of a pathogen.
Often, pathogens possess nucleic acid with characteristics unique to a particular pathogen such as, for
example, epigenctic state and/or one or more sequence variations, duplications and/or deletions. Thus,

methods provided herem may be used to identify a particular pathogen or pathogen variant {e.g., stran).

Use of cell free nucleic acid

In certain instances, nucleic acid from abnormal or diseased cells associated with a particular condition or
disorder 15 released from the cells as circulating cell-free nucleic acid (CCF-NA). For example, cancer
cell nucleic acid 1s present in CCF-NA, and analysis of CCF-NA using methods provided herein can be
used to determining whether a subject has, or g at risk of having, cancer. Analvsis of the presence or
gbsence of cancer cell nucleic acid in CCF-NA can be used for cancer screening, for exaraple. In certain
mstances, levels of CCF-NA 1n serure can be clevated in patiends with various types of cancer compared
with healthy patienis. Patients with metastatic diseases, for exampie, can sometimes have serum DNA
levels approximately fwice as high as non-metastatic patients. Accordingly, methods described herein
can provide an outcome by processing sequencing read counts obtained from CCF-NA extracted from a
sample from a subject {e.g., a subject having, suspected of having, predisposed to, or suspected as being

predisposed to, a particular condition or disease).

Markers

In certain instances, a polynucleotide in abnormal or diseased cells is modified with respect to nucleic
actd in normal or non-discased cells (oo, single nucleotide alicration, single nucleotide vanation, copy
number alteration, copy number variation). In some instances, a polvnuacleotide is present in abnormal or
diseased cells and not present in normal or non-diseased cells, and sometimes a polynucleohde 15 not
present in abnormal or diseased cells and 1s present in normal or non-discased cells. Thus, a marker
sometimes 18 a single nucleotide alterationfvariation and/or a copy number alteration/variation (e.g., a
differentially expressed DNA or RNA (e.g., mRNA)), For example, patients with metastatic diseases

may be identilied by cancer-specific markers and/or certain single nucleotide polymorphisms or short
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tandem repeats, for example. Non-limiting examples of cancer tvpes that may be positively correlated
with slevated levels of circulating DNA include breast cancer, colorectal cancer, gastrointestinal cancer,
hepatocellular cancer, lung cancer, melanoma, non-Hodgkin lymphoma, levkemia, multiple myeloma,
bladder cancer, hepatoma, cervical cancer, esophageal cancer, pancreatic cancer, and prostaie cancer.
Various cancers can possess, and can sometimes release into the bloodstream, nucleic acids with
characteristics that are distinguishable from nucleic acids from non-cancerous healthy cells, such as, for
example, epigenctic state and/or scquence variations, duplications and/or deletions. Such characteristics
can, for example, be specific to a particular type of cancer. Accordingly, methods described herein
sometimes provide an ovtcome based on determining the presence or absence of a particular marker, and
sorctimes an outcome is presence or absence of a particular type of condition {e.g., a particular type of

cancer).

Certamn methods described herein may be performed in conjunction with methods described, for example
in International Patent Application Publication No. WO2013/052913, International Patent Application
Publication No. W02013/052907, International Patent Application Publication No. WO2013/035817,
International Patent Application Publication No. W(2013/109981, International Patent Application
Publication No. W02013/177086, International Patent Application Publication No. WO2013/192562,
International Patent Application Publication No. WO2014/116598, International Patent Apphcation
Publication No. W(2014/055774, International Patent Application Publication No. W020314/190286,
[nternational Patent Application Publication No. W02014/205401, International Patent Application
Publication No. WO2015/051163, International Patent Application Publication No. WO2015/138774,
International Patent Application Pablication No. W0O2015/0354080, International Patent Application
Publication No. WO2015/183872, Intemational Patent Apphcation Publication No. WO2016/019042, and
[nternational Patent Application Publication No. WO 2016/057901.

Examples

The examples set forth below illustrate certain embodiments and do not hmit the technology.

Example 1: Optimized detection of 22q11.2 deletions using whole genome sequencing

In this Example, optimized detection of a small copy number variation (CNV) using whole genome
sequencing is demonstrated. Specifically, the loss of 22q11.2, typically comprising a deletion event of

about 2 t0 3 Mb, was assessed.
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Study Design

A combination of analytical and in silico models were used to determine sensitivity for detecting 22¢11.2
deletion events. Analytical models inchuded 15 sets of genomic DNA (gDNA) obtained from cell lines or
mdividuals with 22q1 1.2 deletions ranging from 1.3 megabases to over 3 megabases, Libraries prepared
from these gDNAs were mixed with cell froe plasma DNA libraries from non-pregnant women o model a
4% to 24% range of fetal fractions. In sihco models used over 7000 maternal plasma sequencing results
as a background to create 22¢11.2 deletion events at the genomic coordinates for 206 deletions within the
22q11.2 region that are listed in the International Standards of Cytogenomic Arrays database (ISCA).
Sensitivity was assessed utilizing sample specific features along with a combined focused and genome-

wide sequencing analysis to detect CNVs m the 22911.2 region.

Results

As shown in Fig. 2, sensitivily values for detecting a microdeletion were determined across fetal fraction
ranges using a genome-wide sequence analysis and a focused sequence analysis. The resulis show that
when the fetal fraction in the sample was higher than 0.12 {i.e., 12%), the sensitivily of detection using
genome-wide analysis is higher than that using the focused analysis; conversely, when the fetal fraction
was lower than 0.12, the sensitivity of detection using focused analysis was higher than that using the

genome-wide analysis.

Chromosomo 22¢q11.2 dolotion regions associated with DiGeorge syndromo are provided in Fig. 3.
Regions A thru D include the primary recombination sites involved m deletion of 22q11.2 (see e.g., Saitta
et al. (2004) Hum Mol Genet 13:417-428; and Burnside (2015) Cviogenet Genome Res 146:89-99).

Analysis of certam 22¢1 1.2 deletions mcluded the regions indicated by the vertical dashed fines,

Chromosome 22q11.2 deletions reported in the [ISCA database and present in genomic DNA (gDNA)
used i mixture models are shown in Fig. 4. Black veriical dashed lines (1.e., outer set of vertical dashed
lines) represent an analysis window for 22g11.2 deletions using genome-wide analysig algorithms. Gray
vertical dashed lines (i.e., inner set of vertical dashed lines) represent a focused analysis window for
22¢11.2 deletion analvsis, optimized around a particular 2211 .2 deletion region. ISCA 22¢q11.2 deletion
size and coordinate frequencies corresponded well with those reported in the literature and ranged from

less than 1 megabase to over 3 megabases in size. 22q1 1.2 gDNA model samples covered the core
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22g11.2 deletion region but were loss diverse compared to ISCA events. The A-H on the top of the Fig. 4
represent gonomic regions reportedly assoctated with deletion of sub-chromosomal portions within

22q11.2.

A schematic depiction of 22q11.2 deletions 1dentified by whole genome sequencing is shown in Figs. 5A-
503, Simulated signal, noise, and ¢vent sizes are shown to depict 22q11.2 deletions. The deletion gvent in
cach of Fig. SA-3D) 1s indicated by a shaded arca between the portion of the curve that has significantly
lower signals as compared to the adjacent region and the horizontal axis. In Fig. 5A and Fig. 3B, the
edges of the deletion event are coincident with the arrows; in Fig. 3C and Fig. 3D, the edges of the
deletion events are within regions defined by the arrows. Figs SA-3D show analyses for samples that
would havelower or higher fetal fraction and a smaller or larger event size. Fig. 5A depicts a large
deletion event in a sample with low fetal fraction, Fig. 5B depicts a large deletion event in a sample with
high fetal fraction, Fig. 5C depicts a small deletion event in a sample with low fetal fraction, and Fig. 5D
depicts a small deletion event in a sample with high fetal fraction. Genome-wide smalyvsis uses a eircular
binary segmentation (CBS) method to find event edges within a genomic window (outer set of vertical
dashed bines) encompassing 22¢g11.2. Deteclion of event edges by TUBS can be nogatively immpacled by
low fetal fraction with failure to identify a potential copy number variant segment for secondary z-score
analysis. Thus, when the fetal fraction is low (as in Fig, 5A and 50), focused analysis methods analyzing
a fixed sub-region (mner set of vertical dashed hnes, indicated by arrows) witlun 22q11.2 can be used to
maximize detection of 22q11.2 deletions, while genome-wide analysis methods employing a the CBS
segmentation process have a higher hikelihood of not detecting a segment edge. When the fetal fraction is
high {as in Fig. 3B and 5D), the genome wide analysis is more Likely to detect the event edge and thus

accurately detect the deletion ovonts.

Detection of CNVs within a fixed sub- region can be negatively impacied by deletions that are within and
smaller than the fixed sub-region or only partially overlap the fixed sub-regions. Accordingly, when a
deletion event in a sample to be detected is within and smaller than the fixed sub-region or only partially
overlaps the fixed sub-regions, focused analvas methods have a lugher ikelihood of not being able to
detect these deletions and thus genome-wide analysis is more preferable. (Fig. 5C and 5D). Thus, a
method combining genome-wide analysis and focused analysis can maximize sensitivity by using edge
detection capabilitics of CUBS to identify small deletions and using a focused analysis window, e, nner
set of vertical dashed lines, mdicated by arrows, to improve sensitivily when the fetal fraction in the

sample 1s low.
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Sensitivity for detecting 22¢11.2 deletions using a combined genome-wide and focused analysis is shown
mn Fig. 6. In silico modeling of ISCA 22g11.2 cvents indicated a sensitivity of 74% in the distribution of
fetal fractions seen in maternal plasma DMA, tvpically containing 4% or higher fetal fraction. A
sensitivity of over Y0% at the median fotal fraction of about 10% was observed. gDNA model systems
supported the in silico model resulis with sensitivity of about 75% after correction for mixture ratio
maccuracy. At mixture ratios mimicking fotal fractions greater than 10%, sensitivities of over 97% were
observed. Thus, the combined analysis can advantageousty detect the deletion events m samples having

g wide range of fetal fractions.

In stmmary, the 22g1 1.2 deletion events 1n ISCA closely approsamated the size and genomic positions of
22q11.2 deletions in patients with DiGeorge syndrome,  Deletion events in gDNA sampleos were less
gvenly distributed 10 size and position compared to ISCA events. Detection of 22q11.2 deletions using a
combined focused and genome-wide sequencing analysis enabled a sensttivity of 74% across fetal
fractions i maternal plasma samples. Sensitivity for detecting 22q11.2 deletions m gDNA samples at
mixture ratios mimicking 9-11% fetal fraction was over 97%. The combined focused and genome-wide

sequencing analysis can thus improve sensitivity for delecting 221 1.2 deletlions.

Example 2: Examples of embodiments

Provided bereafter is a listing of non-himiting examples of embodiments of the technology.

Al A method for classifying presence or absence of a copy number variation in a sub-chromosome
region for a {est sample, comprising:
a) wdentifying, using a method comprising a segmentation process, the presence or absence of a
copy number variation segment in a region comprisiag a first set of genomic portions;
b} providing a sequence read quantification for a sub-region within the sub-chromosome region
comprising a second set of genomic portions, wherein:
the second set is a predetermined set of genomic portions, and the genomic portions in (a)
and (b} comprise portions of a reference genome o which sequence reads obtained for
nucleic acid in the test sample have been mapped.; and
c) providing a classification for presence or absence of the copy number variation w the sub-

chromosome region for the test sample according to (a) or (b), or {a) and (b).

A2 The method of embodiment Al, wherein the predetermined set of genomie portions in (b) has been

identified according to one or more accuracy measures for multiple samples in a tratning set, wherein
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cach of the multiple samples 1s classified as having a copy number variation in the sub-chromosome

roglon.

A3, The method of embodiment AZ, wherem the predetermined set of genomic portions in (b} 1s
wdentified as the set of genomic portions that provides an optimal accuracy measure for classifying

presence of the copy number variation in the sub-chromosome region for the training set.

A4. The method of embodiment A2 or A3, wherein the predetermined set of genomic portions in (b) has
been identified by a process comprising

providing multiple candidate sub-regions within the sub-clromosome region;

providing one or more accuracy measures for each of the multiple candidate sub-regions for
multiple samples in the training set, wherein each of the multiple samples is classified as having a copy
number variation in the sub-chromosome region; and

identifying the sub-region m (b) as the sub-region that provides an optimal accuracy according to

the one or more ACCUracyY mMeasures,

A5, The method of any one of embodiments AZ to A4, wherein the one or more accuracy measures

comprige a sensitivity measure.

A6, The method of embodiment AS, wherein the sensitivity for classifying each of the multiple samples

in the training set as having a copy number variation in the sub-chromosome region is at least about 70%.

A7 The mothoed of cmbodiment A3, wherein the sensitivity for classifying cach of the multiple samples

in the {raining set as having a copy number variation m the sub-chromosome region is at least about 75%.

A8. The method of embodiment AS, wherein the sensifivity for classifying each of the muliiple samples

in the training set as having a copy number variation in the sub-chromosome region is at least about 80%.

A9, The method of embodiment A5, wheren the sensitivity for classifying each of the multiple samples
3 ying I p

mn the training set as having a copy number variation in the sub-chromosome region is at least about 85%.

A10. The method of embodiment A3, wherein the sensilivity for classifying each of the multiple samples

in the traiming set as having a copy number variation in the sub-chromosome region is at least about 90%.
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All. The method of embodiment AS, wheremn the sensitivity for classifying each of the multiple samples

n the tramming set as having a copy number vanation mn the sub-chromosome region is at least about 95%.

A1Z. The method of embodiment A5, wherein the sensitivity for classifying each of the multiple samples

i the training set as having a copy number vartation in the sub-chromosonie region is at least about 97%.

A13. The method of any one of embodiments Al fo A12, wherein the copy number variation in the sub-

chromosome region is a microdeletion.
Al3.1 The method of embodiment Al3, wherem the microdeletion 1s a deletion in a genonue region, or
part of a genomic region, chosen from 1p36, 22q11.2, 13g11-13, 8¢23.2-24.1, 11q24.1, 4p13.3, 17pi3 3,

and 7q11.23.

Al4. The method of any one of emboduments Al to A12, wherein the copy number variation in the sub-

chromosome region is a microduplication.

A15. The method of any one of embodiments Al to Al4, wherein the length of the copy number

variation in the sub-chromogsome region is between about | megabase {o abouot 40 megabases.

A16. The method of any one of embodiments Al to Al4, wherem the tength of the copy number

variation in the sub-chromosome region 1s between about | megabase to abont 20 megabases.

A17. The methed of any one of cmbodiments Al {o Al4 whorein the Iength of the copy number

variation in the sub-chromosome region is between about | megabase to about 10 megabases.

Al3%. The method of any one of embodiments Al to Al4, wherein the length of the copy number

variation in the sub-chromosome region 18 between about 1 megabase {o about 7 megabases.

A18.1 The method of any one of embodiments Al to Aid, wherein the length of the copy number

variation in the sub-chromosome region ig between about 2 megabases to about 7 megabases.

A18.2 The method of any one of embodiments Al o Al4, wherein the length of the copy mumber

varation in the sub-chromosome region 1s between about | megabase 1o about 6 megabases.
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A18.3 The method of any one of embodiments Al to Al4, wherein the length of the copy mumber

variation in the sub-chromosome region 18 between about 1 megabase to about S megabases.

A18.4 The method of any one of embodiments Al o Al4, wherein the longth of the copy number

variation 1n the sub-chromosome region is between about 1 megabase to about 4 megabases.

Al18.5 The method of any one of embodiments Al to Al4, whercin the length of the copy number

variation in the sub-chromosome region is between about 1 megabase to about 3 megabases.

AlR.6 The method of anv one of embodiments Al to Al4, wherein the length of the copy number

variation in the sub-chromosome region is between about | megabase to about 2 megabases.

Al12.7 The method of any one of embodiments Al to Al4, wherein the length of the copy sumber

variation is about 1 megabase or less.

Al19. The method of any one of embodiments Al to A18.7, wherein the sequence read guaniification n

(b) is a sequence read count.
A20. The method of any one of embodiments Al 1o A18.7, wherein the sequence read guantification in
{(b) 15 a normalized sequence read guantification generated by a normalization process that normalizes GC

bias or other bias.

A21. The method of embodiment A20, wherein the normalization process comprises LOESS

normalization and/or principal component normalization.

A22. The method of any one of embodiments Al to AZ1, wherein the sequence read guanidication in (b)

is a standard seore.

AZ3. The method of embodiment A22, wherein the standard score 1y a Z score.

AZ3.1 The method of embodiment AZ3, wherein the z-score (Zsug) is determined according o
Zsug = {(SUBsq ~ SUBmeq) / MAD

wherein:
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the SUBy is a test sample count quantification of a sub-region;

the SUBue 18 a median count quantification for the sub-region generated tor a reference set of
samples; and

the MAD 15 a median absoluic deviation determmned for the count quantification of the sub-ropion

for the reference set of samples.

A23.2 The method of embodiment A23.1, wheremn the SUB., 1s the total normalized counts i the sub-

region divided by the total normalized autosome counts for the test sample.

A24. The method of any one of embodiments Al to A23 .2, wherein the presence or absence of the copy
number variation segment in (3) is identified according to a decision analysis comprising a segmentation

Procoss,

A25. The method of any one of emboduments Al to A24, wherein the segmentation process in (4)

comprises a circular binary segmentation (CBS) process.

A26, The method of any one of embodiments Al to A25, wherein the segmentation process i (a)

generates a quantification for the copy number variation segment.

A27. The method of embodiment A26, wherein the quantification for the copy number variation segmeni

18 4 7-SCore.

A28, The method of embodiment A27, wherein the z-score {Zsse) 1s determined according (o
ZSEG == (SEG&QQ e SEGqu) /’ MAD

wherein:

the SEGy, is a test sample count guantification of a segment;

the SEG,. is a median count quantification for the segment generated for a reference set of
samples; and

the MAD is 2 median absolute deviation determined for the count quantification of the segment

for the reference set of samples.

AZ8.1 The method of embodiment A28, wherein the SEGi 15 the total normalized counts in the segment

divided by the total normalized antosome counts for the test sample.
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A29. The method of any one of embodiments AZ6 to A28.1, wherein the classification for presence or
absence of the copy number variation in the sub-chromosome region for the test sample is provided

according to the gquanification for the copy number variation segmoent.

A30. The method of any one of embodiments A26 to A28.1, wherein the classification for presence or
abscnce of the copy nimnber variation in the sub~chromosome region for the test sample 13 provided
according to 1) the quantification for the copy number variation segment in (a), and i) the sequence read

quantification for the sub-region in (b).

A31. The method of any one of embodiments A26 to A28.1, wherein the classification for presence or
absence of the copy number variation in the sub-chromosome region for the test sample 15 provided
according to 1) the gquantification for the copy number variation segment in (3}, or i1} the sequence read

guantification for the sub-region m (b).

A32. The method of any one of cmbodiments Al to A31, wherem the presence or absence of the copy
nurmber variation in the sub-chromosome region for the test sample is classified with a sensitivity of at
least about 70%.

33, The method of any one of embodiments Al to A31, wherein the presence or absence of the copy
number variation in the sub-chromosome region for the fest sample is classified with a sensitivity of at

least about 73%.

A34, The method of any one of embodiments Al to A31, wherein the presence or absence of the copy
number variation i the sub-chromosome region for the test sample is classified with a sensitivity of at

feast about 80%.

A33. The method of any one of embodiments Al to A3 1, wherein the presence or absence of the copy
number variation in the sub-chromosome region Tor the test sample is classified with a sensitivity of at

least about 85%,

A36. The method of any one of emboduments Al to A31, wherein the presence or absence of the copy
number variation in the sub-chromosome region for the test sample 15 clasmfied with a sensitivity of at

gast about 20%.
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A37. The method of any one of cmbodiments Al to A31, wherein the presence or absence of the copy
number variation in the sub-chromosome region for the test sample is classified with a sensitivity of at

least about 93%,.

A38. The method of any one of embodiments Al to A31, wherein the presence or absence of the copy
number variation  the sub-chromosome region for the tost sample is classified with a sensttivity of at

least about 97%.

A39. The method of any one of embodiments Al to A3B, wherein the presence or absence of the copy
number variation in the sub-chromosome region for the test sample is classified with a specificity of at

least about 99%.

A40. The method of any one of embodiments Al to A38, wherein the presence or absence of the copy
npmber variation in the sub-chromosome region for the test sample 1s clagsified with a specificity of at

feast about 99.9%.

Adl. The method of any one of embodiments Al to A40, wherem the second set of genomig portions in

(b} is a subset of the first set of genomic portions 1o (a).

A42. The method of any one of embodiments Al to A40, wheremn the second set of genomic portions in

{b) overlaps with, or partially overlaps with, the first st of genomic portions in {(a).

A43. The method of any one of embodiments Al to A42, wherem the second set of genomic portions in

(b) comprises fewer genomic portions than the first set of genomic portions in (a).

B1. A method for classifying presence or absence of a copy number variation in a sab-chromosome
region for @ test sample, comprising:
a) providing a sequence read quantification for a sub-region within the sub-chromosome region
comprising a set of genomic portions, wherein;
i) the genomic portions comprise portions of a reference genome to which sequence reads
obtaned for nucleic acid in the test sample have been mapped;

11} the set 1s a predetermined set of genomic portions; and
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111) the predetermined set of genomic portions has been identified by a process

comprising:
1) providing multiple candidate sub-regions within the sub-chromosome region;
2} providing one or more accuracy measures for cach of the multiple candidate
sub-regions for multiple samples in the traming set, wherein each of the muluple
samples 1¢ classified as having a copy number variation in the sub-chromosome
region; and
3) wdentifving the sub-region in {a) as the sub-region that provides an optimal
accoracy according to the one or more accuracy measaores; and

b} providing a classification for presence or absence of the copy number vanation in the sub-

chromosome region for the test sample according to the sequence read quantification in (a).

B2, The method of embodiment Bl, wherein ose or more acouracy measures comprise a sensitivity

measure.

B3. The method of embodiment B2, wherein the sensitivity {or classifving each of the multiple samples

in the training set as having a copy nuwmber variation in the sub-chromosome region is at least about 70%.

B4. The method of embodiment B2, wherein the sensitivity for classifying each of the multiple samples

mn the training set as having a copy number variation in the sub-chromosome region is at least about 75%.

B5. The method of embodiment B2, wherein the sensitivity for classifying each of the muliiple sampleg

in the training sct as having a copy numbecr variation in the sub-chromosome rogion is at least about 80%.

B6. The method of embodiment B2, whercin the sensitivity for classifying each of the mulople samples

7

in the training set as having a copy number variation i the sub-chromosome region is at least about 83%.

B7. The method of embodiment B2, wheremn the sensitivity for classifying each of the multiple samples

in the {raining set as having a copy mumber variation in the sub-chromosome region is at least about 950%.

B8, The method of embodiment B2, wherein the sensitivity {or classifying each of the multiple samples

in the training set as having a copy number vanation in the sub-chromosome region is at least about 95%.
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BS. The method of embodiment B2, wherein the sensitivity for classifying cach of the multiple samples

n the tramming set as having a copy number vanation mn the sub-chromosome region is at least about 97%.

B10. The method of any one of embodiments Bl to BY, wherein the copy number variation in the sub-

chromosome region is a microdeletion.
Bi1l. The method of embodiment Bi0, whercin the microdeletion s a deletion in a genomic region, ov
part of a genomic region, chosen from 1p36, 22qi 1.2, 15q11-13, 8q23.2-24 1, 11g24.1, 4p13.3, 17p13 3,

and 7q11.23.

B12. The method of any one of embodiments B1 fo BY, wherein the copy number variation in the sub-

chromosome region is a microduplication.

B13. The method of any one of embodiments B1 to B2, wherein the length of the copy number

variation in the sub~-chromosome region is between about 1 megabase to about 40 megabases.

B14. The method of any one of embodiments B to B12, wherein the length of the copy number

variation in the sub-chromogsome region is between about | megabase {o abouot 20 megabases.

B15. The method of any one of embodiments B1 to B12, wherein the length of the copy number

variation in the sub-chromosome region 1s between about 1 megabase to abont 10 megabases.

B16. The mothed of any onc of cmboediments B1 to B12, whorein the lengih of the copy nambeor

variation in the sub-chromosome region is between about | megabase {o about 7 megabases.

B16.1 The method of any one of embodiments Bl to B12, wherein the length of the copy namber

variation in the sub-chromosome region 18 between about 2 megabases (o about 7 megabases.

Bi16.2 The method of any one of embodiments B to B12, wheremn the length of the copy number

variation in the sub-chromosome region ig between about I megabase to about 6 megabases.

B163 The method of any one of embodiments BE to B12, whersin the length of the copy mumber

varation in the sub-chromosome region 1s between about | megabase 1o about 5 megabases.
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B16.4 The method of any one of embodiments Bl to B12, wherem the length of the copy mumber

variation in the sub-chromosome region 18 between about 1 megabase to about 4 megabases.

B16.5 The method of any one of embodiments B to B12, wherem the length of the copy number

variation 1n the sub-chromosome region is between about 1 megabase to about 3 megabases.

B16.6 The method of any one of embodiments B 1o B12, wheremn the length of the copy mumber

variation in the sub-chromosome region is between about 1 megabase to about 2 megabases.

B16.7 The method of any one of embodiments Bl to B12, wherem the length of the copy number

variation is abouot | megabase or less,

B17. The method of any one of embodimenis B1 to B16.7, wherein the sequence read guantification is a

sequence read count.

B18. The method of any one of embodimenis Bl o B17, wherein the sequence read quantification is a
normalized sequence read quantification generated by a nocmalization process that normalizes GC bias or

other bias.

B19. The method of embodiment B18, wherein the normalization process comprises LOESS

normalization and/or principal component normalization.

B20. The mothed of any onc of cmboediments B1 to B19, wherein the scquonce read quantification is a

standard score.

B21. The method of embodimment B20, whercin the standard score is a Z-score.

B22. The method of embodnnent B21, wherein the z-score {Zgus) 1s determmed according to:
ZSUB = (S(JE‘{,LQ‘ - {jBqu) / h/lAIJ
wherein:
the SUB«q 15 a test sample count quantification of a spb-region;
the SUBw 1s a median count quantification for the sub-region generated for a reference set of

samples; and
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the MAD 15 a median absolute deviation determined for the count quantification of the sub-region

for the reference set of samples.

B22.1 The method of embodiment B22, whercin the SUBgq 15 the total normalized counts in the sub-

region divided by the total normalized autosome counts for the test sample.

B23. The method of any one of cmbodiments B to B22.1, wherein the presence or absence of the copy
number variation in the sub-chromosome region for the test sample is classified with a sensitivity of at

least about 70%.

B24, The method of any one of embodiments B1 1o B22.1, wherein the presence or absence of the copy
number variation in the sub-chromosome region for the test sample is classified with a sensitrvity of at

least about 75%.

B25. The method of any one of embodiments B1 to B22.1, wherein the presence or absence of the copy
number variation in the sub~chromoserae region for the test sample is classified with a sensitivity of al

least about 80%.

B26. The method of any one of embodiments Bl to B22.1) wherein the presence or absence of the copy
pumber vartation in the sub-chromosone region for the test sample is clasaified with a sensitivity of at

least about 83%.

B27. The mothod of any onc of cmboediments B1 to B22.1, wherein the prosence or abscnce of the copy
number variation i the sub-chromosome region for the fest sample is classified with a sensitivity of at

least about 9G%.

B28. The method of any one of embodiments B to B22.1, wherein the presence or absence of the copy
number variation in the sub-chromosome region for the test sample is classified with a sensitivity of at

feast about 95%.
B29. The method of any one of emboediments B1 o B22.1, wherein the presence or absence of the copy

number variation in the sub-chromosome region for the test sample is classified with a sensitivity of at

least about 97%.
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B30, The method of any one of embodiments Bl to B29, wherein the presence or sbsence of the copy
pumber variation i the sub-chromosome region for the fost sample is classified with a specificity of at

least about 99%.
B31. The method of any one of embodiments B1 to B29, wherein the presence or absence of the copy
number variation m the sub-chromosome region for the fest sample is classified with a specificity of at

least about 99.9%

C1. The method of any one of embodiments Al to B31, wherein the nucleic acid in the test sample is

from a test subject.

C2. The method of anv one of embodiments Al to Cl, wherein the nucleic acid in the test sample

comprises circulating cell free nucleic acid.

(3. The method of embodiment C2 wherein the circulating cell free nucleic acid 1s from blood plasma or

blood serum from a test subject.

C4. The method of any one of embodiments Cl to C3, wherein the test subject is a female.

3. The method of embodiment C4, whersin the female 1s a human female,

6. The method of embodiment C4 or C5, wherein the female is a pregnant female.

6.1 The method of embodiment C6, wherein the nucleic acid in the test sample comprises maternal

nucleic acid and fotal nucleic acid.

6.2 The method of embodiment 6.1, wherein the fraction of fetal nucleic acid in the test sample is less

than about 13%.

C6.3 The method of embodiment C6.1, wherein the fraction of fetal nucleic acid in the test sample is less

than about 10%.

6.4 The method of embodiment C6.1, wherein the fraction of {etal nucleic acid i the test sample is less

than about 5%.
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C7. The method of anv one of cmbodiments Cl to €3, wheren the test subject is a male.

(8. The method of embodiment U7, wherein the test subject is a human male.

9. The method of any one of cmbodiments Al to C8, wherem the genomic portions within a set of

genomic portions arc of fixed length.

C10. The method of embodiment C9, wherein the genomic portions within a set of genomic portions are

of equal Iength.

C11. The method of embodunent C10, wherein the genomic portions within a set of genomic portions are

about 50 kilobases in length.

C12. The method of any one of embodiments Al to C9, wherein at least two of the genomic portions

within a set of genomic portions are of utnegual length.

C13. The method of any one of embodiments Al to C12, wherein the genomic portions within a set of

genomic portions do not overlap.

C14. The method of embodiment C13, wherein the 3° ends of the genomic portions abut the 57 ends of

adjacent genomic portions.

C15. The method of any one of embodiments Al to C12, wherein at least two of the genomic portions

within a set of genomic portions overlap.

C16. The method of any one of embodiments Al to C15, comprising generating sequence reads from the

nucleic acid 1n the test sample by a sequencing process.

C17. The method of embodiment C16, wherein the sequence process is a genome-wide sequencing

Process.

C18. The method of embodiment C16 or C17, wherein the sequencing process comprises sequencing by

synthesis,
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C19. The method of embodiment C16, wherein the nucleic acid m the test sample is captured by probe

oligonucleotides under hybridization condifions,

20. The method of any one of embodiments Al to C19, comprising obtaining the sequence reads and
mapping the sequence reads to the genomic portions, thereby providing sequence reads mapped to the

genomic portions,

C21. The method of any one of embodiments Al to C20, comprising obtaining sequence reads mapped
to the genomic portions and quantifying the sequence reads mapped to each of the genomic portions,

therchy generating a quantification of the sequence reads mapped to the genomic portions,

C22. The method of embodiment €21, wherein the quantification of the sequence reads mapped to each

of the genomic portions 18 a count or read density.

C23, The method of any one of embodimenis Al to C22, compnsing normalizing the guaniification of
sequence reads mapped to the genomic portions, thereby generating a normalized quantification of

sequence reads mapped to the genomic portions.

C24. The method of embodiment €23, wherein the normalizing comprises a guanine-cytosme GC

normalization process.

C25. The method of cmbodiment €24, whercin the normalization process comprises LOESS, GCRM or

combination thereof.

C26. The method of any one of embodiments C23 to C25, wherein the normalizing comprises adjusting
the quantification of sequence reads, or the normalized quantification of sequence reads, mapped (o the
genomic portions by principal component portion weights derived from a traming set of samples, thereby

generating an adjusted quantification of sequence reads mapped to the genomic portions.

(27, The method of any one of embodiments (23 to C26, wheretn certain genomic portions are {iliered

prior Lo, or after, the normalizing or the adjusting.
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C28. The method of embodiment C27, wheremn the filtering 18 based on mappability, repeat masking or

combination thereof,

29, The method of embodiment 28, wheren filiering 15 based on variation of the guantification of
sequence reads mapped to genomic portions across multiple reference samples, consistently no reads

mapped to genomic portions across muliiple reference samples, or combination thereof.

C30. The method of any one of embodiments Al to C29, wheremn (&), (b) and/or (¢) of embodiment Al,

or {a) and/or (b) of embodiment Bl are performed by a computer.

(31, The method of embodiment C30, wherein (3}, (b} and/or (¢} of embodiment Al, or (&) and/or (b) of

embodiment Blare performed by one or more processors 1 the computer.

=32, The method of embodiment C30 or C31, wherein {a), (b) and/or (¢} of embodiment Al, or (a)
and/or (b} of embodiment Blare performed according to mstructions stored in memory and implemented

by the compuler.

C33. A method for classifying presence or absence of a microdeletion m a sub-chromosome region for a
test sample {rom a pregnant female, comprising:

a) wlentfying, using a method comprising a circular binary segmentation process, the presence or
absence of a microdeletion segment m a region comprising a first set of genomic portions, and if present,
providing a z-score for the microdeletion segment;

b) providing a z-score for a sub-region within the sub-chromosome region comprising a sccond
set of genonic portions, wherein:

the second set is a predetermined set of genonuc portions which has been identified by a

Process comprising:
1) providing multiple candidate sub-regions within the sub-chromosome region;
2% providing a sensitivity measure for each of the multiple candidate sub-regions
{or multiple samples in the training set, wherein cach of the multiple samples is
classified as having a microdeletion in the sub-chromosome region; and
3) identifviag the sub-region in (a) as the sub-region that provides an optimal
sensitivily, and

the genomic portions in (a) and (b} comprise portions of a reference genome to which

sequence reads obtained for nucleic acid in the test sample have been mapped; and
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¢} providing a classification for presence or absence of the microdeletion in the sub-chromosome
region for the test sample according to (a) and (b).
D1, A system, comprising one or more processors and memory, which memory comprises instructions
execotable by the one or more procassors, and which mstructions executable by the one or more

processors are configured to perform a method of any one of embodiments A to C32.

D2, A machie, comprising one or more processors and memory, which memory comprises instructions
executable by the one or more processors, and which instractions executable by the one or more

processors are configured to perform a method of any one of embodiments Al to C32.

D3. A computer program product in a computer readable storage medium, the product comprising

programed instructions for the computer to perform a method of any one of embodiments Al to C32,

El A method for classifying presence or absence of a copy number variation in a sub-chromosome
region for a test sample, comprising:

{a)1dentilving the presence or absence of a copy number variation segment i 4 rogion
comprising a first set of genomic portions; and

providing a classification for presence or absence of the copy number variation in the sub-

chromosome region {or the test sample based on the identification.

E2. The method of embodiment E1, wherein identifying step 1s performed using a segmentation
process.
E3. A method of embodiment 1, further comprising:

b) providing a sequence read guantificaiion for a sub-region within the sub-chromosome region
comprising a second set of genomic portions, wherein:
the second sei is a predetermined set of genomic portions, and the genomic portions in (a}
and (b) compnse portions of a reference genome to whach sequence reads obtamed for
nucleic acid m the test sample have been mapped;
wherein providing a classification for presence or absence of the copy number variation in the

sub-chromosome region {or the test sample according 1o {(a) and (b).

155



CA 030500585 2015-07-08

WO 2018/140521 PCT/US2018/015081
Fl. A method for classifying presence or absence of a copy number variation i a sub-chromosome

region of interest for a test sample, comprising:

a) identifying, using a method comprising 3 segmentation process, the presence or absence of a
copy nunber variation scgment 0 a region comprising a first sot of genomic portions, wherem the region
comprises at least a part of the sub~chromosome region of interest;

b) providing a scquence read quantification for a sub-region within the sub-chromosome region
comprising a second set of genomic portions, wherem:

the second set 1s a predetermined set of genomic portions, and the genomic portions in {(a)
and (b) comprise portions of a reference genome to which sequence reads obtaned for
nucleic acid i the test sample have been mapped;

wherein providing a classification for presence or absence of the copy number variation in the
sub-chromosome region for the test sample based on changes within the region of (3}, the sub-region of

(b}, or both relative to a reference set of samples.

F2. The method of embodiment F1, wherein the first set of genomic portions are a subset of the

second set of genomic portions or the same as the second set of genomic portions.

F2.1  The method of embodiment F1, wherein the second set of genomic portions are a subset of the

first set of genomic portions.

F3. The method of embodiment F1, wherein the region m a) encompasses the sub-chromosome

region.

F4. The method of embodinent F1, wherein the region in a) overlaps with the sub-chromosome

egion.

F35. The method of embodiment F1, wherein the predetermined set of genomic portions in {b) has
been identified using one or more accuracy measures for multiple samples 1 a traming set, wherem each

of the multiple samples is classified as having a copy number variation in the sub-chromosome region.

Fé6. The method of embodiment FS, wherein the predetermined set of genomic portions in (b) is
identified as the set of genomic portions that provides an accuracy measure for classifying presence of the
copy number variation in the sub-chromosome region for the traaning set, wherein the accuracy measure

is equal to or above a predetermined threshold.
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CLAIMS:

1. A computer-implemented method for classifying presence or absence of a copy number

variation in a sub-chromosome region for a test sample, comprising:

(a) identifying, using a method comprising a segmentation process, the presence or
absence of a copy number variation segment in a region comprising a first set of genomic

portions, wherein:

the region comprises at least a part of the sub-chromosome region, and the
segmentation process comprises performing, using one or more processors and
memory, a decomposition generating process fo find edges of the copy number

variation segment within a genomic window encompassing the region; and

(b) obtaining sequence reads for nucleic acid in the test sample using a sequencer, and
providing, using the sequence reads and a focused analysis window for a sub-region within the

sub-chromosome region, a sequence read quantification for the sub-region, wherein:

the sub-chromosome region comprises a second set of genomic portions, the
second set of genomic portions is a predetermined set of genomic portions, and
the first set of genomic portions in (a) and the second set of genomic portions in
(b) comprise portions of a reference genome to which the sequence reads have

been mapped; and

(c) providing a classification for the presence or absence of the copy number variation in
the sub-chromosome region for the test sample based on changes within the region of (a), the

sub-region of (b), or both relative to a reference set of samples.

2. The method of claim 1, wherein the first set of genomic portions is a subset of the second

set of genomic portions.

3. The method of claim 1, wherein the region in (a) encompasses the sub-chromosome

region.

4. The method of claim 1, wherein the region in (a) overlaps with the sub-chromosome

region.
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5. The method of claim 1, wherein the predetermined set of genomic portions in (b) has
been identified using one or more accuracy measures for multiple samples in a training set,
wherein each of the multiple samples is classified as having a copy number variation in the sub-

chromosome region.

6. The method of claim 5, wherein the predetermined set of genomic portions in (b)
comprises genomic portions that provide an accuracy measure for classifying presence of the
copy number variation in the sub-chromosome region for the training set, wherein the accuracy

measure is equal to or above a predetermined threshold.

7. The method of claim 5, wherein the predetermined set of genomic portions in (b) has

been identified by a process comprising:
providing multiple candidate sub-regions within the sub-chromosome region;

providing the one or more accuracy measures for each of the multiple candidate sub-
regions for the multiple samples in the training set, wherein each of the multiple samples is

classified as having a copy number variation in the sub-chromosome region; and

identifying the sub-region in (b) as the sub-region that provides an accuracy measure that

is equal to or above a predetermined threshold.

8. The method of any one of claims 5-7, wherein the one or more accuracy measures

comprise a sensitivity measure.

9. The method of claim 8, wherein the sensitivity measure for classifying each of the
multiple samples in the training set as having a copy number variation in the sub-chromosome
region is 70%-100%.

10.  The method of any one of claims 1 and 3 to 9, wherein the second set of genomic

porttions in (b) is a subset of the first set of genomic portions in (a).

11.  The method of any one of claims 1 to 10, wherein the copy number variation in the sub-

chromosome region is a microdeletion.

12.  The method of claim 11, wherein the microdeletion is a deletion in a genomic region, or
part of a genomic region, chosen from 1p36, 22q11.2, 15q11-13, 8q23.2-24.1, 11q24.1, 4p13.3,
17p13.3, and 7q11.23.
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13.  The method of any one of claims 1 to 10, wherein the copy number variation in the sub-
chromosome region is a microduplication.

14.  The method of any one of claims 1 to 13, wherein the length of the copy number

variation in the sub-chromosome region is between 1 megabase to 40 megabases.

15.  The method of any one of claims 1 to 13, wherein the length of the copy number

variation is 1 megabase or less than 1 megabase.

16.  The method of any one of claims 1 to 15, wherein the sequence read quantification in (b)

is a sequence read count.

17.  The method of any one of claims 1 to 15, wherein the sequence read quantification in (b)
is a normalized sequence read quantification generated by a normalization process that

normalizes GC bias or other bias.

18.  The method of claim 17, wherein the normalization process comprises LOESS

normalization and/or principal component normalization.

19.  The method of any one of claims 1 to 18, wherein the sequence read quantification in (b)

is a standard score.
20. The method of claim 19, wherein the standard score is a z-score.

21.  The method of claim 20, wherein the presence or absence of a copy number variation is

classified when the Z-score is above or below a cutoff value.

22.  The method of any one of claims 1 to 20, wherein the presence or absence of the copy
number variation segment in (a) is identified according to a decision analysis comprising the

segmentation process.

23.  The method of any one of claims 1 to 22, wherein the segmentation process in (a)

generates a quantification for the copy number variation segment.

24.  The method of claim 23, wherein the quantification for the copy number variation

segment is a second z-score.
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25.  The method of claims 23 or 24, wherein the classification for the presence or absence of
the copy number variation in the sub-chromosome region for the test sample is provided

according to the quantification for the copy number variation segment.

26. The method of claims 23 or 24, wherein the classification for presence or absence of the
copy number variation in the sub-chromosome region for the test sample is provided according
to i) the quantification for the copy number variation segment in (a), and ii) the sequence read

quantification for the sub-region in (b).

27.  The method of any one of claims 1-25, wherein the test sample comprises a majority
nucleic acid species and a minority nucleic acid species and wherein the method classifies

presence or absence of a copy number variation in the minority species.

28.  The method of claims 27, wherein the minority nucleic acid species is fetal nucleic acid,

and wherein the majority nucleic acid species is maternal nucleic acid.

29.  The method of claims 27, wherein the minority nucleic acid species is tumor nucleic acid

and the majority nucleic acid species is non-tumor nucleic acid in the test sample.

30.  The method of any one of claims 1 to 26, wherein the presence or absence of the copy
number variation in the sub-chromosome region for the test sample is classified with a sensitivity
of 70% to 100%.

31.  The method of any one of claims 1 to 30, wherein the second set of genomic portions in

(b) overlaps with, or partially overlaps with, the first set of genomic portions in (a).

32.  The method of any one of claims 1 to 30, wherein the second set of genomic portions in

(b) comprises fewer genomic portions than the first set of genomic portions in (a).

33. A computer-implemented method for classifying presence or absence of a copy number

variation in a sub-chromosome region for a test sample, comprising:

(a) obtaining sequence reads for nucleic acids in the test sample using a sequencer, and
providing, using the sequence reads and a focused analysis window for a sub-region within the

sub-chromosome region, a sequence read quantification for the sub-region, wherein:

1) the sub-chromosome region comprises a set of genomic portions;
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ii) the set of genomic portions comprise portions of a reference genome to which

the sequence reads have been mapped;
ii1) the set of genomic portions is a predetermined set of genomic portions; and

iv) the predetermined set of genomic portions has been identified by a process

comprising:

1) providing multiple candidate sub-regions within the sub-chromosome

region;

2) providing one or more accuracy measures for each of the multiple
candidate sub-regions for multiple samples in a training set, wherein each
of the multiple samples is classified as having a copy number variation in

the sub-chromosome region; and

3) identifying the sub-region in (a) as the sub-region that provides an

accuracy measure that is equal to or above a predetermined threshold; and

(b) providing a classification for the presence or absence of the copy number variation in
the sub-chromosome region for the test sample according to the sequence read quantification in

(a) relative to the sequence read quantification for a reference set of samples.

34.  The method of claim 33, wherein the one or more accuracy measures comprise a

sensitivity measure.

35.  The method of claim 34, wherein the sensitivity measure for classifying each of the
multiple samples in the training set as having a copy number variation in the sub-chromosome
region is 70%-100%.

36.  The method of any one of claims 33 to 35, wherein the copy number variation in the sub-

chromosome region is a microdeletion.

37.  The method of claim 36, wherein the microdeletion is a deletion in a genomic region, or
part of a genomic region, chosen from 1p36, 22q11.2, 15q11-13, 8q23.2-24.1, 11q24.1, 4p13.3,
17p13.3, and 7q11.23.

38.  The method of any one of claims 33 to 35, wherein the copy number variation in the sub-
chromosome region is a microduplication.
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39.  The method of any one of claims 33 to 38, wherein the length of the copy number

variation in the sub-chromosome region is between 1 megabase to 40 megabases.

40.  The method of any one of claims 33 to 38, wherein the sequence read quantification is a

sequence read count.

41.  The method of any one of claims 33 to 40, wherein the sequence read quantification is a
normalized sequence read quantification generated by a normalization process that normalizes
GC bias or other bias.

42.  The method of any one of claims 33 to 41, wherein the sequence read quantification is a

standard score.
43, The method of claim 42, wherein the standard score is a Z-score.

44.  The method of any one of claims 33 to 43, wherein the presence or absence of the copy
number variation in the sub-chromosome region for the test sample is classified with a sensitivity
of 70% -100%.

45.  The method of any one of claims 1 to 44, wherein the nucleic acid in the test sample

comprises circulating cell free nucleic acid.

46.  The method of claim 45 wherein the circulating cell free nucleic acid is from blood

plasma or blood serum from a test subject.

47.  The method of any one of claims 1-46, wherein the copy number variation is a copy

number variation from a tumor or cancer cell.

48.  The method of any one of claims 1-46, wherein the copy number variation is a copy

number variation in the genome of a fetus.

49.  The method of any one of claims 1 to 46, comprising gencrating sequence reads from the

nucleic acid in the test sample by a sequencing process.

50.  The method of any one of claims 1 to 49, comprising obtaining the sequence reads and
mapping the sequence reads to the first and second set of genomic portions, thereby providing

sequence reads mapped to the first and second set of genomic portions.
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51. A system, comprising a sequencer and one or more processors and memory, which
memory comprises instructions executable by the one or more processors, and which instructions

executable by the one or more processors are configured to

(a) identify, using a method comprising a segmentation process, presence or absence of a

copy number variation segment in a region comprising a first set of genomic portions, wherein:

the region comprises at least a part of a sub-chromosome region, and the
segmentation process comprises performing, using one or more processors and
memory, a decomposition generating process to find edges of the copy number

variation segment within a genomic window encompassing the region;

(b) provide, using a focused analysis window for a sub-region within the sub-

chromosome region, a sequence read quantification for the sub-region, wherein:

the sub-chromosome region comprises a second set of genomic portions, the
second set of genomic portions is a predetermined set of genomic portions, and
the first genomic portions in (a) and the second set of genomic portions in (b)
comprise portions of a reference genome to which sequence reads obtained, using

the sequencer, for nucleic acid in a test sample have been mapped; and

(c) provide a classification for the presence or absence of the copy number variation
segment in the sub-chromosome region for the test sample based on changes within the region of

(a), the sub-region of (b), or both relative to a reference set of samples.

52. A computer program product in a computer readable storage medium, the product
comprising programed instructions for the computer and a sequencer to perform a method

comprising:

a) identifying, using a method comprising a segmentation process, the presence or
absence of a copy number variation segment in a region comprising a first set of genomic

portions, wherein:

the region comprises at least a part of a sub-chromosome region, and the
segmentation process comprises performing, using one or more processors and
memory, a decomposition generating process to find edges of the copy number

variation segment within a genomic window encompassing the region;
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b) obtaining sequence reads for nucleic acid in the test sample using the sequencer, and
providing, using the sequence reads and a focused analysis window for a sub-region within the

sub-chromosome region, a sequence read quantification for the sub-region, wherein:

the sub-chromosome region comprises a second set of genomic portions, the

5 second set of genomic portions is a predetermined set of genomic portions, and
the first set of genomic portions in (a) and the second set of genomic portions in
(b) comprise portions of a reference genome to which the sequence reads have

been mapped; and

¢) providing a classification for the presence or absence of the copy number variation
10 segment in the sub-chromosome region for the test sample based on changes within the region of

(a), the sub-region of (b), or both relative to a reference set of samples.
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