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METHODS AND PROCESSES FOR NON-INVASIVE ASSESSMENT OF GENETIC VARIATIONS

Relaled Patent Applications

This patent application claims the benefit of U.S. Provisional Patent Application No. 61/709,899
tiled on October 4, 2012, entitled METHODS AND PROCESSES FOR NON-INVASIVE
ASSESSMENT OF GENETIC VARIATIONS, naming Cosmin Deciu, Zeljko Dzakula, Mathias
Ehrich and Sung Kim as inventors, and designated by Attorney Docket No. SEQ-6034-PV3; claims
the benefil of U.S, Provisional Patent Application No. 61/663,477 filed on June 22, 2012, entitled
METHODS AND PROCESSES FOR NON-INVASIVE ASSESSMENT OF GENETIC VARIATIONS,
naming Zeljko Dzakula and Mathias Ehrich as inventors, and designated by Attorney Docket No.
SEQ-6034-PV2; and claims the benefit of U.S. Provisional Patent Application No. 61/544,251 filed
on Oclober 6, 2011, entitled METHODS AND PROCESSES FOR NON-INVASIVE ASSESSMENT
OF GENETIC VARIATIONS, naming Zeljko Dzakula and Mathias Ehrich as inventors, and
designaled by Attorney Docket No. SEQ-6034-PV.

Field

Technalogy provided herein relates in part to methods, processes and apparatuses for non:
invasive assessment of genetic variations.

Background

Genetic information of living organisms (e.g., animais, planis and microorganisms) and othar forms
of replicating genetic information (e.g., viruses) is encoded in deoxyribonucleic acid (DNA) or
ribonucleic acid (RNA). Genetic information is a succession of nucleotides or madified nucleotides
representing the primary structure of chemical or hypothetical nucleic acids. In humans, the
complele genome contains about 30,000 genes located on twenty-four (24) chromosomes (see
The Human Genome, T. Strachan, BIOS Sclentific Publishers, 1992}, Each gene encodes a
specific protein, which after expression via transcription and translation fulfills a specitic
biochemical function within a living cell.

CA 2850781 2018-12-21
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Many medical conditions are caused by one or more genetic variations. Certain genetic variations
cause medical conditions that include, for example, hemophilia, thalassemia, Duchenne Muscular
Dystrophy (DMD), Huntington's Disease (HD), Alzheimer's Disease and Cystic Fibrosis (CF)
{Human Genome Mutations, D. N. Cooper and M. Krawczak, BIOS Publishers, 1993). Such
5 genetic diseases can result from an additioh, substitution, or deletion of a single nucleotide in DNA
of a particular gene. Certain birth defects are caused by a chromosomal abnormality, also referred
to as an aneuploidy, such as Trisomy 21 (Down's Syndrome), Trisomy 13 (Patau Syndrome),
Trisomy 18 (Edward's Syndrome), Monosomy X (Turner's Syndrome) and certain sex chromosome
aneuploidies such as Klinefelter's Syndrome (XXY), for example. Another genetic variation is fetal
10 gender, which can often be determined based on sex chromosomes X and Y. Some genetic
variations may predispose an individual to, or cause, any of a number of diseases such as, for
-example, diabetes, arteriosclerosis, obesity, various‘ autoimmune diseases and cancer (e.g.,

colorectal, breast, ovarian, lung).

15 Identifying one or more genetic variations or variances can lead to diagnosis of, or determining
predisposition to, a particular medical condition. Identifying a genetic variance can result in
facilitating a medical decision and/or employing a helpful medical procedure. In some cases,

identification of one or more genetic variations or variances involves the analysis of cell-free DNA.

20 Cell-free DNA (CF-DNA) is 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, trauma, burns, myocardial infarction, stroke, sepsis, infection, and other illnesses.
Additionally, éell-free fetal DNA (CFF-DNA) can be detected in the maternal bloodstream and used
for various noninvasive prenatal diagnostics.

25
The presence of fetal nucleic acid in maternal plasma allows for non-invasive prenatal diagnosis
thrdugh the analysis of a maternal blood sample. For example, quantitative abnormalities of fetal
DNAin ‘maternal plasma can be associated with a number of pregnancy-associated disorders,
including preeclampsia, preterm labor, antepartum hemorrhage, invasive placentation, fetal Down
30 syndrome, and other fetal chromosomal aneuploidies. Hencé, fetal nucleic acid analysis in
maternal plasma can be a useful mechanism for the monitoring of fetomaternal well-being.

Early detection of pregnancy-related conditions, including complications during pregnancy and
genetic defects of the fetus is important, as it allows early medical intervention necessary for the

2
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safety of both the mother and the fotus. Prenatal diagnosis traditionally has been conducted using
cells isolated from the fetus through procedures such as chorionic villus sampling (CVS) or -
amniocentesis. However, these conventional methods are invasive and present an appreciable
risk to both the mother and the fetus. The National Health Service currently cites a miscarriage

5 rate of between 1 and 2 per cent following the invasive amniocentesis and chorionic villus sampling
(CVSytests. The use of non-invasive screening technigues that utilize circulating CFF-DNA can be

an alternative to these invasive approaches.

Summary

10
Provided herein is a method for detecting the presence or absence of a segmental chromosomal
aberration or a fetal aneuploidy or both including: (a) obtaining from a test subject a sample
including circulating, cell-free nucleic acid: (b)risolating cell-free sample nucleic acid from the -
sample; (c) obtaining sequence reads from the cell-free sample nucleic acid; (d) mapping the

15 sequence reads obtained in (c) to a known genome, which known genome has been divided into
genomic sections; (e) counting the mapped sequence reads within the genomic sections; (f)
generating a sample normalized count profile by normalizing the counts for the genomic sections -
obtained in (e); and (g) determining the presence or absence of a segmental chromosomal ‘
aberration or a fetal aneuploidy or both from the sample normalized count profile in (f). The term

20 "known genome” as used herein with regards to mapping sequence reads refers to a reference or
mapping g‘enome‘or segments thereof (e.g., intact genome, one or more chromosomes, portions of
chromosomes, selected genomic segments or sectiohs, the like or combinations of the foregoing),'

Also provided herein is a method for detecting the presence or absence of a genetic variation

25 - including: (a) obtaining from a test subject a sample including nucleic acid; (b) isolating sample
nucleic acid from the sample; (c) obtaining sequence reads from the sample nucleic acid; (d)
mapping the sequence reads obtained in (c) to a known genome, which known genome has been
divided into genomic sections; (e) counting the mapped sequence reads within the genomic
sections; (f) generating a sample normalized count profile by nor'malizirig the counts for the

30  genomic sections obtained in (e); and (g) determining the presence or absence of a genetic
variation from the sample normalized count profile in (f). '

" In some embodiments, the test subject is chosen from a human, an animal, and a plant. In certain
embodiments, a human test subject includes a female, a pregnant female, a male, a fetus, or a

3
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newborn. In some embodiments, (f) includes weighting the counts for genomic sections obtained

in (e) using the inverse of the squared standard deviation.

Provided also herein is a method for detecting the presence or absence of a segmental
5 chromosomal aberration or a fetal aneuploidy or both including: (a) obtaining sequence reads of .

circulating, cell-free sample nucleic acid from a test subject; (b) mapping the sequence reads
obtained in (a) to a known genome, which known genome has been divided into genomic sections;
(c) counting the mapped sequence reads within the genomic sections; (d) generating a sample
normalized count profile by normalizing the counts for the genomic sections obtained in (c); and (€)

10 determining the presence or absence of a segmental chromosomal aberration or a fetal aneuploidy
or both from the sample normalized count profile in (d).

Also provided herein is a method for detecting the presence or absence of a genetic'\./ariation '
" including: (a) obtaining sequenée reads of sample nucleic acid from a test subject; (b) mapping the
15 sequence reads obtained in (2) to a known genome, which known genome has been divided into
genomic sections; (c) counting the mapped sequence reads within the genomic sections; (d)
generating a sample normalized count profile by normalizing the counts for the genomic sections
obtained in (c); and (e) determining the presence or absence ofa genétic variation from the sample

normalized count profile in (d).

In some embodiments, the cell-free sample nucleic acid is isolated from blood obtained from the
test subject. In certain embodiments, the cell-free sample nucleic acid is isolated from serum
obtained from the test subject, and in some embodiments, the cell-free sample nucleic acid is
isolated from plasma obtained from the_test subject. In certain embodiments, the test subject is

25 chosen from a human, an animal, and a plant. In some embodiments, a human test subject
includes a female, a pregnant female, a male, a fetus, or a newborn. In centain embodiments, (d),
includes weighting the counts for genomic sections obtained in (c) using the inverse of the squared
standard deviation. | |

30  Insome embodiments, 'the sequence reads of the cell-free sample nucleic acid are in ‘the form of
polynucleotide fragments. In certain embodiments, the polynucleotide fragments are between
about 20 and about 50 nucleotides in length. In some embodiments, the polynucleotides are
between about 30 to about 40 nucleotides in length. In certain embodimeh}ts, the known genome is
divided into genomic sections sharing a common size. |

AMENDED SHEET - IPEA/US
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In some embodiments, counting the mapped sequence reads within the genorﬁic sections (c) is
performed after removing redundant sequence reads mapped to the genomic sections in (b). In
certain embodiments, the sample normalized count profile fs generated by normalizing a sample
5 raw count profile to a reference median count profile. In some embodiments, the sample raw count
profile is generated by constructing a sample measured count profile representing the distribution
~of measured counts across the genome or segment thereof. In certain embodiments, the method
further includes normalizing the sample measured count profile with respect to the total number of
" non-redundant mapped counts across the genome or segment thereof, thereby generating the
10 sample raw count profile. '

In some embodiments, the reference median count profile is generated by a process including: (i)
obtaining sequence reads from circulating, cell-free reference sample nucleic acid from multiple
reference. subjects; (ii) mapping the sequence reads obtained in (i) to a known genome, which
15 known genome has been divided into genomic sections; (iii) counting the mapped sequerice reads
within the genomic sections; (iv) generating a raw count praofile from the counting in (iii); (v)
removing genomic segments with zero median counts in reference samples; and determining the
median count and the uncertainty for the genomic segments; where performing (i) to (vi) generates
a reference median count profile, an uncertainty profile and/or segment identffiers. In certain
20  embodiments, the reference subjects are chosen from h~umdans, animals, and planis. In some’
embodiments, the human reference subjects include females, pregnant females, males, fetuses, or
newborns. In certain embodiments, the reference subject pregnant females carry fetuses having
no chromosomal aberrations and/or fetuses known to be euploid. In some embodiments, -
generating a reference median count profile includes selecting an uncertainty cutoff after (iii).
25 ' _
In certain embodiments, the uncertainty cutoff is obtained by a process including: calculating the
 standard deviation of the profile generated in (iv); and multiplying the standard deviation of the |
- profile by a constant, where the cbnstant is equivalent to a selected confidence interval (e.g., 2
standard deviations = 2, 3 standard deviations = 3); thereby generatihg a value for the uncertainty
30 cutoff. In some embodiments, the uncertainty cutoff is obtained by.a process including: calculating
the median absolute deviation of the profile generated in (iv); and multiplying the median absolute
deviation of the profile by a constant, where the constant is equivalent to a selected confidence
interval; thereby generating a value 'for the uncertainty cutoff. In certain embodiments, any
genomic sections with a value exceeding the uncertainty cutoff are removed. In some

5
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embodiments, the method further includes, removing segments with count uncertainties exceeding
an uncertainty cutoff after (vi). In certain embodiments, a reference median count profile is
generated by constructing a reference measured count profile representing the distribution of
reference measured counts across the genome or segment thereof.

In some embodiments, a sample normalized count profile is generated for each genomic segment
by removing genomic segments from the sample raw count profile that were removed from the
reference sample count profile in (v), assigning an uncertainty generated in (vi), and normalizing
the sample measured counts for each remaining segment with respect to the sum of counts of

segments remaining in the reference median count profile.

In certain embodiments, sample profile peaks with predictive value for detecting fetal chromosomal
segmental aberration or fetal aneuploidy or both are identified at a location in the genome by a
process including: selecting a confidence level at which to evaluate the normalized count profile
generated in (iv), which normalized count profile includes peaks; selecting a maximum genomic
segment length over which to evaluate the peaks; and evaluating peak elevations and/or peak
width for genomic segments of various lengths in a location in the genome, where peaks with
predictive value for detecting fetal chromosomal segmental aberration or fetal aneuploidy or both
are detected with the confidence level at the location in the genome. In some embodiments, the
selected confidence level is 95%. In certain, embodiments, the selected confidence level is 99%.
In some embodiments, the confidence level is selected based on the quality of the measured
counts. In certain embodiments, the maximum genomic segment length over which to evaluate the
peaks includes one or more genomic segments or portions thereof.

In some embodiments, the method further includes: selecting a location in the genome; generating
a p-value profile that includes peaks; removing genomic segments with p-values below the
selected confidence level; removing redundant and/or overlapping segments of different lengths;
determining peak edge locations and their associated uncertainties; and identifying and opticnally
removing peaks commonly found among randomly selected samples, where peaks with predictive
value for detecting fetal chromosemal segmental aberration or fetal aneuploidy or both are
detected within a location in the genome. In some embodiments, some of the redundant and/or
overlapping segments of different lengths are removed. In certain embodiments, all the redundant
and/or overlapping segments of different lengths are removed.

AMENDED SHEET - IPEA/US
2850781 2014-04-02
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In some embodiments, a p-value profile is generated by a process including: selecting a desired
location in the genome for evaluation; selecting a desired genomic segment length; evaluating the
average profile elevation for the location in the genome and associated error of the mean in the
sample'normalized count profile; and assigning a p-value to the selected genomic segments,
5 where ap-value profile is generated. In certain embodimenfs, p-values assigned to the selected
e Oy o rgd -

oy _ Of

4

genomic segments are calculated according to the formula, where x; and x, represent average:

values, n, and n; represent sample sizes, and oy and o3 represent standard deviation.

10 In some embodiments, assigning a p-value to the selected genomic segments further includes: (1)
selecting a starting segment; (2) determinirig the average elevation and standard error of the
mean for the selected location in the genome; (3) evaluating the average segment elevation and
the corresponding standard error of the mean; (4) evaluating the Z-value relative to the average
elevation for the selected location in the genome and/or relative to a predeterminéd elevation

15  value; (5) repeating 1-4 for one or more starting segments and/or segment lengths; and (6)
performing a t-test over the entire segment length of each of the selected starting segments and/or

segment lengths, where a p-value is assigned to the selected genomic segment. In certain

embodiments, Z-values are calculated using the formula above where N and n refer to the

20  numbers of bins in the entire chromosome and within the aberration, g,and o, represent standard

| deviation, and 4, represents the difference between the average elevation of a reéion of genetic

variation for subject 1 and the average elevation of the chromosome that the region is in for subject
1 and A4, represents the difference between the average elevation of a region of genetic variation
for subject 2 and the average elevation of the chromosome that the region is in for subject 2. The

25  term “difference” as used herein, with respect to mathematical and/or statistical functions, refers to
a mathematical subtraction between two or more values. In certain embodiments, the
predetermined elevation value is equal to 1. In some embodiments, the predetermined elevation
value is less than 1. In certain embodiments, the predetermined elevation value is greater than 1.
In éome embodiments, the method includes an optiona! correction for autocorrelation.

30 '
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In certain embodiments, commonly found peaks are identified by a process including: obtaining
cell-free sample nucleic acid reads from multiple samples measured under the same or similar
conditions; selecting a set of test samples; generating a reference median count profile that
includes peaks; and identifying peaks found in common between samples in the set of test
5 samples. In some embodiments, the multiple samples are randomly selected. In certain
embodiments, identifying peaks found in common between test samples includes: comparing the
reference median count profiles including peaks, Z-values profiles including péaks, p-value profiles
including peaks, or combinations thereof, and identifying peaks commonly identified in each
sample. In certain embodiments, the method includes determining peak edge locations, peak '
10 lateral tolerances and associated uncertainties by a process including: selecting one or more
"regions in a sample normalized count profile that includes peaks and/or reference median count .
profile that includes peaks; determining the first derivative of the normalized profile and/or its
powers; and characterizing derivative peaks, where the procesé generates derivative peak maxima
and derivative peak widths with predictive value for detecting fetal chromosom’al segmental
15 aberration or fetal aneuploidy or both.

Also provided herein is a method for determining whether two samples are from the same donor,
the method including: obtaining sequence reads from circulating, cell-free sample nucleic acid from
samples from one or more donors; mapping the sequence reads obtained to a known genome,

20  which known genome has been divided into genomic sections; counting the mapped sequence
reads within genomic sections; generating normalized count profiles that include peaks; identifying
normalized count profile peaks with predictive value in each sample; comparing peaks in one
sample to the peaks from another sample; evaluating joint probability based on matching peak
pairs; determining the probability the samples come from the same donor, where a determination is

25 made with respect to the probability the samples come from the same donor. In some
embodiments, the method further includes comparing peaks in one sample to the peaks in another
sample using one or more of the following processes: determining if the edges of the peaks match
within their lateral tolerances using derivative peak widths; determining if the peak elevations
match within their standard errors of the mean using derivative peak maxima; adjusting p-values

30 for populalion prevalence of a given peak, where a determination is made whether the samples
come from the same donor by performing one or more of the processes.. In certain embodiments,
determining if peak elevations match within their standard errors of the mean further includes using

- {xgd— {le
|-
g
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_at-est. In some embodiments, a t-test is calculated according to the formula, where x; and x

represent average values, n, and n, represent sample sizes, and o,and g, represent standard

deviation.

Provided also herein is a method for classifying a sample as euploid or aneuploid using median
count profile elevations i‘ncluding: obtaining a sample from a test subject including circulating, cell-
free nucleic acid; isolating cell-free sample nucleic acid from the sample; obtaining sequence reads
from the isolated cell-free sample nucleic acid; mapping the sequence reads obtained to a known

' gendme, which known genome has been divided into genomic sections; counting the mapped

sequence reads within the genomic sections; obtaining, from the counted mapped sequence
reads, a normalized count profile including median count profile selected genomic section
elevations and an associated uncertainty; selecting a locétion in the genome for evaluation;
evaluating the median profile efevation and the associated uncertainty for a location in the genome;
and determining whether the median elevation significantly exceeds a predetermined value, where
determining if the median elevation significantly the predetermined value determines if the sample
is eupleid or aneuploid. In some embodiments, the predetermined value is equal to 1. In certain
embodiments, the predetermined valug is less than 1. In some.embodiments, the predetermined
value is greater than 1. In certain embodiments, the method includes identifying normalized count
profile peak elevations with predictive value within a location in the genome and correcting for
deletions and/or duplieation's, if identified, before evaluatirig the median proﬁle elevation and the »

- associated uncertainty for a location in the genome.

Also provided herein is a method for classifying a sample as euploid or aneuploid using area ratios
of peaks with predictive value including: obtalmng a sample from a test subject including -
circulating, cell-free nucleic acid; isolating cell-free sample nucleic acid from the sample; obtalnmg
sequence reads from the isolated cell-free sample nucleic acid; mapping the sequence reads, to a
known genome, which known genome has been divided into genomic sections; counting the
mapped sequence reads within the genomic se_ctions; obtaining a normalized countvprofile
including a distribution of counts for a' selected genomic-section; selecting a Iocatien in the genome
for evaluation; evaluating the selected location for peaks with predictive value and the associated
area ratios for the peaks; and determining if the area ratio for a peak is sngnmcantly different with
respect o a predetermined value, where determining if the area ratios for a peak significantly
exceeds the predetermined value determines if the sample is euploid or aneuploid. In some
embodiments, the predetermined value is equal to 1. In certain embodiments, the predetermined
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value is less than 1. .In some embodiments, the predetermined value is greater than 1. In certain
embodiments, the method includes identifying peak area ratios within a location in the genome and
correcting for deletions and/or duplications, if identified, before evaluating the area ratio of peaks
with predictive value for a location in the genome.

Provided also herein is a method for classifying a sample as euploid or anéuploid by combining
multiple classification criteria, the method including: obtaining from a test subject and multiple
known euploid reference subjects from a sample including circulating, cell-free nucleic acid;
isolating cell-free sample nucleic acid from the sample; obtaining sequence reads from the isolated

10 cell-free sample nucleic acid; mapping the sequence reads obtained to a known genome, which
known genome has been divided into genomic sections; counting the mapped sequence reads -
within the genomic sections; obtaining a normalized count profile from the counting for the test and
reference subjects; selecting a location in the genome for evaluation; evaluating the selected
location in the genome of the euploid reference using multiple classification criteria; determining

15 the minimal N-dimensional space populated exclusively by euploids; evaluating a location in the
genorﬁe of the test subject using multiple classification criteria; and determining if the N- '
dimensional point for the test subject falls within the space exclusively populated by euploids,
where determining if the N-dimensional point for the test subject falls within the space populated
exclusively by euploids detérmines if the test subject is euploid or aneuploid.

20 ' .

. In some embodiments, the N-dimensional space for euploids and the N-dimensional point for the
test subject is evaluated using one or more classification criteria selected from median profile
elevation, area ratio, Z-values, fitted ploidy, fitted fetal fraction, sums of squared residuals, and
Bayesian p-values. In certain embodiments, obtaining sequence reads includes s‘ubjecting the

25  celi-free sample nucleic écid to a nucleic acid sequencing process. In some embodiments, the
sequencing process includes a method choesen from high throughput sequencing, nanopore
sequencing, sequencing by synthesis, pyrosequencing, ligation based sequencing, flow-cell based
sequencing, semi-conductor based sequencihg, electron microscopy based single molecule
sequencing, PCR sequencing, dideoxy sequencing, or combinations thereof. In certain

30 embodiments, determining the presence or absence of a segmental chromosomal aberration or a
fetal aneuploidy or both includes, providing a graph of the outcome, a report of the outcome, an
electronic file including the outcome, a two dimensional representation of the outcome, a three
dimensional representation of the outcome, or combinations theredf, to a healthcare professional.
In some embodiments, the healthcare professional provides a recommendation based on the
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outcome provided. In some embodiments, the sample nucleic acid, the reference sample nucleic,
or both are cell-free nucleic acid. In certain embodiments, the cell-free nucleic acid is circulating,
cell-free nucleic acid. In some embodiments, a genetic variation is determinative of a medical

condition.

Also provided herein is a computér program product, including a computer usable medium having
a computer readable program code embodied therein, the computer readable program code
including distinct software modules including a logic processing module, a sequencing module and
adata display organization module, the computer readable program code adapted to be executed

10 to impléﬂment a method for identifying the presence or absence of a segmental chromosomal
aberration or a fetal aneuploidy or both, the method including: (a) obtéining, by the sequencing
module, sequence reads of circulating, cell-free sample nucleic acid from a test subject; (b)
mapping, by the logic processing module, the sequence reads obtained in (a) to a known genome,
which known genome has been divided into genomic sections; (c) counting, by the logic

15 processing module, the mapped sequence reads within the genomic sections; (d) generating, by
the Iogic processing module, a sample normalized count profile by normalizing the counts for the
genomic sections obtained in (c); (e) providing, by the logic processing module, a determination of
the presence or absence of a segmental chromosomal aberration or a fetal aneuploidy or both
from the sample normalized count profile in (d); and (f)'organizing,.by the data display organization

20 module in response to being determined by the logic processing module, a data display indicating
the presence or absence of a segmental chromosomal aberration or a fetal aneuploidy or both.
Provided also herein is an apparatus, including memory in whicH a computer program product
described herein is stored. In some embodiments, the apparatus includes a processor that
implements one or more functions of the computer program produét specified herein.

25 _
Also provided herein is a system including a nucleic acid sequencing apparatus and a processing
apparatus, where the sequencing apparatus obtains sequence reads from a sample, and the
processing apparatus obtains the sequence reads from the sequencing device and carries out a
method including: (a) obtaining sequence reads of circulating,-cell-free sample nucleic acid from a

30 test subject; (b) mapping the sequence réads obtained in (a) to a known genome, which known
genome has been divided into genomic sections; (c) counting the mapped sequence reads within -
the genomic sections; (d) generating a sample normalized count profile by normalizing the counts
for the genomic sections obtained in (c); and (e) determining the presence or absence of a
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segmental chromosomal aberration or a fetal aneuploidy or both from the sarﬁple normalized count
profile in (d).

Provided also herein is a method for determining fétal ploidy, including: (a) generating a raw count
5 profile based on sequence reads of circulating, cell-free nucleic acids obtained from a sample from

a test subject; (b) generating a reference median count profile based on sequence reads of
circulating, cell-free nucleic acids obtained from samples from one or more reference subjects; (c)
generating a normalized count profile from (a) with respect tb the total counts of the test subject
sequence reads; (d) generating a normalized count profile from (b) with respect to the total counts

10 of the one or more reference subject sequence reads; (e) calculating the sum of squared residuals
based in part on normalized count profiles and one or more assumptions chosen from fixed ploidy
or optimized ploidy, and fixed fetal fraction or'optimized fetal fraction; and (f) determining fetal
ploidy based on the sum of squared residuals in (e). In some embodiments, the test subject and/or
one or more reference subjects are chosen from a human, an animal, and a plant. In certain

15 embodiments, a human test subject and/or one or more reference subjects includes a female, a

pregnant female, a male, a fetus, or a newborn.

In some embodiments, the cell-free sample nucleic acid is isolated from'blood cbtained from the
test and/or reference subjects. In certain embodimlents, the cell-free sample nucleic acid is

20 isolated from serum obtained from the test and/or reference subjects. In some embodiments, the
cell-free sample nucleic acid is isolated from plasma obtained from the test and/of_ reference '

subjects.

In certain embodiments, the method further includes calculating t,hé sum of squared residuals in {e)
25  using a value for measured fetal fraction, where the fixed ploidy value is not equal to 1 In some
embodiments, determining fetal ploidy based on the numerical value of the sum of squared
residuals allows classification of a fetus as euploid or triploid. In certain embodiments, the fixed
tetal fraction is a measured fetal fraction. In some embodiments, (c), (d), or (c) and (d) include
weighting the counts for genomic sections generated in (a), (b), or (a) and (b) using the inverse of

30 the squared standard deviation.

In certain embodiments, (a) includes: (i) obtaining sequence reads of circulating, cell-free sample

nucleic acid from a test subject; (ii) mapping the sequence reads obtained in (i) to a known

genome, which known genome has been divided into genomic sections; (iii) counting the mapped
35 sequence reads within the genomic sections; (iv) constructing a-sample measured count profile

12
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~ representing the distribution of measured counts across the genome or segment thereof; and (v)

normalizing the sample measured count profile from the test subject sample with respect to the
total number of non-redundant mapped counts across the genome or segment thereof, thereby
generating the sample raw count profile. In some embodiments, (iii) is performed after removing
redundant sequence reads mapped to the genomic sections in (ii).

In some embodiments, (k) includes: (1) obtaining sequence reads from circulating, cell-free
reference sample nucleic acid from one or more reference subjects known to be euploid; (2)
mapping thé sequence reads obtained in (1) to a known g'enome, which known genome has been
divided into genomic sections; (3) counting the mapped sequence reads within the genomic
sections; (4) generating a raw count profile from the counting in (2); (5) removing genomic
segments with zero median counts in the reference samples; (6) determining the median count and
the uncertainty for the genomic sections; and (7) normalizing the median count with respect to the |
sum of counts in the remaining sections, where performing (1) to (7) generates a reference median
count profile, an uncertainty profile and/or segment iden’tifi.er’s'. In some embodiments, the
sequence reads of the cell-free nucleic'acid are in the form of polynucleotide fragments. In certain
embodiments, the polynucleotide fragments are between about 20 to about 50 nucleotides in

length. In some embodiments, the polynucleotide fragments are between about 30 and about 40

- nucleotides in length. In certain embodiments, the known genome is divided into genomic

segments sharing a common size.

In some embodimenfs, the method includes selecting an uncertainty cutoff after (4). In certain
embodiments, the uncertainty cutoff is obtained by a process including: calculating the standard
deviation of the profile generated in (4); and multiplying the standard deviation of the profile by 3,

 thereby generating a value for the uncertainty cutoff. In some embodiments, the uncertainty cutoff

is obtained by a process including: calculating the median absolute deviation of the profile
generated in (4); and multiplying the median absolute deviation of the profile by 3, thereby :
generating a value for the uncertainty cutoff. In certain embodiments, the method.includes
removing segments with count uncertainties exceeding an uncertainty cutoff after (7).

In some embodiments, the reference median count profile is generated by constructing a reference
measured count profile representing the distribution of reference measured counts across _the

- genome or segment thereof. In certain embodiments, a norm_alized count profile is generated for

each genomic segment by removing genomic segments from the sample raw count profile that
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were removed from thc\a reference sample count profile in (5), assigning an uncertainty generated in
(6), and normalizing the sample measured counts for each remaining segment with respect to the
sum of counts of segments remaining in the reference median count profile. In certain
embodiments, obtaining sequence reads from circulating, cell free sample nucleic acid includes:

5 obtaining from a subject a sample including circulating, cell-free nucleic acid; and isolating cell-free
sample nucleic acid from the sample; where the sample obtained from the subject includes blood,

serum, plaéma or a combination thereof.

In certain embodiments, evaluating the sum of squared residuals includes: Calculating the

s Sy
T w YV i
O S

10 numerical outcome of the formula ¥t ; calculating the numerical outcome of the

formula i ; calculating the numerical outcome for phi using the formula

. T - $ o e
{ = §;‘3§ - {J“? = F i“}\ - \"';ja} - "‘F = SIPE . ) :
¥ s 4“7 using the numerical values from

“ and and determining if phi is less than or greater than
predetermined value, where phi represents the difference between sums of squared residuals

15  evaluated assdming a euploid or trisomy outcome, respectively, frepresents the reference median
count profile, epsilon représents the measured count profile normalized with respect to total
counts, Frepresents fetal fraction, N represents the total number of‘ge_nomic sections, i represents
a selected genomic section, sigma (o) represents the uncertainty associated with ffor a selected
genomic section, and where a euploid or non-euploid determination based on the numerical value

20 of phi. In some embodiments, the fetal fraction is a measured fetal fraction. In certain
embodiments, the predetermined value is equal to 0. In some embodiments, the predetermined

value is greater than 0. In certain embodiments, the predetermined value is less than 0.

In some embodiments, the optimized fetal ploidy includes: calculating the numerical outcome of the

o VNN ==y A
L

25 formula ; calculating the numerical outcome of the formula Y

- caleulating the numerical outcome for ploidy (e.g., X') using the formula
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2PN

g ; and determining if Xis less than or greater than a pre
determined value; where frepresents the reference median count profile, y represents the
measured count profile normalized with respect to total counts, F represents fetal fraction, N
represents the total numbevr'of‘genomic sections, i represents a selected genomic section, sigma

5 (o) represents the uncertainty associated with ffor a selected genomic section, epsilon is a positive
number used as a cutoff to distinguish triploid from euploid samples, and whefe a euploid or non-
euploid determination is made based on the numerical value of X. In certain embodiments, the
predetermined value is (1+epsilon). In some embodiments, X is greater than (1+epsilon). In
certain embodiments, Xis less than (1+epsilon). In some embodiments, Xis equal to (1 +epsi'lon).

10 '

In certain embodiments, the optimized fetal fraction includes: calculating the numerical outcome of

Sgr-
the formula

;calculating the numerical outcome for ploidy (e.g., X') using the formula

o
EA
N

pe
Sl o
& TR ey

i) £ i 7 _amtay
F oo et sl S}f = )

; using the numerical values from and

15 : = ~; and determining if the absolute value of the difference between the fitted
fetal fraction-and the measured fetal fraction is greater than a predetermined value for the errorin
the measured fetal fraction, where F represents the fitted fetal fraction, F; represents the measured
fetal fraction, delta F (e.g., AF) represents the error in the measured fetal fraction, S represents an
auxiliary variable introduced to simplify calculations, frepresents the reference median count

20  profile, epsilon represents the measured count profile normalized with respect to total counts, N
represents the total number of genomic sections, i represents a selected genomic section, sigma
(o) represents the uncertainty associated with ffor a selected genomic section, and where a
euploid or non-euploid determination is made based on the numerical value of X, In some
embodiments, the predetermined value is calculated using the formula |F-Fo|<AF. In certain

25 embodiments, Xis greater than |F-F,|<AF. In some embodiments, X is less than |F-F|<AF. In*

certain embodiments, Xis equal to | F-Fo|<AF.

15
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In certain embodiments, evaluating the sum of squared residuals assuming fixed ploidy and
optimized fetal fraction includes: measuring the fetal fraction; obtaining the optimized fetal fraction;
calculating the numerical outcome of the formula

- . 2
0~ 0p = s [F2S, 4 4P (S — 87 — 4(8 - 5) ]
FT 9r Ly H{1sgg ) U O é( 7 f:«) { # }}') using values

5 obtained from embodiment C12; and determining if phi is less than or greater than a predetermined
value, where phi represents the difference between sums of squared residuals evaluated assuming
a euploid or lrisorhy outcome, respectively, F, represents the measured fetal fraction, delta F (e.g.,
- AF) represents the error in the measured fetal fraction, S represents an auxiliary variable
introduced to simplify calculations, frepresents the reference median count profile, y represents
10 the measured count profile normalized with respect to total counts, and where a euploid or non-
euploid determination is made based on the numerical value of phi. In some embodiments, the
predetermined value is 0. In certain embodiments, phi is equal to the predetermined value. In
_ some embodiments, phi is less than the predetermined value. In certain embodiments, phi is
greater than the predetermined value.
15
In some embodiments, a noh-euploid determination is a determination of trisomy. In certain
embodiments, a non-euploid determination is a determination of monoploidy. In some
embodiments, determining the presence or absence of a segmental chromosomal aberration or a
fetal anéuploidy or both includes, providing a graph of the outcome, a report of the outcome, an
20  electronic file including the outconﬁe, a two dimensional representation of the outcome, a three
dimensional representation of the outcome, or combinations théreof, to a healthcare professional.
In certain embodiments, the healthcare professional provides a recommendation based on the
provided. '

25  Provided also hereinis a computer'prograrh product, including a computer usable medium having
a computer readable program code embodied therein, the computer readable program code '
including distinct software modules including a sequencing module, a logic processing module, and
adata display organization module, the computer readable program code adapied to be executed
to implement a method for determining fetal ploidy, the method including: (a) generating, by the

30. logic processing module, a raw count profile based on sequence reads of circulating, cell-free
nucleic acids obtained, by the sequencing module, from a sample from a test subject; (b)
generating, by the logic processing module, a reference median count profile based on sequence

" reads of circulating, cell-free nucleic acids obtained, by the sequencing module, from samples from
16
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one or more reference subjects; (c) generating, by the logic processing module, a normalized

count profile from (a) with respect to the total counts of the test subject sequence reads; (d)
generating, by the logic processing module,' a normalized count profile from (b) with respect to the
total counts of the one or more reference subject sequence reads; (e) calculating, by the logic
processing module, the sum of squared residuals based in part on normalized count profiles and
one or more assumptions chosen from fixed ploidy or optimized ploidy, and fixed fetal fraction or
optimized fetal fraction; (f) providing, by the logic processing module, a determination of fetal ploidy
based on the sum of squared residuals in (g); and (g) organizing, by the data display organization
module in.response to being determined by the logic processing module, a data display indicating

. the presence or absence of a segmental chromosomal aberration or a fetal aneuploidy or both.

Provided also herein is an apparatus, including memory in which a computer program product
described herein is stored. In some embodiments, the apparatus includes a processor that

implements one or more functions of the computer program product described herein.

Also provided herein is a system including a nucleic acid sequencing appa(atus and a processing
apparatus, where the sequencing apparatus obtains séquence reads from a sample, and the
processing apparatus obtains the sequence reads from the sequencing device and carries outa
method including: (a) generating a raw count profile based on sequence reads of circulating, cell-
free nucleic acids obtained from a sample from a test subject; (b) generating a reference median
count profile based on sequence reads of circulating, cell-free nucleic acids obtained from samples
from one or more reference subjects;.(c) generating a normalized count profile from (a) with
Tespect to the total counts of the test subject sequence reads; (d) generating a normalized count
profile from (b) with respect to the total counts of the one or more reference subject sequence .
reads; (e) calculating the sum of squared residuals based in part on normalized count profiles and
one or more assumptions chosen from fixed ploidy or optimized ploidy, and fixed fetal fraction or
optimized fetal fraction; and (f) determihing fetal ploidy based on thé sum of squared residuals in .

). S )

In some embodiments, sequencing depth (e.g., sequencing coverage or number of times (e.g.,
fold) the entire genome is sequenced) is equivalent to about 0.1 fold or greater, about 0.2 fold or
greater, about 0.3 fold or greater, about 0.4 fold or greater, about 0.5 fold or greater, about 0.6 fold

. orgreater, about 0.7 fold or greater, about 0.8 fold or greater, about 0.9 fold or greater, about 1.0

time or greater, about 1.1 fold or greater, about 1.2 fold or greater, about 1.3 fold or greater, about
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1.4 fold or greater, about 1.5 fold or greater, about 1.6 fold 6r greater, about 1.7 fold or greater,
about 1.8 fold or greater, about 1.9 fold or greater, about 2.0 fold or greater, about 2.5 fold or
greater, about 3.0 fold or greater, about 3.5 fold or greater, about 4.0 fold or greater, about 4.5 fold
or greater, about 5.0 fold or greater, about 5.5 fold or greater, about 6 fold or greater, about 6.5 fold
5  orgreater, about 7.0 fold or greater, about 7.5 fold or greater, about 8.0 fold or greater, about 8.5

fold or greater, about 9.0 fold or greater, about 9.5 fold or greater, about 10 fold or greater, about
20 fold or greater, about 30 fold or greater, about 40 fold or greater, about 50 fold or greater, about
60 fold or greater, about 70 fold or greater, about 80 fold or greater, about 90 fold or greater, or 99
fold or greater. In certain embodiments, the fetal fraction of circulating cell free nucleic acid is

10 about 50 percent or less, about 45 percent or less, about 40 percent or less, about 35 percent or
less, about 30 percent or less, about 25 percent or less, about 20 percent or less, about 15 percent
or less, about 10 percent or less, about 5 percent or less, or about 2 percent or less, of total

circulating cell free nucleic acid.

15 In some embodiments, fetal fraction (e.g., measured or estimated) is utilized during one or more .
processing steps to modify values obtained from one or more p"rocessing manipulations performed
to generate a determination of the presence or absence of a genetic variation. In certain
embodiments, fetal fraction is not utilized to alter a threshold cutoff value and sometimes fetal
fraction is used to alter mapped read counts or derivations thereof.

20
Also provided herein is a method for identifying a segmental chromosomal aberration or a fetal
aneuploidy or both comprising: (a) obtaining from a test subject a sample comprising circulating,
cell-free nucleic acid; (b) isolating cell-free sémple nucleic acid from the sample; (c) obtaining
sequence reads from the cell-free sample nucleic acid; (d) mapping the sequence reads obtamed

25 in (c) to a known genome, which known genome has been divided into genomic sections; (e)
counting the mapped sequence reads within the genomic sections; (f) provudlng a normalization of
the counted mapped sequence reads in (e) based on a sliding window normalization; and (g)
providing an outcome identifying a segmental chromosomal aberration or a fetal aneuploidy or both
from the normalization in (f). In some embodiments (f) comprises one or more of: (i) generating a

30  sample normalized count profile; {ii) removing noisy genomic sections; (iii) identifying genomic
sections that significantly deviate from the mean elevation; (iv) removing solitary data points
identified in (iii); (v) grouping neighboring data points deviating in the same direction; and (vi)
characterizing aberration elevations and edges. In certain embodiments, (v) is performed using a
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predefined gap tolerance. In some embodiments, characterizing aberration edges can be used to
determine the width of an aberration.

Provided also herein is a method for identifying a segmental chromosomal aberration or a fetal
5 aneuploidy or both comprisihg: (@) obtaining sequencé reads from a cell-free sample nucleic acid;
(b) mapping the sequence reads dbtained in (a) to a known genome, which known genome has
been divided into genomic sections; (c) counting the mapped sequence reads within the genomic
" “sections; (d) providing a normalization of the counted mapped sequence reads in (c) based on a
sliding window normalization; and (e) providing an outcome identifying a segmental chromosomal
10 aberration or a fetal aneuploidy or both from the normalization in (d). In some embodiments (d)
comprises one or more of : (i) generating a sample normalized count profile; (i) removing noisy
genomic sections; (iii) identifying genomic sections that significantly deviate from the mean
elevation; (iv) removing solitary data points identified in (iii); (v) grouping neighboring data points
deviating in the same direction; and (vi) characterizing aberration elevations and edges. In certain
15 embodiments, (v) is performed using a predefined gap tolerance. In some embodiments,

characterizing aberration edges can be used to determine the width of an aberration.

Also provided herein is a method for identifying a genetic variation comprising: (a) obtaining from a
" test s‘ubjecf a sample comprising circulating, cell-free nucleic acid; (b) isclating cell-free sample

20  nucleic acid from the éample; (c) obtaining sequencé reads from the cell-free sample nucleic acid;
(d) mapping the sequence reads obtained in (c) to @ known genome, which known genome has
beeq divided into genomic sections; (e) couhting the mapped sequence reads within the genomic
sectionsA;‘(f)‘providing a normalization of the counted mapped sequence reads in (e) based on a
sliding window normaliization; and (g) providing an outcome identifying a genetic variation from the -

25 normalization.in (f). In some embodiments (f) comprises one or more of: (i) generating a sample
normalized count profile; (i) removing noisy genomic sections; (iii) identifying genomic sections
that significantly deviate from the mean elevation; (iv) removing solitary data points identified in (iii);
{v) grouping neighboring data points deviating in the same direction; and (vi) characterizing
aberration elevations and edges. In certain embodiments, (v) is performed using a predefined gap

30 tolerance. In some embodiments, characterizing aberration edges can be used. to determine the

width of an aberration.

Provided also herein is a method for identifying a genetic variation comprising: (a) obtaining
sequence reads from a cell-free’ sample nucleic acid; (b) mapping the sequence reads obtained in
35 (a) to a known genome, which known genome has been divided into genomic sections; (c)
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~- counting the mapped sequence reads within the genomic sections; (d) providing a normalization of

the counted mapped sequence reads in (c) based on a sliding window normalization; and ()
providing an outcome identifying a genetic variation from the normalization in (d): In some
embodiments (d) comprises one or more of: (i) generating a sample normalized count profile; (ii)

5 removing noisy genomic sections; (iii) identifying genomic sections that significantly deviate from
the mean elevation; (iv) removing solitary data points identified in {iii); (v) grouping neighboring

. data points deviating in the same direction; and (vi) characterizing aberration elevations and
edges. In some embodiments, (v) is performed using a predefined gap tolerance. In some
embodiments, characterizing aberration edges can be used to determine the width of an
10 aberrat.ion. 4

In certain embodiments, characterizing aberration elevations and edges comprises the use of
integrals over the suspected aberration and its immediate surroundings. In some embodiments,
(vi) compfises: (1) performing linear regression on selected genomic sections on one side of the

15 candidate aberration; (2) performing linear regression on selected genomic sections on the other
side of the candidate aberration; (3) determining the mean elevation within the candidate
aberration and/or the slope of the line segment connecting two linear regression lines; and (4)
determining the ditference between the intercepts of two linear regression lines, combined with the
mean elevation within the aberration, wherein, performing (1) to (4) yields the width of the

20  aberration. In some embodiments, (1) to (4) are repeated in the range of about 1 to about 100
times, and in cerfain embodiments, (1) to (4) are repeated in the fange of about 1 to about 10
times. The terms “width of an aberration” or “width of the aberration” as used herein refer to the
number of bins, gendmic sections and/or nucleotides between one .side of an aberration and the
other side of an aberration (e.g., the edges of a micro-deletion or micro-duplication). In some

25 embodiments, selected genomic sections on one side or the other side of a candidate aberration

are adjacent genom'ic sections. In certain embodiments, adjacent gen'omic sections comprise

contiguous and/or uninterrupted genomic sections, and in some embodiments, adjacent genomic '
sections allow for gaps or interruptions of predetermined size.

.30 Alsol provided herein is a method for detecting and/or determining the presence or absence of a
condition, syndrome or abnormality listed in Table 1B comprising: (a) obtaining sequence reads
from a cell-free sample nucleic acid; (b) mapping the sequencé reads obtained in (a) to a known
genome, which known genome has been divided into genomic sections; (c) counting the mapped
sequence reads within the genomic sections; (d) determining the presence or absence ofa

20
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condition, syndrome or abnormality listed in Table 1 B, based on the counts obtained in (c) and/or
processed derivations thereof. In some embodiments, (d) comprises providing a sample
normalized count profile (e.g., bin-wise normalization). In some embodiments, a determination of
the presence or absence of a condition, syndrome or abnormality is, or includes, detection of a
condition, syndrome or abnormality listed in Table 1B.

In some embodiments, cell-free sample nucleic acid is isclated from blood obtained from a test
subject. In certain embodiments, cell-free sample nucleic acid is isolated from serum obtained
from a test subject. In some embodiments, cell-free sample nucleic acid is isolated from plasma
obtained fro.m a test subject. In certéin embodiments, the test subject is chosen from a human, an
animal, and a plant. In some embodiments, a human test subject is chosen from afemale, a
pregnant female, a male, a fetus, or a newborn.

In certain embodiments, the sequence reads of the cell-free sample nucleic acid are in the form of

polynucleotide fragments. In some embodiments, the polynucleotide fragments are between about

* 20 and about 50 nucleotides in length, and in certain embodiments, the polynucleotides are

between about 30 to about 40 nucleotides in length.

Also provided in some embodi‘ments are methods for calculating with reduced bias genomic
section levels for a test sample, comprising: (a) obtaining counts of sequence reads mapped to
bins of a reference genonie, which sequence reads are reads of drculating cell-free nucleic acid
from a test sample; (b) determining a guanine and cytosine (GC) bias for each of the bins across
multiple samples from a fitted relation for each sample between (i) the counts of the.sequence
reads mapped to each of the bins, and (ii) GC content for each of the bins; and (c) calculating a
‘genomic section level for each of the bins from a fitted relation between (i) the GC bias and (i) the
counts of the sequence reads mapped to each of the bins, thereby providing calc;ulated genomic
section levels, whereby bias in the counts of the sequence reads mapped to each of the bins is

" reduced in the calculated genomic section levels. A bin sometimes comprise one or more

segments of a reference genome, as described in further detail herein.

Provided in certain embodiments are methods for identifying the presence or absence of an
aneuploidy in a fetus, comprising: (a) obtaining counts of sequence reads mapped to bins of a
reference genome, which sequence reads are reads of circulating cell-free nucleic acid from a
pregnant female bearing a fetus; (b) determining a guanine and cytosine (GC) bias for each of the
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bins across multiple samples from a fitted relation for each sample between (i) the counts of
the sequence reads mapped to each of the bins, and (iiy GC content for each of the bins;

(c) calculating a genomic section level for each of the bins from a fitted relation between the
GC bias and the counts of the sequence reads mapped to each of the bins, thereby providing
calculated genomic section levels; and (d) identifying the presence or absence of an
aneuploidy for the fetus according to the calculated genomic section levels with a sensitivity
of 95% or greater and a specificity of 95% or greater.

Also provided in some embodiments are methods for calculating with reduced bias genomic
section levels for a test sample, comprising: (a) obtaining counts of sequence reads mapped
to bins of a reference genome, which sequence reads are reads of circulating cell-free
nucleic acid from a test sample; (b) determining experimental bias for each of the bins across
multiple samples from a fitted relation between (i) the counts of the sequence reads mapped
to each of the bins, and (ii) a mapping feature for each of the bins; and (c) calculating a
genomic section level for each of the bins from a fitted relation between the experimental bias
and the counts of the sequence reads mapped to each of the bins, thereby providing
calculated genomic section levels, whereby bias in the counts of the sequence reads mapped
to each of the bins is reduced in the calculated genomic section levels.

In an embodiment there is provided a method for calculating with reduced bias genomic
section levels for a test sample, comprising: (a) obtaining counts of sequence reads mapped
to portions of a reference genome, which sequence reads are reads of circulating cell-free
nucleic acid from a test sample; (b) determining a guanine and cytosine (GC) bias coefficient
for the test sample based on a fitted relation between (i) the counts of the sequence reads
mapped to each of the portions and (ii) GC content for each of the portions, wherein the GC
bias coefficient is a slope for a linear fitted relation or a curvature estimation for a non-linear
fitted relation; and (c) calculating a genomic section leve!l L for each of the portions based on
the counts of (a), the GC bias coefficient of (b) and a fitted relation, for each of the portions,
between (i) a GC bias coefficient for each of multiple samples and (ii) counts of sequence
reads mapped to each of the portions for the muitiple samples, thereby providing calculated
genomic section levels, wherein a calculated genomic section level L is determined for the

test sample for each portion of the reference genome according to Equation B:

L=(M-GS)I Equation B
22
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wherein M is the counts of the sequence reads mapped to the portion for the test sample, G is
the GC bias coefficient for the test sample, | is an intercept of a fitted linear relation between
(c)(i) and (c)(ii) for the portion, and S is a slope of the fitted linear relation between (c)(i) and
(c)(ii) for the portion, whereby bias in the counts of the sequence reads mapped to each of the

portions of the reference genome is reduced in the calculated genomic section levels.

A maternal and/or fetal copy number variation (e.g., duplication, deletion, insertion) can
potentially give rise to a false positive or false negative call when determining the presence or
absence of a chromosome aneuploidy. In certain embodiments provided herein are methods
that comprise identifying a maternal copy number variation, fetal copy number variation, or a
maternal copy number variation and a fetal copy number variation in a genomic segment
(e.g., a profile) and adjusting signal elevations associated with such copy number variations.
Such methods are referred to herein as “padding”. Making adjustments in such a way can
reduce or eliminate interferences from maternal copy number variations and/or fetal copy
number variations that can result in false negative or false positive outcome determinations.
A padding method can convert false positive profiles that indicate a possible aneuploidy
(e.g., a trisomy 13) to a profile indicative of a true negative outcome (e.g., the absence of a
trisomyy), in some instances. A padding method can convert faise negative profiles that
indicate the absence of an aneuploidy to a profile indicative of a true positive outcome

(e.g., the presence of a trisomy), in some instances.

Thus, in certain aspects provided herein are methods for identifying the presence or absence
of a chromosome aneuploidy in a fetus with reduced false negative and false positive
diagnoses, comprising: (a) obtaining counts of nucleic acid sequence reads mapped to
genomic sections of a reference genome, which sequence reads are reads of circulating cell-
free nucleic acid from a pregnant female, (b) normalizing the counts mapped to the genomic
sections of the reference genome, thereby providing a profile of normalized counts for the
genomic sections, (c) identifying a first elevation of the normalized counts significantly
different than a second elevation of the normalized counts in the profile, which first elevation
is for a first set of genomic sections, and which second elevation is for a second set of
genomic sections, (d) determining an expected elevation range for a homozygous and
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heterozygous copy number variation according to an uncertainty value for a segment of the
genome, (e) adjusting the first elevation by a predetermined value when the first elevation is
within one of the expected elevation ranges, thereby providing an adjustment of the first
elevation; and (f) determining the presence or absence of a chromosome aneuploidy in the
fetus according to the elevations of genomic sections comprising the adjustment of (e),
whereby the outcome determinative of the presence or absence of the chromosome

aneuploidy is generated from the nucleic acid sequence reads.

Is some aspects provided are methods for identifying a maternal and/or fetal copy number
variation within a genome of a pregnant female bearing a fetus, comprising: (a) obtaining
counts of nucleic acid sequence reads mapped to genomic sections of a reference genome,
which sequence reads are reads of circulating cell-free nucleic acid from a pregnant female,
(b} normalizing the counts mapped to the genomic sections of the reference genome, thereby
providing a profile of normalized counts for the genomic sections, (c) identifying a first
elevation of the normalized counts significantly different than a second elevation of the
normalized counts in the profile, which first elevation is for a first set of genomic sections, and
which second elevation is for a second set of genomic sections, (d) determining an expected
elevation range for a homozygous and heterozygous copy number variation according to an
uncertainty value for a segment of the genome, (e) identifying a maternal and/or fetal copy
number variation within the genomic section based on one of the expected elevation ranges,
whereby the maternal and/or fetal copy number variation is identified from the nucleic acid

sequence reads.

In an embodiment there is provided a system comprising memory and one or more
microprocessors, which one or more microprocessors are configured to perform, according to
instructions in the memory, a process for calculating with reduced bias genomic section
levels for a test sample, which process comprises (a) obtaining counts of sequence reads
mapped to portions of a reference genome, which sequence reads are reads of circulating
cell-free nucleic acid from a test sample; (b) determining a guanine and cytosine (GC) bias
coefficient for the test sample based on a fitted relation between (i) the counts of the
sequence reads mapped to each of the portions and (i) GC content for each of the portions,
wherein the GC bias coefficient is a slope for a linear fitted relation or a curvature estimation

for a non-linear fitted relation; and (c) calculating a genomic section level L for each of the
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portions based on the counts of (a), the GC bias coefficient of (b) and a fitted relation, for
each of the portions, between (i} a GC bias coefficient for each of multiple samples and

(ii) counts of sequence reads mapped to each of the portions for the multiple samples,
thereby providing calculated genomic section levels, wherein a calculated genomic section
level L is determined for the test sample for each portion of the reference genome according

to Equation B:

L=(M-GS)I Equation B

wherein M is the counts of the sequence reads mapped to the portion for the test sample, G is
the GC bias coefficient for the test sample, | is an intercept of a fitted linear relation between
(c)(i) and (c)(ii} for the portion, and S is a slope of the fitted linear relation between (¢)(i) and
(c)(ii) for the portion, whereby bias in the counts of the sequence reads mapped to each of the
portions of the reference genome is reduced in the calculated genomic section levels.

In an embodiment there is provided a system comprising a sequencing apparatus and one or
more computing apparatus, which sequencing apparatus is configured to produce signals
corresponding to nucleotide bases of a nucleic acid loaded in the sequencing apparatus,
which nucleic acid is circulating cell-free nucleic acid from a test sample from a pregnant
human female bearing a fetus, or which circulating cell-free nucleic acid nucleic acid loaded
in the sequencing apparatus is processed or modified; and which one or more computing
apparatus comprise memory and one or more processors, 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) produce sequence reads from the signals
and map the sequence reads to a reference genome; (b) obtain counts of sequence reads
mapped to the portions of the reference genome; (c) determine a guanine and cytosine (GC)
bias coefficient for the test sample based on a fitted relation between (i) the counts of the
sequence reads mapped to each of the portions and (ii) GC content for each of the portions,
wherein the GC bias coefficient is a slope for a linear fitted relation or a curvature estimation
for a non-linear fitted relation; and (d) calculate a genomic section level L for each of the
portions based on the counts of (b), the GC bias coefficient of (¢) and a fitted relation, for
each of the portions, between (i) a GC bias coefficient for each of multiple samples and

(i) counts of sequence reads mapped to each of the portions for the multiple samples,
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thereby providing calculated genomic section levels, wherein a calculated genomic section
level L is determined for the test sample for each portion of the reference genome according
to Equation B:

L=(M-GSYI Equation B

wherein M is the counts of the sequence reads mapped to the portion for the test sample,

G is the GC bias coefficient for the test sample, | is an intercept of a fitted linear relation
between (d)(i) and (d)(ii) for the portion, and S is a slope of the fitted linear relation between
(d)(i) and (d)(ii) for the portion, whereby bias in the counts of the sequence reads mapped to
each of the portions of the reference genome is reduced in the caiculated genomic section
levels.

As used herein, the term “genomic sections” of a reference genome is the same as “portions

of a reference genome”.
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Certain aspects of the technology are described further in the following description, examples,
claims and drawings.

Brief Description of the Drawings

The drawings illustrate embodiments of the technblogy and are not limiting. For clarity and ease of

iltustration, the drawings are not made to scale and, in some instances, various aspects may be

* shown exaggerated or enlarged to facilitate an understanding of particular embodiments.

FIG. 1 graphically illustrates how increased uncertainty in bin counts within a genomic region

- sometimes reduces gaps between euploid and trisomy Z-values. FIG. 2 graphically illustrates how

decreased differences between triploid and euploid number of counts within a genomic region
sometimes reduces predictive power of Z-scores. See Example 1 for experimental details and

results.

FIG. 3 graphically illustrates the dependencé of p-values on the position of genomic bins within
chromosome 21. FIG. 4 schematically represents a bin filtering procedure. A large number of
euploid samples are lined up, bin count uncertainties (SD or MAD values) are evaluated, and bins
with largest uncertainties sometimes are filtered out. FIG. 5 graphically illustrates count profiles for
chromosome 21 in tw6 patients. FIG. 6 graphically illustrates count profiles for patients used to

filter out uninformative bins from chromosome 18. In FIG. 6, the two bottom traces show a patient
with a large deletion in chromosome 18. See Example 1 for experimental details and results.

FIG. 7 graphically illustrates the dependence of p-values on the position of genomic bins within
chremosome 18. FIG. 8 schematically repregents bin count normalization. The procedure first
lines up known euploid count profiles, from a data set, and normalizes them with respect to total
counts. For each bin, the median counts and deviations from the medians are evaluated. Bins with
too much variability (exceeding 3 mean absolute deviations (e.g., MAD)) sometimes-are eliminated.
The remaining bins are normalized again with respect to residual total counts, and medians are re-
evaluated following the renormalization,.in some embodiments. Finally, the resulting reference '
profile (see bottom trace, left panel) is used to normalize bin counts in test samples (see top trace,
left panel). smoothing the count contour (see trace on the right) and leaving gaps where
uninformative bins have been excluded from consideration. FIG. 9 graphically illustrates the
expected behavior of normalized count profiles. The majority of normalized bin counts often will
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center on 1, with random noise superimposed. Deletions-and duplications (e.g., maternal or fetal,
or maternal and fetal, deletions and duplications) sometimes shifts the elevation to an integer
multiple of 0.5. Profile elevations corresponding to a triploid fetal chromosome often shifts upward
in proportion to the fetal fraction. See Example 1 for experimental details and results. |

FIG. 10 graphically illustrates a normalized T18 count profile with a heterozygous maternal deletion
in chromosome 18. The light gray segment of the graph tracing shows a higher average elevation
than the black segment of the graph tracing. See Example 1 for experimental details and results.

10 FIG. 11 graphically illustrates normalized binwise count profiles for two samples collected {from the
same patient with hetefozygous maternal deletion in chromosome 18. The substantially identical
tracings can be used to determine if two samples are from the same donor. FIG. 12 graphically
illustrates normalized binWise count profiles of a sample from one study, compared with two
samples from a previous study. The duplication in chromosome 22 unambiguously points out the

15  patient's identity. FIG. 13 graphically illusirates normalized binwise count profiles of chromosome .
4 in the same three patients presented in FIG. 12. The duplication in chromosome 4 confirms the
patient’s identity established in FIG. 12. See Example 1 for. experimental details and results.

FIG. 14 graphically illustrates the distribution of normalized bin counts in chromosome 5 from a

20  euploid sample. FIG. 15'gréphically illustrates two samples with different levels of noise in their
normalized count profiles. FIG. 16 schematically represents factors determining the confidence in
peak elevation: noise standard deviation (e.g., o) and average deviation from the reference
baseline (e.g., &). See Example 1 for experimental details and results.
FIG. 17 graphically illustrates the results of applying a correlation function to normalized bin

25  counts. The correlation function shown in FIG. 17 was used to normalize bin-counts in
chromosome 5 of an arbitrarily chosen euploid patient. FIG.4'18 graphically iIIustrateé the standard
deviation for the average stretch elevation in chromosome 5, evaluated as a sample estimate
(square data points) and compared with the standard error of the mean (iriangle data points) and
with the estimate corrected for auto-correlation p = 0.5 (circular data points). The aberration

30 depictedin FIG. 18 is about 18 bins long. See Example 1 for experimental details and results.

FIG. 19 graphicallly ilustrates Z-values calculated for average peak elevation in chromosome 4.
The patient has a heterozygous maternal duplication in chromosome 4 (see FIG. 13)...FIG. 20
graphically illustrates p-values for average peak elevation, based on a t-test and the Z-values from

25

AMENDED SHEET - IPEA/US

2850781 2014-04-02



PCTIUS12/59123 11192012 PCT/US2012/059123 27.02.2014

PATENT
SEQ-6034-PC

FIG. 19. The order of the t-distribution is determined by the length of the aberration. See Exarﬁple
1 for experimental details and results. '

FIG. 21 schematically represents edge comparisons between matching aberrations from different

5 sampiles. lllustrated in FIG. 21 are overlaps, containment, and neighboring deviations. FIG. 22
graphically illustrates matching heterozygous duplications in chromosome 4 (top trace and bottom
trace), contrasted with a marginally touching aberration in an unrelated sample (middle trace). See
Exampie 1 for experimental details and results. '

10 FIG. 23 schematically represents edge detection by means of numerically evaluated first
derivatives of count profiles. FIG. 24 graphically illustrates that first derivative of count profiles,
obtained from real data, are difficult to distinguish from noise. FIG. 25 graphically illustrates the
third power of the count profile, shifted by 1 to suppress noise and enhance signal (seé top trace).
Also illustrated in FIG. 25 (see bottom trace) is a first derivative of the top trace. Edgés are

15 unmistakably detectable. See Example 1 for experimental details and results.

FIG. 26 graphically iflustrates histograms of median chromosome 21 elevations for various
patients.  The dotted histogram illustrates median chromosome 21 elevations for 86 euploid
patiénts. The hatched histogram illustrates median chromosome 21 elevations for 35 trisomy 21

20 patients. The count profiles were normalized with respect to a euploid reference set prior to .
evaluating median elevations. FIG. 27 graphically illustratés a distribution of normalized counts for
chromosome 21 in a trisomy sample. FIG. 28 graphically represents area ratios for various
patients. The dotted histogram illustrates chromosome 21 area ratios for 86 euploid patients. The
hatched histogram illustrates chromosome 21 area ratios for 35 trisomy 21 patients. The count

25  profiles were normalized with respect to a euploid reference set prior to evaluating area ratios. |
See Example 1 for experimental details and results.

'FIG. 29 graphically illustrates area ratio in chromosome 21 plotted against median normalized
count elevations. The open circles represent about 86 euploid samples. The filled circles represent
30  about 35 trisomy patients. See Example 1 for experimental details and results.

FIG. 30 graphically illustrates relationships among 9 different classification criteria, as evaluated for
a set of irisomy patients. The criteria involve Z-scores, median normalized count elevations, area
ratios, measured fetal fractions, fitted fetal fractions, the ratio between fitted and measured fetal
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fractions, sum of squared residuals for fitted fetal fractions, sum of squared residuals with fixed
fetal fractions and fixed ploidy, and fitted ploidy values. See Example 1 for experimental details
and results.

5  FIG. 31graphically illustrates simulated functional Phi profiles for trisomy (dashed line) and euptoid
cases (solid ling, bottom). FIG. 32 graphically illustrates functional Phi values derived from
| measured trisomy (filled circles) and euploid data sets (open circles). See Example 2 for
experimental details and results.

10 FIG. 33 graphically illustrates linearized sum of squared differences as a function of measured fetal
fraction. FIG. 34 graphically illustrates fetal fraction estimates based on Y-counts plotted against
values obtained from a fetal quantifier assay (e.g., FQA) fetal fraction values. FIG. 35 graphically
illustrates Z-values for T21 patients plotted against FQA fetal fraction measurements. For FIG. 33-
35 see Example 2 for experimental details and results.

15 7
FIG. 36 graphically illustrates fetal fraction estimates based on chromosome Y plotted against
measured fetal fractions. FIG. 37 graphically illustrates fetal fraction estimates based on
chromosome 21 (Chr21) plotted against measured fetal fractions. FIG. 38 graphically illustrates
fetal fraction estimates derived from chromosome X counts plotted against measured fetal

20 fractions. FIG. 39 graphically illustrates medians of normalized bin counts for T21 cases plotted
against measured fetal fractions. For FIG. 36-39 see Example 2 for experimental details and

results.

FIG. 40 graphically illustrates simulated profiles of fitted triploid ploidy (e.g., X) as a function of f
25  with fixed errors 4F = +/- 0.2%. FIG. 41 graphically illustrates fitted triploid ploidy values as a
function of measured fetal fractions. For FIG. 40 and 41 see Example 2 for experimental details

and results.

FIG. 42 graphically illustrates probability distributions for fitted ploidy at different levels of errors in
30 measured fetal fractions. The top panel'in FIG. 42 sets measured fetal fraction error to 0.2%. The

middle panel in FIG. 42 sets measured fetal fraction error to 0.4%. The bottom panel in FIG. 42

sets measured fetal fraction errorto 0.6%. See Example 2 for experimental details and results.
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FIG. 43 graphically illustrates euploid and trisomy distributions of fitted ploidy values for a data set
derived from patient samples. FIG. 44 graphically illustrates fitted fetal fractions plotted against
measured fetal fractions. For FIG. 43 and 44 see Example 2 for experimental details and results.

FIG. 45 schematically illustrates the predicted difference between euploid and trisomy sums of
squared residuals for fitted fetal fraction as a funétion of the measured fetal fraction. FIG. 46
graphically illustrates the difference between euploid and trisomy sums of équared residuals as a
function of the measured fetal fraction using a data set derived from patient samples. The data
points are obtained by fitting fetal fraction values assuming fixed Uncertainties in fétal fraction
measurements. FIG. 47 graphically illustrates the difference between euploid and trisomy sums of
squared residuals as a function of the measured fetal fraétion. The data points are obtained by
fitting fetal fraction values assuming that uncertainties in fetal fraction measurements are ‘
proportional to fetal fractions: AF = 2/3 + Fy/6. For FIG. 45-47 see Example 2 for experimental
details and results.

FIG. 48 schematically illustrates the predicted depentence of the fitted fetal fraction plotted against

“measured fetal fraction profiles on systematic offsets in reference counts. The lower and upper

branches represent euploid and triploids cases, respectively. FIG. 49 graphically represents the
effects of simulated systematic errors A artificially imposed:on actual data. The main diagonal in
the upper panel and the upper diagohal in the lower right panel represent ideal agreement. The
dark gray line in all panels represents equations (51) and (53) for euploid and triploid cases,
respectively. The data points represent actual measurements incorporating various levels of
artificial systematic shifts. The systematic shifts are given as the offset above each panel. For
FIG. 48 and 49 see Example 2 for experimental details and results.

FIG. 50 graphically illustrates fitted fetal fraction as a function of the systematic offset, obtained for
a euploid and for a triploid data set. FIG. 51 graphically illustrates simulations based on equation
(61), along with fitted fetal fractions for actual data. Black lines represent two standard deviations
(obtained as square root of equation (61)) abové and below equation (40). AF is set to 2/3 + F/6.
For FIG. 50 and 51 see Example 2 for experimental details and results. ‘

Example 3 addresses FIG. 52 to 61F. FIG. 52 graphically illustrates an example of application of
the cumulative sum algorithm to a heterozygous maternal microdeletion in chromosome 12, bin
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1457 The difference between the intercepts associated with the left and the right linear models is
2.92, indicating that the heterozygous deletion is 6 bins wide.

FIG. 53 graphically illustrates a hypothetical heterozygous deletion, approximately 2 genomic
sections wide, and its associated cumulative sum profile. The difference between the left and the
right intercepts is -1. '

FIG. 54 graphically illustrates a hypothetical homozygous deletion, approximately 2 genomic
sections wide, and its associated cumulative sum profile. The difference between the left and the
right interceplts is -2. ' '

FIG. 55 graphically illustrates a hypothetical heterozygous deletion, approximately 6 genomic
sections wide, and its associated cumulative sum profile. The difference between the left and the

right intercepts is -3.

FIG. 56 graphically illustrates a hypothetical homozygous deletion, approximately 6 genomic }
sections wide, and its associated cumulative sum profile. The difference between the left and the

right intercepts is -6.

FIG. 57 graphically illustrates'a hypbthetical heterozygous duplication, approiimately 2 genomic
sections wide, and its associated cumulative sum profile. The difference between the leftand the .
right intercepls is 1. ‘

FIG. 58 graphiéally illustrates a hypothetical homozygous duplication, approximately 2 genomic
sections wide, and its associated cumulative sum-profile. The difference between the left and the
right intercepté 52, '

FIG. 59 graphically illustrates-a hybothetica! heterozygous duplication, approximately 6 genomic
sections wide, and its associated cumulative sum profile. The difference between the left and the
right intercepts is 3. -

FIG. 60 graphically illustrates a hypothetical homozygous duplication, approximately 6 genomic
sections wide, and its associated cumulative sum profile. The difference between the left and the
right intercepts is 6.
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FIG. 61A-F graphically illustrate candidates for fetal heterozygous duplications in data obtained
from women and infant clinical studies with high fetal fraction values (40-50%). To rule out the
possibility that the aberrations originate from the mother and not the fetus, independent maternal .
orofiles were used. The profile elevation in the affected regions is approximately 1.25,in '
accordance with the fetal fraction estimates. '

FIG. 62 shows a profile of elevations for Chr20, Chr21 (~55750 to ~56750) and Chr22 obtained
from a pregnant female bearing a euploid fetus.

FIG. 63 shows a profile of elevations for Chr20, Chr21 (~55750.t0 ~56750) and Chr22 obtained
from a pregnant female bearing a trisomy 21 fetus. |

FIG. 64 shows a profile of raw counts for Chr20, Chr21 (~55750 to ~56750) and Chr22 obtained

from a pregnant female bearing a euploid fetus.

FIG. 65 shows a profile of raw counts for Chr20, Chr21 (~55750 to ~56750) and Chr22 obtained

. from a pregnant female bearing a trisomy 21 fetus.

FIG. 66 shows a profile of normalized counts for Chr20, Chr21 (~55750 to ~56750) and Chr22
obtained from a pregnant female bearing a euploid fetus. '

FIG. 67 shows a profile of normalized counts for Chr20, Chr21 (~55750 to ~56750) and Chr22
obtained from a pregnant female bearing a trisomy 21 fetus. '

FIG. 68 shows a profile of normalized counts for Chr20, Chr21 (~47750 to ~48375) and Chr22
obtained from a pregnant female béaring a euploid fetus.

FIG. 69 shows a profile of normalized counts for Chr20, Chr21 (~47750 to ~48375) and Chr22
obtained from a pregnant female bearing a trisomy 21 fetus.

FIG. 70 shows a graph of counts (y axis) versus GC content (X axis) before LOESS GC correction

(upper panel) and alter LOESS GC (lower panel).
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FIG. 71 shows a graph of counts normalized by LOESS GC (Y axis) versus GC fraction for multiple
samples of chromosome 1.

FIG. 72 shows a graph of counts normalized by LOESS GC and corrected for tilt (Y axis) versus

5  @GC fraction (X axis) for multiple samples of chromosome 1.

FIG. 73 shows a graph of variance (Y-axis) versus GC fraction (X axis) for chromosome 1 before
tilting (black filled circles) and after tilting (open circles).

10 FIG. 74 shows a graph of frequency (Y-axis) versus GC fraction (X axis) for chromosome as well
as a median (left vertical line) and mean (right vertical line).

| FIG. 75A-F shows a graph of counts normaliéed by LOESS GC and corrected for tilt (Y axis)
versus GC fraction (X axis) left panels‘ and frequency (Y-axis) versus GC fraction (X axis)'(right
15  panels) for chromosomes 4, 15 and X (FIG. 75A, listed from top to bottom), chromosomes 5, 6 and
3 (FIG. 75B, listed from top o bottom), chromosomes 8, 2, 7 and 18 (FIG. 75C, listed from iop to
bottom), chromosomes 12, 14, 11 and 9 (FIG. 75D, listed from top to boﬁom), chromosomes 21,1,
10, 15 and 20 (FIG. 75E, listed lrbm top to bottom) and chromosomes 16, 17, 22 and 19 (FIG. 75F,
listed from top to botiom). Median values (left vertical line) and mean values (right vertical line) are

20 indicated in the right panels.

FIG. 76 shows a graph of counts normalized by LOESS GC and corrected for tilt (Y axis) versus
GC fraction (X axis) for chromosome 19. The chromosome pivot is shown in the right boxed
regions and the genome pivot is shown in the left boxed région.

25 ' -
FIG. 77 shows a graph of p-value (Y axis) versus bins (X-axis) for chromosomes 13 (top right), 21
(top middle), and 18 (top right). The chromosomal position of certain bins is shown in the bottom

panel.
30  FIG. 78 shows the Z-score for chromosome 21 where uninformative bins were excluded from the

Z-score calculation (Y-axis) and Z-score for chfomosome 21 for all bins (X-axis). Trisomy 21 cases

are indicated by filled circles. Euploids are indicated by open circles.
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FIG. 79 shows the Z-score for chromosome 18 where uninformative bins were excluded from the
Z-score calculation (Y-axis) and Z-score for chromosome 18 for all bins (X-axis).

FIG. 80 shows a graph of selected bins (Y axis) verse all bins (X axis) for c_hromosome 18.
FIG. 81 shows a gfaph of selected bins (Y axis) verse all bins (X axis) for chromosome 21.
FIG. 82 shows a graph of counts (Y axis) verse GC content (X axis) for 7 samples.

10 - FIG. 83 shows a grgph of rgw counts (Y axis) verse GC bias coefficienfs (X axis).
FIG. 84 shows a graph of frequency (Y axis) verse intercepts {X axis).

~ FIG. 85 shows a graph of frequency (Y axis) verse slopes (X axis).
15
FIG. 86 shows a graph of Log Median Count (Y axis) verse Log Intercept (X axis).
FIG. 87 shows a graph of frequency (Y axis) verse slope (X‘axis). -
20  FIG. 88 shows a graph of frequency (Y axis)vverse GC content (X axis).

FIG. 89 shows a graph of slope (Y axis) verse GC content (X axis).

FIG. 90 shows a graph of cross-validation errors (Y axis) verse R work (X axis) for bins chr2_2404.

25
- FIG. 91 shows a graph of cross-validation errors (Y axis) verse R work (X axis) (Top Left), raw
counts (Y axis) verse GC bias coefficients (X axis)(Top Right), frequency (Y axis) verse intercepts
(X axis) (Bottom Left), and frequency (Y axis) verse slope (X axis)(Bottom Right) for bins
chr2_2345. '
30

FIG: 92 shows a graph of cross-validation errors (Y axis) verse R work (X axis) (Top Left), raw
counts (Y axis) verse GC bias coefficients (X axis)(Top Right), frequency (Y axis) verse intercepts
(X axis) (Bottom Left), and frequency (Y axis) verse slope (X axis)(Bottom Right) for bins chri_31.
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FIG. 93 shows a graph of cross-validation errors (Y axis) verse R work (X axis) (Top Left), raw
counts (Y axis) verse GC bias coeh‘ici‘ents (X axis)(Top Right),-frequency (Y axis) verse intercepts
(X axis) (Bottom Left), and frequency (Y axis) verse slope (X axis)(Bottom Right) for bins chr1_10.

5 FIG. 94 shows a graph of cross-validation errors (Y axis) verse R work (X axis) (Top Left), raw
counts (Y axis) verse GC bias coefficients (X axis)(Top Right), frequency (Y axis) verse intercepts
(X axis) (Botiom Left), and frequency (Y axis) verse slope (X axis){Bottom Right) for bins chr1_9.

FIG. 95 shows a graph of cross-validation errors (Y axis) verse R work (X'axis) (Top Left), raw
10 counts (Y axis) verse GC bias coefficients (X axis)(Top Right), frequency (Y axis) verse intercepts
- (X axis) (Bottom Left), and frequency (Y axis) verse slope (X axis)(Bottom Right) for bins chr1_8.

FIG. 96 shows a graph of frequency (Y axis) verse max(Rqy, Riox) (X axis).
15  FIG. 97 shows a graph of technical replicates (X axis) verse Log10 cross-validation errors (X axis).

FIG. 98 shows a graph of Z score gap separation (Y axis) verse cross validation error threshold (X
- axis) for Chr21. ’

20  FIG. 99A (all bins) and FIG. 99B (cross-validated bins) demonstrates that the bin selection
described in example 4 mostly removes bins with low mappability. '

FIG. 100 shows a graph of normalized counts (Y axis) verse GC (X axis) bias for Chr18_6.
25 FIG. 101 show a graph of normalized counts (Y axis) verse GC bias (X éxis) for Chr18_8.
FIG. 102 shows a histogram of frequency (Y axis) verse intercept error (X axis).

FIG. 103 shows a histogram of frequency (Y axis) verse slope error (X axis).
30 '

FIG. 104 shows a graph of slope error (Y axis) verse intefcept (X axis).

—~

FIG. 105 shows a normalized profile that includes Chr4 (about 12400 to about 15750) with

elevation (Y axis} and bin number (X axis).
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FIG. 106 shows a profile of raw counts (Top Panel) and normalized counts (Bottom Panel) for
Chr20, Chr21 and Chr22. Also shown is a distribution of standard deviations (X axis) verse
frequency (Y axis) for the profiles before (top) and after (bottom) PERUN normalization.

5 _
FIG. 107 shows a distribution of chromosome representations for euploids and t}isomy cases for
raw counts (top), repeat masking (middle) and normalized counts {bottom).
A FIG. 108 shows a graph of results obtained with a linear additive model (Y axis) verse a GCRM for
10 Chr13.

FIG. 108 shows a graph of results obtained with a linear additive model (Y axis) verse a GCRM for
Chr18.

15 FIG. 110 and FIG: 111 show a graph of results obtained with a linear additive model (Y axis) verse
a GCRM for Chr21.

FIG. 112A-C illustrates padding of a normalized autosomal profile for a euploid Wi sample. FIG.
112A is an example of an unpadded profile. FIG. 112B is an example of a padded profile. FIG.

20  112C is an example of a padding correction (e.g., an adjusted profile, an adjusted elevation). .

FIG. 113A-C illustrates padding of a normalized autosomal-profile for a euploid Wi sample. FIG.
113A is an example of an unpadded profile. FIG. 113B is an example of a padded profile. FIG.
113C is an example of a padding correction (e.g., an adjusted profile, an adjusted elevation).

25 ' o '
FIG. 114A-C illustrates padding of a nbrmalized autosomal profile for a trisomy 13 W| sample. FIG.
114A is an example of an unpadded profile. FIG. 114B is an example of a padded profile. FIG.
114C is an example of a padding correction (e.g., an adjusted profile, an adjusted elevation).

30 FIG. 115A-C illustrates padding of a normalized aufosomal profile for a trisomy 18 Wl sample. FIG.
. 115Ais an example of an unpadded profile. FIG. 1158 is an example of a padded profile. FIG.
115C is an example of a padding correction (e.g., an adjusted profile, an adjusted elevation).

FIG. 116-120, 122, 123, 126, 128, 129 and 131 show a maternal duplication within a profile.
35
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FIG. 121, 124, 125, 127 and 130 show a maternal deletion within a profile.

Detailed Description

5  Provided are methods, processes and apparatuses useful for identifying a genetic variation.
Identifying a genetic variation. sometimes comprises detecting a copy number variation and/or .
sometimes éomprises adjusting an elevation comprising a copy number variation. In some
embodiments, an elevation is adjusted providing an identification of one or more genetic variations
or variances with a reduced likelihood of a false positive or false negative diagnosis. In some

10 embodiments, identifying a genetic variation by a method described herein can lead to a diagnosis -
of, or determining a predisposition to, a particular medical condition. Identifying a genetic variance
can result-in facilitating a medical decision and/or employing a helpful medical procedure.

Samples

Provided herein are methods and compositions for analyzing nucleic acid. In some embodiméntsA,
nucleic acid fragments in a mixture of nucleic acid fragments are analyzed. A mixture of nucleic
acids can comprise two or more nucleic acid fragment species having different nucleotide
sequences, different fragment lengths, different origins (e.g., genomic origins, fetal vs. maternal
20  origins, cell or tissue origins, éample origins, subject origins, and the like), or combinations thereof.

Nucleic acid or a nucleic acid mixture utilized in methods.and apparatuses described herein often
is isclated from a sample obtained from a subject. A subject can be any living or non-living
organism, including but not limited to a human, a non-human animal, a plant, a bacterjum, a fungus

25 oraprotist. Any human or non-human anirhal can be selected,' including but not limited to
mammal, reptile, avian, amphibian, fish, ungulate, ruminant, bovine (e.g., cattle), equine (e.g.,
horse), caprine and ovine (e.g., sheep, goat), swirje (e.g., pig), camelid (e.g., camel, llama, -
alpaca), monkey, ape (e.g., gorilla, chimpanzee), ursid (e.g., bear), poultry, dog, cat, mouse, rat,
fish, dolphin, whale and shark. A subject may be a male or female (e.g., woman).

30 | '
Nucleic acid may be isolated from any type of suitable biological specimen or sample (e.g., a test
sample). A sample or test sample can be any specimen that is isolated or obtained from a subject
(e.g., a human subject, a pregnant female). Non-limiting examples of specimens include fluid or
tissue from a subject, including, without limitation, umbilical cord blood, chorionic villi, amniotic
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fluid, cerebrospinal fluid, spinal fluid, lavage flﬁid (e.g., bronchoalveolar, gastric, peritoneal, ductal,
ear, arthroscopic), biopsy sample (e.g., from pre-implantation embryo), celocentesis sample, fetal
nucleated cells or fetal cellular remnants, washings of female reproductive tract, urine, feces,

~ sputum, saliva, nasal mucous, prostate fluid, lavage, semen, lymphatic fluid, bile, tears, sweat,

5  Dbreast milk, breast fluid, embryonic cells and fetal cells (e.¢. placental cells). In some
embodiments, a biological sample is a cervical swab from a subject. In some embodiments, a
biological sample may be blood and sometimes plasma or serum. As used herein, the term "blood”

_encompasses whole blood or any fractions of blood, such as serum and plasma as conventionally

defined, for example. Blood or fractions thereof often comprise nucleosomes (e.g., maternal

10 - and/or fetal 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., leukocytes, T-cells, B-cells,
platelets, and the like). Sometimes buffy coats comprise maternal and/or fetal nucléic acid. Blood
plasma refers to the fraction of whole blood resulting from centrifugation of blood treated with

15" anticoagulants. Blood serum refers to the watery portion of fluid remaining after a blood sample
has coagulated. Fluid or tissue sémples often are collected in accordance with standard protocols
hospitals or clinics generally follow. For blood, an appropriate amount of péripheral blood (e.g.,
between 3-40 milliliters) often is collected and can be stored according to standard procedureé
prior to or after preparation. A fluid or tissue sample from which nucleic acid is extraéled may be

20  acellular (e.g., cell-free). In some embodiments, 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 often is heterogeneous, by which is meant that more than one type of nucleic acid
-25  speciesis present-in the sample. For example, heterogeneous nucleic acid can include, but is not
limited to, (i) fetal derived and maternal derived nucleic acid, (ii)-cancer and non-cancer nucleic
acid, (iii) pathogen and host nucleic acid, and more generally, (iv) mutated and wild-type nucleic
acid. A sample may be heterogeneous because more than one cell type is present, such as a fetal
cell and a maternal cell, a cancer and non-cancer cell, or a pathogenic and host cell. In some
30 embodiments, a minority nucleic acid species and a majority nucleic acid species is present.

For prenatal applications of technology described herein, fluid or tissue sample may be collected
from a female at a gestational age suitable for testing, or from a female who is being tested for
possible pregnancy. Suitable gestational age may vary depending on the prenatal test being
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performed. in certain embodiments, a pregnant female subject sometimes is in the first trimester of
pregnancy, at times in the second trimester of pregnancy, or sometimes in the third trimester of
pregnancy. in certain embodiments, a fluid or tissue is collected from a pregnant female between
about 1 10 about 45 weeks of fetal gestation (e.g., at 1-4, 4-8, 8-12, 12-16, 16-20, 20-24, 24-28, 28-
32, 32-36, 36-40 or 40-44 weeks of fetal gestation), and sometimes between about 5 fo about 28
weeks of fetal gestation (e.g., at 6, 7, 8, 9,10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24,
25, 26 or 27 weeks of fetal gestation). Sometimes a fluid or tissue sample is collected from a
pregnani female during or just after (e.q., 0 io 72 hours after} giving birth {e.q., vaginal or non-
vaginal birth {e.g., surgical delivery)).

Nucleic Acid Isolation and Processing

Nucleic acid may be derived from one or more sources (e.g., cells, serum, plasma, bufly coat,
lymphatic ffuid, skin, soil, and the like) by methods known in the art. Cell lysis procedures and
reagents are known in the art and may generally be performed by chemical (e.g., detergent,
hypotonic solutions, enzymatic procedures, and the like, or combination thereof), physical (e.g.,
French press, sonication; and the like), or electrolytic lysis methods. Any suitable lysis procedure
can be utilized. For example, chemical methods generally employ lysing agenis to disrup! cells
and extract the nucleic acids from the cells, followed by treatment with chaotropic salts. Physical
methods such as freezefthaw followed by grinding, the use of cell presses and the like also are
useful. High salt lysis procedures also are commonly used. For example, an alkaline lysis
procedure may be utilized. The lalter procedure traditionally incorporates the use of phenol-
chloroform solutions, and an alternative phenol-chloroform-free procedure involving three solutions
can be ulifized. In the latier procedures, one solution can contain 15mM Tris, pH 8.0; 10mM EDTA
and 100 ug/ml Rnase A; a second solution can contain 0.2N NaOH and 1% SDS: and a third
solution can contain 3M KOAc, pH 5.5. These procedures can be found in Current Protocols in
Molecular Biology, John Wiley & Sons, N.Y., 6.3.1-6.3.6 (1989).

The terms “nucleic acid” and “nucleic acid molecule” are used inlerchangeably. The terms refer to
nugieic acids of any composition form, such as deoxyribonucleic acid (DNA, a.9., complementary
DNA (cDNA), genomic DNA (gDNA) and the like), ribonucleic acid (RNA, e.9., message ANA
{mRNA), short inhibitory RNA (siRNA}, ribosomal RNA (rRNA), transfer RNA (1RNA), microRNA,
RANA highly expressed by the fetus or placenta, and the like), andior DNA or RNA andlogs (e.9.,
containing base analogs, sugar analogs andfor a non-native backbone and the like), RNA/DNA
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hybrids and polyamide nucleic acids (PNAs), alt of which can be in single- or double-stranded form.
Unless otherwise limited, a nucleic acid can comprise known analogs of natural nucleotides, some
of which can function in a sihilar manner as naturally occurring nucleotides. A nucleic acid can be
in any form useful for conducting processes herein (e.g., linear, circular, supercoiled, single-
stranded, double-stranded and the like). A nucleic acid may be, or may be from, a plasmid, phage,
autonomously replicating sequence (ARS), centromere, artificial chromosome, chromosome, or
other nucleic acid able to replicate or be replicated in vitro or in a host cell, a cell, a cell nucleus or
‘cytoplasm of a cell in certain embodiments. A nucleic acid in some embodiments can be from a
single chromosome or fragment thereof (e.g., a nucleic acid sample may be from one chromosome
of a sample obtained from a diploid organism). Sometimes nucleic acids comgrise nucleosomes,
fragments or parts of nucleosomes or nucleosome-like structures. Nucleic acids sometimes
comprise protein {e.g., histones, DNA binding proteins, and the like). Nucleic acids analyzed by
processes described herein sometimes are substantially isolated and are not substantially
associated with protein or other molecules. Nucleic acids also include derivatives, variants and

- analogs of RNA or DNA synthesized, replicated or amplified from single-stranded ("sense" or
"antisense”, "plus" strand or "minus" strand, "forward" reading frame or "reverse” reading frame)
~and double-stranded polynudleotides. Deoxyribonucleotides include deoxyadenosine,
deoxycytidine, deoxyguanosine and deoxythymidine. For RNA, the base cytosine is replaced with
uracit and the sugar 2' position includes a hydroxyl moiety. A nucleic acid may be prepared using

a nucleic acid obtained from a subject as a template.

Nucleic acid may be isolated-at a different fime point as compared to another nucleic acid, where

each of the samples is from the same or a different source. A nucleic acid may be from a nucleic

acid library, such as a cDNA or RNA library, for example. A nucleic acid may be a result of nucleic

acid purification or isolation and/or amplification of nucleic acid molecules from the sample.

Nucleic acid provided for processes described herein rﬁay 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, 5 or more, 6 or
_more, 7 or more, 8 or more, 9 or more, 10 or more, 11 or more, 12 or more, 13 or more, 14 or

more, 15 or more, 16 or more, 17 or more, 18 or more, 19 or more, or 20 or more samples).

Nucleic acids can include extracellular nucleic acid in certain embodiments. The term

"extracellular nucleic acid" as used herein can refer to nucleic acid isolated from a source having
substahtially no cells and also is referred to as “cell-free” nucleic acid and/or “cell-free circulating” .
nucleic acid. Extracellular nucleic acid can be present in and obtained from blood (e.g., from the
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blood of a pregnant female). Extracellular nucleic acid often includes no detectable cells and may
contain cellular elements or cellular remnants. Non-limiting examples of acellular sources for
extracellular nucleic acid are blood, blood plasma, blood sérum and urine. As used herein, the
term “cbtain cell-free circulating samble 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, extracellular nucleic acid may be a product of cell
apoptosis and cell breakdown, which provides basis for extracellular nucleic acid cften having a
series of lengths across a spectrum (e.g., a "ladder").

Extracellular nucleic acid can include different nucleic acid species, and therefore is referred to
herein as "heterogeneous" in certain embodiments. For example, blood serum or plasma from é
person having cancer can include nucleic acid from cancer cells and nucleic acid from non-cancer
cells. In another example, blood serum or plasma from a pregnant female can include maternal
nucleic acid.and fetal nucleic acid. In some instances, fetal nucleic acid sometimes is about 5% 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, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44,
45, 46, 47, 48, or 49% of the total nl:lcleic acid is fetal nucleic acid). In some embodiments, the

majority of fetal nucleic acid in 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 100% of fetal nucleic acid is of a length of

about 500 base pairs or less). In some embodiments, the majority of fetal nucleic acid in nucleic
acid is of a length 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 fetal nucleic acid is of a length of about 250 base pairs or 'Iess). In some
embodiments, the majority of fetal nucleic acid in nucleic acid is of a length of about 200 base pairs
or less (e.g., about 80, 85, 90, 91, 92, 93, 94, 95, 96, 97, 98, 99 or 100% of fetal nucleic acid is of a
length of about 200 base pairs or less). In some embodiments, .‘the majority of fetal nucleic acid in
nucleic acid is of a length of about 150 base pairs or less (e.g., about 80, 85, 90, 91, 92, 93, 94, 95,
96, 97, 98, 99 o} 100% of fetal nucleic acid is of a length of about 150 base pairs or less). In some
embodiments, the'majority of fetal nucleic acid in nucleic acid is of a length of about 100 base pairs
or less (e.g., about 80, 85, 90, 91, 92, 93, 94, 95, 96, 97, 98, 99 or 100% of fetal nucleic acid is ofa
length of about 100 base pairs or less). In some embodiments, the majority of fetal nucleic acid in
nucleic acid is of a length of about 50 base pairs or less (e.g., about 80, 85, 90, 91, 92, 93, 94, 95,

96, 97, 98, 99 or 100% of fetal nucleic acid is of a length of about 50 base pairs or less). In some

embodiments, the majority of fetal nucleic acid in nucleic acid is of a length of about 25 base pairs
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or less (e.g., about 80, 85, 90, 91, 92, 93, 94, 95, 96, 97, 98, 99 or 100% of fetal nucleic acid is of a
length of about 25 base pairs or less).

Nucleic acid may be provided for conducting methods described herein without processing of the
5 sample(s) containing the nucleic acid, in certain embodiments. In some embodiments, nucleic acid
is.provided for conducting methods described herein after processing of the sample(s) containing
the nucleic acid. For example, a nucleic acid can be extracted, isolated, purified, partially purified
‘or amplified from the sample(s). The term “isolated” as used herein refers to nucleic acid removed
from its orfginal environment (e.g., the natural environment if it is naturally occurring, or a host cell
10 if expressed exogenously), and thus is altered by human intervention (e.g., "by the hand of man") ‘
from its original environment. The term “isolated nucleic acid” as used herein can refer to a nucleic
acid removed from a subjecf (é.g., a human subject). An isolated nucleic acid can be provided with
fewer non-nucleic acid components (e.g., protein, lipid) than the amount of components present in
a source sample. A composition comprising isolated nucleic acid can be about 50% to greater
15 than 99% free of non-nucleic acid compaonents. A composition comp'risi_ng.isolated nucleic acid
can be about 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, 99% or greater than 99% free of
' non-nucleic acid components. The term “purifiéd" as used herein can refer to 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 acidto a“ '
20  purification procedure. A composition comprising purified nucleic acid may be about 80%, 81%,
82%, 83%, 84%, 85%, 86%, 87%, 88%, 89%, 30%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%,
99% or greater 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 in the
sample source from which the nucleic acid is derived. A composition comprising purified nucleic
25  acid may be about 90%, 91%, 92%, 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, nucleosomes comprising small
fragments of fetal nucleic acid can be purified from a mixture of larger nucleosome complexes
comprising larger fragments of maternal nucleic acid.
30 |
The term “amplified” as used herein refers to subjecting a target nucleic acid in a sample to a
process that linearly or exponentially generates amplicon nucleic acids having the same or
substantially the same nucleotide sequence as the target nucleic acid, or segment thereof. The
term “amplified” as used herein can refer to subjecting a target nucleic acid (e.g., in a sample
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comprising other nucleic acids) to a process that selectively and linearly or exponentially generates
amplicon nucleic acids having the same or substantially the same nucleotide sequence as the
target nucleic acid, or segment thereof. The term “amplified” as used hergin can refer to subjecting
a population of nucleic acids to a process that non-selectively and linearly or exponentially
generates amplicon nucleic acids having the same or substantially the same nucleotide sequence
as nucleic acids, or pértions thereof, that were present in the sample prior to amplification.
Sometimes the term "amplified” refers to a method that comprises a polymerase chain reaction
(PCR). '

Nucleic acid also may be processed by subjecting nucleic acid to a method that generates nucleic

" acid fragmenté, in certain embodiments, before providing nucleic acid for a process described

herein. In some embodiments, nucleic acid subjected to fragmentation or cleavage may have a
nominal, average or mean I.ength of about 5 to about 10,000 base pairs, about 100 to aboﬁt 1,000
base 'pairs, about 100 to about 500 base pairs, or about 10, 15, 20, 25, 30,35, 40, 45, 5}0, 55, 60,
65, 70, 75, 80, 85, 90, 95, 100, 200, 300, 400, 500, 600, 700, 800, 800, 1000, 2000, 3000, 4000,

/5000, 6000, 7000, 8000 or 9000 base pairs. Fragments can be generated by a suitable method

known in the ar, and the average, mean or nominal length of nucleic acid fragments can be
controlled by selecting an appropriate fragment-generating procedure. In certain embodiments,
nucleic acid of a relatively shorter length can be utilized to analyze sequences that contain little
sequence variation and/or contain relatively large amounts of known nuclectide sequence
information.. In some embodiments, nucleic acid of a relatively longer length can be utilized to
anavlyze sequences that contain greater sequencé variation and/or contain relatively small amounts
of nucleotide sequence information.

Nucleic acid fragments may contain overlapping nucleotide sequences, and such overlapping
sequences can facilitate construction of a nucleotide sequence of the non-fragmented counterpart
nucleic acid, or a segment thereof. For example, one fragment may have subsequences x and y
and another fragmeni may have subsequences y and 2, where x, y and z are nucleotide
sequences that can be 5 nucleotides in length or greater. Overlap sequence y can be utilized to
facilitate construction of the x-y-z nucleotide'seq‘uence in nucleic acid from a sample in certain
embodiments. Nucleic acid may be partially fragmented (e.g., from an incomplete or terminated

specific cleavage reactioﬁ) or fully fragmented in certain embodiments.
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Nucleic acid can be fragmented by various methods known in the art, which include without
limitation, physical, chemical and enzymatic processes. Non-limiting examples of such processes
are described in U.S. Patent Application Publication No. 20050112590 (published on May 26,
2005, entitled “Fragmentation-based methods and systems for sequence variation detection and
discovery,” naming Van Den Boom et al.). Certain processes can be selected to generate non-
specifically cleaved fragments or specifically cleaved fragments. Non-limiting examples of
processes that can generate non-specifically cleaved fragment nucleic acid include, without
limitation, contacting nucleic acid with apparatus that expose nucleic acid to shearing force (e.g.,
passing nucleic acid through a syringe needle; use of a French press); exposing nucleic acid to
irradiation (e.g.', gamma, x-ray, UV irradiation; fragmént sizes can be controlled by irradiation
intensity); boi|ing nucleic acid in water (e.g., yields about 500 base pair fragments) and exposing
nucleié acid to an acid and base hydrolysis process. ‘

As used herein, “fragmentation” or “cleavage” refers to a procedure or conditions in which a nucleic
acid molecule, such as a nucleic acidtemplate gene molecule or amplified product thereof, may be
severed into two or more smaller nucleic acid molecules. Such fragmentation 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

fragmentation.

As used herein, “fragments”, “cleavage preducts”, “cleaved products” or grammatical variants
thereo, refers to nucleic acid molecules resultant from a fragmentation or cleavage of a nucleic
acid template gene molecule or amplified product thereof. While such fragments or cleaved
products can refer to all nucleic acid molecules resultant from a cleavage reaction, typically such
fragments or cleaved products refer only to nucleic acid molecules resultant from a fragmentation
or cleavage of a nucleic acid template gene molecule or the segment of an amplified product
thereof containing the corresponding nucleotide sequence of a nucleic acid template gene
molecule. For example, an amplified product can contain one or more nucleotides more than the
amplified nucleotide region of a nucleic acid template sequence {e.g., a primer can contain "extra"
nucleotides such as a transcriptional initiation sequence, in addition to nucleotides complementary
to a nucleic acid template gene molecule, resulting in an amplified product containing "extra"
nucleotides or nucleotides not corresponding to the amplified nucleotide region of the nucleic acid

template gene molecule). Accordingly, fragments can include tr.agments arising from portions of
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amplified nucleic acid molecules containing, at least in part, nucleotide sequence information from
or based on the representative nucleic acid template molecule.

As used herein, the term “complementary cleavége reactions” refers to cleavage reactions that are
carried out on the same nucleic acid using different cleavage reagents or by altering the cleavage
specificity of the same cleavage reagent such that alternate cleavage patterns of the same target
or reference nucleic acid or protein are generated. In certain embodiments, nucleic acid may be
treated with one or.more specific cleavage agents (e.g.; 1,2,3,4,5,6,7, 8,9, 10 or more specific

cleavage agents) in one or more reaction vessels (e.g., nucleic acid is treated with each specific
cleavage agent in a separate vessel).

Nucleic acid may be specifically cleaved or non-specifically cleaved by contacting the nucleic acid

with one or more enzymatic cleavage agents (e.g., nucleases, restriction enzymes). The term

- "specific cleavage agent” as used herein refers to an agent, sometimes a chemical or an enzyme

that can cleave a nucleic acid at one or more specific sites. Specific cleavage agents often cleave
specifically according to a particular nucleotide sequence at a particular site. Non-specific
cleavage agents often cleave nucleic acids at noh-specific sites or degrade nucleic acids. Non-
specific cleavage agents often degrade nucleic acids by removal of nucleotides from the end

(either the 5’ end, 3’ end or both) of a nucleic acid strand.

Any suitable non-specific or specific enzymatic cleavage agent can be uséd to cleave or fragment
nucleic acids. A suitable restriction enzyme can be used to cleave nucleic acids, in some
embodiments. Examples of enzymatic cleavage agents include without limitation endonucleases
(e.g., DNase (e.g., DNase |, Il); RNase (e.g., RNase E, F, H, P); Cleavase™ enzyme; Taq DNA‘
polymerase; E. coli DNA polymerase | and eukaryotic structure-specific endonucleases; murine
FEN-1 endonucleases; type'l, Il or Il restriction endonucleases such as Acc |, Afl lll, Alu |, Alw44 |,
Apal, Asn |, Aval, Ava Il, BamH |, Ban Il, Bcl I, Bgl I. Bgl Il, BIn |, Bsm |, BssH I, BstE II, Cfo |, Cla
|,Dde |, Dpn |, Dra |, EcIX |, EcoR |, EcoR |, EcoR 1l, EcoR V, Hae I, Hae Il, Hind Il, Hind lll, Hpa |,
Hpa I, Kpn |, Ksp |, Miu |, MIuN |, Msp 1, Nci |, Nco |, Nde |, Nde II, Nhe I, Not |, Nru I, Nsi [, Pstl,
Pvul, Pvu ll, Rsal, Sac |, Sal |, Sau3A |, Sca |, SerF |, Sfil, Sma |, Spe |, Sph I, Ssp |, Stu |, Sty |,
Swa |, Tag |, Xba I, Xho I; glycosylases (e.g., uracil-DNA glycosylase (UDG), 3-methyladenin¢
DNA glycosylase, 3-methyladenine DNA glycqéylase Il, pyrimidine hydrate-DNA glycosylase,
FaPy-DNA glycosylase, thymine mismatch-DNA glycosylase, hypokanthine-DNA glycosylase, 5-
Hydroxymethyluracil DNA glycosylase (HmUDG), 5-Hydroxymethylcyto’sine DNA glycosylase, or
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1,N6-gtheno-adenine DNA glycosylase); exonucleases (e.g.,.exonuclease 111); ribozymes, and
DNAzymes. Nucleic acid may be treated with a chemical agent, and the modified nucleic acid may
be cleaved. In non-limiting examples, nucleic acid may be treated with (i) alkylating agents such
as methyinitrosourea that generate several alkylated bases, including N3-methyladenine and N3-
methylguanine, which are recognized and cleaved by alkyl purine DNA-glycosylase; (ii) sodium
bisulfite, which causes deamination of cytosine residues in DNA to form uracil residues that can be
cleaved by uracil N-glycosylase; and (iii) a chemical agent that converts guanine to its oxidized
form, 8-hydroxyguanine, which can be cleaved by formamidopyrimidine DNA N-glycosylase.
Examples of chemical cleavage processes include without limitation alkylation, (e.g., alkylation of
phosphorothioate-modified nucleic acid); cleavage of acid lability of P3-N5'-phosphoroamidate-
containing nucleic acid; and osmium tetroxide and piperidine treatment of nucleic acid.

Nucleic acid also may be exposed to a process that modifies certain nucleotides 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, ultraviolet radiation, x-radiation, can
induce changes in the sequence of a nucleic acid molecule. Nucleic acid may be provided in any
form useful for conducting a sequence analysis or manufacture process described herein, such as
solid or liquid form, for examplq. In-certain embodiments, nucleic acid may be provided in a liquid
form optionally comprising one or more other components, including without limitation one or more

buffers or salts.

Nucleic acid may be single or double stranded. Single stranded DNA, for example, can be
generated by denaturing double stranded DNA by heating or by treatment with alkali, for example.
In sofne cases, nucleic acid is in a D-loop structure, formed by strand invasion of a duplex DNA

" molecule 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 protein and/or by alteration of salt
conbentration, for example, using methods known in the art.

Determining Fetal Nucleic Acid Content

The amount of fetal nucleic acid (e.g., concentration, relative amount, absolute amount, copy
number, and the like) in nucleic acid is determined in some embodiments. In some cases, the

amount of fetal nucleic acid in a sample is referred to as “fetal fraction”. Sometimes “fetal fraction”
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refers to the Iraction of fetal nucleic acid in circulating cell-iree nucleic acid in a sample {e.g., a
blood sample, a serum sample, a plasma-sample) oblained from a pregnant female. In certain
embodiments, the amount of fetal nucleic acid is determined according 10 markers specific to a
male fetus (e.g., Y-chromosome STR markers (e.g., DYS 19, DYS 385, DYS 392 markers); RhD
marker in RhD-negative females), allelic ratios of polymorphic sequences, or according to one or
more markers specific lo letal nucleic acid and not maternal nucleic acid (e.g., differential
epigenetic biomarkers (e.g., methylation; described in further detail below) between mother and
fetus, or fetal RNA markers in maternal blood plasma (see e.g., Lo, 2005, Journal of
Histochemistry and Cytochemistry 53 (3): 293-296)).

Determination of fetal nucleic acid content (e.g., fetal fraction) sometimes is performed using a tetal
quantifier assay (FQA) as described, for example, in U.S. Patent Application Publication

No. 2010/0105049. This type of assay allows for the detection and

quantification of fetal nucleic acid in a maternal sample based on the methylation

status of the nucleic acid in the sample. In some cases, the amount of fetal nucleic acid from a
maternal sample can be determined relative to the total amount of nucleic acid present, thereby
providing the percentage of fetal nucleic acid in the sample. In some cases, the copy number of
fetal nucleic acid can be determined in a maternal sample. |n some cases, the amount of fetal
nucleic acid can be determined in a sequence-specific (or locus-specific) manner and sometimes
with sufficient sensitivity to allow for accurate chromosomal dosage analysis (for example, lo detect
the presence or absence of a fetal aneuploidy).

A fetal quantifier assay (FQA) can be performed in conjunction with any of the methods described
herein. Such an assay can be performed by any method known in the art and/or described in U.S.
Patent Application Publication No. 2010/0105049, such as, for example, by a methed that can
distinguish between maternal and fetal DNA based on differential methylation status, and quantify
(i.e. determine the amount of) the fetal DNA. Methods for differentiating nucleic acid based on
methylation status include, but are not limited to, methylation sensitive capture, for example, using
a MBD2-Fc fragment in which the methyl binding domain of MBD2 is fused to the Fc fragment of
an antibody (MBD-FC) (Gebhard et al. (2006) Cancer Res. 66(12):6118-28); methylation specific
antibodies; bisulfite conversion methods, for example, MSP (methylation-sensitive PCR), COBRA,
methylation-sensitive single nucieotide primer extension (Ms-SNuPE) or Sequenom
MassCLEAVE™ technology; and the use of methylation sensitive restriction enzymes (e.g.,
digestion of maternal DNA in a maternal sample using one or more methylation sensitive restriction
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enzymes thereby enriching the fetal DNA). Methyl-sensitive enzymes also can be used to
ditferentiate nucleic acid based on methylation status, which, for example, can preferentially or
substantially cleave or digest al their DNA recognition sequence if the latter is non-methylated.
Thus, an unmethylated DNA sample will be cut into smaller fragments than a methylated DNA
sample and a hypermethylated DNA sample will not be cleaved. Except where explicitly stated,
any method for differentiating nucleic acid based on methylation status can be used with the
compositions and methods of the technology herein. The amount of fetal DNA can be determined,
for example, by introducing one or more competitors at known concentrations during an
ampilification reaction. Determining the amount of fetal DNA also ¢an be done, for example, by RT-
PCR, primer extension, sequencing and/or counting. In certain instances, the amount of nucleic
acid can be determined using BEAMing technology as described in U.S. Patent Application
Publication No. 2007/0065823. In some cases, the restriction efficiency can be determined and
the efficiency rate is used to further determine the amount of fetal DNA.

In some cases, a fetal quantifier assay (FQA) can be used io delermine the concentration of fetal
DNA in a maternal sample, for example, by the following method: a) delermine the total amount of
DNA present in a maternal sample; b selectively digest the maternal DNA in a maternal sample
using one or more methylation sensitive restriction enzymes thereby enriching the fetal DNA; c)
determine the amount of fetal DNA from step b); and d) compare the amount of fetal DNA from
step ¢) to the total amount of DNA krom step a), thereby determining the concentration of fetal DNA
in the maternal sample. In some cases, the absolute copy number of fetal nucleic acid in a
maternal sample can be determined, for example, using mass spectrometry and/or a system that
uses a competitive PCR approach for absolute copy number measurements. See for example,
Ding and Cantor (2003) Proc.Natl.Acad.Sci. USA 100:3059-3064, and U.S. Patent Application
Publication No. 2004/0081993.

In some cases, fetal traction can be determined based on allelic ratios of polymorphic sequences
{e.g., single nucleotide polymorphisms {SNPs)), such as, for example, using a method described in
U.S. Patent Application Publication No. 2011/0224087. In such a method,

nucleotide sequence reads are obtained for a maternal sample and fetal fraction

is 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 informative
polymorphic site (e.g., SNP) in a reference genome. In some cases, letal alleles are identified, tor
example, by their relative minor contribution to the mixture of fetal and maternal nucleic acids in the
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sample when compared to the major contribution to the mixture by the maternal nucleic acids.
Accordingly, the relative abundance of fetal nucleic acid in a maternal sample can be determined
asa parameter of the total number of unique sequence reads mapped to a target nucleic acid
sequence on a reference genome for each of the two alleles of a polymorbhic site.

The amount of fetal nuéleic acid in extracellular nucleic acid can be quantified and used in
conjunction with a method provided herein. Thus, in certain embodiments, methods of the
technology described herein comprise an additional step of determining the amount of fetal nucleic
acid. The amount of fetal nucleic acid can be determined in a nucleic acid sample from a subject |
10 before or after processing to prepare sample nucleic acid. In certain embodiments, the amount of
fetal nucleic acid is 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 fraction of fetal nucleic acid in the sample nucleic acid (e.g., adjusting counts,

removing samples, making a call or not making a call).

The determination step can be performed before, during, at any one point in a method described
herein, or after certain (e.g., aneuploidy detection, fetal gender determination) methods described
herein. For example, to achieve a fetal gender or aneuploidy determination method with a given
sensitivity or specificity, a fetal nucleic acid quantification method may be implemented prior to,

20  during or after fetal gender or aneuploidy determination to identify those samples with greater than
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% or more fetal nucleic acid. In some embodiments, samples
determined as having a certain threshold amount of fetal nucleic acid (e.g., about 15% or more
fetal nucleic acid; about 4% or more fetal nucleic acid) are further analyzed for fetal gender or

25  aneuploidy determination, or the presence or absence of aneuploidy or genetic variation, for
‘example. In certain embodiments, determinations of, for example, fetal gender or the presence or
absence of aneuploidy are selected (e.g., selected and communicated to a patient) only for
samples having a certain threshold amount of fetal nucleic acid (e.g., about 15% or more fetal
nucleic acid; about 4% or more fetal nucleic acid).

30

" In some embodiments, the determination of fetal fraction or detefmining the amount of fetal nucleic

acid is not required or necessary for identifying the presence or absence of a chromosome

aneuploidy. In some embodiments, identifying the presence or absence of a chromosome

aneubloidy does not require the sequence differentiation of fetal versus maternal DNA. In some
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cases this is because the summed contribution of both maternal and fetal sequences in a particular
chromosome, chromosome portion or segment thereof is analyzed. in some embodiments,
identitying the presence or absence of a chromosome aneuploidy does not rely on a priori
sequence information thaf would distinguish fetal DNA from maternal DNA.

Enriching for a subpopulation of nucleic acid

In some embodiments, nucleic acid (e.g., extraceliular nucleic acid) is enriched or relatively
enriched for a subpopulation or species of nucleic acid. Nucleic acid subpopulations can include,
for example, felal nucleic acid, maternal nuclsic 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, sel of chromosomes, and/or certain chromosome regions). Such enriched samples
can be used in conjunction with a method provided herein. Thus, in cerlain embodiments,
methods of the technology comprise an additional step of enriching lor a subpopulation of nucleic
acid in a sample, such as, for example, fetal nucleic acid. In some cases, a method for
determining fetal fraction described above also can be used lo enrich for fetal nucleic acid. in
certain embodimants, maternal nucleic acid is selectively removed (partially, substantially, almost
completely or completely) from the sample. In some cases, enriching for a particular low copy
number species nucleic acid {e.g., fetal nucleic acid) may improve quantilative sensitivity. Methods
for enriching a sample for a particular species of nucleic acid are described, for example, in United
States Palent No. 6,927,028, International Patent Application Publication No. W02007/140417,
International Patent Application Publication No. WO2007/147063, International Patent Application
Publication No. W02009/032779, International Patent Application Publication No.
WO02009/032781, International Patent Application Publication No. WO2010/033639, International
Patent Application Publication No. W02011/034631, International Patent Application Publication
No. WO2006/056480, and international Patent Application Publication No. W02011/143659.

In some embodiments, nucleic acid is enriched for certain target fragment species and/or reference
fragment species. In some cases, nucleic acid is enriched for a specific nucleic acid fragment
length or range of fragment lengths using one or mare length-based separation methods described
below. In some cases, nucleic acid is enriched lor fragments from a select genomic region (e.g.,
chromosome) using one or more sequence-based separation methods described herein and/or
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known in the anl. Certain methods for enriching for a nucleic acid subpopulation (e.g., {etal nucleic
acid) in a sample are described in detail below.

Some methods for enriching for a nucleic acid subpopulation {e.g., fetal nucleic agid) that can be
used with a method described herein Include methods that exploit epigenelic differences between
maternal and fetal nucleic acid. For example, fetal nucleic acid can be differentiated and
separated from maternal nucleic acid based on methylation differences. Methylation-based fetal
nucleic acid enrichment methods are described in U.S. Patent Application Publication

No. 2010/0105049. Such methods sometimes involve binding a sample

nucleic acid to a methylation-specific binding agent {meihyl-CpG binding protein

(MBD), methylation specific antibodies, and the like) and separating bound nucleic acid from
unbound nucleic acid based on differential methylation status. Such methods also can include lhe
use of methylation-sensitive restriction enzymes (as described above; e.g., Hhal and Hpall), which
allow for the enrichment of fetal nucleic acid regions in a matemal sample by selectively digesting
nucleic acid from the maternal sample with an enzyme that selectively and completely or
substantially digests the maternal nucleic acid to enrich the sample for at least one fetal nucleic
acid region.

Another method for enriching for a nucleic acid subpopulation {e.g., fetal nucleic acid) that can be
used with a method described herein is a restriction endonuclease enhanced polymorphic
sequence approach, such as a method described in U.S. Patent Application Publication
No.2009/0317818. Such methods include cleavage of nucleic acid

comprising a non-larget allele with a restriction endonuclease that recognizes the

nucleic acid comprising the non-target allele but not the target allele; and amplification of
unclgaved nucleic acid but not cleaved nucleic acid, where the uncleaved, amplified nucleic acid
represents enriched target nucleic acid (e.g., fetal nucleic acid) relative to non-target nucleic acid
(e.g., maternal nucleic acid). In some cases, nucleic acid may be selected such that it comprises
an allele having a polymorphic site that is susceptible to selective digestion by a cleavage agent,
for example.

Some methods for enriching for a nucleic acid subpopulation (e.g., fetal nucleic acid) that can be
used with a method described herein include selective enzymatic degradation approaches. Such
methods involve protecting target sequences from exonuclease digestion thereby facilitating the
elimination in a sample of undesired sequences (e.g., maternal DNA). For example, in one
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approach, sample nucleic acid is denatured to generate single stranded nucleic acid, single
stranded nucleic acid is contacted with at least one target-specific primer pair under suitable
annealing conditions, annealed primers are extended by nucleotide polymerization generating
double stranded target sequences, and digesting single stranded nucleic acid using a nuclease
that digests single stranded (i.e. non-target) nucleic acid. In some cases, the method can be
repeated for at least one édditional cycle. In some cases, the same target-specific primer pair is -
used to prime each of the first and second cycles of extension, and in some cases, different target-
specific primer pairs are used for the first and second cycles.

Some methods for enriching for a nucleic acid subpopulation (e.g., fetal nucleic acid) that can be
used with a method described herein include massively parallel signature sequencing (MPSS)
approaches. MPSS typically is a solid phase method that uses adapter (i.e. tag) ligation, followed
by adapter decoding, and reading of the nucleic acid sequence in small increments. Tagged PCR
products are typically amplified such that each nucleic acid generates a PCR product with-a unique
tag. Tags are often used to attach the PCR products to microbeads. After several rounds of
ligation-based sequence determination, for example, a sequénce signature can be identified from
each bead. Each signature sequence (MPSS tag) in a MPSS dataset is analyzed, compared with

all other signatures, and all identical signatures are counted.

In some cases, certain MPSS-based enrichment methods can include amplification (e.g., PCR)-
“based approaches. In some cases, loci-specific amplification methods can be used (e.g., using
loci-specific amplification primers). In some cases, a multiplex SNP allele PCR approach can be
used. In some cases, a multiplex SNP allele PCR approach can be used in combination with
uniplex sequencing. For example, such an approach can involve the use of multiplex PCR (e.g.,
MASSARRAY system) and incorporation of capture probe sequences into the amplicons followed
by sequencing using, for example, the lllumina MPSS system. In some cases, a multiplex SNP
allele PCR approach can be used in combination with a three-primer system and indexed »
sequencing. For example, such an approach can involve the use of multiplex PCR (e.g.,
MASSARRAY system) with primers having a first capture probe incorporated into certain loci-
specific forward PCR primers and adapter sequences incorporated into loci-specific reverse PCR
primers, to thereby generate amplicons, followed by a secondary PCR to incorporate reverse
capture sequences and molecular index barcodes for sequencing using, for example, the lllumina
MPSS system. In some cases, a multiplex SNP allele PCR approach can be used in combination
with a four-primer system and indexed sequencing. For example, such an approach can involve
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the use of multiplex PCR (e.g., MASSARRAY system) with primers having adaptor sequences
incorporated into both loci-specific forward and loci-specific reverse PCR primers, followed by a
sécondary PCR to incorporate both forward and reverse capture sequences and molecular index
barcodes for sequencing using, for example, the llumina MPSS system. In some cases, a
microfluidics approach can be used. In some cases, an array-based microfluidics approach can be'
used. For example, such an approach can involve the use of a microfluidics array (e.g., Fluidigm)
for amplification at low plex and incorporation of index and capture probes, followed by

sequencing. In some cases, an emulsion microfluidics approach can be used, such as, for
example, digital droplet PCR. )

In some cases, universal amplification methods can be used (e.g., using universal or non-loci-‘
specific amplification primers). In some cases, universal amplification methods can be used in
combination with pull-.down. approaches. In some cases, a method can include biotinylated
ultramer pull-down (e.g., biotinylated pull-down assays from Agilent or IDT) from a universally
amplified sequencing library. For example, such an approach can involve preparation of_ a
standard Iib'rafy, enrichment for selected reglions by a pull-down assay, and a secondary universal
amplification step. In some cases, pull-down approaches can be used in combination with ligation-
based methods. In some cases, a method cari include biotinylated ultramer pull down with _
sequence specific adapter ligation (e.g., HALOPLEX PCR, Halo Genomics). For example, such an
approach can involve the use of selector probes to capluré restriction enzyme-digested fragments,
followed by ligation of captured products to an adaptor, and universal amplification followed by -
sequencing. In some cases, pull-down approaches can be used in combination with extension and
Iigation-based methods. In some cases, a method can include molecular inversion probe (MIP)
extension and ligation. For examble, such an approach can involve the use of molecular inversion
probes.in combination with sequence adapters followed by universal amplification and sequencing.
In some cases, complementary DNA can be synthesized and sequenced without amplification. '

In some cases, extension and ligation approaches can be performed without a pull-down
component. In some cases, a method can include Ioci-specffic forward and reverse primer
hybridization, extension and ligation. Such methods can further include universal amplification or
complementary DNA-synthesis without amplification, followed by sequencing. Such methods can
reduce or exclude background sequences during analysis, in some cases.
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In some cases, pull-down approaches can be used with an optional amplification component or
with no amplification component. In some cases, a method c¢an include a modified pull-down
assay and ligation with full incorporation of capture probes without universal amplification. For
example, such-an approach can involve the use of modified selector probes to capture restriction
5 enzyme-digested fragments, followed by ligation of captured products to an adaptor, optional

amplification, and sequencing. In some cases, a method can include a biotinylated pull-down
assay with extension and ligation of adaptor sequence in combination with circular single stranded
ligation. For example, such an-approach can involve the use of selector probes to capture regions
of interest (i.e. target sequences), extension of the probes, adaptor ligation, single stranded circular

10  ligation, optional amplification, and sequencing. In some cases, the analysis of the sequencing
result can separate target sequences form background.

In some 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.

15 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 fragments
of the sample or present in an insubstantial amount of the other fragments (e.g., 5% or less). In
somé embodiments, sequence-based separation can generate separated target fragments and/or
separated reference fragments. Separated target fragments and/or separated reference fragments

20 typically are isolated away from the remaining fragments in the nucleic acid sample. In some
cases, the separated target fragments and the separated reference fragments also are isolated
away from each other (e.g., isolated in separate assay compartments). In some cases, the
separated target fragments and the separated reference fragments are isolated together (e.g.,
isolated in the same assay compartment). In some embodiments, unbound fragments can be’

25 differentially removed or degraded or digested.

In some embodiments, a selective nucleic acid capture process is used to separate target and/or
reference fragments away from the nucleic acid sample. Commercially available nucleic acid
capture systems include, for example, Nimblegen sequence capture system (Roche NimbleGen,

30  Madison, WI); llumina BEADARRAY platform (lllumina, San Diego, CA); Affymetrix GENECHIP
platform (Affymetrix, Santa Clara, CA); Agilent SureSelect Target Enrichment System (Agilent
Technologies, Santa Clara, CA); and related platforms. Such methods typically involve
hybridization of a capture oligonucleotide to a éegment or all of the nucleotide sequence of a iarget
or reference fragment and can include use of a solid phase (e.g., solid phase array) and/or a
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solution based platform. Capture oligonucleotides (sometimes referred to as "bait”) can be
selected or designed such that they preferentially hybridize to nucleic acid fragments from selected
genomic regions or loci (€.9., one of chromosomes 21, 18, 13, X or Y, or a reference
chromosome). '

In some embodiments, nucleic acid is enriched for a particular nucleic acid fragment Iengfh, 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

10 size. In some embodiments, a length-based separation method is performed without measuring
lengths of individual fragments. In some embodiments, a length based separation method is
performed in conjunction with a method. for determining length of individual fragments. In some
embodimenté, Iength‘-based. separation refers to a size fractionation procedure where all or part of
the fractionated pool can be isolated (e.g., retained) and/or analyzed. Size fractionation -

15 procedures are known in the art (e.g., separation on an array, separation by a molecular sieve,
separation by gei electrophoresis, separation by column chromatography (e.g., size-exclusion
columns), and microfluidics-based approaches). In some cases, length-based separation
approaches can include fragment circularization, chemical treatment (e.g., formaldehyde,
polyethylene glycol (PEG)), mass spectrometry and/or size-specific nucleic acid amplification, for

20 examplé.

Certain length-based separation methods that can be used with methods described herein employ
a selective sequencé tagging approach, for example. The term “sequence tagging” refers to
incorporating a recognizable and distinct sequence into a nucleic acid or population of nucleic
25  acids. The term “sequence tagging” as used herein has a different meaning than the term
“sequence tag” described later herein. In such sequence tagging methods, a fragment size
species (e.g., short fragments)'nucleic acids are subjected to selective sequence tagging in a
sample that includes fong and short nucleic acids. Such methods typically involve performing a
nucleic acid amplification reaction uéing a set of nested primers which include inner prifners and
30  outer primers. In some cases, one or both of the inner can be tagged to thereby introduce a tag
onto the target amplificaﬁon product. The outer primers generally do not anneal to the short
fragments that carry the (inner) target sequence. The inner primers can anneal to the short
fragments and generate an amplification product that carries a tag and the target sequence.
Typically, tagging of the long fragments is inhibited through a combination of mechanisms which
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include, for example, blocked extension of the inner primers by the prior annealing and extension
of the outer primers. Enrichment for tagged fragments can be accomplished by any of a variety of
methaods, including for example, exonucleass digestion of single stranded nucleic acid and
amplification of the tagged fragments using amplification primers specitic for at least one1ag.

Another length-based separation method thal can be used with methods described herein involves
subjecting a nucleic acid sample to poiyethylene glycol (PEG) precipitation. Examples of methods
include those described in International Patent Application Publication Nos, WO2007/140417 and
WO02010/115016. This method in general entails contacting a nucleic acid sample with PEG in the
presence of one or more monovalent salts under conditions sulficient to substantially precipitate
large nucleic acids without substantially precipitating small {e.g., less than 300 nucleotides) nucleic
acids.

Another size-based enrichment method that can be used with methods described herein involves
circularizalion by ligation, for example, using circligase. Short nucleic acid fragments typically can
be circularized with higher efficiency than long fragments, Non-circufarized sequences can be
separated from circularized sequences, and the enriched shorl fragments can be used for further
analysis.

Obtaining sequence reads

In some embodiments, nucleic acids (e.g., nucleic acid fragments, sample nucleic acid, cell-free
nucleic acid) may be sequenced. |n some cases, a full or substantiaily full sequence is obtained
and sometimes a partial sequence is obtained. Sequencing, mapping and related analytical
methods are known in the art (e.g., United States Patent Application Publication US2000/0029377).
Certain aspects of such processes are described hereatter.

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

In some embodiments the nominal, average, mean or absolute length of single-end reads
sometimes is about 20 contiguous nucleotides to about 50 contiguous nucleotides, sometimes
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about 30 contiguous nucleotides to about 40 contiguous nucleotides, and sometimes about 35
contiguous nucleotides or about 36 contiguous nucleotides. Sometimes the nominal, average,
mean or absolute length of single-end reads is about 20 to about 30 bases in length. Sometimes
- the nominal, average, mean or absolute length of single-end reads is about 24 to about 28 bases
5 inlength. Sometimes the nominal, average, mean or absolute length of single-end reads is about
21, 22, 23, 24, 25, 26, 27, 28 or about 29 bases in length.

In certain embodiments, the nominal, average, mean or absolute length of the paired-end reads
sometimes is about 10 contiguous nucleotides to about 25 contiguous nucleotides (e.g., about 11,
10 12,13, 14,15, 16, 17, 18,19, 20, 21, 22, 23 or 24 nucleotides in length), sometimes is about 15
' contiguous nucleotides to about 20 contiguous nucleotides, and sometimes is about 17 contiguous
nucleotides or about 18 contiguous nucleotides. | ‘

Reads generally are reprevseritatio,ns of nucleotide sequences in a physical nucleic acid. For
15  example, in a read containing an ATGC depiction of a sequence, "A" represents an adenine

nucleotide, "T" represents a thymine nucleotide, "G" represents a guanine nucleotide and "C"
represents a cytosine nucleotide, in a physical nucleic acid. Sequence reads obtained from the
blood of a pregnant female can be reads from a mixture of fetal and maternal nucleic acid. A
mixture of relatively short reads can be transformed by processes described herein into a

20 representaﬁon of a genomic nucleic acid present in the pregnant female and/or in the fetus. A
mixture of relatively short reads can be transformed into a representation of a copy number
variation (e.g., a maternal and/or fetal f:opy number variation), genetic variation or an aneuploidy,
for example. Réads of a mixture of maternal and fetal nucleic acid can be transformed into a
representation of a composite chromosome or a segment thereof comprising features of one or

25 both maternal and fetal chromosomes. In certain embodiments, “obtaining” nucleic acid sequence
reads of a sample from a subject and/or “obtaining” nucleic acid sequénce reads of a biological
specimen from one or more reference persons can involve directly sequencing nucleic acid to
obtain the sequence information. In some embodiments, “obtaining” can involve receiving
sequence information obtained directly from a nucleic acid by another.

30 , '

Sequence reads can be mapped and the number of reads or sequence tags mapping toa
specifiéd nucleic acid region (e.g., a chromosome, a bin, a genomic section) are referred to as
counts. In some embodiments, counts can be manipulated or transformed (e.g., normalized,
combined, added, filtered, selected, averaged, derived as a mean, the like, or a combination
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thereof). In some embodiments, counts can be transformed to produce normalized counts.

. Normalized counts for multiple genomic sections can be provided in a profile (e.g., a genomic

profile, a chromosome profile, a profile of a segment or portion of a chromosome). One or more
different elevations in a profile also can be manipulated or transformed (e.g., counts associated
with elevations can be normalized) and elevations can be adjusted.

In some embodiments, one nucleic acid sample from one individual is sequenced. In certain
embodiments, nucleic acid samples from two or more biological samples, where each biological

- sample is from one individual or two or more individuals, are pooled and the pool is sequenced. In

the latter embodiments, a nucleic acid sample from each biological sample often is identified by
one or more unigue identification tags.

In some embodiments, a fraction of the genome'is sequenced, which sometimes is expressed in

the amount of the genome covered by the determined nucieotide sequences (e.g., "fold" coverag’e
less than 1). When a genome is sequenced with about 1-fold coverage, roughly 100% of the
nucleotide sequence of the genome is represenied by reads. A genome also can be sequenced
with redundancy, where a given region of the genome can be covered by two or more reads or
overlapping reads (e.g., "fold" coverage greater than 1). In some embodiments, a genome is
sequenced with about 0.1-fold to about 100-fold coverage, about 0.2-fold to 20-fold coverage, or
about 0.2-fold to about 1-fold coverage (e.g., about 0.2-, 0.3-, 0.4, 0.5-, 06 0.7-,0.8-,09-, 1-, 2 .
3, 4-, 5, 6-, 7-, 8-, 9-, 10-, 15-, 20-, 30-, 40-, 50-, 60-, 70-, 80-, 90-fold coverage).

In certain embodiments, a fraction of a nucleic acid pool that is sequenced in a run is further sub-
selected prior to sequencing. In certain embodiments, hybridization-based techniques (e.g.', using
cligonucleotide arrays) can‘be used to first sub-select for nucleic acid sequences from certain
chromosomes {e.g., a potentially aneuploid chromosome and other chromosome(s) not involved in
the aneuploidy tested). In some émbodiments, nucleic acid can be fractionated by size (e g., by
gel electrophoresis, size exclusion chromatography or by microfiuidics-based approach) and in
certain instances, fetal nucleic acid can be enriched by selecting for nucleic acid having a lower
molecular weight (e.g., less than 300 base pairs, less than 200 base pairs, less than 150 base
pairs, less than 100 base pairs). In some embodiments, fetal nucleic acid cén be enriched by
suppressing maternal background nucleic acid, such as by the addition of formaldehyde. In some

embodiments, a portion or subset of a pre-selected pool of nucleic acids is sequenced randomly.
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In some embodiments, the nucleic acid is amplified prior to sequencing. In some embodiments, a
portion or subset of the nucleic acid is amplified prior to sequencing. '

In some cases, a sequencing Iibrafy is prepared prior to or during a seqyencing process. Methods
5 for preparing a sequencing library are known in the art and commercially available platforms may

be used for certain applications. Certain commercially available library platforms may be
compatible with certain nucleotide sequencing processes described herein. For example, one or
more commercially available library platforms may be compatible with a sequencing by synthesis
process. In'some cases, a ligation-based library preparation method is used (e.g., ILLUMINA

10 TRUSEQ, lllumina, San Diego CA). Ligation-based library preparation methods typically use a
methylated adaptor design which can incorporate an index sequence at the initial ligation step and
often can be used to prepare samples for single-réad sequencing, paired-end sequencing and
multiplexed sequencing. In some cases, a'transposon-based library preparation method is used
{e.g., EPICENTRE NEXTERA, Epicentre, Madison WI). Transposon-based methods typically use

15" in vitro transposition to simultaneously fragment and tag DNA in a single-tube reaction (often
allowing incorporation of platform-specific tags and optional barcodes), and prepare sequencer-

ready libraries.

Any sequencing method suitable for conducting methods described herein can be ulilized. In

20  some embodiments, a high-throughput sequencing method is used. High-throughput sequencing
methods generally involve clonally amplified DNA templates or single DNA molecules that are
sequenced in a massively parallel fashion within a flow cell (e.g. as described in Metzker M Nature
Rev 11:31-46 (2010); Volkerding et al. Clin.Chem. 55:641-658 (2009)). Such sequencing methods
also can provide digital quantitative information, where each sequence read is a countable

25 "sequence tag” or “count’ representing an individual clonal DNA template, a single DNA molecule,
bin or chromosome. Next generation sequencing techniques capable of sequencing DNAin a
massively parallel fashion are collectively referred to herein as “massively parallel sequencing”
(MPS). Hig'h;throughput seguencing technologies include, for example, sequencing-by-synthesis
with reversible dye terminators, sequencing by oligonucleotide probe ligation, pyrosequencing and

30 _ real time sequencing. Non-limiting examples of MPS include Massively Parallel Signature
Sequencing (MPSS), Polony sequenéing, Pyrosequencing, lllumina (Solexa) sequencing, SOLID
sequencing, lon semiconductor sequencing, DNA nanoball sequencing, Helioscope single
molecule sequencing, single molecule real time (SMRT) sequencing, nanobore sequencing, ION
Torrent and RNA polymerase (RNAP) sequencing.
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Systems utilized for high-throughput sequencing methods are commercially available and include,
for example, the Roche 454 platform, the Applied Biosystems SOLID platform, the Helicos True
Single Molecule DNA sequencing technology, the sequencing-by-hybridization platform from
Affymetrix Inc., the single molecule, real-time (SMRT) technology of Pacific Biosciences, the
sequencing-by-synthesis platforms from 454 Life Sciences, lllumina/Solexa and Helicos
Biosciences, and the sequencing-by-ligation platform from Applied Biosystems. The ION
TORRENT technology from Life technologies and nanopore sequencing also can be used in high-
throughput sequencing approachés. '

In some embodiments, first generation technology, such as, for example, Sanger sequencing
including the automated Sanger sequencing, can be used in a method provided herein. Additional
sequencing technologies that include the use of developing nucleic acid imaging technologies (e.g.
transmission electron microscopy (TEM) and atomic force microscopy (AFM)), also are
.contemplated herein. Examples of various sequencing technologies are described below.

A nucleic acid sequencing technology that may be used in a method described herein is
sequencing-by-synthesis and reversible terminator-based sequencing (e.g. llumina's Genome
Analyzer; Genome Analyzer II; HISEQ 2000; HIS_EO 2500 (lllumina, 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 technology, a flow cell is used which contains an optically
transparent slide with 8 individual lanes on the surfaces of which are bound oligonucleotide
anchors (e.g., adaptor primers). A flow cell often is a solid support that can be configured to retain
and/or allow the orderly passage of reagent solutions over bound analytés. Flow cells frequently
are planar in shape, optically transparent, genérally in the millimeter or sub-millimeter scale, and
often have channels or lanes in which the analyte/reagent interaction occurs.

In certain sequencing by synthesis procedures, for example, template DNA (e.g., circulating cell-
free DNA (ccfDNA)) sometimes can be fragmented into lengths of several hundred base pairs in
preparation for library generation. In some embodiments, library preparation can be performed
without further fragmentation or size selection of the template DNA (e.g., ccfDNA). Sample
isolation and library generation may be pefformed using automated methods and apparatus, in
certain embodiments. Briefly, template DNA is end repaired by a fill-in reaction, exonuclease
reaction or a combination of a fill-in reaction and exonuclease reaction. The resulting blunt-end
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repaired template DNA is extended by a single nucleotide, which is complementary to a single
nucleotide overhang on the 3' end of an adapter primer, and often increases ligation efficiency.
Any complementary nucleotides can be used for the exténsion/overhang nucleotides (e.g., AT,
C/G), however adenine frequently is uséd to extend the end-repaired DNA, and thymine often is
used as the 3’ end overhang nucleotide.

In certain sequencing by synthesis procedures, for example, adapter oligonuclectides are
complementary to the flow-cell anchors, and sometimes are utilized to associate the modified
template DNA (e.g., end-rebaired and single nucleotide extended) with a solid support, such as the
_inside surface of a flow cell, for example. In some embodiments, the adapter also includes
identifiers (i.e., indexing nucleotides, or “barcode” nucleotides (e.g., a unique sequence of
nucleotides usable as an identifier to allow unambiguous identification of a sample and/or
chromosome)), one or more sequencing primer hybridization sites (e.g., sequences
complementary to universal sequencing primers, single end sequencing primers, paired end
sequencing primers, multiplexed sequencing primers, and the like), or combinations thereof (e.g.,
adapter/sequencing, adapter/identifier, adapter/identifier/sequencing).” Identifiers or nucleotides
contained in an adapter often are six or more nucleotides in length, and frequently are positioned in
the adaptor such that the identifier nucleotides are the first nucleotides sequenced during the
sequencing reaction. In certain embodiments, identifier nucleotides are associated with a sample'
but are sequenced in a separate sequencing reaction to avoid compromising the quality of
sequence reads. Subsequently, the reads from the identifier sequencing and the DNA template
sequencing afre linked together and the reads de-multiplexed. After linking and de-multiplexing the
sequence reads and/or identifiers can be further adjusted or processed as described herein.
In certain sequencing by synthesis procedures, utilization of identifiers allows multiplexing of
sequence reactions in a flow cell lane, thereby allowing analysis of multiple samples per flow cell
lane. The number of samples that can be analyzed in a given flow cell lane often is dependent on
the number of unique identifiers utilized during library preparation and/or probe design. Non
limiting examples of commercially available multiplex sequencing kits include lllumina’s
multiplexing sample preparation oligonucleotide kit and multiplexing sequencing primers and PhiX )
Acontrol kit (e.g., lllumina’s catalog numbers PE-400-1001 and PE-400-1002, respectively). A
method described herein can be performed using any number of unique identifiers (e.g., 4, 8, 12,
24, 48, 96, or more). The greater the number of unique identifiers, the greater the num_ber of
samples and/or chromosomes, for example, that can be multiplexed in a single flow celi lane.
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Multiplexing using 12 identifiers, for example, allows simultaneous analysis of 96 samples (e.g.,
equal to the number of wells in a 96 well microwell plate) in an 8 lane flow cell. Similarly,
multiplexing using 48 identifiers, for example, allows simultaneous analysis of 384 samples (e.g.,
equal to the number of wells in a 384 well microwell plate) in an 8 lane flow cell.

In certain sequencing by synthesis procedures, adapter-modified, single-stranded template DNA is
added to the flow cell and immobilized by hybridization to the anchors under limiting-dilution
conditions. In contrast to emulsion PCR, DNA templates are amplified in the flow cell by "bridge”
amplification, which relies on captured DNA strands "arching" over and hybridizing to an adjacent
anchor oligonucleotide. Multiple amplification cycles convert thé single-molecule DNA template to
a clonally amplified arching "cluster,” with each cluster containing approximately 1000 clonal
molecules. Approximatefy 50 x 10° separate clusters can be generated per flow cell. For
sequencing, the clusters are denatured, and a subsequent chemical cleavage reaction and wash
leave only forward strands for single-end sequencing. Sequencing of the forward strands is
initiated by hybridizing a primer complementary lo the adapter sequences, which is followed by
addition of polymerase and a mixiure of four differently colored fluorescent reversible dye
terminators. The terminators are incorporated according to sequence complementarity in each
strand in'a clonal cluster. After incorporation, excess reagents are washed _aWay, the clusters are
optically interrogated, and the fluorescence is recorded. With successive chemical steps, the
reversible dye terminators are unblocked, the fluorescent labels are cleaved and washed away,
and the next sequencing cycle is performed. This iterative, sequencing-by-synthesis process
sometimes requires approximately 2.5 days to generate read lengths of 36 bases. With 50 x 10°
clusters per flow cell, the cverall sequence'output can be greater than 1 billion base pairs (Gb) per

analytical run.

Another nucleic acid sequencing technology that may be used with a method described herein is
454 sequencing (Roche). 454 sequencing uses a large-scale parallel pyrosequencing system
capable of sequencing about 400-600 megabases of DNA per run. The process typically involves
two steps. In the first step, sample nucleic acid (e.g. DNA) is sometimes fractionated into smaller
fragments (300-800 basé pairs) and polished (made blunt at each end). Short adaptors are then
ligated onto the ends of the fragments. These adaptors provide priming sequences for both
amplification and sequencing of the sample-library fragments. .One adaptor (Adaptor B) contains a
5'-biotin tag for immobilization of the DNA library onto streptavidin-coated beads. After nick repair,
the non-biotinylated strand is released and used as a single-stranded template DNA (sstDNA)
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library. 'The sstDNA library is assessed for its quality and the optimal amount (DNA copies per

bead) needed for emPCR is determined by titfation. The sstDNA library is immobilized onto beads.

The beads containing a library fragment carry é single sstDNA molecule. The bead-bound library

is emulsified with the ampilification reagents in a water-in-oil mixture. Each bead is captured within
5 its own microreactor where PCR amplification occurs. This results in bead-immobilized, clonally

amplified DNA fragments.

In the second step of 454 sequencing, single-stranded template DNA library beads are added to an
. incubation mix cbntaining DNA polymerase and are layered with beads containing sulfurylase and
10 luciferase onto a device containing pico-liter sized wells. Pyrosequencing is performed on each
ONA fragment in parallel. Addition of one or more nuc,leofid,es generates a light signal that is '
recorded by a CCD camera ina sequencing instrument. The signal strength is proportional to the
number of nucleotides incorporated. Pyrosequencing exploits the release of pyrophosphate (PPi)
upon nuclectide addition. PPi is converted to ATP by ATP sulfurylase in the presence of
15 adenosine 5' phosphosulfate. Luciferase uses ATP to convert luciferin to oxyluciferin, and this
- reaction generates light that is discerned and analyzed (see, for example, Margulies, M. et al.
Nature 437:376-380 (2005)).

Another nucleic acid sequencing technology that may be used in a method provided herein is
20  Applied Biosystems’ SOLID™ technoldgy. In SOLID™ sequencing-by-ligation, a library of nucleic
" acid fragments is prepared from the sample and is used to prepare clonal bead populations. With
. this method, one species of nucleic acid fragment will be present on the surface of each bead (e.g.
magnetic bead). Sample nucleic acid (e.Q. genomic DNA) is sheared into fragments, and adaptors
are subsequently attached to the 5'and 3’ ends of the;fragments to generate a fragment library.

25  The adapters are typically universal adapter sequences so that the starting sequence of every
fragment is both known and identical. Emulsion PCR takeé place in microreactors containing all
the necessary reagents for PCR. The resulting PCR products attached to the beads are then
covalently bound to a glass slide. Primers then hybridize to the adapter sequence within the library

. template. A setof four fluorescently labeled di-base probes compete for ligation to the sequencing

30 primer. Specificity of the di-base probe is achieved by interrogating every 1st and 2nd base in
each ligation reaction. Multiple cycles of ligation, detection and cleavage are performed with the
number of cycles determining the eventual read length. Following a series of ligation cycles, the
extension product is removed and the template is reset with a primer complementary to the n-1
position for a second round of ligation cycles. Often, five rounds of primer reset are cbmpleted for
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each sequence tag. Through the primer reset process, each base is interrogated in two
independent ligation reactions by two different primers. For example, the base at read position 5 is
assayed by primer number 2 in ligation cycle 2 and by primer number 3 in ligation cycle 1.

5 Another nucleic acid sequencing technology that may be used in a method described herein is the
Helicos True Single Molecule Sequ'encing (tSMS). In the tSMS technique, a polyA sequence is
added to the 3' end of each nucleic acid (e.g. DNA) strand from the sample. Each strand is labeled
by the addition of a fluorescently labeled adenosine nucleotide. The DNA strands are then
hybridized to a flow cell, which contains millions of oligo-T capture sites that are immobilized to the

10 flow cell surface. The templates can be at a density of about 100 million témplates/cmz. The flow

- cellis then loaded into a sequencing apparatus and a laser illuminates the surface of the flow cell,

revealing the position of each template. A CCD camera can map the position of the templates on
the flow cell surface. The'template fluorescent label is then cleaved and washed away. The
sequencing reaction begins by introducing a DNA polymerase and a fluorescently labeled

15 nucleotide. The oligo-T nucleic acid serves as a primer. The polymerase incorporates the labeled
nucleotides to the primer in a template directed rhanner. The polymerase and unincorporated
nucleotides are removed. The templates that have directed incorporation of the fluorescently
labeled nucleotide are detected by imaging the flow cell surface. After imaging, a cleavage step
removes the fluorescent label, and the process is repeated with other fluorescently labeled

20  nucleotides until the desired read length is achieved. Sequence information is collected with each
nucleotide addition step (see, for gxample, Harris T. D. et al., Science 320:106-108 (2008)).

Another nucleic acid sequencing technology that may be used in a method provided herein is the
singlé molecule, real-time (SMRT™) sequencing technology of Pacific Biosciences. With this
25  method, each of the four DNA bases is attached to one of four different fluorescent dyes. These
dyes are phospholinked. A single DNA polymerase is immobilized with a single molecule of
| template single stranded DNA at the bottom of a zero-mode waveguide (ZMW). A ZMW is a
confinement structure which enables observation of incorporation of a single nucleotide by DNA
polymerase against the background of fluorescent nucleotides that rapidly diffuse in an out of the
30  ZMW (in microseconds). It takes several milliseconds to incorporate a nucleotide into a growing
| strand. During this time, the fluorescent label is excited and produces a fluorescent signal, and the
flucrescent tag is cleaved off. Detection of the corresponding fluorescence of the dye indicates
which base was incorporated. The process is then repeated. |
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Another nucleic acid sequencing technology that may be used in a method described herein is ION
TORRENT (Life Technologies) single molecule sequencing which pairs semiconductor technology
with a simple sequencing chemistry to directly translate chemically encoded information (A, C, G,
T) into digital information (0, 1) on a semiconductor chip. ION TORRENT uses a high-density array
of micro-machined wells to perform nucleic acid sequencing in a massively parallel way. Each well
holds a different DNA molecule. Beneath the wells is an ion-sensitive layer and beneath that an
ion-sensor. Typically, when a nucleotide is incorporated into a strand of DNA by a polymerase, a
hydrogen ion is released as a byproduct. If a nucleotide, for example a C, is added to a DNA
template and is then incorporated into a strand of DNA, a hydrogen ion will be féleased. The
charge from that ion will change the pH of the solution, which can be detected by an ion sensor. A
sequencer can call the base, going directly from chemical information to digital information. The
sequencer then sequentially floods the chip with one nucleotide after another. If the next
nucleotide that floods the chip is not a match, no voltage change will be recorded and no base will
be called. If there are two identical bases on the DNA strand, the voltage will be double, and the
chip will record. two identical bases called. Because this is direct detection (i.e. detection without

scanning, cameras or light), each nucleotide incorporation is recorded in seconds.

Another nucleic acid sequencing technology that may be used in a method described herein is the
chemical-sensitive field éffect transistor (CHEMFET) array. In one example of this sequencing
technique, DNA molecules are placed into reaction chambers, and the template molecules can be
hybridized to a sequencing primer bound to a polymerase. Incorporation of one or more
triphosphates into a new nucleic acid strand at the 3’ end of the sequencing primer can be detected
by a change in current by a CHEMFET sensor. An array can have multiple CHEMFET sensors. In
another example, single nucleic acids are attached to beads, and the nucleic acids can be
amplified on the bead, and the individual beads can be transferred to individual reaction chambers
on a CHEMFET array, with each chamber having a CHEMFET sensor, and the nucleic acids can

be sequenced (see, for example, U.S. Patent Application Publication No. 2009/0026082).

Another nucleic acid sequencing technology that may be used in a method described herein is
electron microscopy. In one example of this sequencing technique, individual nucleic acid (e.g.
DNA) molecules are labeled using metallic labels that are distinguishable using an electron
microscope. These moIechIes are then stretched on a flat surface and imaged using an electron
microscope to measure sequences (see, for example, Moudrianakis E. N. and Beer M. Proc Natl
Acad Sci USA. 1965 March; 53:564-71). In some cases, transmission electron microscopy (TEM)
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is used (e.g. Halcyon Molecular's TEM method). This method, termed Individual Molecule
Placement Rapid Nano Transfer (IMPRNT), includes utilizing single atom resolution transmission
electron micrescope imaging of high'—molecular weight (e.g. about 150 kb or greater) DNA
selectively labeled with heavy atom markers and arranging these molecules on ultra-thin films in
ultra-dense (3nm strand-to-strand) parallel arrays with consistent base-to-base spacing. The
electron microscope is used to image the molecules on the films to determine the position of the
heavy atom markers and to extract base sequence information from the DNA (see, for example,
International Patent Application No. WO 2009/046445).

Other sequencing methods that may be used to conduct methods herein include digital PCR and
sequencing by hybridization. Digital polymerase chain reaction (digital PCR or dPCR) can be used
to directly identify and quantify nucleic acids in a sample. Digital PCR can be performed in an
emulsion, in some embodiments. For example, individual nucleic acids are separated, e.g., in a

microfluidic chamber device, and each nucleic acid is individually amplified-by PCR. Nucleic acids

. can be separéted such that there is no more than one nucleic acid per well. In some
_ embodiments, different probes can be used to distinguish various alleles (e.g. fetal alleles and

maternal alleles). Alleles can be enumerated to determine copy number. In sequencing by

hybridization, the method invalves contacting a plurality of polynucleotide sequences with a

- plurality of polynucleotide probes, where each of the plurality of polynucleotide probes can be

optionally tethered to a substrate. The substrate can be a flat surface with an array of known
nucleotide sequences, in some embodiments. The pattern of hybridization to the array can be
used to determine the polynucléotide sequences present in the sample. In some embodiments,
each probe is tethered to a bead, e.g., a magnetic bead or the like. Hybridization to the beads can
be identified and used to identify the plurality of polynucleotide sequences within the sample.

In some embodiments, nanopore sequencing can be used in a method described herein.
Nanopore sequencing is a single-molecule sequeng:ing technology whereby a single nucleic acid
molecule (e.g. DNA) is sequenced directly as it passes through a nanopore. A nanopore is-a small
hole or channel, of the order of 1 nanometer in diameter. Certain transmembrane céllular proteins
can act as nénopores (e.g. alpha-hemolysin). In some cases, nanopores can be synthesized (e.g.
using a silicon platform). Immersion of a nanopore in a conducting fluid and application of a
potential across it results in a slight electrical current due to conduction of ions through the
nanopore. The amount of current which flows is sensitive to the size of the nanopore. As a DNA
molecule passes through a nanopore, each nucleotide on the DNA molecule obstructs the
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nanopore to a different degree and generates characteristic changes to the current. The amount of
current which can pass through the nanopore at any given moment therefore varies depending on
whether the nanopore is blocked by an A, a C; a G, aT,orin some cases, methyl-C. The change
in the current through the nanopore as the DNA molecule passes through the nanopore represents
5 adirect reading of the DNA sequence. In some cases a nanopore can be used to identify individual
DNA bases as they pass through the nanopore in the correct order (see, for example, Soni GV and
Meller A. Clin.Chem. §3: 1996-2001 (2007); International Patent Application No. WQ2010/004265).

There are a number of ways that nanopores can be used to séquence nucleic acid molécules. In

10 some embodiments, an exonuclease enzyme, such as a deoxyribonuclease, is used. In this case,
the exonuclease enzyme is used to sequentially detach nucleotides from a nucleic acid (e.g. DNA)

- molecule. The nucleotides are-then detected and discriminated by the nanopore in order of their

release, thus reading the sequence of the original strand. For such an embodiment, the
exonuclease enzyme can be attached to the nanopore such that a prbponion of the nucleotides

15 released from the DNA molecule is capable of entering and interacting with the channel of the
nanopore. The exonuclease can be attached to the nanopore structure at a site in close proximity
to the part of the nanopore that forms the opening of the channel. In some casés, the exonuclease
enzyme can be attached to the nanopore structure such that its nucleotide exit trajéctory site is |
orientated towards the part of the nanopore that forms part of the o‘pening.A

20 ‘ ' ‘
In some embodiments, nanopore sequencing of nucleic acids involves the use of an enzyme that
pushes or pulls the nucleic acid (e.g. DNA) molecule through the pore. In this case, the ionic .
current fluctuates as a nucleotide in the DNA molecule passes through the pore. The fluctuations
in the current are indicative of the DNA sequence. For such an embodiment, the enzyme can be

25  attached to the nanopore structure such that it is capable of pushing or pulling the target nucleic
acid through the channel of a nanopore without interferihg with the flow of ionic current through the
pore. The enzyme can be attached to the nanopore structure at a site in close proximity to the part
of the structure that forms part of the opening. The enzyme can be attached to the subunit, for
example, such that its active site is orientéted towards the part of the struéture that forms part of

30 * the opening.

. In some embodiments, nanopore sequencing of nucleic acids involves detection of polymerasé bi-
products in close proximity to a nanopore detector. In this case, nucleoside phosphates
(nucleotides) are labeled so that a phosphate labeled species is released upon the addition of a
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polymerase to the nucleotide strand and the phosphate labeled species is detected by the pore.

Typically, the phosphate species contains a specifié label for each nucleotide. As nucleotides are

sequentially added to the nucleic acid strand, the bi-pfoducts of the base addition are detected.

The order that the phosphate labeled species are detected can be used to determine the-sequence
5 of the nucleic acid strand.

The length of the 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 base pairs (bp). Nanopore seguencing, for example, can provide sequence reads that
10 can vary in size from tens to hundreds to thousands of base pairs. In some embodiments, the
sequence reads are of a méan, median or average length of about 15 bp to 900 bp long (e.g. about
20 bp, about 25 bp, about 30 bp, about 35 bp, about 40 bp, about 45 bp, about 50 bp, about 55 bp,
about 60 bp, about 65 bp, about 70 bp, about 75 bp, about 80 bp, about 85 bp, about 90 bp, about
95 bp, abdut 100 bp, about 110 bp, about 120 bp, about 130, about 140 bp, about 150 bp, about
15 200 bp, about 250 bp, about 300 bp, about 350 bp, about 400 bp, about 450 bp, or about 500 bp.
I some embodiments, the séquence reads are of a mean, median or average length of about
1000 bp or more. | ' '

In some embodiments, chromosome-specific sequencing is performed. In some embodiments,

20  chromosome-specific sequencing ié performed utilizing DANSR (digital analysis of selected
regions). Digital analysis of selected regions enables simultaneous quantification of hundreds of
loci by cfDNA-dependent catenation of two locus-specific oligonucleotides via an intervening
‘bridge’ oligo to form a PCR template. In some embodiments, chromosome-specific sequencing is
performed by generating a library enriched in chromosome-specific sequences. In some

25 embodiments, sequence reads are obtained only for a selected set of chromosomes. In some
embodiments, sequence reads are obtained only for chromosomes 21, 18 and 13.

In some embodiments, nucleic acids may include a fluorescent signal or sequence tag information.
Quantification of the signal or tag may be used in a variety of techniques such as, for example, flow

30  cytometry, quantitative polymerase chain reaction (QPCR), gel electrophoresis, gene-chip analysis,
microarray, mass spectrometry, cytofluorimetric analysis, fluorescence microscopy, confocal laser
scanning microscopy, laser scanning cytometry, affinity chromatography, manual batch mode
separation, electric field suspension, sequencing; and combinatioh thereof.
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Sequencing Module

Sequencing and obtaining sequencing reads can be provided by a sequencing module or by an
apparatus comprising a sequencing module. A “sequence receiving module” as used herein is the
5 sameasa “sequencing module”. An apparatus comprising a sequencing module can be any
apparatus that determines the sequence of a nucleic acid from a sequencing technology known in
the art. In' certain embodiments, an apparatus comprising a sequencing module performs a
sequencing reaction known in the art. A sequencing module generally provides a nucleic acid
_sequence read according to data from a sequencing reaction (e.g., signais generated from a
10 sequencing apparatus). In some embodiments, a sequencing module or an apparatus comprising
~a sequencing module is required to provide sequencing reads. In some embodiments a
sequencing module can receive, obtain, access or recover sequence reads from another
sequencing module, computer peripheral, operator, server, hard drive, apparatus or from a suitable
source. Sometimes a sequencing module can manipulate sequence reads. For example, a
15 sequencing module can align, assemble, fragment, complement, reverse complement, error check,
or error correct sequence reads. An apparatus comprising a sequencing module can comprise at
least one processor. . In some embodiments, sequencing reads are provided by an apparatus that
includes a processor (e.g., one or more processors) which processor can perform and/or '
implement one or more instructions (e.g., processes, routines and/or subroutines) from the
20 sequencing module. In some embodiments, sequencing reads are provided by an apparatus that
includes multiple processors, such as processors coordinated and working in parallel. In some
embodiments, a sequencing module operates with one or more external processors (e.g., an
internal or external network, server, storage device and/or storage network (e.g., a cloud)).
Sometimes a sequencing module gathers, assembles and/or receives data and/or information from
25 another module, apparatus, périphefal, component or s'pecialized component (e.g., 2 sequencer).
In.some emb_odiments, sequencing reads are provided by an apparatus comprising one or more of
the following: one or more flow cells, a camera, a photo‘detector, a photo cell, fluid handling
components, a printer, a display (e.g., an LED, LCT or CRT) and the like. Often a sequencing
module receives, gathers and/or assembles sequence reads. Sometimes a sequencing module
30 accepts and gathers input data and/or information from an operator of an apparatus. For example,
sometimes an operator of an apparatus provides instructions, a constant, a threshold value, a
formula or a predetermined value to a module. Sometimes a sequencing module can transform
data and/or information that it receives into a contiguous nucleic acid sequence. In some
embodiments, a nucleic acid sequence provided by a sequencing module is printed or displayed.
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- In some embodiments, sequence reads are provided by a sequencing module and transferred from

a sequencing module to an apparatus or an apparatus comprising any suitable peripheral,
component or specialized component. In some embodiments, data and/or information are
provided from a sequencing module to an apparatus that includes multiple processbrs, such as
processors ccordinated and working in parallel. In some cases, data and/or information related to
sequence reads can be transferred from a sequencing module to any other suitable module. A
sequencing module can transfer sequence reads to a mapping module or counting module, in
some embodiments.

Mapping reads

Mapping nucleotide sequence reads (i.e., sequence information 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 (e.g.,
Li et al., "Mapping short DNA sequencing reads and calling variants using mapping quality score,"
Genome Res., 2008 Aug 19.) In such alignments, sequence reads generally are aligned to a
‘reference sequence and those that align are designated as being "mapped" or a "sequence tag."
In some cases, a mapped sequence read is referred to as a “hit” or a “count”. In some
embodiments, mapped sequence reads are grouped together according to various parameters and

assigned to particular genomic sections, which are discussed in further detail below.

As used herein, the terms "aligned”, “alignment”, or “aligning” refer to two or more nucleic acid
sequences that can be identified as a match (e.g., 100% identity) or partial match. Alignments can
be done manually or by a computer algorithm, examples including the Efficient Local Alignment of -
Nucleotide Data (ELAND) computer program distributed as part of the llumina Genomics Analysis
pipeline. The alignment of a sequence read can be a 100% sequence match. In come cases, an
alignment is less than a 100% sequence match (j.e., non-perfect match, partial match, partial
alignment). In some embodiments an alignment is about a 99%, 98%, 97%, 96%, 95%, 94%,
93%, 92%, 91%, 90%, 89%, 88%, 87%, 86%, 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 mismatches. Two or more sequences can be
aligned using either strand. In some cases a nucleic acid sequence is aligned with the reverse

complement of another nucleic acid sequence.
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Various computational methods can be used to map each sequence read to a genomic section. .
Non-limiting exémples of computer algorithms that can be used to align sequences include, without
limitation, BLAST, BLITZ, FASTA, BOWTIE 1, BOWTIE 2, ELAND, MAQ, PROBEMATCH, SOAP
or SEQMAP, or variations thereof or combinations thereof. In some embodiments, .sequence
5 reads can be aligned with sequences in a reference genome. In some embodiments, the

sequence reads can be found and/or aligned with sequences in nucleic acid databases known in
the art including, for example, GenBank, dbEST, dbSTS, EMBL (European Molecular Biology
Laboratory) and DDBJ (DNA Databank of Japan). BLAST or similar tools can be used to search
the identified sequences against a sequence database. Search hits can then be used to sort the

10 identified sequences into appropriate genomic sections (described hereafter), for example.

The term “sequence tag" is herein used interchangeably with the térm "‘mapped sequence tag" to
referto a ;sequence read that has been specifically assigned i.e. mapped, to a larger sequence e.g.
a reference genome, by alignment. Mapped sequence tags are uniquely mapped to a reference

15  genome i.é.'they are assigned fo a single location to the reference genome. Tags that can be
mapped to more than one location on a reference genome i.e. tégs that do not map uniquely, are
not included in the analysis'. A "sequence tag" can be a nucleic acid (e.g. DNA) sequence (i.e.
read) assigned specifically to a particular genomic section and/or chromosome (i.e. one of
chromosomes 1-22, X or Y for a human subject). A sequence tag may be repetitive or non-

20  repetitive within a single segment of the reference genome (e.g., a chrorhosbme). In some
embodiments, repetitive sequence iags are elirhihated from further analysis (e.g. quantification). In
some embodiments, a read may uniquely or non-uniquely map to portions in the reference
genome. A read is considered to be “uniquely mapped” if it aligns with a single sequence in the
reference genome. A read is considered to be “non-uniquely mapped” if it aligns with two or more

25  sequences in the reference genome. In some émbodiments, non-uniquely mapped reads are
eliminated from further analysis (e.q. quantification). A certain, émall degree of mismatch (0-1)
may be allowed to account for single nucleotide;polymorphiéms that may exist between the
reference genome and the reads from individual samples being mapped, in certain embodiments.
In some embodiments, no degree of mismatch is allowed for a read to be mapped to a reference

30 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
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subjects as well as many other organisms can be found at the website of the National Center

for Biotechnology Information. A *genome” refers to the complete genetic information of an
organism or virus, expressed in nucleic acid sequences. As used herein, a reference sequence or
reference genome often is an assembled or partially assembled genomic sequence from an
individual or multiple individuals. In some embodiments, a reference genome is an assembled or
partially assembled genomic sequence from one or more human individuals. In some
embodiments, a reference genome comprises sequences assigned to chromosomes.

In certain embodiments, where a sample nucleic acid is from a pregnant female, a reference
sequence sometimes is not from the fetus, the mother of the fetus or the father of the fetus, and is
referred to herein as an "external reference." A maternal reference may be prepared and used in
some embodiments. When a reference from the pregnant female is prepared ("maternal reference
sequence") based on an external reference, reads from DNA of the pregnant female that contains
substantially no fetal DNA often are mapped to the external reference sequence and assembled.

In certain embodiments the external reference is from DNA of an individual having substantially the
same ethnicity as the pregnant female. A matemal reference sequence may not completely cover
the maternal genomic DNA (e.g., it may cover about 50%, 60%, 70%, 80%, 90% or more of the
maternal genomic DNA), and the maternal reference may not perfectly match the maternal
genomic DNA sequence (e.g., the maternal reference sequence may include multiple mismatches).

In some cases, mappability is assessed for a genomic region (e.g., genomic section, genomic
portion, bin). Mappability is the ability to unambiguously 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-window approach of a preset read length and averaging the resulting
read-level mappability values. Genomic regions comprising stretches of unique nucleotide
sequence sometimes have a high mappability value.

Mapping Module

Sequence reads can be mapped by a mapping module or by an apparatus comprising a mapping
moduie, which mapping module generally maps reads 1o a reference genome or segment thereof,
A mapping module can map sequencing reads by a suitable method known in the art. In some
embodiments, a mapping module or an apparatus comprising a mapping module is required to
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provide mapped sequence reads. An apparatus comprising a mapping module can comprise at
least one processor. In some embodiments, mapped sequencing reads are provided by an
apparatus that includes a processor (e.g., one or more processors) which processor can perform
and/or implement one or more instructions (e.g., processes, routines and/or subroutines) from the
5 mapping module. In some embodiments, sequencing reads are mapped _by an apparatus that

includes multiple processors, such as processors coérdinated and working in parallel. In some
embodiments, a mapping modulle operates with one or more external processors (e.g., an internal
or external network, server, storage device and/or storage network (e.g., a cloud)). Anapparatus
may comprise a mapping module and a sequencing module. In some embodiments, sequence

10 reads are mapped by an apparatus comprising one or more of the following: one or more flow
cells, a camera, fluid handling components, a printer, a display (e.g., an LED, LCT or CRT) and the
like. A mapping module can receive sequence reads from a sequencing module, in some
embodiments. Mapped sequencing reads can be transferred from a mapping module to a counting
module or a normalization module, in some embodiments.

15

Genomic sections

In some embodiments, mapped sequence reads (i.e. sequence tags) are grouped together
according to various parameters and assigned to particulaf genomic sections. Often, the individual
20 mapped sequence reads can be used to identify an amount of a genomic section present in a
sample. In some embodiments, the amount of a genomic section can be indicative of the amount
of a larger sequence (e.g. aéhromosome) in the samplé. The tefm “genomic section” can also be
referred to herein as a "sequence window”, “section”, “bin”, “locus”, “region”, “partition” or "pbrtion".
_ In some embodiments, a genomic section is an entire chromosome, segment of a chromosome,
25 segment of a reference genome, multiple ch‘romosome portions,' multiple chromosomes, portions
from multiple chromosomes, and/or combinations thereof. Sometimes a genomic section is
predefined based on specific parameters. Sometimes a genomic section is arbitrarily defined
based on partitioning of a genome (e.g., partitioned by size, segments, contiguous regions,
contiguous regions of an arbitrarily defined size, and the like). In some cases, a genomic section is
30  delineated based on one or more parameters which include, for example, length or a particular
feature or features of the sequence. Genomic sections can be selected, filtered and/or removed
from consideration using any suitable criteria know in the art or described herein. In some
embodiments, a genomic section is based on a particular length of genomic sequence. In some
embodiments, a method can include analysis of multiple mapped sequence reads to a plurality of
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genomic sections. The genomic‘sections can be approximately the same length or the genomic
sections can be different lengths. Sometimes genomic sections are of about equal length. In
some cases genomic sections of different lengths are adjusted or weighted. In some
embodiments, a genomic section is about 10 kilobases (kb) to about '100 kb, about 20 kb to about -
5 _‘ 80 kb, about 30 kb to about 70 kb, about 40 kb to about 60 kb, and sometimes about 50 kb. In
some embodiments, a genomic section is about 10 kb to about 20 kb. A genomic section is not
limited to contiguous runs of sequence. Thus, genomic sections can be made up of contiguous
and/or non-contiguous sequences. A genomic section is not limited to a single chromosome. In
some embodiments, a genomic section includes all or part of one chromosome or all or part of two
10 or more chromosomes. In some cases, genomic sections may span 6ne, two, or more entire
chromosomes. In addition, the genomic sections may span joint or disjointed portions of multiple

chromosomes.

In some embodiments, genomic sections can be particular chromosome segments ina
15 © chromosome of interest, such as, for example, chromosomes where a genetic variation is
assessed (e.g. an aneuploidy of chromosomes 13, 18 and/or 21 or a sex chromosome). A
genomic section can also be a pathogenic genome (e.g. bacterial, fungal or viral) or fragment
thereof. Genomic sections can be genes, gene fragments, regulatory sequences, introns, exons,
and the like.- |
20 | |
In some embodiments, a genome (e.g. human genome) is partitiohed into genomic sections based
on the information content of the regions. The resulting genomic regions may contain sequences
for multiple chromosomes and/or may contain sequences for portions of multiple chromosomes. In
. some cases, the partitioning may eliminate similar locations across the genome and only keep
25  unique regions. The eliminated regions may be within a single chromosomé or may span multiple .
- chromosomes. The resulting genome is thus trimmed down and optimized for faster alignment,
often allowing for focus on uniquely identifiable sequences. In some cases, the partitioning may
down weight similar regions. The process for down weighting a genomic section is discussed in
further detail below. [n some embodimenis, the partitioning of the genome into regions
30 transcending chromosomes may be based on information gain produced in the context of
classification. For example, the information content may be quantified using the p-value profile
measuring the significance of particular genomic locations for distinguishing between groups of
confirmed normal and abnormal subjects (e.g. euploid and trisomy subjects, respectively). In some
embodiments, the partitioning of the genome into regions transcending chromosomes may be
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based on any other criterion, such as, for example, speed/convenience while aligning tags, high or
low GC content, uniformity 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

5 temperature, amenability to sequenping or PCR, uncertainty value assigned to individual bins,

and/or a targeted search for particular features.
Sequence tag density

10 "Sequence tag density" refers to the normalized value of sequénce tags or reads for a defined

genomic section where the sequence tag density is used for comparing different samples and for
: subsequént analysis. The value of the sequence tag density often is normalized within a sample.

In some embodiments, normalization can be performed by counting the number of tags falling
within each genomic section; obtaining a median value of the total sequence tag count for each

15 chromosome; obtaining a median value of all of the autosomal values; and using this value as a
normalization constant to account for the differences in total number of éequence tags obtained for
different samples. A sequénce tag density sometimes is about 1 for a disomic chromosome.
Sequence tag densities can vary according to sequencing artifacts, most notably G/C bias, which
can be corrected by use of an external standard or internal reference (e.g., derived from

20 substantially all of the sequence tags (genomic sequences), which may be, for example, a single
chromosome or a calculated value from all autosomes, in some embodiments). Thus, dosage
imbalance of a chromoso,me'o‘r chromosomal regions can be inferred from the percentage
representation of the locus among other mappable sequenced tags of the specimen. Dosage
imbalance of a particular chromosome or chromosomal regions therefore can be quantitatively

25 determined and be normalized. Methods for sequence tag density normalization and quantification
are discussed in further detail below.

In some embodiments, a proportion of all of the sequence reads are from a chromosome involved
in an aneuploidy (e.g., chromosome 13, chromosome 18, chromosome 21 ), and other sequence
30 reads are from other chromosomes. By taking into account the relative size of the chromosome
involved in the aneuploidy (e.g., "target chromosome": chromosome 21) compared to other
chromosomes, one could obtain a normalized frequency, within a reference range, of target
chromosome-specific sequences, in some embodiments. If the fetus has an aneuploidy in a target
chromosome, then the normalized frequency of the target chromosome-derived sequences is
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statistically greater than the normalized frequency of non-target chromesome-derived sequences,
thus allowing the detection of the aneuploidy. The degree of change in the normalized frequency
will be dependent on the fractional concentration of fetal nucleic acids in the analyzed sample, in

some embodiments.
Counts

Sequence reads that are mapped or partitiohed based on a selected feature or variable can be
quantified to determine the number of reads that are mapped to a genomic section (e.g., bin,
partition, genomic portion, portion of a reference genome, portion of 2 chromosome and the like),
in some embodiments. Sometimes the quantity of sequence reads that are mapped to a genomic
section are termed counts (e.g., a éount). Often a count is associated with a genomic section.
Sometimes counts for two or more genomic sections (e.g., a set of genomic sections) are
mathematically manipulated (e.g., averaged, added, normalized, the like or a combination thereof).
In some embodiments a count is determined from some or all of the sequence reads mapped to
(i.e., associated with) a genomic section. In certain embodiments, a count is determined from a
pre-defined subset of mapped sequence reads. Pre-defined subsets of mapped sequence reads
can be defined or selected utilizing any suitable feature or variable. In some embodiments, pre-

defined subsets of mapped sequence reads can include from 1 to n sequence reads, where n

" represents a number equal to the sum of all sequence reads gAenerated from a test subject or

reference subject sample.

Sometimes a count is derived from sequence reads that are processed or manipulated by a
suitable method, operation or mathematical process known in the art. Sometimes a count is
derived from sequence reads associated with a genomic section where some or all of the
sequence reads are weighted, removed, filtered, normalized, adjusted, averaged, derived as a
mean, added, or subtracted or processed by a combination thereof. In some embodiments, a
count is derived from raw sequence reads and or filtered sequence reads. A count (e.g., counts)
can be determined by a suitable method, operation or mathematical process. Sometimes a count
value is determined by a mathematical process. Sometimes a count value is an average, mean or
sum of sequence reads mapped to a genomic section. Often a count is @ mean number of counts.
In some embodiments, a count is associated with an uncertainty value. Counts can be processed
(e.g., normalized) by a method known in the art and/or as described herein (e.g., bin-wise
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normalizétion, normalization by GC content, linear and nonlinear least squares regression, GC
LOESS, LOWESS, PERUN, RM, GCRM, ¢Qn and/or combinations thereof). '

Counts (e.g., raw, filtered and/or normalized counts) can be processed and normalized to one or

more elevations. Elevations and profiles are described in greater detail hereafter. Sometimes
counts can be processed and/or normalized to a reference elevation. Reference elevations are
addressed later herein. Counts processed'according to an elevation (e.g., processed counts) can
be associated with an uncertainty value (e.g., a calculated variance, an error, standard deviation,
p-value, mean absolute deviation, etc.). An uncertainty value'typically defines arange above and
below an elevation. A value for deviation can be used in p'Iace'of an uncertainty value, and non-
limiting examples of measures of deviation include standard deviation, average absolute deviation,
median absolute deviation, standard score (e.g., Z-score, Z-value, normal score, standardized
variable) and the like. o

Counts are often obtained from a nucleic acid sample from a pregnant female bearing a fetus.
Counts of nucleic acid sequence reads mapped to a genomic section often are counts
representative of both the fetus and the mother of the fetus (e.g., a pregnant female subject):
Sometimes some-of the counts mapped to a genomic section are from a fetal genome and some of
the counts mapped to the same genomic secﬁon are from the maternal genome.

Counting Module

Counts can be provided by a counting module or by an apparatus comprising a counting module.
A counting module can determine, assemble, and/or display counts according to a c'ounting‘
method known in the art. A counting module generally determines or assembles counts according
to counting methodology known in the art. In some embodiments, a counting module or an
apparatus corﬁprising a counting module is required to provide counts. An apparatus comprising a -
counting module can comprise at least one processor. In some embodiments, counts are provided
by an apparatus that includes a processor (e.g.‘, one or more procéssors) which processor can
perform and/or implement one or more instructions (e.g., processes, routines and/or subroutines)
from the counting module. In some embodimenté, reads are counted by an apparatus that
includes multiple processors, such as processors coordinated and working in parallel. In some
embodiments, a counting module operatés with one ‘or more external processors (e.g., an internal |

or external network, server, storage device and/or storage network (e.g., a cloud)). In some
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embodiments, reads are counted by an apparatus comprising one or more of the following: a
sequencing module, a mapping module, one or more flow cells, a camera, fluid handling
components, a printer, a display (e.g., an LED, LCT or CRT) and the like. A counting module can
receive data and/or information from a sequencing module and/or a mapping module, transform

5 the data and/or information and provide counts (e.g., counts mapped to genomic sections). A
counting module can receive mapped sequence reads from a mapping module. A counting
module can receive normalized mapped sequence reads from a mapping module or from a
normalization module. A counting module can transfer data and/or information related to counts
(e.g., counts, assembled counts and/or displays of counts) to any other suitable apparatus,

10 peripheral, or module. Sometimes data and/or information related to counts are transferred from a

counting module to a normalization module, a plotting module, a categorization module and/or an

ouicome module.

Data processing

15 _

Mapped sequence reads that have been counted are referred to herein as raw data, since the data
represents unmanipulated counts (e.g., raw counts). In some embodiments, sequence read data
in a data set can be processed further (e.g., mathematically and/or statistically manipulated) and/or
displé_yed to facilitate providing an outcome. In cert»ain'embodiments, data sets, including larger

20 data sets, may benefit from pre-processing to facilitate further analysis. Pre-processing of data
sets sometimes involves removal of redundant and/or uninformative genomic sections or bins (e.g.,
bins with uninformative data, redundant mapped reads, genomic sections or bins with zero median
counts, over represented or under represented sequences). Without being limited by thebry, data
processing and/or preprocessing may (i) remove noisy data, (ii) remove uninformative data, (i) -

25 remove redundant data, (iv) reduce the complexity-of larger data sets, and/or (v) facilitate
transformation of the data from one form into one or mare other forms. The terms “pre-processing”
and “processing” when utilized. with respect to data or data sets are collectively referred td herein
as “processing”. Processing can render data more amenable to further analysis, and can generate
an outcome in some embodiments. '

30 _ '
The term “noisy 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 (e.g., greater
than 3 standard deviations), (c) data that has a significant standard error of the mean, the like, and
combinations of the foregoing. Noisy data sometimes occurs due to the quantity and/or quality of
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starting material (e.g., nucleic acid sample), and sometimes occurs as part of processes for
preparing or replicating DNA used to generate sequence reads. In certain embodiments, noise
results from certain sequences being over represented when prepared using PCR-based methods.

- Methods described herein can reduce or eliminate the contribution of noisy data, and therefore

reduce the effect of noisy data on the provided outcome.

The terms “uninformative data”, “uninformative bins”, and "uninformative genomic sections” as
used herein refer to genomic sections, or data derived therefrom, having a numerical value that is
significantly different from a predetermined threshold value or falls outside a predetermined cutoff
range of values. The terms “threshold” and “threshold value" herein refer to any number that is
calculated using a qualifying data set and serves aé a limit of diagnosis of a genetic variation (e.g.
a copy number variation, an aneuploidy, a chromosomal aberration, and the like). Sometimes a
threshold is exceeded by results obtained by methods described herein and a subject is diagnosed
with a genetic variation (e.g. trisomy 21). 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 embodimehts, sequence read data
manipulated to generate a threshold value or range of values is sequence read data (e.g., from a
reference and/or subject). In some embodiments, an uncertainty value is determined. An
uncertainty value generally is a measure of variance or error and can be any suitable measure of
variance or error. An uncertainty value can be a standard deviation, standard error, calculated
variance, p-valug, or mean absolute deviation (MAD), in some embodiments. In some
embodiments an uncertéinty value can be calculated according to a formula in Example 6.

Any suitable proceduré can de utilized for processing data sets described herein.l Non-limiting
examples of procedures suitable for use for processing data sets include filtering, normalizing,
weighting, monitoring peak heights, monitoring peak areas, monitoring peak edges, 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 processing, the like and combinations of the foregoing. In some
embodiments, data sets are processed based on various features (e.g., GC content, redundant
mapped reads, centromere regions, telomere regions, the like and combinations thereof) and/or
variables (e.g., fetal gender, maternal age, maternal ploidy, percent contribution of fetal nucleic
acid, the like or combinations théreof). In certain embodiments, processing data sets as described
herein can reduce the complexity and/or dimensionality of large and/or complex data sets. A non-
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limiting 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 peﬁormed in any number of steps, in certain embodiments. For example,
datamay be processed using only a single processing procedure in some embodiments, and in
certain embodiments data f'nay be processed using 1 or more, 5 or more, 10 or more or 20 or more
processing steps (e.g., 1 or more processing steps, 2 or more processing steps, 3 or more

10 processing steps, 4 or more processing steps, 5 or more processing steps, 6 or more processing
‘steps, 7 or more processing steps, 8 or more processing steps, 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, 15 or moré processing steps, 16 or more
processing steps, 17 or more processing steps, 18 or more processing steps, 19 or more

15  processing steps, or 20 or more processing steps). In some embodiments, processing steps méy
be the same step repeated two or more times (e.g., filtering two or more times, normalizing two or
more times), and in certain embodiments, procéssing steps may be two or more different
processing steps (e.g., filtering, normalizing; normalizing, momtormg peak heights and edges;
filtering, normalizing, normalizing to a reference, statlstlcal manipulation to determine p-values, and

20 the like), carried out simultaneously 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 embodiments, processing data sets by the
criteria described herein may reduce the complexity and/or dimensionality of a data set.

25 In some embodiments, one or more processing steps can comprise one or more filtering steps.
The term "filtering” as used herein refers to removing genorhic sections or bins from consideration.
Bins can be selected for removal bas_éd on any suitable criteria, including but not limited to
redundant data (e.g., redundant.or overlapping mapped reads), non-informative data (e.g., bins
with zero median counts), bins with over represented or under represented sequences, noisy data,

30 the like, or combinations of the foregoing. A filtering process often involves removing one or more
bins from consideration and subtracting the counts in the one or more bins selected for removal
from the counted or summed counts for the bins, chromosome or chromosomes, or genome under
consideration. In some embodiments, bins can be removed successively (e.g., one at a time to
allow evaluation of the effect of removal of each individual bin), and in certain embodiments all bins
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marked for removal can be removed at the same time. In some embodiments, genomic sections
characterized by a variance above or below a certain level are removed, which sometimes is
referred to herein as filtering “noisy” genomic sections. In certain embodiments, a filtering pfocess
comprises obtaining data points from a data set that deviate from the mean profile elevation of a
5 éenomic section, a chromosome, or segment of a chromosome by a predetermined multiple of the
profile variance, and in certain embodiments, a filtering process comprises'removing data points
from a data set that do not deviate from the mean profile elevation of a genomic section, a
chromosome or segment of a chromosome by a predetermined rhultiple of the profile variance. In
some embodifnents, a filtering process is utilized to reduce the number of candidate genomic
10 sections analyzed for the presence or absence of a genetic variation. Reducing the number of
candidate genomic sections analyzed for the presence or absence of a genetic variation (e.g.,
micro-deletion, micro-duplication) often reduces the complexity and/or dimensionality of a data set,
and sometimes increases the speed of searching for and/or identitying genetic variations and/or
genetic aberrations by two or more orders of magnitude.
15
In some embodiments, one or more processing steps can comprise one or more normalization
steps. Normalization can be performed by a suitable method known in the art. Sometimes
ﬁormalization comprises adjusting values measured on different scales to a notionally common
scale. Sometimes normalization comprises a sophisticated méthematical adjustment to bring
20 probability distributions of adjusted values into alignment. In some cases normalization comprises
aligning distributions to a normal distribution. Sometimes 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 anomalies). Sometimes
normalization comprises scaling. Normalization sometimes comprises division of one or more data
25 sets by a predetermined variable or formula. Non-limiting examples of normalization methods
. include bin-wise normalization, normalization by GC content, linear and nonlinear least squares
regression, LOESS, GC LOESS, LOWESS (locally weighted scatterplot smoothing), PERUN,
repeat masking (RM), GC-normalization and repéat masking (GCRM), ¢cQn and/or combinations A
thereof. In some embodiments, the determination of a presence or absence of a genetic variation
30 (e.g., an aneuploidy) utilizes a normalization method (e.g., bin-wise normalization, normalization by
. GC content, linear and nonlinear least squares regression, LOESS, GC LOESS, LOWESS (locally
weighited scatterplot smoothing), PERUN, repeat masking (RM), GC-normalization and repeat
masking (GCRM), ¢Qn, a normalization method known in the art and/or a combination thereof).
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For example, LOESS is a regression modeling method known in the art that combines multiple
regression models in a k-nearest-neighbor-based meta-model. LOESS is sometimes referred to as
a locally weighted polynomial regression. GC LOESS, in some embodiments, applies an LOESS
mode! to the relation between fragment count (e.g., sequence reads, counts) and GC composition
for genomic sections. Plotting a smooth curve through a set of data points using LOESS is
sometimes called an LOESS curve, particularly when each smoothed value is given by a weighted
quadratic least squares regression over the span of values of the y-axis scattergram criterion
variable. For each 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 estimated.
The polynomial is fitted using weighted least squares, giving more weight to points near the point
whose response is being estimated and less weight to points further away. The value of the
regression function for a point is then obtained by evaluating the local polynomial using the
éxplanatory variable values for that data point. The LOESS fit is 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.

Any suitable number of normalizations can be used. In some embodiments, data sets can be
normalized 1 or more, 5 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-Iimiting examples of types of data normalizations
that can be used include normalizing raw cdunt data for one or more selected test or reference -
genomic sections to the total number of counts mapped to the chromosome or the entire genome
on which the selected genomic section or sections are mapped; normalizing raw count data for one
or more selected genomic sections to a median reference count for one or more genomic sections
or the chromosome on which a selected genomic section or segments is mapped; normalizing raw
count data to previously normalized data or derivatives thereof; and normalizing previously
normalized data to one or more other predetermined normalization variables. Normalizing a data
set sometimes has the effect of isolating statistical error, depending on the feature or property
selected as the predetermined normalization variable. Normalizing a data set sometimes also
allows comparison of data characteristics of data having different scales, by bringing the data to a

- common scale (e.g., predetermined normalization variable). In some embodiments, one or more

normalizations 1o a statistically derived value can be utilized to minimize data difierences and
diminish the importance of outlying data. Normalizing genomic sections, or bins; with respect to a
normalizing value sometimes is referred to as "bin-wise normalization”. '
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In certain embodiments, a processing step comprising normalization includes normalizing to a -
static window, and in some embodiments, a processing step comprising normalization includes
normalizing to @ moving or sliding window. The term “window” as used herein refers to one or
5 more genomic sections chosen for analysis, and sometimes used as a reference for comparison

(e.g., used for normalization and/or other mathematical or statistical manipulation). The term
"normali;ing to a static window” as used herein refers to a normalization process using one or
more genomic sections selected for comparison between a test subject and reference subject data
set. In some embodiments the selected genomic sections are utilized to generate a profile. A

10 static window generally includes a‘predetermined éet of genomic sections that do not change
during manipulations and/or analysis. The térmsA“normaIizing to a moving window” and =
“normalizing to a sliding window” as used herein refer to normalizations performed to genomic
sections localized to the genomic region (e.g., immediate genetic surrounding, adjacent genomic
section or sections, and the like) of a selected test genomic section, wheré one or more selected -

15 test genomic sections are normalized to genomic sections immediately surrounding the selected
test genomic section. In certain embodiménts, the selected genomic sections are utilized to
generate a profile. A sliding or moving window normalization often includes repéatedly moving or
sliding to an adjacent test genomic section, and ndrmalizing the newly selected test genomic
section to genomic sections immediately surrounding or adjacent to the newly selected test

20 génomic section, where adjacent windows have one or mare genomic sections in common. In
certain embodiments, a plurality of selected test genomic sections and/or chromosomes can be

analyzed by a sliding window process.

In some embodiments, normalizing to a sliding or moving windbw can generate one 6r more

25 values, where each value represents normalization to a different set of reference genomic sections
selected from different regions of a genome (e.g., chromosome)'. In certain embodiments, the one
or more values generated are cumulative sums (e.g., a numerical estimate of the integral of the
normalized count profile over the selected 'genomié section, domain (e.g., part of chromosome), or
chromosome). The values generated by the sliding or moving window process can be used to

30  generate a profile and facilitate arriving at an outcome. In some embodiments, cumulative sums of
one or more gehomic sections can bé displayed as a function of genomic position. Moving or
sliding window analysié sometimes is used to analyze a genome for the presence or absence of
micro-deletions and/or micro-insertions. In certain embodiments, displaying cumulative sums of
one or more genomic sections is used to identify the presence or absence of regions of genetic
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variation (e.g., micro-deletions, micro-duplications). In some embodiments, moving or sliding
window analysis is used to identify genomic regions containing micro-deletions and in certain
embodiments, moving or sliding window analysis is used to identify genomic regions containing
micro-duplications.

A particularly useful normalization rﬁethodology for reducing error associated with nucleic acid
indicators is referred to herein as Parameterized Error Removal and Unbiased Normalization
(PERUN). PERUN methodology can be applied to a variety of 'nucleic acid indicators (e.g., nucleic
acid sequence reads) for the purpose of reducing effects of error that confound predictions based
on such indicators. '

For example, PERUN methodology can be applied to nucleic acid sequence reads from a sample
and reduce the effects of error that can impair nucleic acid elevation determinations (e.g., genomic
Section elevation determinations). Such an application is useful for using nucleic acid sequence
reads to assess the presence or absence of a genetic variation in a subject manifested as a
varying elevation of a nucleotide sequence (e.g., genomic section). Non-limiting examples of
variations in genomic sections are chromosome aneuploidies (e.g., trisomy 21, trisomy 18, trisomy
13) and presence or absence of a sex chromosome (e.g., XX in females versus XY in males). A
trisomy of an autosome (e.g., a chromosome other than a sex chromosome) can be referred to as
an affected autosome. Other non-limiting examples of variations in genomic section elevations

include microdeletions, microinsertions, duplications and mosaicism.

In certain applications, PERUN methodology can reduce experimental bias by normalizing nucleic
acid indicators for particular genomic groups, the latter of which are referred to as bins. Bins
include a suitable collection of nucleic acid indicators, a non-limiting example of which includes a
length of contiguous nucleotides, which is referred to herein as a genomic section or portion of a
reference genome. Bins can include other nucleic acid indicators as described herein. In such
applications, PERUN methodology generally normalizes nucleic acid indicators at particular bins
across a number of samples in three dimensions. A detailed description of particular PERUN
applications is described in Example 4 and Example 5 herein.

In certain embodiments, PERUN methodology includes calculating a genomic section elevation for
each bin from a fitted relation between (i) experimental bias for a bin of a reference genome to
which sequence reads are mapped and (ii) counts of sequence reads mapped to the bin.
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Experimental bias for each of the bins can be determined across multiple samples according to a
fitted relation for each sample between (i) the counts of séquence reads mapped to each of the
bins, and (i) a maipping feature fore each of the bins. This fitted relation for each sample can be
assembled for multiple samples in three dimensions. The assembly can be ordered according to
the experimental bias in certain embodiments (e.g., FIG. 82, Example 4), although PERUN
methodology may be practiced without ordering the assembly according to the experimental bias.

A relation can be generated by a method known in the art. A relation in two dimensions can be
generated for each sample in certain embodiments, and a variable probative of error, or possibly
prebative of error, can be selected for one or more of the dimensions. A relation can be generated, ‘
for example, using graphing software known in the art that plots a graph using values of two or

more variables provided by a user. A relation can be fitted using a method known in the art (e.g.,
graphing software). Certain relations can be fitted by linear regression, and the linear regression
can generate a slope value and intercept value. Certain relations sometimes are not linear and

can be fitted by a non-linear function, such as a parabolic, hyperbolic or exponential function, for

example. .

In PERUN methodology, one or more of the fitted relations may be linear. For an analysis of cell-
free circulating nucleic acid from pregnant females, where the experimental bias is GC bias and
the mapping feature is GC content, the fitted relation for a sample between the (i) the counts of
sequence reads mapped to each-bin, and (ii) GC content for each of the bins, can be linear. For
the latter fitted reliation, the slope pertains to GC bias, and a GC bias coefficient can be determined
for each bin when the fitted relations are assembled across multiple samples. In such
embodiments, the fitted relation for multiple samples and a bin between (i) GC bias coefficient for
the bin, and (ii) counts of sequence reads mapped to bin, also can be linear. An intercept arid
slope can be obtained from the latter fitted relation. In such applications, the élope addresses
sample-specific bias based on GC-content and the intercept addresses a bin-specific attenuation
pattern common to all samples. PERUN methodology can significantly reduce such sample-
specific bias and bin-specific attenuation when calculating gehomic section elevations for providing
an outcome (e.g., presence or absence of genetic variation; determination of fetal sex).

Thus, application of PERUN methodology to sequence reads across multiple samples in parallel
can significantly reduce error caused by (i) sample-specific experimental bias (e.g., GC bias) and
(ii) bin-specific attenuation common to samples. Other methods in which each of these two
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sources of error are addressed separately or serially often are not able to reduce these as
effectively as PERUN methodology. Without being limited by theory, it is expected that PERUN
methodology reduces error more effectively in part because its generally additive processes do not
magnify spread as much as generally multiplicative processes utilized in other normalization

5 approaches (e.g., GC-LOESS). '

Additional normalization and statistical techniques may be utilized in combination with PERUN
- methodelogy. An additional process can be applied before, after and/or during employment of
- PERUN methodology. Non-limiting examples of processes that can be used in combination with
10 PERUN methodology are described hereatter. '

In some embodiments, a secondary normalization or adjustment of a genomic section elevation for
GC content can be utilized in conjunction with PERUN hethodology. A suitable GC content
adjustment or normalization procedure can be utilized (e.g., GC-LOESS, GCRM). In certain

15 embodiments, a particular sample can be identified for application of an additional GC
normalization process. For example, application of PERUN methodology can determine GC bias
for each sample, and a sample associated with a GC bias above a certain threshold can be
selected for an additional GC normalization process. In such embodiments, a predetermined

threshold elevation can be used to select such samples for additional GC normalization.

20
In certain embodiments, a bin filtering or weighting process can be utilized in conjunction with
PERUN methodology. A suitable bin filtering or weighting process can be utilized and non-limiting
examples are described herein. Examples 4 and 5 describe utilization of R-factor measures of
error for bin filtering. ' |

25
GC Bias Module

Determining GC bias (e.g., determining GC bias for each of the portions of a reference genome
(e.g., genomic sections)) can be provided by a GC bias module (e.g., by an apparatus comprising
30 aGC bias module). In some embodiments, a GC bias module is required to provide a
dstermination of GC bias. Sometimes a GC bias module provides a defermination of GC bias from
a fitted relationship (e.g., a fitted linear relationship) between counts of sequence reads mapped to
each of the portions of a reference genome and GC content of each portion. An apparatus
comprising @ GC bias module can comprise at least one processor. In some embodiments, GC
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bias determinations (i.e., GC bias data) are provided by an apparatus that includes a processor
(e.g., one or more processors) which processor can perform and/or implement one or more
instructions (e.g., processes, routines and/or éubroutines) from the GC bias module. In some
embodiments, GC bias data is provided by an apparatus that includes multiple processors, such as .

5  processors coordinated and working in parallel. In some embodiments, a GC bias module
operates with one or more external processgrs (e.g., an internal or external network, server,
storage device and/or storage network (e.g., a cloud)). In some embodiments, GC bias data is
provided by an apparatus comprising one or more of the following: one or more flow cells, a
camera, fluid handling cbmponents, a printer, a display (e.g., an LED, LCT or CRT) and the like. A

10 GC bias module can receive data and/or information from a suitable apparatus or module. _
Sometimes a GC bias module can receive data and/or information from a sequenéing module, a
normalization module, a weighting module, a mapping module or counting module. A GC bias
module sometimes is part of a normalization module (e.g., PERUN normalization module). A GC
bias module can receive sequencing reads from a sequencing module, mapped sequencing reads

15  from a mapping module and/or counts from a counting module, in some embodiments. Often a GC

. bias module receives data and/or information from an apparatus or another modlule (eg.,a

counting module), transforms the data and/or infofmation and provides GC bias data and/or
information (e.g., a determination of GC bias, a linear fitted relationship, and the like). GC bias
data and/or information can be transferred from a GC bias module to a level module, filtering

20  module, comparison module, a normalizaﬁon module, a weighting module, a range setting module,
an adjustment module, a éalegorizatioﬂn module, and/or an outcome module, in certain

embodiments.

Level Module

25 _
Determining levels (e.g., elevations) and/or calculating genomic section levels (e.g., genomic
section elevations) for portibns of a reference genome can be provided by a level module (e.g., by
an apparatus comprising a level module). in sorﬁe embodiments, a level module is required to
provide a level ora calculated genomic section level. Sometimes a level module provides a level

30 from afitted relationship (e.g., a fitted linear relationship) between a GC bias and counts of.
sequence reads mapped to each of the portions of a reference genome. Sometimes a level
module calculates a genomic section level as part of PERUN. In some embodiments, a level
module provides a genomic section level (i.e., L;) according to equation L; = (m; - GS) I wherein G;
is the GC bias, m; is measured counts mapped to each portion of a reference genome, i is a
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sample, and 1 is the intercépt and S is the slope of the a fitted rel'ativonship (e.g., a fitted linear
relationship) between a GC bias and counts of sequence reads mapped to each of the portions of
areference genome. An apparatus comprising a level module can comprise at least one -
processor. In some embodiments, a level determination (i.e., level data) is provided by an
apparatus that includes a processor (g.g., one or more processors) w‘hich processor can perform
and/or implement one or more instructions (e.g'., processes, routines and/or subroutines) from the
level module. In some embodiments, level data is provided by an apparatus that includes multiple
processors, such as processors coordinated and working in parallel. In some embodiments, a
level module operates with one or more external processors (e.g., an internal or external network,
server, storage device and/or storage network (e.g., acloud)). Insome embodiments, level data is
provided by an apparatus combrising one or more of the following: one or more flow cells, a
camera, fluid handling components, a printer, a displéy (e.g., an LED, LCT or CRT) and the like. A
level module can receive data and/or information from a suitable apparatus or module. Sometimes
a level module can receive data and/or information from a GC bias module, a sequencing module,
a normalization module, a weighting module, a mapping module or counting module. A level
module can receive sequehcing reads from a sequencing module, mapped sequencing reads from
a mapping mc'JAduIe and/or counts from a c;ounting module, in some embodiments. A level module
sometimes is part of a normalization module (e.g., PERUN normalization module). Often a level
module receives data and/or information from an apparatus or another module (e.g., a GC bias
module), transforms the data and/or information and provides level data and/or information (e.g., a'
determination of level, a linear fitted relationship, and the like). Level data and/or information can
be transferred from a level module to a comparison module, a normalization module, a weighting
module, a range setting module, an adjustment module, a categorizatioh module, a module in a

normalization module and/or an outcome module, in certain embodiments.
Filtering Module

Filtering genomic sections can be provided by a fil‘tering module (e.g., by an apparatus comprising
afiltering module). In some embodiments, a filtering module is required to provide filtered genomic
section data (e.qg., filtered genomic sections) and/or to remove genomic sections from
consideration. Sometimes a filterinQ module removes counts mapped to a genomic section from
consideration. Sometimes a filtering module removes counts mapped to a genomic section from a
determination of an elevation or a profile. A filtering module can filter data (e.g., counts, counts
mapped to genomic sections, genomic sections, genomic sections elevations, normalized counts,
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raw counts, and the like) by one or more filtering procedures known in the art or described herein.
An apparatus comprising a filtering module can comprise at least one processor. In some
embodiments, filtered data is provided by an apparatus that includes a processor (e.g., one or
more processors) which processor can perform and/or implement one or more instructions (e.g.,

5  processes, routines and/or subroutines) from the filtering module. In some embodiments, filtered
data is provided by an apparatus that includes multiple processors, such as processors
coordinated and working in parallel. In some embo_dirhents, a filtering module operates with one or
more external processors (e.g., an internal or external network, server, storage device and/or
storage network (e.g., acloud)). In some embodiments, filtered data is provided by an apparatus

10 comprising one or more of the foIloWing: one or more flow cells, a camera, fluid handling
components, a printer, a display (e.g., an LED, LCT or CRT) and the like. A filtering module can
receive data and/or information from a suitable apparatus or module. Sometimes a filtering module
can receive data and/or information from a sequencing module, a normalization module, a
weighting module, a mapping module or counting module. A filtering module can receive

15  sequencing reads from a sequencing module, mapped sequencing reads from a mapping module
and/or counts from a counting module, in some embodiments. Often a filtering module receives
data and/or information from another apparatus or module, transforms the data and/or information.
and provideé filtered data and/or information (e.g., filtered counts, filtered values, filtered genomic
sections, and the like). Filtered data and/or information can be transferred from a fillering module

20 to a comparison module, 'a normalization module, a weighting module, a range setting medule, an .
adjustment module, a categorization module, and/or an outcome module, in certain émbodiments.

Weighting Module

25 Weighting genomic éections can be provided by a weighting module (e.g., by an apparatus
comprising a weighting module). In some embodiments, a weighting medule is required 0 weight
genomics sections and/or provide weighted genomic section values. A weighting module can
weight genomic sections by one or more weighting procedures known in the art or described
herein. An apparatus Vcomprising a weighting module can comprise at least one processor. In

30  some embodiments, weighied genomic sections are provided by an apparatus that includes a
processor (e.g., one or more processors) which processer can perform and/or implement one or
more instructions (e.g., processés, routines and/or subroutines) from the weighting module. In
some embodiments, weighted genomic sections are provided by an apparatus that includes
multiple processors, such as processors coordinated and working in parallel. In some
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embodiments, a weighting module operates with one or more external processors (e.g., an internal
or external network, server, storage devfce and/or storage network (e.g., a cloud)). In some
embodiments, weighted genomic sections are provided by an apparatus comprising one or more of
the following: one or more flow cells, a camera, fluid handling components, a printer, a display
5 (e.g., an LED, LCT or CRT) and the like. A weighting module can receive data and/or information

from a suitable apparatus or module. Sometimes a weighting module can receive data and/or
information from a sequencing module, a normalization module, a filtering module, a mapping
module and/or a counting module. A weighting module can receive sequencing reads from a
sequencing module, mapped sequencing reads from a mapping module and/or counts from a

10 counting module, in some embodiments. In some embodiments a weighting module receives data
and/or information from another apparatus or module, transforms the data and/or information and
provides data and/or information (e.g., weighted genomic sections, weighted values, and the like).
Weighted genomic section data and/or information can be transferred from a weighting module to a
comparison module, a normalization module, a filtering module, a range setting module, an

15 adjustment module, a categorization module, and/or an outcome module, in certain embodiments.

In some embodiments, a normalization technique that reduces error associated with insertions,
duplications and/or deletions (e.g., matemal and/or fetal copy number variations), is utilized in
conjunction with PERUN methodology.

20
Genomic section elevations calculated by PERUN methodology can be utilized directly for
providing an outcome. In some embodiments, genomic section elevations can be utilized directly
to provide an outcome for samples in which fetal fraction is about 2% to about 6% or greater (e.g.,
fetal fraction of about 4% or greater). Genomic section elevations calculated by PERUN

25  methodology scmetimes are further prbcessed for the provision of an outcome. In some
embodiments, calculated genomic section elevations are standardized. In certain embodiments,
the sum, mean or median of calculated genomic section elevations for a test genomic section (e.g.,
chromosome 21) can be divided by the sum, mean or median of calculated genomic section
elevations for genomic sections other than the test.geno.mic section (e.g., autosomes other than

30 chromosome 21), to generate an experimental genomic section elevation. An experimental

genomic section elevation or a raw genomic section elevation can be used as partof a
standardization analysis, such as calculation of a Z-score or Z-value. A Z-score can be generated
for a sample by subtracting an expected genomic section elevation from an experimental genomic
section elevation or raw genomic section elevation and the resulting value may be divided by a

88

AMENDED SHEET - IPEA/US

2850781 2014-04-02



PCT/US12/59123 11-12-2012

10

15

20

25

30

PCT/US2012/059123 27.02.2014

PATENT
SEQ-6034-PC

standard deviation for the samples. Resulting Z-scores can be distributed for different samples
and analyzed, or can be related to other variables, such as fetal fraction and others, and analyzed,
to orovide an outcome, in certain embodiments.

As noted herein, PERUN methodoldgy is not limited to normalization according to GC bias and GC
content per se, and can be used to reduce error associated with other sources of error. Anon-
limiting example of a source of non-GC content bias is mappability. When norrﬁalization
parameters other than GC bias and content are addressed, one or more of the fitted relations may
be non-linear (e.g., hyperbolic, exponential). Where experiméntal bias is determined from a non-
linear relation, for example, an experimental bias curvature estimation may be analyzed in some

embodiments.

PERUN methodology can be applied to a variety of nucleic acid indicators. Non-limiting examples
of nucleic acid indicators are nucleic acid sequence reads and nucleic acid elevations at a
particular location on a microarray. Non- Ilmmng examples of sequence reads include those -
obtained from cell-free circulating DNA, cell- free circulating RNA, cellular DNA and cellular RNA
PERUN methodology can be applied to sequence reads mapped to suitable reference sequences,
such as genomic reference DNA, cellular reference RNA (e.g., transcriptome), and portions thereof
(e.g., part(s) of a'genOmic complement of DNA or RNA transcriptome, part(s) of a chromosome).

Thus, in certain embodiments, cellular nucleic acid (é g., DNA or RNA) can serve as a nucleic acid
indicator. Cellular nucleic acid reads mapped to reference genome portlons ‘can be normalized
using PERUN methodology

Cellular nucleic acid sometimes is an association with one or more proteins, and an agent that
captures protein-associated nucleic acid can be utilized to enrich for the latter, in some
embodiments. An agent in certain cases is an antibody or antibody fragment that specifically binds
to a protein in association with cellular nucleic acid (e.g., an antibody-that specifically binds to a
chromatin protein (e.g., histone protein)). Procésses in which an antibody or antibody fragment is
used to enrich for cellular nucleic acid bound to a partioular protein sometimes are referred to
chromatin immunoprecipitation (ChiP) processes. ChIP-enriched nucleic acid is a nucleic acid in
association with cellular protein, such as DNA or RNA for example. Reads of ChiP-enriched '

' nucleic acid can be obtained using technology known in the art. Reads of ChIP-enriched nucleic
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acid can be mapped to one or more portions of a reference genome, and results can be
normalized using PERUN methodology for providing an cutcome.

Thus, provided in certain embodiments are methods for calculating with reduced bias genomic
5 section elevations for a test sample, comprising: (a) obtaining counts of sequence reads mapped

to bins of a reference g'enbme, which sequence reads are reads of cellular nucleic acid from a test
sample obtained by isolétion of a protein to which the nucleic acid was 'associated; {b) determining
experimental bias for each of the bins across multiple samples from a fitted relation between (i) the
counts of the seduence reads mapped to each of the bins, and (i) a mapping feature for each of

10 the bins; and (c) calculéting a genomic section-elevation for each of the bins from a fitted relation
between the experimental bias and the counts of the sequence reads mapped to each of the bins,
thereby providing calculated genomic section elevations, whereby bias in the counts of the
sequence reads mapped to each of the bins is reduced in the calculated genomic section
glevations.

15
In certain embodiments, cellular RNA can serve as nucleié acid indicatqrs. Cellular RNA reads can
be mapped to reference RNA portions and normalized using PERUN methodology for prox)iding an
outcome. Known sequences for cellular RNA, referred to as a transcriptome, or a segment thereof,
can be used as a reference to which RNA reads from a sample can be mapped. Reads of sample

20  RNA can be cbtained using technology known in the art. Results of RNA reads mapped to a

" reference can be normalized using PERUN methodology for providing an outcome.

' Thus, provided in some embodiments are methods for calculating with reduced bias genomic
section elevations for a test sample, cdmprising: (a) obtaining counts of sequence reads mapped
25 to bins of reference RNA (e.g., reference transcriptome or segment(s) thereof), which sequence
~ reads are reads of cellular RNA from a test sample; (b) determining experimental bias for each of
the bins across multiple samples from a fitted relation between (i) the counts of the sequence
-reads mapped to each of the bins, and (ii} a mapping feature for each o6f the bins; and (c)
calculating a genomic section elevation for each of the bins from a fitted relation between the
30  experimental bias and the counts of the sequence reads mapped to each of the bins, thereby
providing calculated genomic section elévations, whereby bias in the counts of the sequence reads
mapped to each of the bins is reduced in the calculated genomic section elevations.
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In some embodiments, microarray nucleic acid levels can serve as nucléic acid indicators. Nucleic
acid levels across sampleé for a particular address, or hybridizing nucleic acid, on an array can be
analyzed using PERUN methodology, thereby normalizing nucleic acid indicators provided by
microarray analysis. In this manner, a particular address or hybridizing nucleic acid on a

5 microarray is analogous to a bin for mapped nucleic acid sequence reads, and PERUN
methodology can be used to normalize micf'oarray data to provide an improved outcome.

Thus, provided in certain embodiments are methods for reducing microarray nucleic acid level error
for a test sample, comprising: (a) obtaining nucleic acid levels in a microarray to which test sample

10 nucleic acid has been aésociated, which microarray inclUdes an array of capture nucleic acids; (b)
determining experimental bias for each of the capture nucleic acids across-multiple samples from a
fitted relation between (i) the test sample nucleic acid levels associated with each of the capture
nucleic acids, and (ii) an association feature for each of the capture nucleic acids; and (c)
calculating a test sample nucleic acid level for each of the capture nucleic acids from a fitted

15 relation between the experimental bias and the levels of the test sample nucleic acid associated -
with each of the capture nucleic acids, thereby providing calculated levels, whereby bias in the
levels of test sample nucleic acid associated with each of the capture nucleic acids is reduced in
the calculated levels. The association feature mentioned above can be any feature correlated with
hybridization of a test sample nucleic acid to a capture nucleic acid that gives rise to, or may give

20 - rise to, error in determining the level of test sample nucleic acid associated with a capfure nucleic

acid.
Normalization Module

25 Normalized data (e.g., normalized counts) can be provided by a normalization module (e.g., by an
apparatus comprising a normalization module). In some embodiments, a normalization module is
required to provide normalized data (e.g., normalized counts) obtained from sequencing reads. A
normalization module can normalize data (e.g., counts, filtered counts, raw counts) by one or more
normalization procedures known in the art. An apparatus comprising a normalization module can

30 comprise at least one processor. In some embodiments, normali;ed data is provided by an
apparatus that includes a processor (e.g., one or more processors) which processor can pérform
and/or implement one or more instructions (e.g., processes, routines and/or subroutines) from the.
normalization module. In some embodiments, normalized data is provided by an apparatus that
includes multiple processors, such as processors coordinated and working 'in paraIIeI}. In some
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embodiments, a normalization module operates with one or more external processors (e.g., an
internal or external network, servér, storage device and/or storage network (e.g., a cloud)). In
some embodiments, normalized data is provided by an apparatus comprising one or more of the
following: one or more flow cells, a camera, fluid handling components, a printer, a display (e.g.,
5§ anLED, LCT or CRT) and the like. A normalization modulé can receive data and/or information
from a suitable apparatus or module. Sometimes a normalization module can receive data and/or
information from a sequencing module, a normalization module, a mapping module or counting
module. A normalization module can receive sequencing reads from a sequencing module,
mapped sequencing reads from a mapping module and/or counts from a counting module, in some
10 embodiments. Often a normalization module receives data and/or information from another
apparatus or module, transforms the data and/or information and provides normalized data and/or
information (e.g., normalized counts, normalized values, normalized reference values (NRVs), ‘and
~ the like). Normalized data and/or information can be transferred from anormalization module to a
comparison module, a normalization module, a range setting module, an adjustment module, a
- 15 categorization module, and/or an outcome module, in certain embodiments. Sometimes
normalized counts (e.g., normalized mapped counts) are transferred to an expected representation
module and/or to an experimental representation module from a normalization module:

In some embodiments, a processing step comprises a weighting. The terms “weighted”,

20 ‘“weighting” or “weight function” or grammatical derivatives or equivalents thereof, as used herein,
refer to a mathematical manipulation of a portion or all of a data set sometimes utilized to alter the
influence of certain data set features or variables 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 genomic sections or.bins, based on the quality or usefulness of the data in the selected bin

25 orbins). A weighting function can be used to increase the influence of data with a relatively small
measurement variance, and/or to decrease the influence of data with a relatively large
measurement variahce, in some embodiments. For example, bins with under represented or ldw
quality sequence data can be “down weighted” to minimize the influence on a data set, whereas
selected bins can be “up weighted” to increase the influence on a data set. A non-limiting example

30  of a weighting function is [1 / (standard deviation)?]. A weighting step sometimes is performed in a
manner substantially similar to a normalizing step. In some embodiments, a data set is divided by
a predetermined variable (e.g., weighting variable). A predetermined variable (e.g., minimized
target function, Phi) often is selected to weigh different parts of a data set differently (e.g., increase
the influence of certain data types while decreasing the influence of other data types).

92

AMENDED SHEET - IPEA/US

2850781 2014-04-02



PCT/US12/59123 11-12-2012

10

15

20

25

30

PCT/US2012/059123 27.02.2014

PATENT
SEQ-6034-PC

In certain embodiments, a processing step can comprise one or more mathematical and/or
statistical manipulations. Any suitable mathematical and/or statistical manipulation, aloneor in
combination, may be used to analyze and/or manipulate a data set described herein. Any suitable
number of mathematical and/or statistical manipulations can be used. In some embediments, a
data set can be mathematically and/or statistically manipulated 1 or more, 5 or more, 10 or more or
20 or more times. Non-limiting examples of mathematical and statistical manipulations that can be
used include addition, subtraction, multiplication, division, algébraic functions, least squares
estimators, curve fitting, differential equations, rational polynomials, double polynomials,
orthogonal polynomials, z-scores, p-values,.chi values, phi values, analysis of peak eleva;ions,‘

. determination of peak edge locations, calculation of peak area ratios, analysis of median
chromosomal elevation, calculation of mean absolute deviation, sum of squaréd 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 seduence read data, or processed
products thereof. Non-limiting examples of data set variables or features that can be statistically
manipulated include raw counts, filtered counts, normalized counts, peak heights, peak widths,
peak areas, peak edges, lateral tolerances, P-values, median elevations, mean elevations, count
distribution within a genomic region, relative representation of nucleic acid species, the like or

combinations thereof.

In some embodiments, a processing step can include the use of one or more statistical algorithms.
'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 decision trees, counternulls, multiple comparisons, omnibus test,
Behrens-Fisher problem, bootstrapping, Fisher's method for combining independent tests of
' significance,'null hypothesis, type | error, type Il error, exact test, one-sample Z test, two-sample Z
test, one-sample t-test, paired t-test, two-sample pooled t-test having equal variances, two-éample
unpooled t-test having unequal variances, one-proportion z-test, two-proportion z-test peoled, two-
proportion z-test unpooled, one-sample chi-square test, two-sample F test for equality of variances, -
confidence interval, credible inte.rval, significance, meta analysis, simple linear regression, robust
linear 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

93

AMENDED SHEET - IPEA/US

2850781 2014-04-02



PCTUSIZS0123 1112.2012 ~ PCT/US2012/059123 27.02.2014

10

15

20

25

30

PATENT
SEQ-6034-PC

“counts, normalized counts, peak heights, peak widths, peak edges, lateral tolerances, P-values,
median elevations, mean elevations, count distribution within a genomic region, relative
representation of nucleic acid species, the like or combinations thereof.

In certain embodiments, a data set can be analyzed by utilizing multiple (e.g., 2 or more) statistical
algorithms (e.g., least squares regression, principle component analysis, linear discriminant
analysis, quadratic discriminant analysis, bagging, neural networks, support vector machine
models, random forests, classification tree modéls, K-nearest neighbors, logistic regression and/or
loss smoothing) and/or mathematical and/or statistical manipulations (e.g., referred to herein as '
manipulations). The use of multiple manipulations can génerate an N-dimensional space that can
be used to provide an outcome, in some embodiments. In certain embodiments, analysis of a data
set by utilizing multiple manipulations can reduce the complexity and/or dimensionality of the data
set. For example; the use of multiple manipulations 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, depending on the genetic status of the reference samples (e.g., positive or
negative for a selected genetic variation). Analysis of test samples using a substantially similar set
of manipulations can be used to generate an N-dimensional point for each of the test sarﬁples.
The complexity and/or dimensionality of a test subject data set sometimes is reduced to a single
value or N-dimensional point that can bé readily compared to the N-dimensional space generated
f“rom the reference data. Test sample data that fall within the N-dimensional space populatéd by
the reference subject data are indicative of a genetic status substahtially similar to that of the _
reference subjects. Test sample data that fall outside of the N-dimensional space populated by the
reference subject data are indicative of a genetic status substantially dissimilar to that of the
reference subjects. In some émbodiments, references are euploid or do not otherwise have a
genetic variation or medical condition.

‘After data sets have been counted, optionally filtered and normalized, the processed data sets can
be further manipulated by one or more filtering and/or normalizing procedures, in some
embodiments. A Eiata set that has been further ménipulaled by one or more filtering and/or
normalizing procedures can be used to generate a profile, in certain embodiments. The one or
more filtering and/or normalizing procedures sometimes can reduce data set complexity and/or
dimensionality, in some embodiments. An outcome can be provided based on a data set of
reduced complexity and/or dimensionality.
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Non-limiting examples of genomic section filtering is provided herein in Exémple 4 with respect to
PERUN methods. Genomic sections may be filtered Based on, or based on part on, a measure of
error. A measure of error comprising absolute values of deviation, such as an R-factor, can be
used for genomic section removal or weighting in certain embodiments. An R-factor, in some
5 embodiments, is defined as the sum of the absolute deviations of the predicted count values from

the actual measurements divided by the predicted count v‘alues from the actual measurements '
(e.g., Equation B herein). While a measure of error comprising absolute values of deviation may
be used, a suitable measure of error may be alternatively employed. In certain embodiments, a -
measure of error not comprising absolute values of deviation, such as a dispersion based on

10 squares, may be utilized. In some embodiments, genomic sections are filtered or weighted
according to a measure of mappability (e.g., a mappability score; Example 5). A genomic section
sometimes is filtered or weighted according to a relatively low number of sequence reads mapped
to the genomic section (e.g., 0, 1, 2, 3, 4, 5 reads mapped to the genomic section). Genomic:
sections can be filtered or weighted according to the type of analysis being performed. For

15 example, for chromosome 13, 18 and/or 21 aneuploidy analysis, sex chromosomes may be

filtered, and only autosomes, or a subset of autosomes, m'ay be analyzed.

In particular embodiments, the following filtering process may be employed. The same set of

genomic sections (e.g., bins) within a given chromosome (e.g., chromosome 21) are selected and
20 the number of reads in affected and unaffected samples are compared. The gap relates trisomy

21 and euploid samples and it involves a set of genomic sections covering most of chromosome

21. The set of genomic sections is the same between euploid and T21 samples. The distinction

between a set of genomic sections and a single section is not crucial, as a genomic section can be

defined. The same genomic region is compared in different patients. This process can be utilized
25 foratrisomy analysis, such as for T13 or T18 in addition to, or instead of, T21.

After data sets have been counted, optionally filtered and normalized, the processed data sets can
be manipulated by weighting, in some embodiments. One or more genomic sections can be
selected for weighting to reduce the influence of data (e.g., noisy data, uninformative data)

30  contained in the selected genomic sections, in certain embodiments, and in some embodiments,
one or more genomic sections can be selected for weighting to enhance or augment the influence
of data (e.g., data with small measured variance) contained in the selected genomic.sections. In
some embodiments, a data set is weighted utilizing a single weighting function that decreases the

_influence of data with large variances and increases the influence of data with small variances. A
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weighting function sometimes is used to reduce the influence of data with large variances and

augment the influence of data with small variances (e‘.g., [1/(sfandard deviation)?]). In some

embodiments, 'a profile plot of processed data further manipulated by weighting is generated to

facilitate classification and/er providing an outcome. An outcome can be provided based on a
5  profile plot of weighted data

Filtering or weighting of genomic sections can be performed at one or more suitable points in an
analysis. For example, genomic sections may be filtered or weighted before or after sequence
reads are mapped to portions of a reference genome. Genomic sections may be filtered or

10 weighted before or after an experimental bias for individual genome portions is determined in some
embodiments. In certain embodiments, genomic sections may be filtered or weighted before or
after genomic section elevations are calculated.

After data sets have been counted, optionally filtered, normalized, and optionally weighted, the

15 processed data sets can be manipulated by one or more mathematical and/or statistical (e.g.,
statistical functions or statistical algorithm) manipulations, in some embodiments. In certain
embodiments, processed data sets can be further manipulated by calculating Z-scores for one or
more selected genomic sections, chromosomes, or portions of chromosomes. In some
embodiments, processed data sets can be further manipulated by calculating P-values. Formulas

20 for calculating Z-scores and P-valuee are presented in Example 1. In certain embodiments,
mathematical and/or statistical manipulations include one or more assumptions-pertaining to ploidy
and/or fetal fraction. In some embodiments, a profile plot of processed data further manipulated by
one or more statistical and/or mathematical manipulations is genérated to facilitate classification
and/or providing an outcome. An outcome can be provided based on a profile plot of statistically

25  and/ormathematically manipulated data. An outcome provided based on a profile plot of
statistically and/or mathematically manipulated data often includes one or more assumptions
pertaining to ploidy and/or fetal fraction. '

In certain embodiments, multiple manipulations are performed on processed data sets to generate '
30  an N-dimensional space and/or N-dimensional point, after data sets have been counted, optionally
filtered and normalized. An outcome can be provided based on a profile plot of data sets analyzed

in N-dimensions.
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In some embodiments, data sets are processed utilizing one or more peak elevation analysis, peak
width analysis, peak edge location analysis, peak lateral tolerances, the like, derivations thereof, or
combinations of the foregoing, as part of or after data sets have processed and/or manipulated. In
some embodiments, a profile plot of data processed utilizing one or more peak elevation analysis,

5 peak width analysis, peak edge location analysis, peak lateral tolerances, the like, derivations *
thereof, or combinations of the foregoing is generated to facilitate classification and/or providing an
outcome. An outcome can be provided based on a profile plot of data that has been processed
utilizing one or more peak elevation analysis, peak width analysis, peak edge location analysis,
peak lateral tolerances, the like, derivations thereof, or combinations of the foregoing.

10 ‘ | |

* Insome embodiments, the use of one or more referénce samples known to be free of a genetic

variation in question can be used to generate a reference median count profile, which may result in

a predetermined value representative of the absence of the genetic variation, and often deviates

from a predetermined value in areas corresponding to the genomic location in which the genetic

15 variation is located in the test subject, if the test subject possessed the genetic variation. In test
subjects at risk for, or suffering from a medical condition associated with a genetic variation, the
numerical value for'the selected genomic section or sections is expected to vary significantly from
the predetermined value for non-affected genomic locations. In certain embodiments, the use of
one or more reference samples known to carry the genetic variation in question can be used to

20  generate a reference median count profile, which may result in a predetermined value
rebresentative of the presence of the genetic variation, and often deviates from a predetermined
value in areas corresponding to the genomic location in which a test subject does not cafry the
genetic variation. In test subjects not at risk for, or sufferirig from a medical condition associated
with a genetic variation, the numerical value for the selected genomic section or sections is

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

In some embodiments, analysis-and processing of data can include the use of one or more
assumptions. A suitable number or type of assumptions can be utilized to analyze or process a
data set. . Ndn-limiting examples of assumptions that can Se used for data processing and/or

30 analysis include maternal ploidy, fetal contribution, prevalence of certain sequences in a reference
population, ethnic background, prevalence of a selected medical condition in relateq family
members, parallelism between raw count profiles from different patients and/or runs after GC-
normalization and repeal masking (e.g., GCRM), identical matches represent PCR artifacts (e.g.,
identical base position), assumptions inherent in a fetal quantifier assay (e.g., FQA), ésfsumptions
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regarding twins (e.g., if 2 twins and only 1 is affected the effective fetal fraction is only 50% of the
total measured fetal fraction (similarly for triplets, quadruplets and the like)), fetal cell free DNA
(e.g., cfDNA) uniformly covers the entire genome, the like and combinations thereof. '

5 Inthose 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 at a desired confidence level
(e.9., 95% or higher confidence level), based.on the normalized count profiles, oné or more
additional mathematical manipulation algorithms and/or statistical prediétion algorithms, can be
utilized to generate additional numerical‘valués useful for déua analysis and/or providing an

10 outcome. 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 normalized count profile can be presented as a plot.

5 o

Profiles

In some embodiments, a procéssing step can comprise generating one or more profiles (e.g.,
profile plot) from vérious aspects of a data set or derivation thereof (e.g., product of one or more
20  mathematical and/or statistical data processing steps known in the art and/or described herein).
The term “profile” as used herein refers to a product of a mathematical and/or statistical
manipulation of data that can facilitate identification of patterns and/or correlations in large
quantities of data. A “profile” ofien includes values resulting from one or more manipulations of |
data or data sets, based on one or more criteria. A profile often includes multiple data points. Any
25  suitable number of data points may be included in a profile depending on the nature and/or
complexity of a data set. In-certain 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 points, 25 or
more data points, 50 or more data points, 100 or more data points, 500 or more data points, 1000
or more data points, 5600 or more data points, 10,000 or more data points, or 100,000 or more '
30 data points. | -

In some embodiments, a profile is representative of the entirety of a data set, and in certain
embodiments, a profile is representative of a portion or subset of a data set. That s, a profile
sometimes includes or is generated from data points representative of data that has not been
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filtered to remove any data, and sometimes a profile includes or is generated from data points
representative of data that has been filtered to remove unwaﬁted data. In some embodiments, a
data point in a profile represents the results of data manipulation for a genomic section. In certain
" embodiments, a data point in a profile includes results of data manipulation for groups of genomic
5 sections. In some embodimen/ts, groups of genomic sections may be adjacent to one another, 'énd
in certain embodiments, groups of genomic éectibns may be from different parts of a chromosome

or genome.,

Datapointsin a proﬁle'derived from a data set can be representative of any suitable data

10 categorization. Non-limiting examples of categories into which-data can be grouped to generate
profile data points include: genomic sections based on size, genomic sections based on sequence
features (e.g., GC content, AT content, position on a chromosome (e.g., short arm, long arm,
centromere, t_elovmere), and the Iike), levels of expression, chromosome, the like or combinations
thereof. ' In some embodiments, a profile may be generated from data points obtained from another .

" 15  profile (e.g., normalized data profile renormalized to a different normalizing value to generate a
renormalized data profile). In certain embodiments, a profile generated from data points obtained
from another profil’e reduces the number of data points and/or complexity of the data set. B
Reducing the number of data pbints and/or complexity of a data set often facilitates interpretation
of data and/cr facilitates providing an outcome. - |
20 -

A profile often is a collection of normalized or non-normalizéd counts for two or more geriomic'
sections. A profile often includes at least one elevation, and often comprises two or more
elevations (e.g., a profile often has multiple elevations). An elevation generally is for a set of
genomic sections having about the same counts or' normalized counts. Elevations are described in

25 greater detail herein. In some cases, a profile comprises one or more genomic sections, which
genomic sections can be weighléd, removed, filtered, normalized, adjusted, averaged, deriveq asa
mean, added, subtracted, processed or transformed by any combination thereof. A profile often
comprises normalized counts mapped to genomic sections defining two or more elevations, where
the counts are further normalized according to one of the elevatiAons by a suitable method. Often

30 counts of a profile (e.g., a profile elevation) are associated with an uncertainty value.

A profile comprising one or more elevations can include a first elevation and a second elevation.
Sometimes a first elevation is different (e.g., significantly different) than a second elevation. In
some embodiments a first elevation comprises a first set of genomic sections, a second elevation
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comprises a second set of genomic sections and the first set of genomic sections is not a subset of
the second set of genomic sections. In some cases, a first set of genomic sections is different than
a second set of genomic sections from which a first and second elevation are determined.
. Sometimes a profile can have multiple first elevations that are different (e.g., significantly different,
5 e.g. have a significantly different value) than a second elevation within the profile. Sometimes a

profile comprises one or more first elevations that are significantly different than a second elevation
within the profile and one or more of the first elevations are adjusted. Sometimes a profile
comprises one or more first elevations that are significantly different than a second elevation within
the profile, each of the one or more first elevations comprise a maternal copy number variation,

10 fetal copy number variation, or a maternal copy number variation and a fetal copy number variation
and one or more of the first elevations are adjusted. Sometimes a first elevation within a profile is
removed from the profile or adjusted (e.g., padded). A profile can comprise multiple elevations that
include one or more first elevations significantly different than one or more second elevations and
often the majority of elevations in a profile are second elevations, which second elevations are

15  about equal to one another. Sometimes greater than 50%, greater than 60%, greater than 70%,
greater than 80%, greater than 90% or greater than 95% of the elevations in a profile are second

elevations.

A profile sometimes is displayed as a plot. For example, one or more elevations representing

20 counts (e.g., normalized counts) of genomic sections can be plotted and visualized. Non-limiting
examples of profile plots that can be generated include raw count (e.g., raw count profile or raw
profile), normalized count, bin-weighted, z-score, p-value, area ratio versus fitted ploidy, median
elevation versus ratio between fitted and measured fetal fraction, principle componehts, the like, or
combinations thereof. Profile plots allow visualization of the manipulated data, in some

25  embodiments. In certain embodiments, a profile plot can be utilized to provide an outcome (e.g.,
area ratio versus fitted ploidy, median elevation versus ratio between fitted and measured fetal
fraction, principle components). The terms “raw count profile plot” or “raw profile plot” as used
herein refer to a plot of counts in each genomic section in a region normalized to total counts in a
region {e.g., genome, genomic section, chromosome, chromosome bins or a segment of a

30 chromosome). In some embodiments, a profile can be generated using 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, to facilitate interpretation of mathematical and/or statistical manipulations of a
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data set and/or to provide an oUtcome. In some embodiments, a profile is generated based on one
or more starting assumptions (e.g., maternal contribution of nucleic acid (e.g., maternal fraction),
fetal contribution of nucleic acid (e.g., fetal fraction), ploidy of reference sample, the like or
combinations thereof). In certain embodiments, a test profile often centers around a
- 5 predetermined value representative of the absence of a genetic variation, and often deviates from

a predetermined value in areas corresponding to the gendmic location in which the genetic
variation is located in the test subject, if the test subject possessed the genetic variation. In test
subjects at risk for, or suffering from a medical condition associated with a genetic variation, the
numerical value for a selected genomic section is expected to vary significantly from the

10 predetermined value for non-affected genomic locations. Depending on starting assumptions (e.g.,
fixed ploidy or optimized ploidy, fixed fetal fraction or optimized fetal fraction or combinations
thereof) the predetermined threshold or cutoff value or threshold range of values indicative of the
presence or absence of a genetic variation can vary while still providing'an outcome useful for
determining the presence or absence of a genetic variation. In some embodiments, a profile is

15 indicative of and/or representative of a phenotype. ‘

By way of a non-limiting example, normalized sample and/or reference count profiles can be
obtained from raw sequence read data by (a) calculéting reference median counts for selected
chromosomes, genomic sections or segments thereof from a set of references known not to carry a

20  genetic variation, (b) removal of uninformative genomic sections from the reference sample raw
counts (e.g., filtering); (c) normalizing the reference counts for all remaining bins to the total
residual number of counts (e-.g., sum of rémaining counts after removal of uninformative bins) for
the reference sample selected chromosome or selécted genomic location, thereby generating a

“normalized reference subject profile; (d) removing the corresponding genomic sections from the

25  test subject sample; and (e) normalizing the remaining test subject counts for one or more selected
genomic locations to the sum of the residual reference median counts for thé chromosome or ‘
chromosomes cbntaining the selected genomic locations, thereby generating a normalized test
subject profile. In certain embodiments, an additional normalizihg step with respect to the entire
genome, reduced by the filtered génomic sections in (b), can be included between (c) and (d).

30  Adata set profile can be generated by one or more manipulations of counted mapped sequence
read data. Sorﬁé embodiments include the following. Sequence reads are mapped and the
number of sequence tags mapping to each genomic bin are determined (e.g., counted). A raw
count profile is generated from the mapped sequence reads that are counted. An outcome is
provided by comparing a ran count profile from a test subject to a reference median count profile
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for chromosomes, genomic sections or segments thereof from a set of reference subjects known
not to possess a genetic variation, in certain embodiments.

In some embodiments, sequence read data is optionally filtered to remove noisy data or
5 uninformative genomic sections. After filtering, the remaining counts typically are summed to
generate a filtered data set. A filtered count profile is generated from a filtered data set, in certain

embodiments.

After sequence read data have been counted and optionally filtered, data sets can be normalized

10 to generate elevations or profiles. A data set can be normalized by normalizing one or more
selected genomic sections to a suitable normalizing reference value. In some embodiments, a
normalizing reference value is representative of the total counts for the chromosome or
chromosomes from which genomic sections are selected. In certain embodiments, a normalizing
reference value is representative of one or more corresponding genomic sections, portions of .

15 chromosomes or chromosomes from a reference data set prepared from a set of reference
subjects known not to possess a genetic variation. In some embodiments, a normalizing reference
value is representative of one or more corresponding genomic sections, portions of chromosomes
or ¢hromosomes from a test subject data set prepared from a test subject being analyzed for the
presence or absence of a genetic variation. In certain embodiments, the no'rmalizing process is

20 performed utilizing a static window approach, and in some embodiments the normalizing process is
performéd utilizing a moving or sliding window approach. In certain embodiments, a profile
comprising normalized counts is generated to facilitate classification and/or providing an outcome.
An outcome can be provided based on a plot of a profile comprising normalized counts (e.g., using
a plot of such a profile).

25

Elevations

~ In some embodiments, a value is ascribed to an elevation (e.g., a number). ‘An elevation can be
determined by a suitable method, operation or mathematical process (e.g., a processed elevation).
30 The term “level” as used herein is synonymous with the term “elevation” as used herein. An
~ elevation often is, or is derived from, counts (e.g., normalized counts) for a set of genomic sections.
Sometimes an elevation of a genomic section is substantially equal to the total number of counts
mapped to a genomic section (e.g., normalized counts). Often an elevation is determined from
counts that are processed, transformed or manipulated by a suitable method, operation or -
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mathematical process known in the art. Sometimes an elevation is derived from counts that are
processed and non-limiting examples of processed counts include weighted, removed, filtered,
normalized, adjusted, averaged, derived as a mean (e.g., mean elevation), added, subtracted,
transformed counts or combination thereof. Sometimes an elevation comprises counts that are
normalized (g.9., normalized counts of genomic sections). An elevation can be for counts
normalized by a suitable process, non-limiting examples of which include bin-wise normalization,
normalization by GC Content, linear and nonlinear least squares regression, GC LOESS,
LOWESS, PERUN, RM, GCRM, cQn, the like and/or combinations thereof. An elevation can

comgprise normalized counts or relative amounts of counts. Sometimes an elevation is for counts

or.normalized counts of two or more genomic sections that are averaged and the elevation is
referred to as an average elevation. Sometimes an elevation is for a set of genomic sections
having a mean count or mean of normalized counts which is referred to as a mean elevation.
Sometimes an elevation is derived for genomic sections that comprise raw and/or filtered counts.
In some embodiments, an elevation is based on counts that are raw. Sometimes an elevation is
associated with an uncertainty value. An elevation for a genomic section, or a "genomic section

elevation," is synonymous with a "genomic section level" herein.

Normalized or non-normalized counts for two or more elevations (e.g., two or more elevations in a
profile) can sometimes be mathematicall} manipulated (e.g., added, multiplied, averaged, -
normalized, the like or combination thereof) according to elevations. For example, normalized or
non-normalized counts for two or more elevations can be normalized according to one, some or all
of the elevations in a profile. Sometimes normalized or non-normalized counts of all elevations in a
profile are nermalized according to one elevation in the profile. Sometimes normalized or non-
normalized counts of a fist elevation in a profile are normalized according to normalized or non-
normalized counts of a second elevation in the profile.

Non-limiting examples of an elevation (e.g., a first elevation, a second elevation) are an elevation
for a set of genomic sections comprising processed counts, an elevation for a set of genomic
sections comprising a mean, median or average of counts, an elevation for a set of genomic
sections comprising normalized counts, the like or any combination thereof. In some

embodiments, a first elevation and a second elevation in a profile are derived from counts of

genomic sections mapped to the same chromosome. In some embodiments, a first elevation and
a second elevation in a profile are derived from counts of genomic sections mapped-to different
chromosomes.
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In some embodiments an elevation is determined from normalized dr non-normalized counts
mapped to one or more genomic sections. In some embodiments, an elevation is determined from
normalized or non-normalized counts mapped to two or more genomic sections, where the
5 normalized counts for each genomic section often are about the same. ‘There can be variation in
“counts (e.g., normalized counts) in a set of genomic sections for an elevation. In a set of genomic
sections for an elevation there can be one or more genomic sections having counts that are
significantly different than in other genomic sections of the set (e.g., peaks and/or dips). Any
) suitable number of normalized or non-normalized counts associated with any suitable number of
10 genomic sections can define an elevatibn. ' |

Sdme_times one or more elevations can be determined from normalized or non-normalized counts
of all or some of the genomic sections of a genome. Often an elevation can be determined from all
or some of thé normalized or non-normalized counts of a chromosome, or segment thereot.

15  Sometimes, two or more counts derivéd from two or more genomic sections (e.g., a set of genomic
s‘ect‘ions) determine an elevation. Sometimes two or more counts (e.g., counts from two or more
genomic sections) determine an elevation. In some embodiments, counts from 2 to about 100,000

. genomic sections determine an elevation. In some embodiments, counts from 2 to about 50,000, 2
to about 40,000, 2 fo about 30,000, 210 about 20,000, 2 to about 10,000, 2 to about 5000, 2 to
20 about 2500, 2 to about 1250, 2 to about 1000, 2 to about 500, 2 to about 250, 2 to about 100 or 2
. to about 60 genomic sections determine an elevation. In some embodiments counts from about 10
* to about 50 genomic sections determine an elevation. In some embodiments counts from about 20
to about 40 or more genomic sections determine an elevation. -In some embodiments, an elevation-
comprises CoUnts fromabout 2, 3,4,5,6,7,8,9, 10, 11,12, 13, 14, 15,16, 17, 18,,19, 20, 21, 22,
25 .'23,. 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 45, 50, 55, 60 or more
genomic sections. In some embodiments, an elevation corresponds to a set of genomic sections
(e.g., a set of genomic sections of a reference genome, a set of genomic sections of a
chromosome or a set of genomic sections of a segment of a chromosome). ‘

30  In'some embodiments, an elevation is determined for normalized or non-normalized counts of
- genomic sections that are coniiguous., Sometimes genomic sections (e.g., a set of genomic
sections) that are contiguous represent neighboring segments of a genome or neighboring
segmenis of a chromosome or gene. For example, two or more contiguous genomic sections,
when aligned by merging the genomic sections end to end, can represent a sequence assembly of
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a DNA sequence longer than each genomic section. For example two or more contiguous
‘genomic sections can represent of an intact genome, chromosome, gene, intron, exon or segment
thereof. Sometimes an elevation is determined from a collection (e.g.. a set) of contiguous

. genomic sections and/or non-contiguous genomic sections. .

Significantly Different Elevations

.In'some embodiments, a profile of normalized counts comprises an elevation (e.g., a first elevation)
significantly different than another elevation (e.g., a second elevation) within the profile. A first

10 elevation may be higher or lower than a second elevation. In some embodiments, a first elevation
is for a set of genomic sections comprising one or more reads comprising a copy number variation ‘
(e.g., a maternal copy number variation, fetal copy number variation, or a.maternal copy number
variation and a fetal copy number variation) and the second elevation is for a set of genomic
~sections comprising reads having substantially no copy number variation. In some embodiments,

15 significéntly different refers to an observable difference. Sometimes significantly different refers to
statistically different or a statistically significant difference. A statistically significant difference is
sometimes a statistical assessment of an observed difference. A statistically significant difference
can be assessed by a suitable method in the art. Any suitable threshold or range can be used to
determine that two elevations are significantly different. In some cases two elevations (e.g., mean

20 elevations) that differ by about 0.01> percent or more (e.g., 0.01 percent of one or either of the
e_Ievation values) are significantly different. Sometimes two elevations (e.g., mean elevations) that
differ by about 0.1 percent or more are significantly different. In some cases, two elevations (e.g.,
mean elevations) that differ by about 0.5 percent or more are significantly different. Sometimes
two elevations (e.g., mean elevations) that differ by about 0.5, 0.75, 1, 1.5,2, 2.5, 3, 3.5, 4, 4.5, 5,

25 55,6,65,7,7.5,8,8.5,9, 9.5 or more than about 10% are significantly different. Sometimes two
elevations (e.g., mean elevations) are significantly different and there is no overlap in either
elevation and/or no overlap in a range defined by an uncertainty value calculated for one or both
elevations. In some cases the uncertainty value is a standard deviation expressed as sigma.
Sometimes two elevations (e.g., mean elevations) are significantly different and they differ by

30 about 1 or more times the uncertainty value (e.g., 1 sigma). Sometimes two elevations (e.g., mean
elevations) are significantly different and they differ by about 2 or more times the uncertainty value
(e.g., 2 sigma), about 3 or more, about 4 or more, about 5 or more, about 6 or more, about 7 or
more, about 8 or more, about 9 or more, of about 10 or more times the uncertainty value.
Sometimes two elevations (e.g., mean elevations) are significantly different when they differ by

105

AMENDED SHEET - IPEA/US

2850781 2014-04-02



POTIUSIZ/59123 11122012 PCT/US2012/059123 27.02.2014

PATENT
SEQ-6034-PC

about1.1,1.2,1.3,14,15,1.6,1.7,1.8,1.9,2.0,2.1,2.2,23,24,25,26,27,2.8,29,3.0,3.1,
3.2,3.3,34,35,36,3.7,38,3.9 or 4.0 times the uncertainty value or more. In some
embodiments, the confidence level increases as the difference between two elevations increases.
~ In some cases, the confidence level decreases as the difference between two elevations
5 decreases and/or as the uncertainty value increases. For example, sometimes the confidence
level increases with the ratio of the difference between elevations and the standard deviation (e.g.,
MADs).

In some embodiments, a first set of genomic sections often includes genomic sections that are

10 different than (e.g., non-overlapping with) a second set of genomic sections. For example,
sometimes a first elevation of normalized counts is significantly different than a second elevation of
normalized counts in a profile, and the first elevation is for a first set of genomic sections, the
second elevation is for a second set of genomic.secfions and the genomic sections do not overlap
in the first set and second set of genomic sections. In some cases, a first set of genomic sections

15 is not a subset 6f a second set of genomic sections from which a first elevation and second
elevation are determined, respectively. Sometimes a first set of genomic sections is different
and/or distinct from a second set of genomic sections from which a first elevation and second .

elevation are determined, respectively.

20  Sometimes a first set of genomic sections is a subset of a second set of genomic sections in a
(profile. For example, sometimes a'second elevation of normalized counts for a second set of
genomic sections in a profile comprises normalized counts of a first set of genomic sections for a
first elevation in the profile and the first set of genomic sections is a subset of the second set of
* genomic sections in the profile. Sometimes an average, mean or median elevation is derived from
_ 25 asecond elevation where the second elevation compriées a first elevation. Sometimes, a second
elevation comprises a second set of genomic sections representihg an entire chromosome and a
first elevation comprises a first set of genomic sectiohs where the first set is a subset of the second
set of genomic sections and the first elevation represents a maternal copy number variation, fetal
copy number variation, or a maternal copy number variation and a fetal copy number variation that
30 is present in the chromosome. |

In some embodiments, a value of a second elevation is closer to the mean, average or median
value of a count profile for a chromosome, or segment thereof, than the first elevation. In some
embodiments, a second elevation is a mean elevation of a chromosome, a portion of a
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chromosome or a segment thereof. In some embodiments, a first elevation is significantly different
from a predominant elevation (e.g., a second elevation) representing a chromosome, or segment
thereof. A profile may include multiple first elevations that significantly differ from a second
elevation, and each first elevation independently can be higher or lower than the second elevation.
5 Insome embodiments, a first elevation and a second elevation are derived from the same

chromosome and the first elevation is higher or lower than the second elevation, and the second
elevation is the predominant elevation of the chromosome. Sometimes, a first elevation and a
second elevation are derived from the same chromosome, a first elevation is indicative of a copy
number variation (e.g., a maternal and/or fetal copy number variation, deletion, insértion,

10 duplication) and a second elevation is a mean elevation or predominant elevation of genomic
sections for a chromosome, or segment thereof.

- In some cases, a read in a second set of genomic sections for a second elevation substantially

does not include a genetic variation {e.g., a copy number variation, a maternal and/or fetal 'copy

15 " number variation). Often, a second set of genomic sections for a second elevation includes some’
variability (e.g., variability in elevation, vafiability in counts for genomic sections). Sometimes, one
or more genomic sections in a set of genomic sections for an elevation associated with
substantially no copy number variation include one or more reads having a copy number variation

_ present in a maternal and/or fetal genome. For example, sometimes a set of genomic sections

20 include a copy number variation that is present in a small segment of a chromosome (e.g., less
than 10 genomic sections) and the set of genomic sections is for an elevation associated with
substantially no copy number variation. Thus-a set of genomic sections that include substantially
no copy number variation still can include a copy number variation that is present in less than
about 10, 9, 8, 7, 6, 5, 4, 3, 2 or 1 genomic sections of an elevation.

25
Sometimes a first elevation is for a first set of genomic sections and a second elevation is for a
second set of genomic sections and the first set of genomic sections and second set of genomic
sections are contiguous (e.g., adjacent with respect to the nucleic acid sequence of a chromosome
or segment theréof). Sometimes the first set of genomic sections and second set of genomic

30  sections are not contigubus.

Relatively short sequence reads from a mixture of fetal and maternal nucleic acid can be utilized to
provide counts which can be transformed into an elevation and/or a profile. Counts, elevations and
profiles can be depicted in electronic or tangible form and can be visualized. Counts mapped to
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genomic sections (e.g., represented as elevations and/or profiles) can provide a visual
representation of a fetal and/or a maternal genome, chromosome, or a poi'tion or a segment of a
chromosome that is present in a fetus and/or pregnant female.

5 Comparison Module

A first elevation can be identified as significantly different from a second elevation 'by a comparison
module or by an apparatus comprising a comparison module. In some émbodiments, a
comparison module or an apparatus comprising a comparison module is required to provide a
10 comparison between two elevations. An apparatus comprising a comparison module can comprise
at least one processor. In some embodiments, elevations are determined to be significantly
different by an apparatus that includes a processor (e.g., one or more processors) which processor
can perform and/or implement one or more instructions (e.g., processes, routines and/or
subroutines) from the comparison module. In some embodiments, elevations are determined to be
15 significantly different by an apparatus that includes multiplle processors, such as processors .
coordinated and working in parallel. In some embodiments, a comparison module operates with
one or more external processors (e.g., an internal or external network, server, storage device
and/or storage network (e.g., a cloud)). In some embodiments, elevations are determined to be
significantly different by an apparatus comprising one or more of the following: one or more flow
20  cells, a camera, fluid handling components, a printer, a display (e.g., an LED, LCT or CRT) and the |
- like. A comparison module can receive data and/or information from a suitable module. A
| comparison module can receive data and/or information from a sequencing module, a mapping
module, a counting module, or a normaliiation module. A comparison module can receive
normalized data and/or information from a normalization module. Data and/or information derived
25  from, or transformed by, a comparison module can be transferred from a comparison module to a
range sefting module, a plotting module, an adjustment module, a categorization module or an
outcome module. A comparison between two or more elevations and/or an identification of an
elevation as sigjnificantly different from another elévation can be transferred from (e.g., provided {o)
_ a comparison module to a categorization module, range setting module or adjustment module.
30 ‘
Reference Elevation and Normalized Reference Value |

Sometimes a profile comprises a reference elevation (e.g., an elevation used as a reference).
Often a profile of normalized counts provides a reference elevation from which expected elevations
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and expecied ranges are determined (see discussion below on expected elevations and ranges).

A reference elevation often is for normalized counts of genomic sections comprising mapped reads -
from both a mother and a fetus. A reference elevation is often the sum of normalized counts of
mapped reads from a fetus and a mother (e.g., a pregnant female). Sometimes a reference
elevation is for genomic sections comprising mapped reads from a euploid mother and/or a euplbid
fetus. Sometimes a reference elevation is for genomic-sections comprising'mapped reads having
a fetal genetic variation'(é.g., an aneuploidy (e.g., a trisomy)), and/or reads having a maternal .
genetic variation (e.g., a copy number variation, insertion, deletion). Sometimes a reference
elevation is for genomic sections that include substantially no maternal and/or fetal copy number
variations. Sometimes a second elevation is used as a reference elevation. In some cases a
profile comprises a first elevation of normalized counts and a second elevation of normalized
counts, the first elevation is significant!y different from the second elevation and the second
elevation is the reference elevation. In some cases a profile comprises a first elevation of
normalized counts for a first set of genomic sections, a second elevation of normalized counts for a
second set of genomic sections, the first set of genomic sections includes mapped reads having a
maternal and/or fetal copy number variation, the second set of genomic sections comprises
mapped reads having substantially no maternal copy number variation and/or fetal copy number

variation, and the second elevation is a reference elevation.

In some embodiments counts mapped to genomic séctions for one or more elevations of a profile
are normalized according 1o counts of a reference elevation. In some embodiments, normalizing
counts of an elevation according to counts of a reference elevation comprise dividing counts of an
elevation by counts of a reference elevation or a multiple or fréction thereof. Counts normalized
according to counts of a reference elevation often have been normalized according to another
process (e.g., PERUN) and counts of a reference elevation also often have been normalized (e.g.,
by PERUN). Sometimes the counts of an elevation are normalized according to counis of a
reference elevation and the counts of the reference elevation are scalable to a suitable value either
prior to or after normalizing. The process of scaling the counts of a reference elevation can
comprise any suitable constant (i.é., number) and any suitable mathematical manipulation may be
applied to the counts of a reference elevation.

A normalized reference value (NRV) is often determined according 10 the normalized counts of a
reference elevation. Determining an NRV can comprise any suitable'normalization process (e.g.,
mathematical manipulation) applied to the counts of a reference elevation where the same
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normalization process is used to normalize the counts of other elevations within the same profiie.

Determining an NRV often comprises dividing a reference elevation by itself. Determining an NRV
- often comprises dividing é reference elevation by a multiple of itself. Determining an NRV often

comprises dividing a reference elevation by the sum or difference of the reference elevation and a

5 constant (e.g., any number).

An NRYV is sometimes referred to as a null value. An NRV can be any suitable value. In some
embodiments, an NRV is any value other than zero. Sometimes an NRV is a whole number.
Sometimes an NRV is a positive integer. In some embodiments. an NRV is 1, 10, 100 or 1000.
10 Often, an NRV is equal to 1. Sometimes an NRV is equal to zero. The counts of a reference
elevation can be normalized to any suitable NRV. In some embodiments, the counts of a
reference elevation are normalized to an NRV of zero. Often the counts of é reference elevation

are normalized to an NRV of 1.
15 Expected Elevations

An expected elevation is sometimes a pre-défined elevation {e.g., a theoretical elevation, predicted

elevation). An "expeéted elevation” is sometimes referred to herein as a “predetermined elevation

value”. In some embodiments, an expécted elevation is a predicted value for an elevation of -
20  normalized counts for a set of genomic sections that include a copy number variation. In some

 cases, an expected elevation is determined for a set of genomic sections that include substantially

no copy number variation. An expected elevation can be determined for a chromosome ploidy

(e.g..0,1,2(i.e., diploid), 3 or 4 chromosomes) or a microploidy (homozygous or heterozygous

deletion, duplication, insertion or absence thereof). Often an expected elevation is determined for
25 amaternal miqrbploidy (e.g., a maternal and/or fetal copy number variation).

An expected elevation for a genetic variation or a copy number variation can be determined by any
suitable manner. Often an expected elevation is determined by a suitable mathematical
manipulation of an elevation (e.g., counts mapped to a set of genomic sections for an elevatibn).
30 Sometimes an expected elevation is determined by utilizing a constant sometimes referred to as
an expedted elevation constant. An expected elevation for a copy number variation is sometimes
calculated by multiplying a reference elevation, normalized counts of a reference elevation or an
NRV by an expected elevation constant, adding an expected elevation constant, subtracting an
expected elevation constant, dividing by an expected elevation constant, or by a combination
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thereof. Often an expected elevation (e.g., an expected elevation of a maternal and/or fetal copy
. [

number variation) determined for the same subject, sample or test group is determined according

to the same reference elevation or NRV.

5 Oftenan expected elevation is determined by multiplying. a reference elevation, normalized counts
of a reference elevation or an NRV by an expected elevation constant where the reference
elevation, normalized counts of a refererice elevation or NRV is not equal to zero. Sometimes an
expected elevation is determined by adding an expected elevation constant to reference elevation,
normalized counts of a reference elevation or an NRV that is equal to zero. In some embodiments,

10 V an expected elevation, normalized counts of a reference elevation, NRV and expected elevation
constant are scalable. The process of scaling can comprise any suitable constant (i.e., number)
and any suitable mathematical manipulation where the same scaling process is applied tc all

values under consideration. T,
15 Expectéd Elevation Constant

An expected elevation constant can be determined by a suitable method. Sometimes an expected
elevation constant is arbitrarily determined. Often an expected elevation constant is determined
empirically. Sometimes an expected elevation constant is determined according to a mathematical

20 fnanipulation. Sometimes an expected elevation constant is determined according to a reference
(e.g., areference genome, a reference sample, reference test data). In some embodiments, an
expected elevation constant is predetermvined for an elevation representative of the presence or
absence of a genetic variation or copy number variation (e.g., a duplication, insertion or deletion).
In some embodiments, an expected elevation constant is predetermined for an elevation

25 representative of the presence or absence of a maternal copy number variation, fetal copy number

~ variation, or a maternal copy number variation and a fetal copy number variation. An expected

elevation constant for a copy:number variation can be any suitable constant or set of‘constants.

In some embodiments, the‘expected elevation constant for a hombzygous duplication (e.g., 2
30 . homozygous duplication) can be from about 1.6 to about 2.4, from about 1.7 to about 2.3, from
~ about 1.8 to about 2.2, or from about 1.9 to about 2.1. Sometimes the expectéd elevation constant
for a homozygous duplication is about 1.6, 1.7, 1.8, 1.9, 2.0, 2.1, 2.2, 2.3 or about 2.4. Often the
expected elevation constant for a homozygous duplication is about 1.90, 1.92, 1.94, 1.96, 1.98, |
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2.0,2.02, 2.04, 2.06, 2.08 or about 2.10. Often the expected elevation constant for a homozygous
duplication is about 2.

In some embodiments, the expected elevation constant for a heterozygous duplication (e.g., a

" "homozygous duplication) is from about 1.2 to about 1.é, from about 1.3 to about 1.7, or from about

1.4 to about 1.6. Sometimes the expected elevation constant for a heterozygous duplication is
aboui 1.2,1.3, 1.4, 1.5, 1.6, 1.7 or about 1.8. Often the expected elevation oonstant fora
heterozygous duplication is about 1.40, 1.42, 1.44, 1.46, 1.48, 1.5, 1.52, 1.54, 1.56, 1.58 or about
1.60. In some embodiments, the expected elevation constant for a heterozygous duplication is |
about 1.5.

In some embodiments, the expected elevation constant for the absence of a copy number variation
(e.g., the absence of a maternal copy number variation and/or fetal copy number variation) is from
about 1.3 to about 0.7, from about 1.2 to about 0.8, or from about 1.1 to about 0.9. Sometimes the
expecied elevation constant for the absence of a copy number variation is about 1.3,1.2, 1.1, 1.0,
0.9, 0.8 or-about 0.7. Often the expected elevation constant for the absence of a copy number ’
variation is about 1.09, 1.08, 1.06, 1.04, 1.02, 1.0, 0.98, 0.96, 0.94, or about 0.92. In some
embodiments, the expected elevation constant for the absence of a copy number variation is about
1.

In some embodiments, the expected elevation constant for a heterozygous deletion (e.g., a
maternal, fetal, or a maternal and a fetal heterozygoUs deletion) is from about 0.2 to about 0.8,
from about 0.3 to about 0.7, or from about 0.4 to about 0.6. Sometimes the expected elevation
constant for a heterozygous deletion is about 0.2, 0.3, 0.4, 0.5, 0.6, 0.7 or about 0.8. Often the
expected elevation constant for a heterozygous deletion is about 0.40, 0.42, 0.44, 0.46, 0.48, 0.5,
0.52, 0.54, 0.56, 0.58 or about 0.60. In some embodiments, the expected elevation constant for a

heterozygous deletion is about 0.5.

In some embodiments, the expected elevation constant for a homozygous deletion (e.g., a
homozygous deletion) can be from about -0.4 to about 0.4, from about -0.3 to about 0.3, from
about -0.2 to about 0.2, or from about -0.1 fo about 0.1. Sometimes the expected elevation
constant for a homozygous deletion is about -0.4, -0.3,-0.2,:0.1, 0.0, 0.1, 0.2, 0.3 or about 0.4.
Often the expected elevation constant for a homozygous deletion is about -0.1, -0.08, -0.06, -0.04,
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-0.02, 0.0, 0.02, 0.04, 0.06, 0.08 or about 0.10. Often the expected elevation constant for a
homozygous deletion is about 0.

Expected Elevation Range

Sometimes the presence or absence of a genetic variation or copy number variation (e.g., a
maternal copy number variation, fetal copy number variation, or a maternal copy number variation
and a fetal copy number.variation) is determined by an elevation that falls within or outside of an
expecied elevation range. An expected elevation range is often determined according to an

10 expect_ed elevation. ‘Sometimes an expected elevation range is determined for an elevation
comprising substantially no genetic variation or subsfantially nov copy number variation. A suitable
method can be used to determine an expected elevation range.

Sometimes, an expected elevation range is defined according to a suitable uncertainty value

15  calculated for an elevation. Non-limiting examples of an uncertainty value are a standard

_deviation, standard error, calculated variance, p-value, and mean absolute deviation (MAD).

Sometimes, an expected elevation range for a genetic variation or a copy number variation is
determined, in part, by calculating the uncertainty value for an elevation (e.g., a first elevation, a
second elevation, a first elevation and a second elevation). Sometimes an expected elevation

20 range is defined according to an uncertainty value calculated for a profile (e.g., a profile of
normalized counts for a chromosome or segment thereof). In some embodiments, an uncertainty
value is calculated for an elevation comprising substantially no genetic variation or substantially no
copy number \}ariation. In some embodiments, an uncertainty v/alue is calculated for a first
elevation, a second elevation or a first elevation and a second elevation. In some embodiments an

25 uncertainty value is determined for a first elevation, a second elevation or a second elevation
comprising a first elevation. | '

An expected elevation range is sometimes calculated, in part, by multiplying, adding, subtracting,
~or dividing an uncertainty value by a constant (e.g., a predetermined constant) n. A suitable
30 mathematical procedure or combination of procedures can be used. The constant n (e.g.
predetermined constant n) is sométimes referred to as a confidence interval. A selected
confidence interval is determined according to the constant n that is selected. The constant
(e.g., the predetermined constant n, the confidence interval) can be determined by a suitable
manner.  The constant ncan be a number or fraction of a number greater than zero. The constant
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ncan be e whole number. Often the constant nis a number less than 10. Sometimes the constant
nis a number less than about 10, less than about 9, less than about 8, less than about 7, less than
about 6, less than about 5, less than about 4, less than about 3, or less than about 2. Sometimes
the constant nis about 10,.9.5, 9, 8.5, 8, 7.5, 7,6.5,6,5.5,5,4.5,4,3.5,3,2.5,2 or 1. The
constant n can be determined empirically from data derived from subjects (a pregnant female
and/or a fetus) with a known genetic disposition.

Often an unéertainty value and constant n defines a range (e.g.,, an uncertainty cutoff). For
example, sometimes an uncertainty value is a standard deviation (e.g., +/- 5) and is multiplied by a
constant n (e.g., a confidence interval) thereby defining a range or uncertainty cutoff (e.g., 5nto -
5n). ' '

In some embodiments, an expected-elevation range for a genetic variation (e.g., a maternal copy
number variation, fetal copy number variation, or a' maternal copy number variation and fetal copy
number variation) is the sum of an expected elevation plus a constant ntimes the uncertainty (e.g.,
nx sigma (e.g., 6 sigma)). Sometimes the expected elevation range for a genetic variation or copy

number variation designated by k can be defined by the formula:
FormulaR:  (Expected Elevation Range)x = (Expeeted EIeva.tio'n)k + no

where g is an uncertainty value, nis a constant (e.g., a predetermined constant) and the expected
elevation range and expected elevation are for the genetic variation k (e.g., k = a heterozygous '
deletion, e.g., k= the absence of a genetic variation). For example, for an expected elevation
equal to 1 (e.g., the absence of a copy number variation), an uncertainty value (i.e. o) equal to +/- -
0.05, and n=3, the expeeted elevation range is defined as 1.15 t0 0.85. In some embodiments, the
expected elevation range for a heterozygous duplication is determined as 1.65 to 1.35 when the
expected elevation for a heterozygous duplication is 1.5, n= 3, and the uncertainty value o is +/-
0.05. In some embiodiments the expected elevation range for a heterozygous deletion is
determined as 0.65 to 0.35 when the expected elevation for a heterozygous duplication is 0.5, n =
3, and the uncerteinty value o'is +/- 0.05. In.some embodiments the expected elevation range for.
a homozygous duplication is determined as 2.15 1o 1.85 when the expected elevation fora
heterozygous duplication is 2.0, n = 3 and the uncertainty value o is +/- 0.05. In some
embodiments the expected elevation range for a homozygous deletion is determined as 0.15 to -
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0.15 when the expected elevation for a heterozygous duplication is 0.0, n = 3 and the uncertainty

value ¢ is +/- 0.05.

Sometimes an expected elevation range fora homozygoué copy number variation (e.g., a-

5 maternal, fetal or maternal and fetal homozygous copy number variation) is determined, in part,
according to an expected elevation range for a corresponding heterozygous copy number
variation. For example, sometimes an expected elevation range for a homozygous duplication
comprises all values greater than an upper limit of an expected elevation range for a heterozygous
duplication. Sometimes an expected elevation range for a homozygous duplication comprises all

10 values greater than or equal to an upper limit of an expected elevation range for a heterozygous
duplication. Sometimes an expected elevation range for a homozygous duplication comprises all
values greater than an upper limit of an expected elevation range for a heterozygous duplication

~ and less than the upper limit defined by the formula R where o is an uncertainty value and is a
positive value, nis a constant and k is a homozygous duplication. Sometimes an expected ‘

15 elevation range for a homozygous duplication comprises all values greater than or equal to an
upper limit of an expected elevation range for a heterozygous duplication and less than or equal to |
the upper limit defined by the formula R where o is an uncertainty vélue, 0 is a positive value, nis

a constant and k is a homozygous duplication.

20  In some embodiments, an expected elevation range for a homozygous deletion comprises all
values less than a lower limit of an expected elevation range for a heterozygous deletion.
Sometimes an expected elevation range for a homozygous deletion comprises all values less than
or equal to a lower limit of an expected elevation range for a heterozygous deletion. Sometimes an
expected elevation range for a homozygous deletion comprises all values less than a lower limit of

25  an expected elevation range for a heterozygous deletion and greater than the lower limit defined by -
the formula R where o is an uncertainty valué, O is a negative value, nis a constant and kis a
homozygous deletion. Sometimes an expected elevation range for a homozygous deletion

- comprises all values less than or equal to a lower limit of an expected elevation range for a
heterozygous deletion and greater than or equal to the lower limit defined by the formula R where

30 . ois an uncertainty value, ¢ is a negative value, nis a constant and k is a homozygous deletion.

“An uncenainty value can be utilized to determine a threshold value. In some'embodiments, a
range (e.g., a threshold range) is obtained by éalculating the uncertainty value determined from a
raw, filtered and/or normalized counts. A range can be determined by multiplying the uncertainty
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value for an elevation (e.g. normalized counts of an elevation) by a predetermined constant (e.g.,
1,2, 3, 4, 5, 6, etc.) representing the multiple of uncertainty (e.g., number of standard deviations)
chosen as a cutoff threshold (e.g., multiply by 3 for 3 standard deviations), whereby a range is
generated, in some embodiments. A range can be determined by adding and/or subtracting a
5 value (e.g., a predetermined value, an uncertainty value, an uncertainty value multiplied by a

predetermined constant) to and/or from an elevation whereby a range is generated, in sone
embodiments. For example, for an elevation equal to 1, a standard deviation of +/-0.2, where a
predetermined constant is 3, the range can be calculated as (1 + 3(0.2)) to (1 + 3(-0.2)), or 1.6 to
0.4. Arange sometimes can define an expected range or expected elevation range for a copy

10 number variation. In certain embodiments, some or all of the genomic sections exceeding a
threshold value, falling outside a range or falling inside a range of values, are removed as part of,
prior to, or after a normalization process. In some embodiments, some or all of the genomic '
sections exceeding a calculated threshold value, falling outside a range or falling inside a range
are weighted or adjusted as part of, or prior to the normalization or classification process.

15 Examples of weighting are described herein. The terms ‘redundant data”, and “redundant mapped
reads” as used herein refer to sample derived sequence reads that are identified as having already
been assigned to a genomic location (e.g., base position) and/or counted for a genomic section.”

In some embodiments an uncertainty value is determined according to the formula below:

20 |
La - Lo
Z- T—
oA Go
—_—+
Na N,

Where Z represents the standardized deviation between two elevations, L is the mean (or median)
- elevation and sigma is the standard deviation (or MAD). The subscript O denotes a segment of a
25 profile (e.g., a second elevation, a chromosome, an NRV, a “euploid level”, a level absent a copy
number variation), and A denotes another segment of a profile (e.g., a first elevation, an elevation
representing a copy number variation, an elevation representing an aneuploidy (e.g., a trisomy).
The variable N, represents the total number of genomic sections in the segment of the profile
denoted by the subscript O. N, represents the total number of genomic sections in the segmerit of-

30 the profile denoted by subscript A.
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Categorizing a Copy Number Variation

An elevation (e.g., a first elevation) that si_gnificantly differs from another elevation (e.g., a second
elevation) can often be categorized as a copy number variation (e.g., a maternal and/or fetal copy

number variation, a fetal copy number variation, a deletion, duplication, insertion) according to an
expected elevation range. In some embodiments, the presence of a copy number variation is

categorized when a first elevation is significantly dmerent from a second elevation and the first
elevation falls within the expected elevation range fora copy number variation. For example, a

- Copy number variation (e.g., a maternal and/or fetal copy number variation, a fetal copy number

variation) can be categofized'when a first elevation is éigniﬁcantly different from a second elevation
and the first elevation falls within the expected elevation range for a copy-number variation.

'So_metimes a heterozygoué duplication (e.g., a maternal or fetal, or maternal and fetal,

heterozygous duplication) or heterozygous deletion (e.g., a maternal or fetal, or maternal and fetal,
heterozygous deletion) is categorized when a first elevation is significantly different from a second
elevation and the first elevation falls within the expected.elevation range for a heterozygous
duplication or heterozygous deletion, reépectively. Sometimes a homozygous duplication or
homozygous deletion is categorized when a first elevation is significantly different from a second
elevation and the first elevation falls within the expected elevation range for a homozygous

_duplication or homozygous deletion, respectively. -

Range Setting Module

Expected ranges (e.g., expected elevation ranges) for various copy number variations (e.g.,
duplications, insertions and/or deletions) or ranges for the absence of a copy number variation can
be provided by a range setting module or by an apparatus comprising a range setting module. In
some cases, expected elevations are provided by a range setting module or by an apparatus
comprising a range setting medule. In some embodiments, a range setting module or an
apparatus comprising a range sefting module ié required to provide expected elevations and/or
ranges. Sometimes a range setting module gathers, assembles and/or receives data and/or
information from another module or apparatus. Sometimes a range setting module or an
apparatus comprising a range setting module provides and/or transfers data and/or information to
another module or apparatus. Sometimes a range setting module accepts and gathers data and/or
information from a component or peripheral. Often a range setting module gathers and assembles
elevations, reference elevations, uncertainty values, and/or constants. Sometimes a range setting
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module accepts and gathers input data and/or information from an operator of an apparatus. For
example, sometimes an operator of an apparatus provides a constant, é threshold value, a formula
or a predetermined value to a module. An apparatus comprising a range setting module can
comprise at least one processor. In some embodiments, expectéd elevations and expected
5 ranges are provided by an apparatus that includes a processor (€.g., one or more processors)

which processor can perform and/or implement one or more instructions'(e.g., processes, routines
and/or subroutines) from the range setting module. In some embodiments, expected ranges and
elevations are provided by an apparatus that includes multiple processors, such as processors
coordinated and working in parallel. In some embodiments, a range setting module operates with

10 one or more external processors (e.g., an internal or external network, server, storage device
and/or storage network (e.g., a cloud)). In some embodiments, expected ranges are provided by
an apparatus comprising a suitable peripheral or component. A range setting module can receive
normalized data from a normalization module or comparison data from a comparison module.
Data and/or information derived from or transformed by a range setting module (e.g., set ranges,

15 range limits, expected elevation ranges, thresholds, and/or threshold ranges) can be transferred
from a range setting module to an adjustment module, an outcome modulé, a categoi'ization
module, plotting module or other suitable apparatus and/or module.

Categorization Module

20 .

A copy number variation (e.g., a maternal and/or fetal copy number variation, a fetal copy number
variation, a duplication, insertion, deletion) can be categorized by a categorization module or by an
apparatus comprising a categorization module. Sometimes a copy number variation (e.g., é
maternal and/or fetal copy number variation) is categorized by a categorization module.

25  Sometimes an elevation (e.g., a first elevation) determined to be significantly different from another
elevation (e.g., a second elevation) is identified as representative of a copy number variation by a
categorization module. Sometimes the absence of a copy number variation is determined by a
categorization module. In some embodiments, a determination of a copy number variation can be
determined by an apparatus comprising a categorization module. A categorization module can be

30 specialized for categorizing'a maternal and/or fetal copy number variation, a fetal copy number

" variation, a duplicétion, déletion or insertion or lack thereof or combination of the foregoing. For
example, a categorization module that identifieé a maternal deletion can be different than and/or
distinct from a categorization module that identifies a fetal duplication. In some embodiments, a
categorization module or an apparatus comprising a categorization module is required to identify a
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copy number variation or an outcome determinative of a copy number variation. .An apparatus
comprising a categorization module can comprise at least one processor. In some embodiments,
a copy number variation or an outcome determinative of a copy number variation is categorized by
an apparatus that includes a processor (e.g., one or more processors) which processor can
perform and/or implement one or more instructions (e.g., processes, routines and/or subroutines)
from the categorization module. In some embodiments, a éopy number variation or an outcome
determinative of a copy number variation is categorized by an apparatus that may include muitiple
processors, such as processors coordinated and working in parallel. In some embodiments, a
categorization module operates with one or more external processors (e.g., an internal or external
network, server, storage device and/or storage network (e.g., a cloud)). Sometimes a
categorization module transfers or receives and/or gathers data and/or information to or from a
component or peripheral. Often a categorization module receives, gathers and/or assembles
counts, elevations, profiles, normalized data and/or information, reference elevations, expected
elevations, expected ranges, uncertainty values, adjustments, adjusted elevations, plots,
comparisons and/or constants. Sometimes a categorization module accepts and gathers input
data and/or information from an operator of an apparatus. For example, sometimes an operator of
an apparatus provides a constant, a threshold value, a formula or a predetermined value to a
module. In some embodiments, data and/or information are provided by an apparatus that
includes multiple processors, such as processors coordinated and working in parallel. In some
embodiments, identification or categorization of a copy number variation or an outcome
determinative of a copy number variation is provided by an apparatus comprising a suitable
peripheral or component. Sometimes a categorization module gathers, assembles and/or receives
data and/or information from another.module or apparatus. A categorization module can receive

. normalized data from a normalization module, expected elevations and/or ranges from a range
setting module, comparison data from a comparison module, plots from a plotting module, and/or
adjustment data from an adjustment module. A categorization module can transform data and/or
information that it receives ihto a determination of the presence or absence of a copy number
variation. A categorization module can transform data and/or information that it receives into a
determination that an elevation represents a genomic section comprising a copy number variation
or a specific type of copy Vn'umber \'/ariation'(e.g., a maternal homozygous deletion). Data and/or

~ information related to a copy number variation or an outcome determinative of a copy number

variation can be transferred from a categorization module to a suitable apparatus and/or module.

A copy number variation or an outcome determinative of a copy number variation categorized by
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methods described herein can be independently verified by further testing (e.g., by targeted
sequencing of maternal and/or fetal nucleic acid).

Fetal Fraction Determination Bésed on Elevation

In some embodiments, a fetal fraction is determined according to an elevation categorized as
representative of a maternal and/or fetal copy number variation. For example determining fetal
fraction often comprises assessing an expected elevation for a maternal and/or fetal copy number
variation utilized for the determination of fetal fraction. Sometimes a fetal fraction is determingd for

- 10-  an elevation (e.g., a first elevation) categorized as represenfalive of a copy number variation
according to an expected elevation range determined for the same type of copy number variation.
Often a fetal fraction is determined according to an observed elevation that falls within an expected
elevation range and is thereby categorized as a maternal and/or fetal copy number variation.
Sometimes a fetal fraction is determined when an observed elevation (eg..a first elevation)

15 categorized as a maternal and/or fetal copy number variation is different than- the expected

elevation determined for the same maternal and/or fetal copy number variation.

In some embodiments an elevation (e.g., afirst elevation, an observed elevation), is significantly
different than a second ele\'/étion, the first elevation is categorized as a materhal and/or fetal copy
20 number variation, and a fetal fraction is determined according to the first elevation. Sometimes a
first elevation is an observed and/or experimentally obtained elevation that is significantly different
than a second elevation in a profile and a fetal fraction is determined according to the first
elevation. Sometimes the first elevation is an average, mean or summed elevation and a fetal
fraction is determined according to the first elevation. In some cases a first elevation and a second
25  elevation are observed and/or experimentally obtained elevations and a fetal fraction is determined
' according to the first elevation. In some instances a first elevation comprises normalized counts for
a first set of genomic sections and a second elevation comprises normalized counts for a second ‘
set of genomic sections and a fetal fraction is determined according to the first elevation.
Sometimes a first set of genomic sections of a first elevation includes a copy number variation
30 (eg., thefirstelgvationis representative of a copy'number variation) and a fetal fraction is
determined according to the first elevation. Sometimes the first set of genomic sections of a first
elevation includes a homozygous or heterozygous maternal copy number variation and a fetal -
tfraction is determined according to the first elevation. Sometimes a profile comprises a first -
elevation for a first set of genomic sections and a second elevation for a second set of genomic
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sections, the second set of genomic sections includes substantially no copy number variation (e.g.,

a maternal copy number variation, fetal copy number variation, or a maternal copy number

variation and a fetal copy number variation) and a fetal fraction is determined according to the first
" elevation. ’

In some embodiments an elevation (e.g., a first elevation, an observed elevation), is significantly
different than a second elevation, the first elevation is categorizeq as for a maternal and/or fetal
copy number variation, and a fetal fraction is determined according to the first elevation and/or an
expected elevation of the copy number variation. Sometimes a first elevation is categoriied as for

10 acopy number variation according to an expected elevation for a copy number variation and a fetal
fraction is determined according to a difference between the first elevation and the expected
elevation. In some cases an elevation (e.g., a first elevation, an observed elevation) is categorized
as a maternal and/or fetal copy number variation, and a fetal fraction.is determined as twice the |
difference between the flrst elevation and expected elevation of the copy number variation.

15 Sometimes an elevation (e g., a first elevation, an observed elevation) is categorlzed asa maternal
and/or fetal copy number variation, the first elevation is subtracted from the expected elevation
thereby providing a difference, and a fetal fraction is determined as twice the difference.
Sometimes an elevation (e.g., a first elevation, an observed elevation) is categorized as a maternal
and/or fetal copy number variation, an expected elevation is subtracted from a first elevation

20  thereby providing a difference, and the fetal fraction is determined as twice the difference.

Often a fetal fraction is provided as a percent. For example, a fetal fraction can be divided by 100
thereby providing a percent value. For example, for a first elevation representative of a maternal
homozygous duplication and having an elevation of 155 and an expected elevation for a maternal

25 homozygous duplication having an elevation of 150, a fetal fraction can be determined as 10%
(e.g., (fetal fraction = 2 x (155 = 150)). -

In some embodiments a fetal fraction'is determined from two or more elevations within a profile.
that are categorized as copy number variations. For example, sometimes two or more elevations
30 (e.g., two or more first elevations) in a profile are identified as significantly different than a |
reference elevation (e.g., a second elevation, an elevation that includes substantiélly no copy
number variation), the two or more elevations are categorized as representative of a maternal
and/or fetal copy number variation and a fetal fraction is determined from each of the two or more
elevations. Sometimes a fetal fraction is determined from about 3 or more, about 4 or more, about
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5 or more, about 6 or more, about 7 or moré, about 8 or more, or about 9 or more fetal fraction

determinations within a profile. Sometimes a fetal fraction is determined from about 10 or more,

about 20 or more, about 30 or more, about 40 or more, about 50 or more, about 60 or more, about
~ 70 or more, about 80 or more, or about 90 or more fetal fraction determinations within a profile.

5 Sometimes a fetal fraction is determined from about 100 or more, about 200 or more, about 300 or
more, about 400 or more, about 500 or more, about 600 or more, about 700 or more, about 800 or
more, about 900 or more, or about 1000 or more fetal fraction determinations within a profile.
Sometimes a fetal fraction is determined from about 10 to about 1000, about 20 to about 900, ‘
about 30 to about 700, about 40 to about 600, about 50 to about 500, about 50 to about 400, about

10 50 to about 300, about 50 to about 200, or about 50 to about 100 fetal fraction determinations
within a profile. . '

-In some embodiments a fetal fraction is determined as the average or mean of multiple fetal
fraction determinations withvin a profile. In some cases, a fetal fraction determined from multiple

15 fetal fraction determinations is a mean (e.g., an average, a mean, a standard average, a median,

- orthe ]ike) of multiple fetal fraction determinations. Often a fetal fraction determined from multiple
fetal fraction determinations is a mean value determined by a suitable method known in the art or
described herein. Sometimes a mean value of a fetal fraction.determination is-a weighted mean. '
Sometimes a mean value of a fetal fraction determination is an unweighted mean. A mean,

20  median or average fetal fraction determination (i.e., a mean, median or average fetal fraction
determination value) generated from multiple fetal fraction determinations is sometimes associated -
with-an uncertainty value (e.g., a variance, standard deviation, MAD, or the Iike). Before
determining a mean, median or average fetal fraction value from multiple determinations, one or
moré deviant determinations are removed in some embodiments (described in greater detail

25  herein). |
Some fetal fraction determinations within a profile sometimes are not included in the overall
determination of a fetal fraction (e.g., mean or average fetal fraction determination). Sometimes a
fetal fraction determination is derived from a first elevation (e.g., a first elevation that is significantly

30 different than a second elevation) in a profile and the first elevation is not indicative of a genetic
variation. For example, some first elevations (e.g., spikes or dips) in a profile are generated from
anomalies or unknown causes. Such values often generate fetal fraction determinations that differ
significantly from other fetal fraction determinations obtained from true copy number variations.
Sometimes fetal fraction determinations that differ significantly from other fetal fraction
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determinations in a profile are identified and removed from a fetal fraction determination. For
example, some fetal fraction determinations obtained from anomalous spikes and dips are
identified by comparing them to other fetal fraction determinations within a profile and are excluded

from the overall determination of fetal fraction.

Sometimes, an independent fetal fraction determination that differs significantly from a mean,

* median or average fetal fraction determination is an identified, recognized and/or observable

difference. In some cases, the term “differs significantly” can mean statistically different and/or a
statistically significant difference. An “independent” fetal fraction determination can be a fetal
fraction determined (e.g., in some cases a single determinatign) from a specific elevation
categorized as a copy number variation.- Any suitable threshold or range can be used to determine
that a fetal fraction determination differs significantly from a mean, median or average fetal fraction
determination. In some cases a fetal fraction determination differs significantly from a mean,
median or average fetal fraction determinat'ion_and the determination can be expressed as a
percent deviation from the average or mean value. In some cases a fetal fraction determination
that differs significantly from a mean, median or average fetal fraction determination differs by
about 10 percent or more. Sometimes a fetal fraction determination thai differs significantly from a
mean, median or average fetal fraction determination differs by about 15 percent or more.
Sbmetifnes a fetal fraction deterrhination that differs significantly from a mean, median or average

fetal fraction determination differs by about 15% to about 100% or more.

In some cases a fetal fraction determination differs significantly from a mean, median or average
fetal fraction determination according to a multiple of an uncertainty value as_soéiated with the
mean or average fetal fraction determination. Often an uncertainty value and constant n (e.g., a
confidence interval) defines a range (e.g., an>uncertainty cutoff). For example, sometimes an
uncertainty value is a standard deviation for fetal fraction determinations (é.g., +-5)and is
multiplied by a constant n (e.g., a confidence interval) thereby defining a fange or uncertainty cutoff
(e.9., 5nto -5n, sometimes referred to as § sigma). Sometimes an independent fetal fraction
determination falls outside a range defined by the uncertainty cutoff and is considered significantly
different from a mean, median or average fetal fraction determination. For example, for a mean
value of 10 and an uncertainty cutoff of 3, an independent fetal fraction gfeater than 13 or less than
7is éignificantly different. Sometimes a fetal fraction‘ determination that differs significantly from a
mean, median or average fetal fraction determination differs by more than n timés the uncertainty

value (e.g., nx sfgma) where nis about equal to or greater than 1, 2, 3,4, 5,6, 7, 8,9 or 10.
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Sometimes a fetal fraction determination that differs significantly from a.mean, median or average
fetal fraction determination differs by more than n times the uncertainty \/alue (e.g., nx sigma) '
where nis aboui equal to or greater than 1.1,1.2,1.3,1.4,15,1.6,1.7,1.8,1.9,20,21,22, 2.3,
2.4,25,26 27,28, 2.9,3.0,3.1,3.2,3.3,34,35,3.6,3.7, 3.8, 3.9, or 4.0.

In some embodiments, an elevation is representative of a fetal and/or maternal microploidy.
Sometimes an elevation (e.g., a first elevation, an observed elevation), is significantly different than
a second elevation, the first elevation is categorized as a maternal and/or fetal copy number

. variation, and the first elevation and/or second elevation is representative of a fetal microploidy

10 and/or a maternal microploidy. In some cases a first elevalion is representative of a fetal
microploidy, Sometimes a first elevation is representative of a maternal microploidy. Often a first
elevation is representative of a fetal microploidy and a maternal microploidy. Sometimes an

- elevation (e.g., a first elevation, an observed elevation), is significantly ditferent than a second

elevation, the first elevation is 'categoriz'éd as a maternal and/or fetal copy number variation, the

15 first elevation is representative of a fetal and/or maternal microploidy and a fetal fraction is
determined according to the fetal and/or maternal microploidy. In some instances a first elevation
is categorized as a maternal and/or fetal copy number variation, the first elevation is representative
of a fetal microploidy and a fetal fraction is determined according to the fetal microploidy.
Sometimes a first elevation is categorized as a maternal and/or fetal copy number variation, the

20 first elevation is representative of a maternal microploidy and a fetal fraction is determined
according to the maternal microploidy. Sometimes a first elevation is categorized as a maternal
and/or fetal copy number variation, the first elevation is representative of a maternal and a fetal
microploidy and a fetal fraction is determined according to the maternal and fetal microploidy.

25  In some embodiments, a determination of a fetal fraction comprises determining a fetal and/or
maternal microploidy. Sometimes an elevation (e.g., a first elevation, an observed elevation), is
significantly different than a second elevation, the first elevation is categorized as a maternal
and/or fetal copy number variation, a fetal and/or maternal microploidy is determined according to
the first elevation and/or second elevation and a fetal fraction is determined. Sometimes a first

30 elevation is categorized as a maternal and/or fetal copy number variation, a fetal microploidy is
determined according to the first elevation and/or second elevation and a fetal fraction is
determinied according to the fetal microploidy. In some cases a first elevation is categorized as a
maternal and/or fetal copy number-variation, a maternal microploidy is determined according to the
first elevation and/or second elevation and a fetal fraction is determined according to the maternal
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microploidy. Sometimes a first elevatidn is calegorizevd as a maternal and/or fetal copy number
variation, a matemal and fetal microploidy is determined according to the first elevation and/or
second elevation and a fetal fraction is determined according to the maternal and fetal microploidy.

A fetal fraction often is determined when the microploidy'of the mother is different from (e.g., not
the same as) the microploidy of the fetus for a given elevation or for an elevation categorized as a
copy number variation. Sometimes a fetal fraction is determined when the mother is homozygous
for a duplication (e.g., a microploidy of 2) and the fetus is heterozygous for the same duplication
(e.g., a microploidy of 1.5). Sometimes a fetal fractioh is determined when the mother is
heterozygous for a duplication (e.g., a microploidy of 1.5) and the fetus is homozygous for the
same duplication (e.g., a microploidy ;)f 2) or the duplication is absent in the fetus (e.g., a
microploidy of 1). Sometimes a fetal fraction is determined when the mother is homozygous for a
deletion (e.g., a microplbidy of 0) and the fetus is heterozygous for the same deletion (e.g., a
microploidy of 0.5). Sometimes a fetal fraction is determined _When the mother is heterozygous for
a deletion (e.g., a microploidy of 0.5) and the fetus is homozygous for the same deletion (e.9., a.

microploidy of 0) or the deletion is absent in the fetus (e.g., a microploidy of 1).

In some cases, a fetal fraction cannot be determined when the microploidy of the mother is the
same (e.g., identified as the same) as the microploidy of the fetus fora given elevation identified as
a copy number variation, For example, for a given elevation where both thé mother and fetus carry
the same number of copies of a copy number variation, a fetal fraction is not determined, in some
embodiments. For example, a fetal fraction cannot be determined for an elevation categorized as
a copy number variation when both the mother and fetus are homozygous for the same deletion or
homozygous for the same duplication. In some cases, a fetal fraction cannot be determined for an
elevation categorized as a copy number variation when both the mother and fetus are
heterozygous for the same deletion or heterozygous for the same duplication. In embodiments

. where multiple fetal fraction determinations are made for a sample, determinations that significantly
" deviate from a mean, median or average value can result from a copy number variation for which

maternal ploidy is equal to fetal ploidy, and such determinations can be re_moved from
consideration,

In some embodiments the microploidy of a maternal copy number variation and fetal copy number
variation is unknown. Sometimes, in cases when there is no determination of fetal and/or maternal ’

microploidy for a éopy number variation, a fetal fraction is generated and compared to a mean,
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median or average fetal fraction determination. A fetal fraction determination for a copy number
variation that differs significantly from a mean, median or average fetal fraction determination is
sometimes because the microploidy of the mother and fetus are the same for the copy number
variation. A fetal fraction determination that differs significantly from a mean, median or average

5 fetal fraction determination is often excluded from an overall fetal fraction determination regardless
of the source o.r cause of the difference. In some embodiments, the microploidy of the mother
and/or fetus is determined and/or verified by a method known in the art (e.g., by targeted
sequencing methods).

10 Elevation Adjustments

In some embodimenté, one or more elevations are adjusted. A process for adjusting an elevation
often is referred to as padding. In somé embodiments, multiple elevations in a_profile (e.g.,a
profile of a genome, a chromosome profile, a profile of a portion or segment ofa chromosome) are
15 adjusted. Sometimes, about 1 to about 10,000 or more elevations in a profile are adjusted.
Sometimes about 1 to about a 1000, 1 to about 900, 1 to about 800, 1 to about 700, 1 to about
600, 1 to about 500, 1 to about 400, 1 to about 300, 1 to about 200, 1 to about 100, 1 to about 50,
1 to about 25, 1 to about 20, 1 to ébout 15, 1 to about 10, or i to about 5 elevations in a profile are
adjusted. Sometimes one elevation is adjusted. In some embodiments, an elevation (e.g-, a first
20 elevationof a normalized count profile) that significantly differs from a second elevation is adjusted.
Sometimes an elevation categorized as a copy number variation is adjusted. Sometimes an
elevation (e.g;, a first elevation of a normalized count profile) that significantly differs from a'second
elevation is categorized as a copy number variation (e.g., a copy number variation, €.g., a maternal
copy number variation) and is adjusted. In sdme embodiments, an elevation (e.g., a first elevation)
25 is within an expected elevation range for a maternal copy number variation, fetal copy number
variation, or a maternal copy number variation and a fetal copy number variation and the elevation
is adjusted. Sometimes, one or more elevations (e.g., elevaticns in a profile) are not adjusted. In
some embodiments, an elevation (e.g., a first elevation) is oulsidé an expected elevation range for
a copy number variation and the elevation is not adjusted. Often, an elevation within an expected
30 elevation range for the absence of a copy number variation is not adjusted. Any suitable number
of adjustments can be made to one or more elevations in a profile. In some embodimenys, one or
more elevations are adjusted. Sometimes 2 or more, 3 or more, 5 or more, 6 or more, 7 or more, 8
or more, 9 or more and sometimes 10 or more elevations are adjusted.
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In some embodirhents, a value of a first elevation is adjusted according to a value of a second
elevation. Sometimes a first elevation, identified as representative of a copy number variation, is
adjusted to the value of a second elevation, where the second elevation is often associated with no
copy number variation. In some cases, a value of a first elevation, identified as representative of a
5 copy number variation, is adjusted so the value of the first elevation is about equal to a value'of a

second elevation.

An adjustment can comprise a suitable mathematical operation. Sometimes an adjustment
comprises one or more mathematical operations. Sometimes an elevation is adjusted by

10 normalizing, filtering, averaging, multiplying, dividing, adding or subtracting or combination thereof.
Sometimes an elevation is adjusted by a predetermined value or a constant. Sometimes an |
elevation is adjusted by modifying the value of the elevation to the value of another elevation. For
example, a first elevation may be adjusted by modifying its value to the value of a second
glevation. A value in such cases may be a processed value (e.g., mean, normalized value and the

15 like).

Sometimes an elevation is categorized as a copy number variation (e.g., a' maternal copy number
variation) and is adjusted according to a predetermined value referred to herein as a
predetermined adjustment value (PAV). Often a PAV is determined for a specific copy number

20 variation. Often a PAV determined for a specific copy number variation (e.g., homozygous
duplication, homozygous deletion, heterozygous duplication, heterozygous deletion) is used to
adjust an elevation categorized as a specific copy number variation (e.g., homozygous duplication,
homozygous deletion, heterozygous duplication, heterozygous deletion). In some cases, an

, elevation is categorized as a copy number variation and is then adjusted according to a PAV

25  specific to the type of copy number variation categorized. Sometimes an elevation (e.g., afirst

. elevation) is categorized as a maternal copy number variation, fetal copy number variation, or a

maternal copy number variation and a fetal copy number variation and is adjusted by adding or .
subtracting a PAV from the elevation. Often an elevation (e.g., a first elevation) is categorized as a
maternal copy number variation and is adjusted by adding a PAV to the elevation. For example,

30 - an elevation categorized as a duplication (e.g., a maternal, fetal or maternal and fetal'homozygous
duplication) can bé adjusted by adding a PAV determined for a specific duplication (e.g., a
homozygous duplication) thereby providing an adjusted elevation. Often a PAV determined for a
copy number duplication is a negative value. In scme embodiments providing an adjustment to an
elevation representative of a duplication by utilizing a PAV determined for a duplication results in a
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reduction in the value of the elevation. In some embodiments, an elevation (e.g., a first elevation)
that significantly differs from a second elevation is categorized as‘a copy number deletion (e.g., a
homozygous deletion, heterozygous deletion, homozygous duplication, homozygous duplication)
and the first elevation is adjusted by adding a PAV determined for a copy number deletion. Often a
PAV determined for a copy number deletion is a positive value. In some embodiments providing
an adjustment to an elevation representative of a deletion by utilizing a PAV determined for a
deletion results in an increase in the value of the elevation.

A PAV can be any suitable value. Often a PAV is determined abcbrding to and is specific for a
copy number variation (e.g., a categorized copy number variation). In some cases a PAV is
determined according to an expected elevation for a copy number variation (e.g., a categorized
copy number variation) and/or a PAV factor. A PAV sometimes is determined by multiplying an
expected elevation by a PAV factor. For example, a PAV for a copy number variation can be
determined by multiplying an expected elevation determined for a copy number variation (e.g., a
heterozygous deletion) by a PAV factor determined for the same copy number variation (e.g., a

heterozygous deletion). For example, PAV can be determined by the formula below:
PAV, = (Expected Elevation), x (PAV factor),
for the copy number variation k (e.g., k = a heterozygous deletion)

A PAV factor can be any suitable value. Sometimes a PAV factor for a homozygous duplication is
between about -0.6 and about -0.4. Sometimes a PAV factor for a homozygous duplication is
about -0.60, -0.59, -0.58, -0.57, -v0.56, -0.55, -0.54, -0.53, -0:52, -0.51, -0.50, -0.49, -0.48, -0.47, -
0.46,-0.45, -0.44, -0.43, -0.42, -0.41 and -0.40. AOften a PAV factor for a homozygous duplication
is about -0.5.

For example, for an NRV of about 1 and an expected elevation of a homozygous duplication equal
to about 2, the PAV for the homozygous duplication is determined as about -1 accordiﬁg to the
formula above. In this case, a first elevation categorized as a homozygous duplication is adjusted
by adding about -1 to the value of the first elevation, for example. '

Sometimes a PAV factor for a heterozygous duplication is between about -0.4 and about -0.2.
Sometimes a PAV factor for a heterozygous duplication is about -0.40, -0.39, -0.38, -0.37, -0.36, -
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0.35, -0.34, -0.33, -0.32, -0.31, -0.30, -0.29, -0.28, -0.27, -0.26, -0.25, -0.24, -0.23, -0.22, -0.21 and
-0.20. Often a PAV factor for a heterozygous duplication is about -0.33.

For example, for'an NRV of about 1 and an expected elevation of a heterozygous duplication equal
to about 1.5, the PAV for the homozygous duplication is determined as about -0.495 according to
the formula above. In this case, a first elevation categorized as a hete"rozygous duplication is
adjusted by adding about -0.495 to the value of the first elevation, for example.

~ Sometimes a PAV factor for a heterozygous deletion is between about 0.4 and about 0.2.
Sometimes a PAV factor for a heterozygous deletion is about 0.40, 0.39, 0.38, 0.37, 0.36, 0.35,
0.34,0.33, 0.32,0.31, 0.30, 0.29, 0.28, 0.27, 0.26, 0.25, 0.24, 0.23, 0.22, 0.21 and 0.20. Often a
PAV factor for a heterozygous deletion is about 0.33.

For example, for an NRV of about 1 and an expected elevation of a heterozygous deletion equal to
about 0.5, the PAV for the heterozygous deletion is determined as about 0.495 according to the
formula above. In this case, a first elevation categorized as a heterozygous deletion is adjusted by
adding about 0.495 to the value of the first elevafion, for example. -

Sometimes a PAV factor for a homozygbus deletion is between about 0.6 and about 0.4.
~ Sometimes a PAV factor fof a homozygous deletion is about 0.60, 0.59, 0.58, 0.57, 0.56, 0.55,
0.54, 0.53, 0.52, 0.51,0.50, 0.49, 0.48, 0.47, 0.46, 0.45, 0.44, 0.43, 0.42, 0.41 and 0.40. Oftena
- PAV factor for a homozygous deletion is about 0.5. ’ '

For example, for an NRV of about 1 and an expected elevation of a homozygous deletion equal to
about 0, the PAV for the homozygous deletion is determined as about 1 according to the formula
above. In this case, a first elevation categorized as a homozygous deletion is adjusted by adding

about 1 to the value of the first elevation, for example.

In some cases, a PAV is about equal to or equal to an expected elevation for a copy number
variation (e.g., the expected elevation of a copy number variation).

In some embodiments, counts of an elevation are normalized prior to making an adjustment. In
some cases, counts of some or all elevations in a profile are normalized prior to making an
adjustment. For example, counts of an elevation can be normalized according to counts of a
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reference elevation or an NRV. In some cases, counts of an elevation (e.g., a second elevation)
are normalized according to counts of a reference elevation or an NRV and the counts of all other
elevations (e.g., a first elevalioh) in a profile are normalized rélative to the counts of the same
reference elevation or NRV prior to making an adjustment.

5
In some embodiments, an elevation of a profile results from one or more adjustments. In some
cases, an elevation of a profile is determined after one or more elevations in the profile are
adjusted. In some embodiments, an elevation of a profile is re-calculated after one or more
adjustments are made. B
10

'In some embodiments, a copy number variation (e.g., a maternal copy number variation, fetal copy -
number variation, or a maternal copy number variation and a fetal copy number variation) is
determined (e.g., determined directly or indirectly) from an.adjustment. For example, an elevation
in a profile that was adjusted (e 9., an adjusted first elevation) can be identified as a maternal copy
15 number variation. In some embodiments, the magnitude of the adjustment indicates the type of
copy number variation (e.g., heterozygous deletioh, homozygous duplication, and the like). In
some cases, an adjusted elevation in a profile can be identified as represe_n'tative of a copy number
variation according to the value of a PAV for the copy number variation.” For example, for a given
profile, PAV is about -1 for a homozygous duplication, about -0.5 for a heterozygous duplication,
20  about 0.5 for a heterozygous deletion and about 1 for a homozygous deletion.. In the preceding
example, an elevation adjusted by about -1 can be'identified as a homdzygous duplication, for -
\ ' example. In some embodiments, one or more copy number variations can be determined from a
profile or an elevation comprising one or more adjustments. '
25 Insome casés, adjusted elevations within a profile are compared. Sometimes anomalies and -
errors are identified by comparing adjusted elevations. For example, often one or more adjusied
elevations in a'profile are compared and a particular elevation may be identified as an anomaly or
error. Sometimes an anomaly or error is identified within one or more genomic sections making up
an elevation. An anomaly"or error may be identified within the same elevation (e.g., in a profile) or
30 in one or more elevations that represent genomic sections that are adjacent, contiguous, adjoining
or abutting. Sometimes one or more adjusted elevations are elevations of genomic sections that
are adjacent, contiguou_s, adjoining or abutting where the one or more adjusted elevations are
compared and an anomaly or error is identified. An anomaly or error can be a peak ordipin a
profile or elevation where a cause of the peak or dip is known or unknown. In some cases
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adjusted elevations are compared and an anomaly or error is identified where the anomaly or error
is due to a stochastic, systematic, random or user error. Sometimes adjusted elevations aré
compared and an anomaly or error is removed from a profile. In Some cases, adjusted elevations
are compared and an anomaly or error is adjusted.

Adjustment Module

In some embodiments, adjustments (e.g., adjustments to elevations or profiles) are made by an
‘adjustment module or by an apparatus comprising an adjustment module. In some embodiments,
10 an adjustment module or-an apparatus c.omprising an adjustment module is required to adjust an
elevation. An apparatus comprising an adjustment module can comprise at least one processor.
In some embodiments, an adjusted elevation. is provided by an apparatus that includes a processor
(e.g., one or more processors) which processor can perform and/or im'plement one or more
_ instructions (e.g., processes, routines and/or subroutines) from the adjustment module. In some
15 embodiments, an elevation is adjusted by an apparatus that may include multiple processors, such
as processors coordinated and working in parallel. In some embodiments, an adjusiment module .
- operates with one or more external processors (e.g., an internal or external network, server, ‘
storage device andfor storage network (e.g., a cloud)). Sometimes an apparatus comprising an
adjustment module gathers, assembles and/or receives data and/or information from another
20  module or apparatus. Sometimes an apparatus comprising an adjustment module provides and/or
transfers data and/or information to another module or apparatus. \

Sometimes an adjustment module receives and gathers data and/or information from a component
or peripheral. Offen an adjustment module receives, gathers and/or assembles counts, elevations,
25 profiles, reference elevations, expected elevations, expected elevation ranges, uncertainty values,
adjustments and/or constants. Often an adjustment module receives gathers and/or assembles
- elevations (e.g., first elevations) that are categbrized or determined to be copy number variations
(e.g., a maternal copy nurhber variation, fetal copy number variation, or a maternal copy number
variation and a fetal copy number variation). Sometimes an adjustment module accepts and
30  gathers input data and/or information from an operator of an apparatus. For example, sorhetimes
an operator of an.apparatus provides a constant, a threshold value, a formula or a predetermined
value to @ module. In some embodiments, data and/or information are provided by an apparatus
that includes multiple processors, such as processors coordinated and working in parallel. In some.
embodiments, an elevation is adjusted by an apparatus comprising a suitable beripheral or
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component. An apparatus comprising an adjustment module can receive normalized data from.a
normalization module, ranges from a range setting module, comparison data from a comparison
module, elevations identified (e.g., identified as a copy number variation) from a categorization
module, and/or adjustment data from another adjustment module. An adjustment module can
5 receive data and/or information, transform the received data and/or information and provide

adjustments. Data and/or information derived from, or transformed by, an adjustment module can
be transferred from an adjustment module to a categorization module or to a suitab!e apparatus
and/or module. An elevation adjusted by methods described herein can be independently verified
and/or adjusted by further testing (€.g., by targeted sequencing of maternal and or fetal nucleic

10 acid). '

Plotting Module

In some embodiments a count, an elevation, and/or a profile is plbtted (e.g., graphed). Sometimes

15 aplot (e.g., a graph) comprises an adjustment. Sometimes a plot comprises an adjustment ofa
count, an elevation, and/or a profile. Sometimes a count, an elevation, and/or a profile is plotted
and a count, elevation, and/or a profile comprises an adjustment. Often a count, an elevation,
and/or a profile is plotted and a count, elevation, and/or a profile are compared. Sometimes a copy
number variation (e.g., an aneuploidy, copy number variation) is identified and/or categorized from

20 aplot of acount, an elevation, and/or a profile. Sometimes an autcome is determined from a plot
of a count, an elevation, and/or a profile. In some embodiments, a blot (e.g., a graph) is made
(e.9., generated) by a plotting module or an apparatus corhprising a plotting module. In some
embodiments, a plotting module or an apparatus comprising a plotting module is required to plot a
count, an elevation or a profite. A plotting module may display a plot or send a plot to a display

25 (e.g., adisplay module). An apparatus comprising a plotting module can comprise at least one
processor. In some embodiments, a plot is provided by an apparatus that includes a processor
(e.g., one or more processors) which processor can pérform and/or implement one or more
instructions (€.g., processes, routines and/or subroutines) from the plotting module. In some
embodiments, a plot is made by an apparatus that may include multiple processors, such as

30 processors coordinated and working in parallel. . In some embodiments, a plotting module operates
with one or more external processors (e.g., an internal or external network, server, storage device
and/or storage network (e.g., a cloud)). Sometimes an apparatus comprising a plotting module
gathers, assembles and/or receives data and/of information from another module or apparatus.
Sormetimes a plotting module receives and gathers data and/or information from a component or
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peripheral. Often a plotting module receives, gathers, assembles and/or plots sequence reads,
genomic sections, mapped reads, counts, elevatibns, profiles, reference elevations, expected
elevations, expected elevation ranges, uncertainty values, comparisons, catego_riied elevations
(e.g., elevations identified as copy number variations) and/or outcomes, adjustments and/or
constants. Sometimes a plotting module accepts and gathers input data and/or information from
an operator of an apparatus. For examble, sometimes an operator of an apparatus provides a
constant, a threshold value, a formula or a predetermined' value to a plotting module. In some
efnbodiments, data and/or information are provided by an apparatus that includes multiple |
processors, such as processors coordinated and working in parallel. In some embodiments, a
count, an elevation and/or a profile is plotted by an apparatus comprising a suitable peripheral or
component. An apparatus comprising a plotting module can receive normalized data from a
normalization module, ranges from a range setting module, comparison déta from a comparison
module; categorization data from a categorization module, and/or adjustment data from an
adjustment module. A plotting module can receive data and/or information, transform the data
and/or information and provided plotted data. Sometimes an apparatué comprising a plotting
module provides and/or transfers data and/or informatioh to anothermodule or apparatus. An
apparatus comprvising a plotting module can plot a count, an elevation and/or a profile and provide
or transfer data and/or information related to the plotting to a suitable apparatus and/or module.
Often \a pldtting module receives, gathérs, assembles and/or plots elevations (e.g., profiles, first
elévations) and transfers plotted data and/or information to and from an adjustment module and/or
comparison module. Plotted data and/or information is sometimes transferred from a pIotting
module to a categorization module and/or a peripheral (e.g., a display or printer). In some
embodiments, plots are categorized and/or determined to comprise a genetic variation (e.g., an

_ aneuploidy) or a copy number variation (e.g., a maternal and/or fetal copy number Variation). A
count, an elevation and/or a profile plotted by methods described herein can be independently -
verified and/or adjusted by further testing (e.g., by-targeted sequencing of maternal and or fetal
nucleic acid). ‘ '

Sometimes an outcome is determined according to one or more elevations. In some

embodiments, a-determination of the presence or absence of a genetic variation (e.g., a
chromosome aneuploidy) is determined according to one or more adjusted elevations. _
Sometimes, a determination of the presence or absence of a genetic variation (e.g., @ chrorposbme
aneuploidy) is determined according to a profile comprising 1 to about 10,000 adjusted elevations.
Often a determination of the presence or absence of a genetic variation (e.g., a chromosome
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aneuploidy) is determined according to a profile comprising about 1 to about a 1000, 1 to about
900, 1 to about 800, 1 to about 700, 1 to about 600, 1 to about 500, 1 to about 400, 1 to about 300,
1 to about 200, 1 to about 100, 1 to about 50, 1-to about 25, 1 to about 20, 1 to about 15, 1 to
“about 10, or 1 to about 5 adjustments. Sometimes a determination of the presence or absence of
5 agenetic variation (e.g., a chromosome aneuploidy) is determined according to a profile

. comprising about 1 adjustment (e.g., one adjuéted elevation). Sometimes an outcome is -
determined according to one or more proﬁles (e.g., a profile of a chromosome or segment thereof)
comprising one or more, 2 or more, 3 or more, 5 or more, 6 or more, 7 or more, 8 or more, 9 or
more or sometimes 10 or more adjustments. Sometimes, a determination of the presence or -

10 - absenceof a génetic variation (e.g., a chromosome aneuplbidy) is determined according to a

profile where some elevations in-a profile are not adjusted. Sometimes, a determination of the
presence or absence of a genetic variation (e.g., a chromosome aneuploidy) is determined

according to a profile where adjustments are not made.

15 In some embodiments, an adjustment of an elevation (e.g., a first elevation) in a profile reduces a
false determination b_r false outcome. In some embodiments, an adjustment of an elevation (e.g., a
first elevation) in a profile reduces the frequency and/or probability (e.g., statistical probability,
likelihood) of a false determination or false outcome. A false determination or outcome can be a
determination or outcome that is not accurate. A false determination or outcome can be a

20 - determination or outcome that is not reflective of the actual or true genetic make-up or the actual or
true genetic disposition (e.g., the presence or absence of a genetic variation) of a subject (e.g., a
pregnant'female, a fetus and/or a combination thereof). Sometimes a false determination or
outcome is a false negative determination. In some embodiments a negative determination or’
negative outcome is the absence of a genetic variation (e.g., aneuploidy, copy number variation).

25 Sometimes a false determination or false outcome is a false positive determination or false positive
outcome. In some embodiments a positive determination or positive outcome is_the presence ofa
genetic variation (e.g., anéuploidy, copy number variation). In some embodiments, a determination .
or outcome is utilized in a diagnosis. In some embodiments, a determination or outcome is for a
fetus. '

30

Outcome

Methods described herein can provide a determination of the presencé or absence of a genetic
variation (e.g., fetal aneuploidy) for a sample, thereby providing an outcome (e.g., thereby
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providing an outcome determinative of the presence or ébsence of a gehetic variatioh (e.g., fetal
aneuploidy)). A genetic variation often includes a gain, a loss and/or alteration {e.g., duplication,
deletion, fusion, insertion, mutati'on, reorganization, substitution or aberrant methylation) of genetic
information (e.g., chromosomes, segments of chromosomes, polymorphic regions, translocated
regions, altered nucleotide sequenée, the like or combi'nations of the foregoing) that results in a
detectable change in the genome or genetic information of a test subject with respect to a
reference. Presence or absence of a genetic variation can be determined by transforming,
analyzing and/or manipulating sequence reads that have been mapped to genomic sections (e.g.,
genomic bins). ‘

Methods described herein sometimes determine presence or absence of a fetal aneuploidy (e.g.,
full chromosome aneuploidy, partial chromosome aneuploidy or segmental chromosomal
aberration (e.g., mosaicism, deletion and/or insertion)) for a test sample from a pregnvant female
bearing a fetus. Sometimes methods described herein detect euploidy or lack of euploidy (non-
euploidy) for a sample from a pregnant female bearing a fetus. Methods described herein
sometimes detect trisomy for one or more chromosomes (e.g., chromosome 13, chromosome 18,
chromosome 21 or combination thereof) or segrﬁent thereof.

In some embodiments, presence or absence of a genetic variation (e.g., a fetal aneuploidy) is
determined by a method described herein, by a method known in the art or by a combination
thereof. Presence or absence of a genetic variation generally is determined from counts of
sequence reads mapped to genomic sections of a reference genome. Counts of sequence reads
utilized to determine presence or absence of a genetic variation sometimes are raw counts and/or
filtered counts, and often are normalized counts. A suitable normalization process or processes
can be used to generate normalized counts, non-limiting examples of which include bin-wise
normalization, normalization by GC content, linear and nonlinear least squares regression, LOESS,

_ GC LOESS, LOWESS, PERUN, RM, GCRM and combinations thereof. Normalized counts

sometimes are expressed as one or more levels or elevations in a profile for a particular set or sets
of genomic sections. Normalized counts sometimes are adjusted or padded prior to determining
presence or absence of a genetic variation. '

Presence or absence of a genetic variation (e.g., fetal aneuploidy) sometimes is determined
without comparing counts for a set of genomic sections to a reference. Counts measured for a test -
sample and are in a test region (e.g., a set of genomic sections of interest) are referred to as "test
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counts" herein. Test counts sometimes are processed counts, averaged or summed counts, a
representation, normalized counts, or one or more levels or elevations, as described herein.
Sometimes test counts are averaged or summed (e.g., an average, mean, median, mode or sum is
calculated) for a set of gehomic sections, and the averaged or summed counts are compared to a
5 threshold orrange. Test counts sometimes are expressed as a representation, which can be

expressed as a ratio or percentage of counts for a first set of genomic sections to counts fora.
second set of genomic sections. Sometimes the first set of genomic sections is for one or more
test chromosomes (e.g., chromosome 13, chromosome 18, chromosome 21, or combination
thereof) and sometimes the second set of genomic sections is for the genome or a part of the

10 genome (e.g., autosomes or autosomes and sex chromosomes). Sometimes a representation is
compared to a threshold or range. Sometimes test counts are expressed as one or more levels or
elevations for normalized counts over a set of genomic sections, and the one or more levels or
elevations are compared to a threshold or range. Test counts (e.g., averaged or summed counts,
representation, normalized counts, one or more levels or elevations) above or below a particular

15 threshold, in a particular range or outside a particular range sometimes are determinative of the
presence of a genetic variation or lack of euploidy (e.g., not euploidy). Test counts (e.g., averaged
or summed counts, representation, normalized counts, one or more levels or elevations) below or
above a particular threshold, in a particular range or outside a particular range sometimes are

determinative of the absence of a genetic variation or euploidy.

20
Presence or absence of a genetic variatioh (e.g., fetal aneuploidy) sometimes is determined by
comparing test counts (e.g., raw counts, filtered counts, averaged or summed counts,
representation, normalized counts, one or more levels or elevations, for a set of genomic sections)
to a reference. A reference can be a suitable determination of counts. Counts for a reference
25  sometimes are raw counts, filtered counts, averaged or summed counts, repreéentation, \

normalized counts, one or more levels or elevations, for a set of genomic sections. Reference

counts often are counts for a euploid test region.

In certain embodiments, test counts sometimes are for a first set of genomic sections and a

30  reference includes counts for a second set of genomic sections different than the first set of
genomic sections. Reference counts sometimes are for a nucleic acid sample from the same
pregnant female from which the test sample is obtained. Sometimes reference counts are for a
nucleic acid sample from one or more pregnant females different than the female from which the
test sample was obtained. In some embodiments, a first set of genomic sections is in chromosome
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13, chromosome 18, chromosome 21, segment thevreof or combination of the foregoing, and the
second set of genomic sections is in another chromosome or chromosomes or ségment thereof. In
a non-limiting example, where a first set of genomic sections is in chromosome 21 or segment
thereof, a second set of genomic sections often is in another chrombsome {e.g., chromosome 1,
chromosome 13, chromosome 14, chromosome 18, chromosome 19, éegment thereof or
combination of the foregoing). A reference often is located in a chromosome or segment thereof '
that is typically euploid. For example, chromosome 1 and chromosome 19 often are euploid in
fetuses owing to a high rate of early fetal mortality associated with chromosome 1 and
chromosome 19 aneuploidies. A measure of deviation between the test‘counts and the reference
counts can be generated..

Sometimes a reference comprises counts for the same set of Qenomic sections as for the test
_counts, where the counts for the reference are from one or more referen‘ce samples (e.g., often
multiple reference samples from multipie reference subjects). A reference sample often is from
one or more pregnant females different than the female from which a test sample is obtained. A
measure of deviation between the test counts and the feference counts can be generated.

A suitable measure of deviation betwéen test counts and reference counts can be selected, non-
limiting examples of which include standard deviation, average absolute deviation, median
absolute deviation, maximum absolute déviation, standard score (e.g., z-value, z-score, normal -
score, standardized variable) and the like. In some embodiments, reference samples are euploid
for a‘ test regiont and deviation between the test counts and the reference counts is assessed. A
deviation of less than three between test counts and reference counts (e.g., 3-sigma for standard
deviation) often is indicative of a euploid test region (e.g., absence of a genetic variation). A
deviation of greater than three between test counts and reference counts often is indicative of a
non-euploid test region (é.g., presence of a genetic variation). . Test counts significantly below
reference counts, which reference counts are indicative of euploidy, sometimes are determinative
of a monosomy. Test counts significantly above reference counts, which reference counts are
indicative of euploidy, sometimes are determinative of a trisomy. A measure of deviation between
tesf counts for a test sample and reference counts for multiple reference subjects can be plotted

and visualized (e.g., z-score plot).

Any other suitable reference can be factored with test counts for determining presence or absence
of a genetic variation (or determination of euploid or non-euploid) for a test region of a test sample.
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For example, a fetal fraction determination can be factored with test counts to determine the
presence or absence of a genetic variation. A suitable process for quantifying fetal fraction can be
utilized, non-limiting examples of which include a mass spectrometric process, sequencing process

or combi'nation thereof.

Laboratory personnel (e.g., a laboratory manager) can analyze values (e.g., test counts, reference
counts, level of deviation) underlying a determination of the presence or absence of a genetic
variation (or determination of euploid or non-euploid for a test region). For calls pertaining to
presence or absence of a genetic variation that are close or questionable, laboratory personnel can

10 re-order the same test, and/or order a different test (e.g., karyotyping and/or amniocentesis in the
case of fetal aneuploidy determinations), that makes use of the same or different sarﬁple nucleic
acid from a test subject.

A genetic variation sometimes is associated with medical condition. An outcome determinative of
‘15 agenetic variation is sometimes an outcome determinative of the presence or absence of a
condition (e.g., a medical condition), disease, syndrome or abnormality, or includes, detection of a
condition, disease, syndromé or abnormality (e.g., non-.lim'iting éxamples listed in Table 1). In
some cases a diagnosis comprises assessment of an outcome. An outcome determinative of the
presence or absence of a condition (e.g., a medical condition), disease, syndrome or abnormality
20 by methods described herein can sometimes be independently verified by further testing (e.g., by

karyotyping and/or amniocentesis).

-Analysis and processing of data can provide one or rhore outcomes. The term “outcome” as used
herein can refer to a result of data processing that facilitates determining the presence or absence

25  of agenetic variation (e.g., an aneuploidy, a copy number variation). Sometimes the term

| “outcome” as used herein refers to a conclusion that predicts and/or determines the presence or

absence of a genetic variation (e.g., an aneuploidy, a copy number variation). Sometimes the term
“outcome” as used herein refers to a conclusion that predicts and/or determinés arisk or
probability of the presence or absence of a genetic variation (e.g., an aneuploidy, a copy number

30 -variation) in a subject (e.g., a fetus). A diagnbsis sometimes comprises use of an outcome. For
example, a health practitioner may analyze an outcome and provide a diagnosis bases on, or
based in part on, the outcome. In some embodiments, determination, detection or diagnosis of a
condition, syndrome or abnormality (e.g., listed in Table 1) comprises use of an outcome
determinative of the presence or absence of a genetic variation. In some embodiments, an
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outcome based on counted mapped sequence reads or transformations thereof is determinative of '
the presence or absence of a genetic variation. In certain embodiments, an outcome generated
utilizing one or more methods (e.g., data processing m_ethods) described herein is determinative of
the presence or absence of one or more conditions, syndromes or abnormalities listed in Table 1.
5 Sometimes a diagnosis comprises a determination of a presence or absence of a condition,

syndrome or abnormality. Often a diagnosis comprises a determination of a genetic variation as
the nature and/or céuse of a condition, syndrome or abnormality. Sometimes an outcome is not a
diagnosis. An outcome often comprises one or more numerical values generated using a
processing method de'scri‘bed herein in the cantext of one or more considerations of probability. A

10 cohsideration of risk or probability can include, but is not limited to: an uncertainty value, a v
measure of variability, confidence level, sensitivity, specificity, standard deviation, coefficient of
variation (CV) and/or confidence level, Z-scores, Chi values, Phi values, ploidy values, fitted fetal
fraction, area ratios, median elevation, the like or combinations thereof. A consideration of

_ probability can facilitate determining whether a subject is at risk of having, or has, a genetic

15  variation, arid an outcome determinative of a presence or absence of a genetic disorder often

includes such a consideration. -

An outcome sometimes is a phenotype. "An outcome sometimes is a phenotype with an associated
level -of confidence (e.g., an uncertainty value, e.g., a fetus is positive for trisomy 21 with a

20  confidence level of 99%, a test subject is negative for a cancer associated with a genetic variation
at a confidence level of 95%). Different methods of generating outcéme values sometimes can
produce different types of results. Generally, there are four types of possible scores or calls that
can be made based on outcome values generated using methods described herein: true positive,

‘ false positive, true negative and false negative. The terms “score”, “scores”, “call” and “calls” as

25 used herein refer to calculating the probability that a particular genetic variation is present or
absent in a subject/sample. The value of a score may be used to determine, for example, a

_variation, difference, or ratio of mapped sequence reads that may correspond to a genetic

variation. For example, calculating a positive score for a selected genetic variation or genomic
seétion from a data set, with respect to a reference genome can lead to an identification of the

30 presence or absence of a genetic variation, which genetic variation sometimes is associated with a
medical condition (e.g., cancer, preeclampsia, tﬁsomy, monoéomy, and the like). In some ‘
embodiment_s, an outcome comprises an elevation, a profile and/or a plot (e.g., a profile plot). In
those embodiments in which an outcome comprises a profile, a suitable profile or combination of
profiles can be used for an outcome. Non-limiting examples of profiles that can be used for an
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outcome include z-score profiles, p-value profiles, chi value profiles, phi value profiles, the like, and
combinations thereof

An outcome generated for determining the presence or absence of a genetic variation sometimes
5 includes a null result (e.9., a data point between two clusters, a numerical value with a standard
deviation that encompasses values for both the presence and absence of a genetic variation, a
data set with a profile plot that is not similar to profile plots for subjecté having or free from the
genetic variation being investigated). In some embodiments, an outcome indicative of a null result
still is a determinative result, and the determination can include the need for additional information
10 and/or a repeat of the data generation and/or analysis for determining the presence or absence of
a genetic variation.
, .
An outcome can be generated after performing one or more processing-steps described herein, in
some embodiments. In certain embodiments, an outcome is generated as a result of one of the
15 processing steps described herein, and in some embodiments, an cutcome can be generated after
each statistical and/or mathematical manipulation of a data set is perfofmed. An outcome
pertaining to the determination of the presence or absence of a gen'etic variation.can be expressed
in a suitable form, which form comprises without limitation, a probability (e.g., odds ratio, p-value),
likelihood, value in or out of a cluster, value over or under a threshold value, value within a range
20 (e.g., a threshold range), value with a measure of variance or confidence, or risk factor, associated
~ with the presence or absence of a genetic variation for a subject or sample. In certain
embodiments, comparison between samples allows confirmation of sample identity (e.g., allows
identification of repeated samples and/or samples that have been mixed up (e.g., mislabeled,
combined, and the like)). -
25 _
In some embodiments, an outcome comprises a value above or below a predetermined threshold
or cutoff value (e.g., greater than 1, less than 1), and an uncertainty or confidence level associated
with the value. Sometimes a predetermined threshold or cutoff value is an expected elevation or
an expected elevation range. An outcome also can describe an assumption used in data
30 processing. In certain embodiments, an outcome comprises a value that falls within or outside a
predetermined range of values (e.g., a threshold range) and the associated uncertainty or
confidence level for that value being inside or outside the range. In some embodiments, an
outcome comprises a value that is equal to a predetermined value (e.g., equal to 1, equal to zero),
or is equal to a value within a prgdetermined value range, and its associated uncertainty or
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confidence level for that value being equal or within or outside a range. An outcome sometimes is
graphically represented as a plot (e.g., profile plot). ’

As noted above, an outcome can be characterized as a true pbsitive, true negative, false positive
5 orfalse négative. The term “true positive” as used herein refers to a subject correctly diagnosed

as having a genetic variation. The terrii “false positive” as used herein refers to a subject wrongly
identified as having a genetic variation. The term “true negative” as used herein refers to a subject
correctly identified as not having a genetic variation. The term “false negative” as used herein |
refers to a subject wrongly identified as not having a genetic variation. Two measures of

10 performance for any given method can be calculated based on the ratios of these occurrences: (i) -
a sensitivity value, which generally is the fraction of predicted positives that are correctly identified
as being positives; and (ii) a specificity value, which generally is the fraction of predicted negatives
correctly identified as being negative. The term “sensitivity” as used herein refers to the number of
true positives divided by the number of true positives plus the number of false negatives, where

15 sensitivity (sens) may be within the range of 0 < sens < 1. Ideally, the number of false negatives
equal zero or close to zero, so that no subject is wrongly identified as not having at least one
genetic variation when they indeed have at least one genetic variation. Conversely, an
assessment often is made of the ability of a prediction aigorithm to classify negatives correctly, a
complementary measurement to sensitivity. The term "specificity” as used herein refers to the

20 number of true negatives divided by the number of true negatives plus the number of false
positives, where sehsitivity (spec) may be within the range of 0 < spec < 1. Ideally, the number of
false positives equal zero or close to zero, so that no subject is wrongly identified as having at least
one genetic variation when they do not have the genetic variation being assessed.

25 Incertain embodiments', one or more of sensitivity, specificity'and/or confidence level are
expressed as a percentage. In some embodiments, the percentage, independently for each
variable, 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 99.5%, or greater, about 99.9% or greater, about 99.95% or greater, ‘
about 99.99% or greater)). Coefficient of variation (CV) in some embodiments is expressed as a

30 percentage, and sometimes the percentage is about 10% or less (e.g., about 10, 9, 8,7, 6, 5, 4, 3,
2 or 1%, or less than 1% (e.g., about 0.5% 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 is not due to chance) in certain
‘e'mbodiments is expressed as a Z-score, a p-value, or the results of a t-test. In some
embodiments, a measured variance, confidence interval, sensitivity, specificity and the like (e.g.,
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" referred to collectively as confidence parameters) for an outcome can be generated using one or
more data processing manipulations described herein. Specific examples of generating outcomes
and associated confidence levels are described in the Example section. '

5 A method that has sensitivity and specificity equaling one, or 100%, or near one (e.g., between
about 90% to about 99%) sometimes is selected. In some embodiments, a method having a
sensitivity equaling 1, or 100% is selected, and in certain embodiments, a method having a
sensitivity near 1 is selected (e.g., a sensitivity of about 90%, a sensitivity of about 91%, a
sensitivity of about 92%, a sensitivity of about 93%, a sensitivity of about 94%, a sensitivity of

10 about 95%, a sensitivity of about 96%, a sensitivity of about 97%, a sensitivity of about 98%, or a
" sensitivity of about 99%). In some embodiments, a method having a specificity equaling 1, or
100% is selected, and in certain embodiments, a method having a specificity near 1 is selected
(e.g., a specificity of about 90%, a specificity of about 91%, a specificity of about 92%, a specificity
of about 93%, a specificity of about 94%, a specificity of about 95%, a specificity of about 96%, a
15 specificity of about 97%, a specificity of about 98%, or a specificity of about 99%)).

Outcome Module

The presence or absence of a genetic variation (an aneuploidy, a fetal aneuploidy, a copy number

20  variation) can be identified by an outcome module or by an apparatus comprising an outcome
module. Sometimes a genetic variation is identified by an outcome module. Often a determination
of the presence or absence of an aneuploidy is identified by an butcome module. In some
embodiments, an outcome determinative of a genetic variation (ain aneuploidy, a copy number
variation) can be identified by an outcome module or by an apparatus comprising an outcome

25 module. An outcome module can be specialized for determining a specific genetic variation (e.g.,
atrisomy, a trisomy 21, a trisomy 18). For example, an outcome module that identifies a trisomy
21 can be different than and/or distinct from an outcome module that identifies a trisomy 18. In
some embodiments, an outcome modu‘l'_e or an apparatus comprising an outcome module is
required to identify a genetic vériation oran outCome determinative bf a genetic variation (e.g., an

30  aneuploidy, a copy number variation). An apparatus comprising an outcome module can comprise
at least one processor. In some embodiments, a genetic variation or an outcome determinative of
égenetic variation is provided by an apparatds that includes a processor (e.g., one or more
processors) which processor can perform and/or implement one or more instructions (e.g.,
processes, routines and/or subroutines) from the outcome module. In some embodiments, a
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genetic variation or an outcome determinative of a genetic variation is identified by an apparatus

that may include multiple processors, such as processors coordinated and working in parallel. In
some embodiments, an outcome module operates with one or more external processors (e.g., an
internal or external network, server, storage device and/or storage network (e.g., a cloud)).

5 Sometimes an apparatus comprising an outcome module gathers, assembles and/or receives data
and/or information from another module or apparatus. Sometimes an apparatus comprising an
outcome module provides and/or transfers data and/or information to ahother module or apparatus.
Sometimes an outcome module transfers, receives or gathers data and/or information to or from a
component or peripheral. Often an outcome module vreceives, gathers and/or assembles counts, '

10 elevations, profiles, normalized data and/or information, reference elevatiohs, expected elevations,
expected ranges, uncertainty values, adjustments, adjusted elevations, plots, categorizéd
elevations, comparisons and/or constants. Sometimes an outcome module accepts and gathers
input data and/or information from an operator of an apparatus. For example, sometimes an
operator of an apparatus provides a éonstant, a threshold value, a formula or a predetermined

15 value to an outcome module. In some embodiments, data and/or information are provided by an
apparatus that includes multiple processors, such as processors coordinated and working in
parallel. In some embodiments, identification of a genetic variation or an outcome determinative of
a genetic variation is provided by an apparatus comprising a suitable peripheral or component. An
apparatus comprising an outcome module can receive normalized data frorh a normalization

20 ‘module, expécted elevations and/or rangeé from a range setting module, comparison data from a
compafison module, categorized elevations from a categorization modute, plots from a plotting.
module, andjor adjustment data fronﬁ an adjustment module. An outcome module can receive data
and/or information, transform the data and/or information and provide an outcome. An outcome
module can provide or transter data and/or information related to a genetic variation or an outcome V

25  determinative of a genetic variation to a suitable apparatus and/or module. A genetic variation or
an outcome determinative of a'ge_netic variation identified by methods described herein can be
independently verified by further testing (e.g., by térgeted sequencing of maternal and/or fetal
nucleic acid). '

30  After one or more outcomes have been generated, an outcome often is used to provide a
determination of the presénce or absence of a genetic variation and/or associated medical
condition. An outcome typically is provided to a health care professional (e.g., laboratory
technician or manager; physician or assistant). Often an outcome is provided by an outcome
module. Sometimes an outcome is provided by a plotting module. Sometimes an outcome is
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provided on a peripheral or component of an apparatus. For example, sometimes an outcome is
provided by a printer or display. In some embodiments, an outcome determinative of the presence
or absence of a genetic variation is provided to a healthcare professional in the form of a report,
and in cerlain embodiments the report comprises a display of an outcome value and an associated
5 confidence parameter. Generally, an outcome can be displayed in a suitable format that facilitates
~ determination of the presence or absence of a genetic variation and)or medical condition. Non-
limiting examples of formats suitable for use for repdrting and/or displaying _déta sets or reporting
an outcome include digital data, a graph, a 2D graph, a 3D graph, and 4D graph, a picture, a
pictograph, a chart, a bar graph, a pie graph, a diagram, a flow chart, a scatter plot, a map, a

10 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 like, and combination of the foregoing. Various exémples of outcome representalions are
shown in the drawings and are described in the Examples.

15 Generating an outcome can be viewed as a transfqr;nation of nucleic acid sequence read data, or
the like, into a representation of a subject's cellular nucleic acid, in certain embodiments. For -
example, analyzing sequence reads of nucleic acid from a subject and generating a chromosome
profile and/or outcome can be viewed as a transformation of relatively small sequence read
fragments to a representation of relatively large chromosome structure. In some embodiments, an

20  outcome results from a transformation of sequence reads from a subject (e.g., a pregnant female),
into a représentation of an existing structure (e.g., a genome, a chromosome or segment thereof)
present in the subject (e.g., a maternal and/or fetal nucleic acid). In some embodiments, an
outcome comprises a transformation of sequence reads from a first subject (e.g., a pregnant

- female), into a composite representation of structures (e.g., a genome, a chromosome or segment

25  thereof), and a second transformation of the composite repr_eseﬁtation that yields a representétion
of a structure present in a first subject (e.g., a pregnant female) and/or a second subject (e.g., a
fetus).

Use of Oulcomes
30 ‘
A health care professional, or other qualified individual, receiving a report comprising one or more
outcomes determinative of the presence or absencé of a genetic¢ variation can use the displayed
data in the report to make a call regarding the status of the test subject or patient. The healthcare
professional can make a recommendation based on the provided outcome, in some embodiments.
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A health care professional or qualified individual can provide a test subject or patient with a call or
score with regards to the presence or absence of the genetic variation based on the outcome value
or values and associated confidence parameters provided in a report, in some-embodiments. In
certain embodiments, a score or call is made manually by a healthcare professional or qualified
5 individual, using visual observation of the provided report. In certain embodiments, a score or call

is made by an automated routine, sometimes embedded in software, and reviewed by a healthcare
professional or qualified individual for accuracy prior to providing information to a test subject or
patient. The term “receiving a report” as used herein refers to obtaining, by a communication
means, a wiitten andlor graphical representation comprising an outcome, which upon review

10  allows a healthcare professional or other qualified individual to make a determination as to the
presence or absence of a genetic variation in a test subject or patient. The report may be
generated by a computer or by human data entry, and can be communicated using electronic
means (e.g., over the intemet, via computer, via fax, from one network location to another location
at the same or different physical sites), or by a other method of sending or receiving data (e.g.,

15 mail service, courier service and the like). In éome embodiments the outcome is transmitted to a
health care professional in a suitable medium, including, without limitation, in verbal, document, or
file form. The file may be, for example, but not limited to, an auditory file, a computer readable file,

a paper file, a laboratory file or a medical record file.

20 The term "providing an outcome” and grammatical equivalents thereof, as used herein also can

refer to a method for obtaining such information, including, without limitation, obtaining the
-information from a laboratory (e.g., a laboratory file). Arlaboratory file can be generated by a

laboratory that carried out one or more assays or one or more data processing steps to determine

the presence or absence of the.medical condition. The laboratory may be in the same location-or

25  different location (e.g., in another country) as the personnel identifying the presence or absence of

the medical condition from the laboratory file. For example, the laboratory file can be generated in

one locationand transmitted to another location in which the information therein wil be transmitted

.to the pregnant female subject. The laboratory file may be in tangible form or electronic form (e.g.,

computer readable form), in certain embodiments.

30 ' _
In some embodiments, an outcome can be provided to a health care professional, physician 6r
qualified individual from a laboratory and the health care professional, physician or qualified
individual can make a diagnosis based 6n the oufcomé. In some embodiments, an outcome can
be provided to a health care professional, physician or qualified individdal from a laboratory and
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 the health care professional, physician or qualified individual can make a diagnosis based, in part,
on the outcome along with additional data and/or information and other outcomes

A healthcare professional or qualified individual, can provide a suitable recommendation based on

5 the outcome or outcomes provided in the report. Non-limiting examples of recommendation; that
can be provided based on the provided outcome report includes, surgery, radiation therapy,
chemotherapy, genetic counseling, after birth treatment solutions (e.g., life planning, long term

. assisted care, medicaments, symptomatic treatments), pregnancy termination, organ transplant,
blood transfusion, the like or combinations of the foregoing. In some embodiments the
10 recommendation is dependent on the outcome based classification provided (e.g., Down'’s '
} syndrome, Turner syndrome, medical conditions associated with genetic variations in T13, medical

conditions associated with genetic variations in T18). '

Software can be used to perform one or more steps in the processes described herein, including
15 but not limited to; counting, data processing, generating an outcome, and/or providing one or more

recommendations based on generated outcomes, as described in greater detail hereafter.
Transformations

20  As noted above, data sometimes is transformed from one form into another form. The terms
“transformed”, “transformation”, and grammaticalld_erivations 6r 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 nucleic acid) into a digital representation of the physical starting material (e.g.,
sequence read data), and in some embodiments includes a further transformation into one or more

25 numerical values or graphical representations of the digital representation that can be utilized to
provide an outcome. In certain embodiments, the one or more numerical values and/or graphical
representations of digitally represented data can be utilized to represent the appearance of a test
subject’s physical génome (e.g., virtually represent or visually represent the presence or absence
of a genomic insertion, duplication or deletion; represent the presence or absence of a variation in

30 the physical amount of a sequence associated with medical conditions). A virtual representation
sometimes is further transformed into one or more numerical values or graphical representations of
the digital representation of the starting material. Thése procedures can transform physical
starting material into.a numerical value or graphical representation, or a representation of the

physical appearance of a test subject’'s genome.
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In some embodiments, transformation of a data set facilitates providing an outcome by reducing
data complexity and/or data dimensionality. Data set complexity sometimes is reduced during the
process of transforming a physical starting material into a virtual representatio.n of the starting
5 material (e.g., sequence reads representative of physical starting material). A suitable feature or
' variable can be utilized to reduce data set complexity and/or dimensionality. Non-limiting
examples of features that can be chosen for use as a target feature for data processing include GC
content, fetal gender prediction, identification of chromosomal aneuploidy, identification of
particular genes or proteins, identification _of cancer, diseases, inherited genes/traits, chromosomal
10  abnormalities, a biological category, a chemical category, a biochemical category, a category of
genes or proteins, a gene ontology, a protein ontology, co-regulated genes, cell éi_ghaling genes,
cell cycle genes, proteins pertaining to the foregoing genes, gene variants, protein variants, co-
regulated gene:s, co-regulated proteins, amino acid sequence, nucleotide sequence, protein
structure data and the like, and combinations of the foregoing. Non-limiting examples of data set
15 complexity and/or dimensionality reduction i.nclude; reduction of a plurality of sequence reads to
profile plots, redubtion of a plurality of sequence reads to numerical values (e.g., nbrmalized
values, Z-scores, p-values); reduction of multiple analysis methods to probability plots or single
points; principle component analysis of derived quantities; and the like or combinations thereof.

~

20  Genomic Section Normalization Systems, Apparatus and Computer Program Products |

In certain aspects provided is a system comprising one or more processors and memory, which
memory comprises instructions executable by the one or more processors and which memory
comprises counts of sequence reads of circulating, cell-free sample nucleic acid from a test subject
25  mapped to genomic sections of a reference genome; and which instructions executable by the one
~ or more prbcessors are configured to: (a) generate a sample nbrmalized count profile by -
normalizing counts of the sequence reads for each of the genomic sections; and (b) determine the
presence.or absence of a segmental chromosomal aberration or a fetal aneuploidy or both from
the sample normalized count profile in (a). '
30 |
~ Provided also in certain aspects is an ap.paratus comprising one or more processors and memory,
which memofy comprises instructions executable by the one or more processors and which
memory comprises counts of sequencé reads of circulating, cell-free sample nucleic acid from a '
test subject mapped to genomic sections of a reference genome; and which instructions
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executable by the one or more processors are configured to: (a) generate a sample normalized
count profile by normalizing counts of the sequence reads for each of the genomic sections; and
(b) determine the presence or absence of a segmental chromosomal aberration or a fetal
aneuploidy or both from the sample normalized count profile in (a). .

Also provided in cértain aspects is a computer program pro.duct tangibly embodied on a computer-
readable medium, comprising instructions that when executed by one or more processors are
configured to: (a) access counts of sequence reads of circulating, cell-free sample nucleic acid
from a test subject mapped to genomic sections of a reference genome; (b) generate a sample
norrﬁalized count profile by normalizing counts of the sequence reads for each of the genomic
sections; and (c) determine the presence or absence of a segmehtal chromosomal aberration or a
fetal aneuploidy. obr both from the sample normalized count profile in (b).

In some embodiﬁients, the bounts of the sequence reads for each of the genomic sections in a
segment of the reference genome (e.g., the segment is a chromosomé) individually are normalized
according to the total counts of sequence reads in the genomic sections in the segment. Certain
genomic sections in the segm‘ént sometimes are removed (e.g., filtered) and the remaining

genomic sections in the segment are normalized.

In certain erribodimehts, the system, apparatus and/or computer program product comprises a: (i)
a sequencing module configured to obtain nucleic acid sequence reads; (i) a mapping module '
‘configured to map nucleic acid sequence reads to portions of a reference genome; (iii) a weightihg
module configured to weight genomic sections, (iv) a filtering module configured to filter genomic
sections or counts mapped to a genbmic section, (v) a counting module configured to provide
counts of nucleic acid sequence reads mapped to portions of a reference genome; (vi) a
normalization module configured to provide normalized counts; (vii) a compérison module
configured to provide an identification of a first elevation that is sighificantly different than a second
elevation; (viii) a range setting module configured to provide one or more expected level ranges;
(ix) a categorization module configured to identify an elevation representative of a copy number
variation; (x) an adjustment module configured to adjust a level identified as a copy number
variation; (xi) a plotting module configured to graph and display a level and/or a profile; (xii) an
outcome module configured to determine an outcome (e.g., outcome determinative of the presence -
or absence of a fetal aneuploidy); (xiii) a data displéy organization module configured to indicate
the presence or absence of a segmental chromosomal aberration or a fetal aneuploidy or both;
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(xiv) a logic processing module configured to perform one or more of map sequence reads, count
mapped sequence reads, normalize counts and generate an outcome; or (xv) combination of two
or more of the foregoing.

5 In some embodiments the sequencing module and mapping module are configured to transfer
sequence reads from the sequencing module to the happing module. The mapping module and
counting module sometimes are configured to transfer mapped sequence reads from the mapping
module to the counting module. The counting module and filtering module sometimes are |
configured to transfer counts from the counting module to the filtering module. The counting

10 module and weighting module sometimes are configured to transfer counts from the counting
module to the weighting module.” The mapping module and filtering module sometimes are
configured to transfer mapped sequence reads from the mapping module to the filtering module.

~ The mapping module and weighting module sometimes are cbnfigﬁred to transfer mapped
sequence reads from the rhapping module to the weighting module. Sometimes the weighting
15 module, filtering module and couhting module aré configured to ‘trahsfer filtered and/or weighted
gehomic sections from the weighting module and filtering module to the counting module. The
~ weighting module and normalization mOduIe sometimes are configured to transfer weighted
genomic sections from the weighting module to the normalization module, The filteringmbdule
and normalization module sometimes are configured to transfer filtered genomic sections from the

20 filtering module to the normalization module. In some embodiments, the normalization module
and/or comparison module are configured to transfer normalized counts to the comparison module
and/or range setting module. The comparison module, range setting module and/or categorization
module independently are configured to transfer (i) ai'n identification of a first elevation that is
significantly different than a second elevation and/or (i) an expected level range from the

25 comparison module and/or range setting module to the categorization module, in some
embodiments. In certain embodiments, the categorization module and the adjustment module are
configured to transfer an elevation categorized as a copy number variation from the categorization
module to the adjustment module. In some embodiments, the adjustment module, plotting module

" and the outcome module are configured to transfer one or more adjusted levels from the

30  adjustment module to the plotting module or outcome module. The normalization module
sometimeé is configured to transfer mapped normalized sequence read counts to one or more of
the comparison module, range setting module, categorization module, adjustment module,
outcome module or plotting module.
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Parameterized Error Removal and Unbiased Normalization Systems, Apparatus and
Computer Program Products

Provided in certain aspects is a system comprising one or more processors and memory, which
5 memory comprises instructions executable by the one or more processors and which memory

comprises counts of sequence reads mapped to portions of a reference genome, which sequence
reads are reads of circulating cell-free nucleic acid from a test sample; and which instructions
executable by the one or more processors are configured to: (a) determine a guanine and cytosine
(GC) bias for each of the portions of the reference genome for multiple samples from a fitted

10 relation for each sample between (i) the counts of the sequence reads mapped to each of the
portions of the reference genome, and (ii) GC content for each of the portions; and (b) calculate a
genomic seclion level for each of the portions of the reference genorﬁe from a fitted relation
between (i) the GC bias and (ii) the counts of the sequence reads mapped to each of the portions
of the reference genome, thereby providing calculated genomic section levels, whereby bias in the

15 counts of the sequence reads mapped to each of the portions of the reference genome is reduced

in the calculated genomic section levels.

Also provided in some aspects is an apparatus comprising one or more processors and memory,
which memory comprises instructions executable by the one or more processors and which

20 memory comprises counts of sequence reads mapped to portions of a reference genome, which
sequence reads are reads of circulating cell-free nucleic acid from a test sample; and which
instructions executable by the one or mdre processors are configuréd to: (a) determine a guanine
and cytosine (GC) bias for each of 1he‘ portions of the reference genome for multiple samples from
a fitted relation for each sample between (i) the counts of the sequence reads mapped to each of

25  the portions of the referencé genome, and (ii) GC content for each of the portions; and (b) calculate

. agenomic section level for each of the portions of the reference genome from a fitted relation

between (i) the GC bias and (ii) the counts of the séquence reads mapped to each of the portions
of the reference genome, thereby providing calculated genomic section levels, whereby biaé inthe
counts of the sequence reads mapped to each of the portions of the reference genome is reduced

30 inthe calculated genomic section lévels.

Also provided in certain aspects is a computer program product tangibly embodied on a computer-
- readable medium, comprising instructions that when executed by one or more processors are

configured to: (a) access counts of sequence reads mapped to portions of a reference genome,
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which sequence reads are reads of circulating cell-free nucleic acid from a test sample; (b)
determine a guanine and cytosine (GC) bias for each of the portioris of the reference genome for
multiple samples from a fitted relation for each sample between (i) the counts of the sequence
reads mapped to each of the portions of the reference genome, and (ii) GC content for each of the
5 portions; and (c) calculate a genomic section level for each of the portions of the reference genome

from a fitted relation between (i) the GC bias and (ii) the counts of the sequence reads mapped to
each of the portions of the reference genome, thereby providing calculated genomic section levels,
whereby bias in the counts of the sequence reads mapped to each of the portions of the reference
genome is reduced in the.calculated genomic section levels. |

10 . _
Provided in certain aspects is a system comprising one or more processors and memory, which
memory comprises instructions executable by the one or more processors and which memory
comprises. counts of sequence reads mapped to portions of a reference genome, which sequence
reads are reads of circulating cell-free nucleic acid from a pregnaht female bearing a fetus; and

15 which instructions executable by the one or more processors are configured to: (a) determine a
guanine and cytosine (GC) bias for each of the portions of the reference genome for multiple
samples from a fitted relation for each sample between (i) the counts of the sequence reads
rhapped to each of the portions of the reference genome, and (ii) GC content for each of the
portions; (b) calculate a genomic section level for each of the pbrliOns of the reference genome

20  from a fitted relation between the GC bias and the counts of the sequeﬁce reads mappéd to each
of the portions of the reference genome, thereby providing calculated genomic section ievels; and
(c) identify the presence or absence of an aneuploidy for the fetus according to the calculated
.genomic section levels with a sensitivity of 95% or greater and a specificity of 95% or greater.

25  Also provided in certain aspects is an apparatus comprising one or more processors and memory,
which memory comprises.instructions executable by the one or more processors and which
memory comprises counts of sequence reads mapped to portions of a reference genome, which
sequence reads are reads of circulating ceII-frée nucleic acid from a pregnant female bearing a
fetus; and which instructions executable by the one or more processors are configured to: (a)

30 determine a'guanine and (_:ytosine"(GC) bias for each of the portions of the reference genome for
multiple samples from a fitted relation for each sample between (i) the counts of the sequence
reads mapped to each of the portions of the reference genome, and (ii} GC content for each of the
portioris; (b) calculate a genomic section level for each of the portions of the reference genome
from a fitted relation between the GC bias and the counts of the sequence reads mapped to each
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of the portions of the reference genome, thereby providing calculated genomic section levels; and
(c) identity the presence or absence of an aneuploidy for the fetus according to the calculated
genomic section levels with a sensitivity of 95% or greater and a specificity of 95% or greater.

Provided also in certain aspects is a computer program product tangibly embodied on a computer-
readable medium, comprising instructions that when executed by one or more processors are
configured to: (a) access coupts-of sequence reads mapped to portions of a reference genome,
which sequence reads are reaas of circulating cell-free nucleic acid from a pregnant female
bearing a fetus; (b) determine a guanine énd cytosine (GC) bias for each of the portions of the
reference genome for multiple samples from a fitted rélation for each sémple between (i) the
counts of the sequence reads mapped to each of the.portions, of the reference genome, and (i) GC
content for each of the portions; (c) calculate a genomic section level for each of the portions of the
reference genome from a fitted relation between the GC bias and the counts of the sequence .
reads mapped to each of the portions of the reference genome, thereby providing calculated
genomic section'levels; and (d) identify the presence or absence of an aneuploidy for the fetus
according to the calculated genomic section levels with a senéitivit} of 95% or greater and a
specificity of 95% or greétef. |

Also provided in certain aspects is a system comprising one or more processors and memory,
which memory comprises instructions executable by the one or more processors and which :
memory comprises counts of sequence reads mapped to portions of a reference genome, which
sequence reads are reads of circulating cell-free nucleic acid from a pregnant female bearing a
fetus; and which instructions executable by the one or more processors are cdnﬁgured to: ()

- determine experimental bias for each of the portions of the reference genome for multiple samples
from a fitted relation between (i) the counts of the sequence reads mapped to each of the portions '
of the reference genome, and (i) a mapping feature for each of the portions; and (b) calculate a
genomic section level for each of the portions of the reference genome from a fitted relation
between the experimental bias and the counts of the sequence reads mapped to each of the
portions of the reference genome, thereby providing calculated genomic section levels, whereby
bias in the counts of the sequence reads mapped to each of the portions of the reference genome

- is reduced in the calculated genomic section levels.

Provided also in certain aspects is an apparatus comprising one or more processors and memory,

which memory comprises instructions executable by the one or more processors and which
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memory comprises counts of sequence reads mapped to portions of a reference genome, which
sequence reads are reads of circulating cell-free nucleic acid from a pregnant female bearing a
fetus; and which instructions executable by the one or more processors are configured to: (a) '
determine experimental bias for each of the portions of the reference genome.for multiple samples
from a fitted relation between (i) the counts of the sequence reads mapped to each of the portions
of the reference genome, and (i) a mapping feature for each of the pbrtions; and (b) calculate a
genomic section level for each of the portions of the reference genome from a fitted relation
between the experimental bias and the counts of the sequence reads mapped to each of the
portions of the reference genome, thereby providing calculated genomic section levels, whereby
bias in the counts of the éequence reads mapped to each of the portions of the reference genome
is reduced in the calculated genomic section levels.

Also provided in certain aspects is a computer program product tangibly embodied on a computer-
readable medium, comprising instructions that when executed by one or more processors are
configured to: (a) access counts of sequence reads mapped to portions of a reference genome,
which sequence reads are reads of circulating cell-free nucleic acid from a test s_arﬁple; (b)
determine experimental bias for each of the po'rtions of the reference genome for multiple samples
from a fitted relation between (i) the counts of the sequence reads mapped to each of the portions
of the reference genome, and (ii) a mapping feature for each of the pdrtions; and (c) calculate a

gehomic section level for each of the portions of the reference genome from a fitted relation

~ between the experimental bias and the counts of the sequence reads mapped to each of the

portions of the reference genome, thereby providing calculated genomic section levels, whereby
bias in the counts of the sequence reads mapped to each of the portions of the reference genome
is reduced in the calculated genomic section levels.

In certain embodiments, the system, apparAatus‘and/or computer progrém product comprises a: (i)
a sequencing module configured fo obtain nucleic acid sequence reads; (ii) a mapping module
configured to map nucleic acid sequénce reads to portions of a reference genome; (iii) a weighting
module configured to weight genomic sections; (iv) a filtering module configured to filter genomic
sections or counts mapped to a genomic section; (v) a counting module configured to provide
counts of nucleic acid sequence reads mapped to portions of a reference genome; (vi) a
normalization module configured fo provide normalized counts; (vii) a comparison module
configured to provide an identification of a first elevation that is significantly different than a second
elevatiqn; (viii) a range setting module configured to provide one or more expected level ranges;
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(ix) a categorization module configured to identify an elevation representative of a copy number
variation; (x) an adjustment module configured to adjust a level identified as a copy number
variation; (xi) a plotting module configured to graph and display a level and/or a profile; (xii) an
~ outcome module configured to determine an outcome (e.g., outcome determinative of the presence
5 orabsence of a fetal aneuploidy); (xiii} a data display organization module configured to indicate
the presence or absence of a segmental chromosomal aberratibn or a fetal aneuploidy or both;
(xiv) a logic processing module configured to perform one or more of map sequence reads, count -
mapped sequence reads, normalize counts and generate an outcome; or (xv) combination of two
or more of the foregaing. ' '
10 _
In some embodiments the sequencing module and mapping module are configured to transfer
sequence reads from the sequencing module to the mapping module. The mapping module and
counting module sometimes are configured to transfer mapped sequence reads from the mapping
module to the counting module. The counting module and filtering module sometimes are
15 configufed to transfer counts from the counting module to the filtering module. The counting
module and weighting module sometimes are configured to trénsfer counts from the counting
module to the weighting module.- The mapping module and filtering module sometimes are
configured to transfer mapped sequence reads from the mapping module to the filtering module.
The mapping module and weighting module sometimes are configured to transfer mapped
20 sequence reads frdm the mapping module to the weighting module. Sometimes the weighting ‘
module, filtering module and counting module are configured to transfer filtered and/or weighted
genomic sections from the weighting module and filtering module to the counting module. The
weighting module and normalization module sometimes are configured to transfer weighted
genomic sections from the weighting module to the normalization module. The filtering module
25 and normalization module sometimes are configured to transfer filtered genomic sections from the
filtering module to the normalization module. In some embodiments, the normalization module
and/or comparison module are configured to transfer nofmalized counts to the comparison module
and/or range setting module. The comparison module, range setting module and/or categorization
module independently are configured to transfer (i) an identification of a first elevation that is
30 significantly different than a second elevation and/or (ii) an expected level range from the
comparison module and/or range setting ‘module to the categorization module, in some
embodiments. In certain embodiments, the categorization module and the adjustment module are
configured to transfer an elevation categorized as a copy number variation from the categorization
module to the adjustment module. In some embodiments, the adjustment module, plotting module
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and the outcome module are configured to transfer one or more adjusted levels from the
adjustment module to the plotting module or outcome module. The normalization module
~ sometimes is configured to transfer mapped normalized sequence read counts to one or more of
' ,the comparison module, range setting module, categorization module, adjustment module,
5 outcome module or plotting module. -

Adjustment Systems, Apparatus and Computer Program Products

Provided in certain aspects is a system oompriéing one or more processors and memory, which
10 memory comprises instructions executable by the one or more processors and which memory
comprises counts of nucleic acid sequence reads mapped to genomic sections of a reference -
genome, which sequence reads are ‘reads of circulating cell-free nucleic acid from a pregnant
female; and which instructions executable by the one or more processors are configured to: (a)
normalize the counts mapped to the genomic sections of the reference genome, thereby providing
15 aprofile of normalized counts for the genomic sections; (b) identify a first elevation of the
normalized counts significantly different than a second elevation of the normalized counts in the-
profile, which first elevation is for a first set of genomic sections, and which second elevation is for
a second set of genomic sections; (c) determine an expected elevation range for a homozygous
and heterozygous copy number variation‘_according to an uncertainty value for a segment of the
20 genome; (d) adjust the first elevation by a predetermined value when the first. elevation is within
one of the expected elevation ranges, thereby prbviding an adjustment of the first elevation; and’
(e) determine the presence or absence of a chromosome aneuploidy in the fetus according to the
elevations of genomic sections comprising the adjustment of (d), whereby the outcome
determinative of the presence or absence of the chromosome aneuploidy is generated from the
25  nucleic acid sequence reads. '

Also provided in some aspects is an apparatus comprising one or more processors and memory,
which memory comprises instructions executable by the one or more processors and which
memory comprises counts of nucleic acid sequence reads mapped to genomic sections of a

30 reference genome, which sequence reads are reads of circulating cell-free nucleic acid from a’
pregnant female; and which instructions executable by fhe one Orf mMore processors are configured
to: (a) normalize the counts mapped to the genomic sections of the reference genome, thereby
providing a profile of normalized counts for the genomic sections; (b) idenfify a first elevation of the
normalized counts significantly different than a second elevation of the normalized counts in the
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profile, which first elevation is for a first set of genomic sections, and which secbnd elevation is for
a second set of genomic sections; (c) determine an expected elevation range for a homozygous
and heterozygous copy number variation according to an uncertainty value for a segment of the
genome; (d) adjijst the' first elevation by a predetermined value when the first elevation is within
one of the expected elevation ranges, thereby providing an adjustment of the first elevation; and
(e) determine the presence or absence of a chromosome aneuploidy in the fetus according to the
elevations of genomic sections comprising the adjustment of (d), whereby the outcome
determinative of the presence or 'absencé of the chromosome aneuploidy is generated from the
nucleic acid sequence reads. '

Provided also in certain aspects is a computer program product tangibly embodied on a computer-

' readable medium, comprising instructions that when executed by one or more processors are
configured to: (a) access counts of nucleic acid sequence reads mapped to genorﬁic sections of a
reference genome, which sequence reads are reads of circulating cell-free nucleic acid from a
pregnant female; (b) normalize fhe counts mapped to the genomic sections of the reference
genome, thereby providinQ a profile of normalized counts for the genomic sectioris; (c) identify a
first elevation of the normalized counts significantly different than a second elevation of the

- normalized counts in the profile, which first elevation is for a first set of genomic sections, and

which second elevation is for a second set of genomic sections; (d) determine an expected
elevation range for a homozygous and heterozygous copy number variation according to an
uncertainty value for a segment of the genome; (€) adjust the first elevation by a predetermined
value when the first elevation is within one of the expected elevation ranges, thereby providing an
adjustment of the first elevation; and (f) determine the presence or absence of a chromosome
aneuploidy in the fetus according to the elevations of genomic sections comprising the adjustment
pf (e), whereby. the outcome determinative of the presence or absence of the chromosome

aneuploidy is generated from the nucleic acid sequence reads.

Also provided in certain aspects is a system comprising one or more processors-and memory,
which memory comprises instructions executable by the one or more processors and which
memory comprises counts of nucleic acid sequence reads mapped to genomic sections of a
reference genome, which sequence reads are reads of circulating cell-free nucleic acid from a
pregnant female; and which instructions executable by the one or more processors are configured
to: (a) normalize the counts mapped to the genomic sections of the reference genome, thereby

providing a profile of normalized counts for the genomic sections; (b) identify a first elevation of the
normalized counts significantly different than a second elevation of the normalized counts in the
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proﬁle, which first elevation is for a first set of genomic sections, and which second elevation is for
a second set of genomic sections; (c) determine an expected elevation range for a honﬁozygous
and heterozygous copy number variation according to an uncertainty value for a segment of the
genome; and (d) identify a maternal and/or fetal copy number variation within the genomic section
based on one of the expected elevation ranges, whereby the maternal and/or fetal copy number

variation is identified from the nucleic acid sequence reads.

Provided also in some aépects is an apparatus comprising one or more processors and memory,
which memory comprises instructions executable by the one or more processors and which '
memory comprises counts of nucleic acid sequence feads mapped to genomic sections of a
reference genome, which sequence reads are reads of circulating cell-free nucieic acid from a
pregnant female;{and which instructions executable by the one or more processors are configured
to: (a) normalize the counts mapped to the genomic sections of the reference genome, thereby
providing a profilé of normalized counts for the genomic sections; (b) identify a first elevation of the »
normalized counts significantly different than a second elevation of the normalized counts in the
profile, which first elevation is for a first set of genomié sections, and which second elevation is for
a second set of genomic sections; (c) determine an expected elevation range for a homozygous
and heterozygous copy number variation according to an uncertainty value for a segment of the
genome; and (d) idehtify a maternal and/or fetal copy number variation within the genomic section
bésed on one of the expected elevation ranges, whereby the maternal and/or fetal copy number

variation is identified from the nucleic acid sequence reads.

Also provided in certain aépects is a computer program product tangibly embodied on a computer-
readable medium, comprising instructions that when executed by one or more processors are
configured to: (a) access counts of nucleic acid sequence reads mapped to genomic sections of a
reference genome, which séquence reads are reads of circulating cell-free nucleic acid from a
pregnant female; (b) normalize the counts mapped to the genomic sections of the reference
genome, thereby providing a profile of normalized counts for the genomic sections; (c) identify a
first elevation of the normalized counts significantly different thén a second elevation of the
normalized counts in the profile, which first elevation is for a first set of genomic sectiqns, and
which second elevation is for a second set of genomic sections; (d) determine an expected
glevation range for a homozygous and heterozygous copy number variationAaccording to an

uncertainty value for a segment of the genome; and (e) identify a maternal and/or fetal copy

number variation within the genomic section based on one of the expected elevation ranges,
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whereby the maternal and/or fetal copy number variation is identified from the nucleic acid

sequence reads.

Provided also in some aspects is a system comprising one or more processors and memory, which
memory comprises instruclions executable by the one or more processors and which memory
comprises counts of nucleic acid sequence reads mapped to genomic sections of a reference
genome, which sequence reads are reads of circulating cell-free nucleic acid from a pregnant
female; and which instructions executable by the one or more processors are conﬁgured to: ()
normalize the counts mapped to the genomic sections of the reference genome, thereby providing
a profile of normalized counts for the genomic sections; (b) identify a first elevation of the
normalized counts significantly different than a second elevation of the normalized counts in the
profile, which first elevation is for a first set of genomic sections, and which second elevation is for
a second set of genomic séctions; (c) determine an expected elevation range for a homozygous
and heterozygous copy number variation according to an uncertainty value for a segment of the
genome; (d) adjust the first elevaﬁon according to the second elevation, thereby providing an
adjustment of the first elevation; and (e) determine the presence or absence of a chromosome
aneuploidy in the fetus accdrdiﬁg to the elevations of genomic sections comprising the adjustment
of'(d), whereby the outcome determinative of the presence or absence of the chromosome

aneuploidy is generated from the nucleic acid sequence reads.

In certain aspects provided is an apparatus éomprising one or mare processors and memory,

which memory comprises instructions executable by.the one or more processors and which
memory comprises counts of nucleic acid sequence reads mapped to genomic sections of a
reference genome, which sequence reads are reads of circulating cell-free nucleic acid from a
pregnant female; and which instructions executable by the one or more processoré are configured
to: (a) normalize the counts mapped to the genomic sections of the reference genome, thereby
providing a profile of normalized coﬁnts for the genomic sections; (b) identify a first elevation of the
normalized counts significantly different than a second elevation of the normalized counts in the

- profile, which first elevation is for a first set of genomic sections, and which second elevation is for

a second set of genomic sections; (c) determine an expected elevation range for a homozygous
and heterozygous copy number variation according to an uncertainty value for a segment of the
genome; (d) adjust the first elevation according to the second elevation, thereby providing an
adjustment of the first elevation; aﬁd (e) determine the presence or absence of a chromosorhe
aneuploidy in the fetus according to the elevations of genomic sections comprising the adjustment
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of (d), whereby the outcome determinative of the presence or absence. of the chromosome

" aneuploidy is generated from the nucleic acid sequence reads.

Provided in some aspects is a computer program product tangibly embodied on a computer-
readable medium, comprising instructions that when executed by one or more processors are
configured to: (a) access counts of nucleic acid sequence reads mapped to genomic sections of a
reference genome, which sequence reads are reads of circulating cell-free nucleic acid from a
pregnant female; (b) normalize the counts mapped to the genomic sections of the reference
'genome, thereby prdviding a profile of normalized counts for the genomic sections; (c) identify a
first elevation of the normalized counts significantly different than a second elevation of the
normalized counts in the prof'ile, which first elevation is for a first set of genomic sections, and
which' second elevation is for a second set of genomic sections; (d) detefmin'e an expected
elevation range for a homozygous and heterozygous copy number variation according to an
uncertainty value for a segment of the genome; (e) adjust the first elevation according to the
second elevation, thereby providing an adjustment of the first elevation; apd (f) determine the
presence o’r absence of a chromosome aneuploidy in the fetus according to the elevations of
.genomic sections comprising the adjustment of (e), whereby the outcome determinative of the
presence or absence of the chromosome aneuploidy is generated from the nucleic acid sequence

reads.

In certain embodiments, the system, apparatus and/or computer program product comprises a: (i)
a sequencing module configured to obtain nucleic acid sequence reads; (ii) a mapping module
configured to map nucleic acid sequence reads to portions of a reference genome; (jii) a weighting
module configured to weight genomic sections; (iv) a filtering module configured to filter genomic
sections or counts mapped to a genomic section; (v) a counting module configured to provide
counts of nucleic acid sequence reads mapped to portions of a reference genome; (vi) a '
normalization module configured to provide normalized counts; (vii) a comparison module
configured to provide an identification of a first elevation that is significantly different than a second
elevation; (viii) a range setting module configured to provide one or more éxpected level ranges;
(ix) a categorization module configured to identify an elévation representative of a copy number
variation; (x) an adjustment module configured to adjust a level identified as a copy number

' variation; (xi) a plotting module configured to graph and display a level and/or a profile; (xii) an

outcome module configured to determine an outcome (e.g., outcome determinative of the presence
or absence of a fetal aneuploidy); (xiii) a data display organization module configured to indicate
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the presence or absence of a segmental chromosomal aberration or a fetal aneuploidy or both;
(xiv) a logic processing module configured to perform one or more of map sequence reads, count
mapped sequence reads, normalize counts and generate an outcome; or (xv) combination of two
or more of the foregoing. '

In some embodiments the sequencing module and mapping module are configured to transfer
sequence reads from the sequencing module to the mapping module. The mapping module and
counting module sometimes are configured to transfer mapped sequence reads from the mapping
module to the counting module. The counting module and filtering module sometimes are
10 configured to transfer counts from the counting module to the filtering module. The counting
module and weighting module sometimes are configured to transfer counts from the counting
module to the weighting module. The mapping module and filtering module sometimes are
configured to transfer mapped sequence reads from the mapping module to the filtering module.
The mapping module and weighting module sometimes are configured to transfer mapped
15 sequence reads from the mapping module to the weighting module. Sometimes the weighting
module, filtering module and counting module aré configured to transfer filtered and/or weighted
genomic sections from the weighting module and filtering module to the counting medule. The
-weighting module and normalization module sometimes are configured to transfer weighted
genomic sections from the weighting module to the normalization module. The filtering module
20 . and normalization module sometimes are configured to transfer filtered genomic sections from the
filtering module to the- normalization module. In some embodiments, th'e normalization module
and/or comparison module are configured to transfer normalized counts to the comparison module
and/or range setting module. The comparison module, range setting module and/or categorization
module independently are configured to transfer (i) an identification of a first elevation that is
25 significantly different than a second elevation and/or (ii) an expected level range from the
comparison module and/or range setting module to the categorization module, in some
embodiments. In certain embodiments, the categorization module and the adjustment module are
configured to transfer an elevation categorized as a copy number variation from the categorization
- module to the adjustment module. In some embodiments, the adjustment module, plofting module
30  and the outcome module are configured to transfer one or more adjusted levels from the
adjustment module to the plotting module or outcome module. The normalization module
sometimes is configured to transfer mapped normalized sequence read counts to one or more of
the comparison module, rahge setting module, categorization module, adjustment module;
outcome module or plotting module. '
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Machines, Software and Interfaces

- Certain processes and methods described herein.(e.g., quantifying, mapping, normalizing, range
5 setting, adjusting, categorizihg, counting and/or determining sequence reads, counts, elevations
(e.g., elevations) and/or profiles) often cannot be performed without a computer, processor',-
software, module or other apparatus. Methods described herein typically are computer-
implemented methods, and one or more portions of a method sometimes are performed by one or
more processbfs. Embodiments pertaining to methods described in this document generally are
10 applicable to the same or related processes implemented by instructions in éystems, apparatus
and computer program products described herein. In some embodiments, processeé and methods
described herein (e.g., quantifying, counting and/or determining sequence reads, counts,
elevations and/or profiles) are performed by automated methods. In some embodiments, an
automated method is embodied in software, modules, brocessors, peripherals and/or an apparatus
15 comprising the like, that determine sequence reads, counts, mapping, mapped sequence tags,

. elevations, profiles, normalizations, comparisons, range setﬁng, categorization, adjustmenté,
plotting, outcomes, transformations and identifications. As used herein, software refers to
computer readable program instructions that, when executed by a processor, perform computer
operations, as described herein. ' ' ‘ 4

20
Sequence reads, counts, elevations, and profiles derived from a test subject (e.g., a patient, a
pregnant female) and/or from a reference subject can be further anaiyzed and processed to
determine the presence or absence of a genetic variation. Sequence reads, counts, elevations
and/or profiles sometimeé are referred th as “data’ or “data sets”. In some embodiments, data or

25 data sets can be characterized by one or more features or variables (e.g., sequence based [e.9.,
GC content, specific nucleotide sequence, the like], function specific [e.g., expressed genes,
cancer genes, the like], location based [genome specific, chromosome specific, genomic section or
bin specific], the like and combinations thereof). In certain embodiments, daté or data sets can be
6rganized into a matrix having two or more dimensions based on one-or more features or

30 variables. Data organized into matrices can be organized using any suitable features or variables.
A non-limiting example of data in a matrix includes data that is organized by maternal age,
maternal ploidy, and fetal cdntribution. In certain embodiments, data sets characterized by one or
more features or variables sometimes are processed aiter counting.
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Apparatuses, software and interfaces may be used to conduct methods described herein. Uéing
apparatuses, software and interfaces, a user may enter, request, query or determine options for
using particular information, programs or processes (e.g., mapping sequence reads, processing
mapped data and/or providing an outcome), which can involve implementing statistical analysis
5 algorithms, statistical significance algorithms, statistical algorithms, iterative steps, validation

algorithms, and graphical representations, for example. In some embodiments, a data set may be
entered by a user as input information, a user may download one or more data sets by a suitable
hardware media (e.g., flash drive), and/or a user may send a data set from one system to another
for subsequent processing and/or providing an outcome (e.g., send sequence read data from a

10 sequencer to a computer system for sequence read mapping; send mapped sequence data to a
computer system for procéssing and yielding an outcome and/or report).

A system typically comprises one or more apparatus. Each apparatus comprises one or more of
memory, one or more processors, and instructions. Where a system includes two or more

15 apparatus, some or all of the apparatus may be located at the same location, some or all of the
apparatus may be located at different locations, all of the apparatus may be located at one location
and/or all of the apparatus may be located at different locations. Where a system includes two or
more apparatus, some or all of the apparatus may be located at the same location as a user, some
or all of the apparalus may be located at a location different than a user, all of the apparatus may

20  be located at the same location as the user, and/or all of the apparatus may be located at one or

more locations different than the user.

A system sometimes comprises a computing apparatus and a sequencing apparatus, where the
vséquencing apparatus is configured to receive physical nucleic acid and generate sequence reads,
25 and the computing apparatus is configured to process the reads from the sequencing apparatus.
' The computing apparatus sometimes is configured to determine the presence or absence of a
genetic variation (e.g., copy number variation; fetal chromosome aneuploidy) from the sequence
reads.

30  Ausermay, for example, place a query to software which then may acquire a data set via internet
access, and in certain embodiments, a programmable processor may be prompted to acquire a
suitable data set based on given parameters. A programmable processor also may prompt a user
to select one or more data set options selected by the processor based on given pérameters. A
programmable processor may prompt a user to select one or more data set options selected by the
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processor based on information found via the internet, other internal or external information, or the
like. 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
significance algorithms, iterative steps, one or more validation algorithms, and one or more

- 5 graphical representations of methods, apparatuses, or computer programs.

Systems addressed herein may comprise general components of computer systems, such as, for
example, network servers, laptop systems, desktop systems, handheld systems, personal digital
assistants, computing kiosks, ahd the like. A computer systern may.comprise ‘one or more input

10 * means such as a keyboard, touch screen, mouse, voice recognition or other means to allow the
user to enter data into the system. A system may further comprise one or more outputs, including,
but not limited to, a display screen (e.g., CRT or LCD), speaker, FAX machine, printer (e. g. laser,
ink jet, impact, black and white or color pnnter) or other output useful for prov:dlng visual, audltory
and/or hardcopy output of information (e.g., outcome and/or report).

15
In a system, input and output means may be connected to a central processing unit which may
comprise among other components, a microprocessor for executing 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

20 embodiments, processes may be implemented as a multi-user system.- In the case of a multi-user
implementation, multiple central processing units may be connécted by means of a network. The
network may be local, encompassing a single department in one portion ofa building, an entire
building, span multiple buildings, span a. region, span an entire country or be worldwide. The
network may be private, being owned and controlled by a provider, or it may be implemented as an

25  internet based service where the user accesses a web page to enter-and retrieve information.

- 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 multiple 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 control may be utilized for mapping and/or processing data

30  using multiple machines, such as in local network, remote network and/or‘ “cloud" computing

platforms.

A system can include a communications interface in some embodiments. A communications
interface allows for transfer of software and data between a computer system and one or more
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external devices. Non-limiting examples of communications interfaces include 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, electromagnetic, optical and/or other signals capable of being
received by a communications interface. Signals often are provided to a communications interface
via a channel. A channe! 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.

Data may be input by a suitable device and/or method, including, but not limited to, manual input
devices or direct data entry devices (DDEs). Non-limiting examples of manual devices include
keyboards, concept keyboards, touch sensitive screens, light pens, mouse, tracker balls, joysticks,
graphic tablets, scanners, digital cameras, video digitizers and voice recognition devices. Non-
limiting examples of DDEs include bar code readers, magnetic strip codes, smart cards, magnetic
ink character recognition, optical character recognition, optical mark recognition, and turnaround

documents.

In some embodiments, output from a sequencing apparatus may serve as data that can be input
via an input device. In certain embodiments, mapped sequence reads may serve as data that can
be input via an input device. In certain embodiments, simulated data is generated by an in silico
process and the simulated data serves as data that can be input via an input device. The term "in
silico" refers to research and experiments performed using a computer. In silico processes
include, but are not limited to, mapping sequence reads and processing mapped sequence reads
according to processes described herein.

A system may include software useful for performing 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 organization module). The term "software” refers to computer
readable program instructions that, when executed by a computer, perform computer operations.
Instructions executable by the one or more processors sometimes are provided as executable
code, that when executed, can cause one or more processors to 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 processor.
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For example, a module (e.g., a software module) can be a part of a prbgram that performs a
particular process or task. The term “module” refers to a self-contained functional uhit that can be
used in a larger apparatus or software system. A module can éomprise a set of instructions for
carrying out a function of the module. A module can tranéform data and/or information. Data
and/or information can be in a suitable form. For example, data and/or information can be digital or
analogue. In some cases, data and/or information can be packets, bytes, characters, or bits. In’
some embodiments, data and/or information can be any gathered, assembled or usable data or
information. Non-limiting examples of data and/or information include a suitable media, pictures,
video, sound (e.g. frequencies, audible or non-audible), numbers, constants, a value, objects, time,
functions, instructions, maps, references, sequences, reads, mapped reads, elevations, ranges,
thresholds, signéls, displays, representations, or transformations thereof. A module can accept or
receive data and/or information, transform the data and/or information into a second form, and
provide or transfer the second form to an apparatus, peripheral, component or another module. A
module can perform one or more of the following non-limiting functions: mapping sequence reads,

providing counts, assembling genomic sections, providing or determining an elevation, providing a

count profile, normalizing (e.g., normalizing reads, normalizing counts, and the like), providing a
normalized count profile or elevations of normalized counts, comparing two or more elevations,
providing uncertainty values, providing or determining expected elevations and expected
ranges(e.g., expected elevation ranges, threshold ranges and threshold elevations), providing
adjusfments to elevations (e.g., adjusting a first eIevatioﬁ, adjusting a second elevation, adjusting a
profile of a chromosome or a segrﬁent thereof, and/or padding), providing identification A(e.g‘.,
identifying a copy number variation, genetic variation or aneuploidy), categ‘orizing, plotting, and/or
determining an outcome, for example. ‘A processor can, in some cases, carry out the instructions
in a module. In some embodiments, one or more processors are required to carry out instructions
in a module or group of modules. A module can provide data and/or information to another '
module, apparatus or source and can receive data and/or information from another module,

apparatus or source.

A computer program product sometimes is embodied on a tangible computer-readable medium,
and sometimes is tangibly embodied on a non-transitory computer-readable medium. A module
sometimes is stored on a computer readable medium (e.g., disk, drive) or in memory (e.g., random
access memory). A module and processor capable of implementing instructions from a module
can be located in an apparatus or in different appafatus, A module and/or processor capable of
implementing an instruction for a module can be located in the same location as a user (e.g., local
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network) or in a different location from a user (e.g., remote network, cloud system). In
embodiments in which a method is carried out in conjunction with two or more modAuIes, the
modules can be located in the same apparatus, one or more modules can be located in different
apparatus in the same physical location,-and one or more modules may be located in different

5 apparatus in different physical locations. '

An apparatus, in some embodiments, comprises at least one processor for carrying out the
instructions in a module. Counts of sequence reads mapped to genomic sections of a reference
genome sometimes are accessed by a processor that executes instructions configured to carry out

10 amethod described herein. Counts that are accessed by a processor can be within memory of a
system, and the counts can be accessed and placed into the membry of the system after they are
obtained. In some embodiments, an apbaratus includes a processor (e.g., one or more’
processors) which processor can perform and/or implement one or more instructions (e.g.;
processes, routines and/or subroutines) from a module. In some embodiments, an apparatus

15 includes multiple processors, such as processors coordinated and working.in parallel. In some
embodiments, an apparatus operates with one or more external processors (e.g., an internal or

- external network, server, storage device and/or storage network (e.g., a cloud)). In some

. embodiments, an apparatus comprises a module. Sometimes an apparatus comprises one or
more modules. An apparatus comprising a module often can receive and transfer one or more of

"20 data and/or information to and from other modules. In some cases, an apparatus comprises

peripherals and/or components. Somelimes an apparatus can comprise one or more peripherals -
or components that can transfer data and/or information to and from other modules, peripherals
and/or components. Sometimes an apparatus interacts with a peripheral and/or component that
provides data and/or information. Sometimes peripherals and components assist an apparatus in

25  carrying out a function or interact directly with a module. Non-limiting examples of peripherals
and/or components include a suitable computer peripheral, /O or storage method or device
including but not limited to scanners, printers, displays (e.g., monitors, LED, LCT or CRTs),
carheras, microphones, pads (e.g., ipads, tablets), touch screens, smart phones, mobile phones,
USB 1/0 devices, USB mass storage devices, keyboards, a computer mouse, digital pens,

30 modems, hard drives, jump drives, flash drives, a processor, a server, CDs, DVDs, graphic cards,
specialized I/O devices (e.g., sequencers, photo cells, photo multiplier tubes, optical readers,
sensors, etc.), one or more flow cells, fluid handling components, network interface controliers,
ROM, RAM, wireless transfer methods and devices (Bluetooth, WiFi, and the like,), the world wide

web (www), the internet, a computer and/or another module.
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One or more of a sequencing module, logic processing module and data display organization
module can be utilized in a method described herein. Sometimes a logic processing module,
sequencing module or data display organization module, or an apparatus compriéing one or more
5 such modules, gather, assemble, receive, provide and/or transfer data and/or information to or
from another module, apparatus, component, peripheral or operator of an apparatus. For example,
sometimes an operator of an épparatus provides a constant, a threshold value, a formula or a
predetermined value to a logic processing module, sequencing module or data display organization
module. A logic processing module, sequencing module or data display organization module can
10  receive data and/or information from another module, non-limiting examples of which include a
logic processing module, sequencing module,'data display organization module, sequencing
module, sequencing module, mapping module, counting module, normalization module,
comparison module, range setting module, categorization module, adjustment module, plotting
module, outcome module, data display organization module and/or logic processing module, the
~ 15  like or combination fhereof. Data and/or information derived from or transformed by a logic
processing module, sequencing module or data display organization module can be transferred
from a logic processing module, sequencing module or data display organization module to a
sequencing module, 'sequencing modu.le, mapping module, counting module, normalization
module, comparison module, range setting module, categorization module, adjustment module,
20  plotting module, outcome module, data display organization module, logic processing module or
other suitable apparatus and/or module. A sequencing module can receive data and/or information
.form alogic processing module and/or sequencing module and transfer data and/or information to
a logic processing module and/or a mapping module, for example. Sometimes a logic processing
module orchestrates; controls, limits, organizes, orders, distributes, partitions, transforms and/or
25 regulates data and/or information or the transfer of data and/or information to and from one or
more other modules, peripherals or devices. A data display organization module can receive data
and/or information form a logic processing module and/or plotting module and transfer data and/or
information to a logic processing module, plotting module, display, peripheral or device. An
apparatus comprising a logic processing module, sequencing module or-data display organization
30  module can comprise at least one processor. In some embodiments, data and/or information are
provided by an apparatus that includes a processor {(e.g., one or more processorsj which
processor can perform and/or implement one or more instructions (e.g., processes, routines and/or
subroutines) from the logic processing module, sequencing module and/or data display
organization module. In some embodiments, a logic processing module, sequencing module or -
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data display organization module operates with one or more external processors (e.g., an intenal
or external network, server, storage device and/or storage network (e.g., a cloud)):

Software often is provided on a program broduct containing program instructions recorded on a
5 computer readable medium, including, but not limited to, magnetic media includihg floppy disks,
hard disks, and magnetic tape; and optical media including CD-ROM discs, DVD discs, magneto-
optical discs, flash drives, RAM, floppy discs, the like, and other such media on which the program
instructions can be recorded. In online implementation, a server and web site maintained by an
organization can be configured to provide software downloads to remote users, or remote users
10 may access a remote system maintained by an organization to remotely access software.
Software may obtain or receive input information. Software may include a module that specifically
obtains or receives data (e.g., a data receiving module that receives sequence read data and/or
mapped read data) and may include a module that specifically processes the data (e.g., a
processing module that processes received data (e.g., filters, normalizes, provides an outcome
15 and/or report). The terms “obtaining” and “receiving” input information refers to receiving data
(e.g., sequence reads, mapped reads) by computer communication means from a local, or remote
site, human data entry, or any other method of receiving data. The input information may be
| generated in the same location at which it is received, or it may be generated in a different location’
and transmitted to the receiving location. In some embodiments, input information is modified
20 before it is processed (e.g., placed into a format amenable to processing (e.g., tabulated)).
In some embodiments, provided are computer program products, such as, for exémple, a computer
program product comprising a computer usable medium having a computer readable program |
code embodied therein, the computer readable program code adapted to be executed to
implement a method comprising: (a)obtaining sequence reads of sample nucleic acid from a test
25  subject; (b) mapping the sequence reads obtained in (a) to a known genome, which known
genome has been divided into genomic sections; (c) counting the mapped sequence reads within
the genomic sections; (d) generating a sample normalized count profile by normalizing the counts
for the genomic sections obtained in (c); and (e) de'termining' the presence or absence of a genetic
variation from the sample normalized count profile ih (d).
30 ‘ '
' 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 algofithm 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
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of successive states, eventually terminating in a final ending state. The transition from one state to
the next is not necessarily deterministic (e.g., some algorithms incorporate randomness). By way
of example, and without limitation, an algorithm can be a search algorithm, sorting algorithm,
merge algorithm, numerical algorithm, graph algoriihm, string algorithm, modeling algorithm,
5 computational genometric algorithm, combinatorial algorithm, machine learning algorithm,
cryptography algorithm, data compreésion algorithm, parsing algorithm and the like. An algorithm .
~ can include one algorithm or two or more algorithms working in combination. An algorithm can be

of any suitable complexity class and/or parameterized complexity. An algorithm can:‘be used for
calculation and/or data processing, and in some embodiments, can be used in a deterministic 6r

10 probabilistic/predictive approach. An algorithm can be implemented in a computihg environment
by use of a suitable programming language, non-limiting examples of which are C, C++, Java, Perl,
Python, Fortran, and the like. In some.embodiments, an algorithm can be configured or modified
to include margin of errors, statistical analysis, statistical significance, and/or comparison to other
information or data sets (e.g., applicable when using a neural net or clustering algorithm).

15
In certain embodiments, several algorithms may be implemented for use in software. These
algorithms can be trained with raw data in some embodiments. For each new raw data sampie,
the trained algorithms may 'produce a representative procéssed datd set or outcome. A processed
data set sometimes is of reduced complexity compared to the parent data set that was processed.

20 Basedona processedisét, the performance of a trained algorithm may be assessed based on
sensitivity and specificity, in some embodiments. An algorithm wi'th the highest sensitivity and/or
specificity may be identified and utilized, in certain embodiments.

In certain embodiments, simulated (or simulation) data can aid data processing, for example, by
25  training an algorithm or testing an algorithm. In some embodiments, simulated data includes
hypotheti'cal various samplings of different groupings of sequence reads. Simulated 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 is referred to herein as “virtual” data.
Simulations can be performed by a computer programiin certain embodiments. One possible step
30 inusing a simulated data set is to evaluate the confidence of an identified results, e.g., how well a ‘
random sampling maiches or best represents the original data. One approach is to calculate a .
probability value (p-value), which estimates the probability of a rahdom sample having better score
than the selected samples. In some embodiments, an empirical model may be assessed, in which
“itis assumed that at least one sample matches a reference sample (with 'or without resolved '
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variations). In some embodiments, another distribution, such as a Poisson distribution for
‘example, can be used to define the probability distribution.

A system may include one or more processors in certain embodiments. A processor can be
connected to a communication bus. A computer system may include a main memory, often
random access memory (RAM), and can also include a secondary memory. Memory in some
embodiments comprises a non-transitory computer-readable storage medium. Seéondary memory
can include, for example, a hard disk drive and/or a removable storage drive, 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 storage drive. A removable storage unit
can include a computer-usable storage medium having stored theréin,computer software and/or

d_ata.

A processbr may implement software in a system. In some embodiments, a processor may be
programmed to automatically perform a task described herein that a user could perform.
Accordingly, a processor, or algorithm conducted by such a processor, can require little to no
supervision or input from a user (e.g., software may be prog'rammed to implement a function
automatically). In some embodiments, the complexity 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.

In some embodimehts, secondary memory may include other similar means for allowing computer
programs or other instructions to be loaded into a computer system. For example, a system can
include a rembvable storage unit and an interface device. Non-limiting examples of such systems
include a program cartridge and cartridge interface (such as that found in video game devices), a
removable memory chip (such as an EPROM, or PROM) and associated socket, and other
removable storage units and interfaces that allow software and data to be transferred from the
removable storage unit to a computer system.

‘One entity can generate counts of sequence reads, map the sequence reads to genomic sections,
count the mapped reads, and utilize the counted mapped reads in a method, system, apparatus or
computer program product described herein, in some embodiments. Counts of sequence reads
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mapped to genomic sections sometimes are transferred by one entity to a second entity for use by
the second entity in a method, system, apparatus or computer program product described herein,
in certain embodiments. '

5 Insome embodiments, one entity generates sequence reads and a second entity maps those
sequence reads to genomic sections in a reference genome in som'e embodiments. The second
eniity sometimes counts the mapped reads and utilizes the counted mapped reads in a method,
system, apparatus or computer program product described herein. Sometimes the second entity
transfers the mapped réads to a third entity, and the third entity counts the mapped reads and

10" utilizes the mapped reads in a method, system, apparatus or computer program product described
herein. Sometimes the second entity counts the mapped reads and transfers the counted mapped
reads 1o a third entity, and the third entity utilizes the counted mapped reads in a method, system,
apparatus or computer program product described herein. In embodiments involving éthird entity,
the third entity sometimes is the same as the first entity. That is, the first entity sometimes

15 transfers sequence reads to a second entity, which second entity can map sequence reads to
genomic sections in a reference genome and/or count the mapped reads, and the second entity
can transfer the mapped and/or counted reads to a third entity. A third entity sometimes can utilize
the mapped and/or counted reads in a method, system;, apparatus or computer program product
described herein, wherein the third entity sometimes is the same as the first entity, and sometimes

20  the third entity is different from the first or second entity.

In some embodiments, one entity obtains blood from a pregnant female, optionally isolates nucleic
acid from the blood (e.g., from the plasma or serum), and transfers the blood or nucleic acid to a
second entity that generates sequence reads from the nucleic acid.
25
Genetic Variations and Medical Conditions

The presence or absence of a genetic variance can be determined using a method or apparatus
described herein. In certain embodiments, the presence or absence of one or more genetic

30 variations is determined according to an outcome piovided by methods and apparatuses described
herein. A genetic variation generally is a parti'cular genetic 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 is a chromosome abnormality (e.g.,
aneuploidy), partial chromosome abnormality or mosaicism, each of which is described in greater
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detail herein. Non-limiting examples of genetic variations include one or more deletions (e.g., '
micro-deletions), duplications (e.g., micro-duplications), insertions, mutations, polymorphisms {e.g.,
single-nucleotide polymorphisms), fusions, repeats (e.g., short tandem repeats), distinct
methylation sites, distinct methylation patterns, the like and combinations thereof. Aninsertion,

5 repeat, deletion, duplication, mutation or polymorphism can be of any length, and in some
embodiments, is about 1 base or base pair (bp) to about 250 megabases (Mb) in length. In some
embodiments, an insertion, repeat, deletion, duplication, mutation or polymorphism is about 1 base
or base pair (bp) to about 1,000 kilobases (kb) in length (e.g., about 10 bp, 50 bp, 100 bp, 500 bp,
1kb, 5 kb, 10kb, 50 kb, 100 kb, 500 kb, or 1000 kb in length).

10 ‘ ' .
A genetic variation is sometime a deletion. Sometimes a deletion is a mutation (e.g., a genetic
aberration) in which a part of a chromosome or a sequence of DNAis 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 segment of a chromosome, an allele, a gene,

15 ° anintron, an exon, any non-coding region, any coding region, a segment thereof or combination
thereof. A deletion can comprise a microdeletion. A deletion.can comprise the deletion of a single
base. ’

A genetic variation is sometimes a genetic duplication. Sometimes a duplication is a mutation

20 (e.g.,-a genetic aberration) in which a part of a chromosome or a sequence of DNA is copied and
inserted back into the genome. Sometimes é genetic duplication (i.e. duplication) is any
duplication of a region of DNA. In some embodiments a duplication is a nucleic acid sequence that
is 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 segment of a chromosome, -

25 anallele, a gene, an intron, an exon, any non-coding reg'ion, any coding region, segment thereof or
combination thereof. A duplication can comprise a microduplication. A duplication sometimes

' comprises one or more copies of a duplicated nucleic acid. A duplication sometimes is

characterized as a genetic region repeated one or more limes (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

30 chromosomes in some instances. Duplications frequently occur as the result of an error in
homologous recombination or due to a retrotransposon event. Duplications have been associated
with cenain types of proliferative diseases. Duplications can be characterized using genomic
microarrays or comparative genetic hybridization (CGH).
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A genetic variation is sometimes an insertion. An insertion is sometimes the addition of one or
more nucleotide base pairs into a nucleic acid sequence. An insertion is sometimes a
microinsertion. Sometimes an insertion comprises tHe addition of a segment of a chromosome into
a genome, chromosome, or segment thereof. Sometimes an insertion comprises the addition of an

5 allele, agene, anintron, an exon, any non-éoding region, any coding region, segment thereof or
combination thereof into a genome or segment thereof. Sometimes an insertion comprises the
addition (i.e., insertion) of nucleic aC|d of unknown origin into a genome, chromosome, or segment
thereof. Sometimes an insertion compnses the addition (i.e. msertlon) of a single base.

10 As used herein a “copy number variation” generally is a class or type of genetic variation or -
chromosomal aberration. A copy number variation can be a deletion (é.g. micro-deletion),
duplication (e.g., a micro-duplication) or insertion (e.g., a micro-insertion). Often, the prefix “micro”
as used herein sometimes is a segment of nucleic acid less than 5 Mb in length. A copy number
variation can include one or more deletions (e.g. micro-deletion), ddplications and/or insertions

15 (e.g., a micro-duplication, micro-insertion) of a segment of a chrdmosome. In sorﬁe cases a
dupllcatlon comprises an insertion. Sometimes an insertion is a duplication. Sometlmes an
insertion is not a duphcatlon For example, often a duplication of a sequence ina genomic section
increases the counts for a genomic section in which the duplication is found. Often.a duplication of
a sequence in a genomic se_ction increases the elevation. Sometimes, a duplication present in

20 genomic sections making up a first elevation increases the elevatidn relative to a second elevation
where a duplication is absent. Sometimes an insertion increases the counts of a genomic section
and a sequence representing the insertion is preseht (_i.é., duplicated) at another location within the
same genomic section. Sometimes an insertion does not significantly increase the counts of a

- genomic section or elevation and the sequence that is inserted is not a duplication of a sequence

25  within the same genomié section. Sometimes an insertion is not detected or represented as a
duplication and a duplicate sequence representing the insertion is not present in the same genomic
section.

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

30  copy number variation is a copy ndmber variation in the genome of a fetus. In some embodiments
a copy'number variation is a maternal copy number variation. Sometimes a matemnal and/or fetal
copy number vériation isa copy number variation within the genome of a pregnant female (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 variation can be a heterozygous copy number variation where the variation
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(e.g., a duplication or deletion) is present on one allele of a genome. A copy number variation can
be a homozygous copy number variation where the variation is present on both alleles of a
genome. In some embodiments a copy number variation is a heterozygous or homozygous fetal
copy number variation. In some embodiments a copy number variation is a heterozygous or

5 homozygous matemal and/or fétal copy number variation. A copy number variation sometimeg is
present in a maternal genome and a fétal genome, a maternal genome and not a fetal genome, or

a fetal genome and not a maternal genome.

“Ploidy” refers to the number of chromosomes present in a fetus or mother. Sometimes “Ploidy” is

10 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, most humans have two of
each autosomal chromosome (e.g., chromosomes 1-22). The presence of the normal complement
of 2 autosomal chromosomes in a human is often referred to as euploid. “Microploidy” is similar in
meaning to ploidy. “Microploidy” often refers to the ploidy of a segment of a chromosome. The

15 term “microploidy” sometimes refers to the presence or absence of a copy number variation (e.g., a
deletion, duplication and/or an insertion) within a chromosome (e.g., a homozygous or »
heterozygous deletion, duplication, or insertion, the like or absence thereof). “Ploidy” and
“microploidy” sometimes are determined after normalization of counts of an elevation in a profile
(e.g., after normalizing counts of an elevation to an NRV of 1). Thus, an elevation representing an

20  autosomal chromosome pair (e.g., a euploid) is often normalized to an NRV of 1 and is referred to
as a ploidy of 1. Similarly, an elevation within a segment of a chromosome representing the
absence of a duplication, deletion or insertion is often normalized to an NRV of 1 and is referred to
as a microploidy of 1. Ploidy and microploidy are often bin-specific (e.g., genomic section specific)
and sample-specific. Ploidy is often defined as integral multiples of '/2,. with the values of 1, 2, 0,

25 3/2, and 2 representing euploidy (e.g., 2 chromosomes), 1 chromosome present (€.g., a
chromosome deletion), no chromosome present, 3 chromosomes (e.g., a trispmy) and 4
chromosomes, respectively. Likewise, microploidy is often defined as integral multiples of ¥z, with
the values of 1, %, 0, 3/2, and 2 representing euploidy (e.g., no copy number variaticn), a
heterozygous deletion, homozygous deletion, heterozygous duplication and homozygous

30  duplication, respectively. Some examples of ploidy values for a fetus are provided in Table 2 for
an NRV of 1.

Sometimes the microploidy of a fetus matches the microploidy of the mother of the fetus (i.e., the
pregnant female subject). Sometimes the microploidy of a fetus matches the microploidy of the
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mother of the fetus and both the mother and fetus carry the same heterozygous copy number
variation, homozygous copy number variation or both are euplbid. Sometimes the microploidy of a
fetus is different than the microploidy of the mother of the fetus. For example, somelimes the
microploidy of a fetus is heterozygous for a copy number variation, the mother is homozygous for a
5 copy number variation and the microploidy of the fetus does not match (e.g., does not equal) the
" microploidy of the mother for the sbeciﬁed copy number variation.

A microploid_y is often associated with an expected_elevation. For example, sometimes an

elevation (e.g., an elevation in a profile, sometim'es an elevation that includes substantially no copy
10 number variation) is normalized to an NRV of 1 and the microploidy of a homozygous duplication is

2, a heterozygous duplication is 1.5, a heterozygous deletion is 0.5 and a homozygous deletion is

ZEro.

A genetic variation for which the presence or absence is identified for a subject is associated with a
15 medical condition in certain embodiments. Thus, technology' described herein can be used to
ide‘ntify the presence or absence of one or more genetic variations 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 cell-proliferation (e.g.,
cancer), presence of a micro-organism nucleic acid (e.g., virus, bacterium, fungus, yeast), and

20  preeclampsia.

Non-limiting examples of genetic variations, medical conditions and states are described
hereafter.

25 Fetal Gender

In some embodiments, the prediction of a fetal gehder or gender related disorder (e.g., séx
chromosome aneuploidy) can be determined by a method-or apparatus described herein. Gender
determination generally is based on a sex chromosome. In humans, there are two sex

30 ‘ chromosomes, the X and Y chromosomes. The Y chromosome contains a gene, SRY, which
trigge‘rs embryonic development as a male. The Y chromosomes of humans and other mammals
also contain other genes needed for normal sperm production. Individuals with XX are female and
XY are male and non-limiting variations, often referred to as sex chromosome aneuploidies,
include X0, XYY, XXX and XXY. In some cases, males have two X chromosomes and one Y
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chromosome (XXY; Klinefelter's Syndrome), or one X chromosome and two Y chromosomes (XYY
syndrome; Jacebs Syndrome), and some females have three X chromosomes (XXX; Triple X
Syhdrome) or a single X chromosome instead of two (X0; Turner Syndrome). In some cases, only
aportion of cells in an individual.are affected by a sex chromosome aneuploidy which may be
referred to as a mosaicism (e.g., Turner mosaicism). Other cases include those where SRY is
damaged (leading to an XY female), or copied to the X (leading to an XX male).

In certain cases, it can be beneficial to determine the gender of a fetus in utero. For éxample, a
patient (e.g., pregnant female) with a family history of one or more sex-linked disorders may wish
to determine the gender of the fetus she is carrying to help assess the risk of the fetus inheriting
such adisorder. Sex-linked disorders include, without limitation, X-linked and Y-linked disorders.
X-linked disorders include X-linked recessive and X-linked dominant disorders. Examples of X-
linked recessive disorders include, without limitation, immune disorders (e.g., chronic
granulomatous disease (CYBB), Wiskott—Aldrich syndrome, X-linked severe combined
immunodeficiency, X-linked agammaglcbulinemia, hyper-IgM syndrome type 1, IPEX, X-linked
lymphoproliferative disease, Properdin deficiency), hematologic disorders (e.g., Hemophilia A,
Hemophilia B, X-linked sideroblastic anemia), endocrine disorders (e.g., androgen insensitivity

syndrome/Kennédy disease, KAL1 Kallmann syndrome, X-linked adrenal hypoplasia congenital),

~ metabolic disorders (e.g., omithine transcarbamylase deficiency, oculocerebrorenal syndrome,

adrenoleukodystrophy, glucose-6-phosphate dehydrogenase deficiency, pyruvate dehydrogenase

- deficiency, Danon disease/glycogen storage disease Type llb, Fabry's disease, Hunter syndrome,

Lesch—-Nyhan syndrome, Menkes disease/occipital horn syndrome), nervous system disorders
(e.g., Coffin—Léwry syndrome, MASA syndrome, X-linked alpha thalassemia mental retardation
‘syndrdme, Siderius X-linked mental retardatidn syndrome, color blindness, ocular albinism, Norrie
disease, choroideremia, Charcot-Marie—Tooth disease (CMTX2-3), Pelizaeus—Merzbacher
disease, SMAX2), skin and related tissue disorders (e.g., dyskeratosis congenital, hypohidrotic
ectodermal dysplasia (EDA), X-linked ichthyosis, X-linked endothelial corneal dystrophy),
neuromuscular disorders (e.g., Becker's muscular dystrophy/Duchenne, centronuclear myopathy
(MTM1), Conradi-Hiinermann syndrome, Emery—Dreifuss muscular dystrophy 1), urologic
disorders (e.g., Alport syndrome, Dent's disease, X-linked nephrogenic diabetes ihsipidus).
bone/tooth disorders (e.g., A'MELX Amelogenesis imperfecta), and other disorders (e.g., Barth
syndrome, McLeod syndrome, Smith-Fineman-Myers syndrome, Simpson—Golabi-Behmel
syndrome, Mohr-Tranebjaerg syndrome, Nasodigitoacoustic syndrome). Examples of X-linked
dominant disorders include, without limitation, X-linked hypophosphatemia, Focal dermal
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hypoplasia, Fragile X syndrome, Aicardi syndrome, Incontinentia pigmenti, Rett syndrome, CHILD
syndrome, Lujan—Fkyns syndrome, and Orofacicdigital syndrome 1. Examples of Y-linked
disorders include, without limitation, male infertility, retinits pigmentosa, and azoospermia.

Chrombsome Abnormalities .

In some embodiments, the presence or absence of a fetal chromosome abnormality can be
determined by using a mevtho'd or apparatus described herein. Chromosome abnormalities include,
without limitation, a gain or loss of an entire chromosome or a region of a chromosome comprising
one or more genes. Chromosome abnormalities include monosomies, trisomies, polysomies, Io_ss
of heterozygosity, deletions and/or duplications of one or more nucleotide sequences (e.g., one or
more genes), including deletions and duplications caused by unbalanced translocations. The
terms "aneuploidy" and "aneuploid” as used herein refer to an abnormal number of chromosomes
in cells of an organism. As different organisms have widely varying chromosome compnlements,‘
the term "aneuploidy” 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 organism is abnormal.
In some embodiments, the term “aneuploidy” 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 segment of a chromosome.

The term "monosomy" as used herein refers to lack of one chromosome of the normal
complement. Partial monosomy can occur in unbalanced translocations or deletions, in which only
a segment of the chromosome is present in a single copy. Monosomy of sex chromosomes (45, X)
causes Turner syndrome, for example. |

" The term "disomy" refers to the presence of two copies of a chromosome. For-organisms such as

humans that have two copies of each chromosome (those that are diploid or "euploid”), disomy is
the normal condition. For organisms that normally have three or more copies of each 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 “euploid”, in some embodiments, refers a normal complement of chromosomes.
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Thé term "trisomy" as used herein refers to the presence of three copies, instead of two copies, of

a particular chromosome. The presence of an extra chromosome 21, which is-found in human

Down syndrome, is referred to as "Trisomy 21." Trisomy 18 and Trisomy 13 are two cther human

autosomal trisomies. Trisomy of sex chromosomes can be seen in females (e.g., 47, XXX in Triple
5 X Syndrome) or males (e.g., 47, XXY in Klinefelter's Syndrome; or 47, XYY in Jacobs Syndrome).

The terms "tetrasomy™ and "pentasomy" as used herein refer to the presence of four or five copies
of a chromosome, respectively. Although rarely seen with autosomes, sex chromo;ome tetrasomy
and pentasomy have been reported in humans, including XXXX, XXXY, XXYY, XYYY, XXXXX,

10 XXXXY, XXXYY, XXYYY and XYYYY.

Chromosome abnormalities can be caused by a variety of mechanisms. Mechanisms include, but
are not limited to (i) nondisjunction occurring as the result of a weakened mitotic checkpoint, (ii)
‘ inactive mitotic checkpoints causing non-disjunction at multiple chromosomes, (iii) merotelic
15 attachment occurring when one kinetochore is attached to both mitotic spindle poles, (iv) a
multipolar spindle forming when more than two spindle poles form, {v) a rﬁonopolar spindle forming
“when only a single spindle pole forms, and (vi) a tetraploid intermediate occurring as an end result

of the monopolar spindle mechanism.

20  The terms "partial monosomy" and "partial trisomy" as used herein refer to an imbalance of genetic
material caused by loss or gain of part of a chromosome. A partial monosomy or partial trisomy ‘
can result from an unbalanced translocation, where an individual carries a derivative chromosome

“formed through the breakage and fusion of two different chromosomes. In this situation, the
individual would have three copies of part of one chromosome (two normal copies and the

25 segment that exists on the derivative chromosome) and only one copy of part of the other-
chromosome involved in the derivative chromosome.

The term "mosaicism" as used herein refers to aneuploidy in some cells, but not all cells, of an
organism. Certain chromosome abnormalities can exist as mosaic and non-mosaic chromosome
30  abnormalities. For example, certain trisdmy 21 individuals have mosaic Down syndrome and some
have non-mosaic Down syndrome. Different mechanisms can lead to mosaicism. For-example, (i)
an initial zygote may have three 21st chromosomes, which normally would result in simple trisomy
21 , but during the course of cell divis;ibn one or more cell lines lost one of the 21st chromosomes;
and (ii) an initial zygote may have two 21st chromosomes, but during the course of cell division one
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of the 21st.chromosomes were duplicated. Somatic mosaicism likely occurs through mechanisms
distinct from those typically associated with_genetic syndromes involving complete or mosaic
aneuploidy. Somatic mosaicism has been identified in certain types of cancers and in neurons, for
example. In certain instances, trisomy 12 has been identified in chronic lymphocytic leukemia

‘5 (CLL) and trisomy 8 has been identified in acute myeloid leukemia (AML). Also, genetic
syndromes in which an individual is predisposed to breakage of chromosomes (chromosome
instability syndromes) are frequently-associated with increased risk for various types of canc‘er,
thus highlighting the role of somatic aneuploidy in carcinogenesis. Methods and protocols
described herein can identify presence or absence of non-mosaic and mdsaic chromosome

10 abnormalities.

Tables 1A and 1B present a non-limiting list of chromosome conditions, syndromes and/or

abnormalities that can be potentially identified by methods and apparatus described herein. Table

1B is from the DECIPHER database as of October 6, 2011 (e.g., version 5.1, based on positions
15 mapped to GRCh37; avéilable at uniform resource locator (URL) dechipher.sanger.ac.uk).
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Table 1A

Chromosome | Abnormality Disease Association
X| X0 Turner's Syndrome
Y | XXY Klinefelter syndrome
Y | XYY Double Y syndrome
Y | XXX Trisomy X syndrome
Y [ XXXX Four X syndrome
Y | Xp21 deletion Duchenne's/Becker syndrome, congenital adrenal
, hypoplasia, chronic granulomatus disease

Y Xp22 deletion steroid sulfatase deficiency

Y | Xq26 deletion

X-linked lymphproliferative disease

1 | 1p (somatic)
monosomy’
trisomy

neuroblastoma

.2 | monosomy
trisomy 2q

growth retardation, developmental and mental delay,
and minor physical abnormalities

3| monosomy
Irisomy (somatic)

Non-Hodgkin's lymphoma

4 | monosomy
trisomy (somatic)

Acute non lymphocytic leukemia (ANLL)

5| 5p Cri du chat; Lejeune syndrome
51 5q myelodysplastic syndrome
(somatic) ’
monosomy
trisomy

6 | monosomy
trisomy (somatic)

clear-cell sarcoma

7| 7911.23 deletion

William's syndrome

7 | monosomy
trisomy

monosomy 7 syndrome of childhood; somatic: renal
cortical adenomas; myelodysplastic syndrome

8 | 8924.1 deletion

Langer-Giedon syndrome

8 | monosomy
trisomy

myelodysplastic syndrome; Warkany syndrome;
somatic: chronic myelogenous leukemia

9 | monosomy 9p

Alfi's syndrome

9 | monosomy Sp
partial trisomy

Rethore syndrome
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Chromosome | Abnormality Disease Association
9 | trisomy complete trisomy 9 syndrome; mosaic trisomy 9

syndrome

10 | Mondsomy
trisomy (somatic)

ALL or ANLL

1 | 11p-

Aniridia; Wilms tumor

11| 11g-

Jacobson Syndrome

11 | monosomy
(somatic) trisomy

myeloid lineages affected (ANLL, MDS)

12 | monosomy
: trisomy (somatic)

CLL, Juvenile granulosa cell tumor (JGCT)

13 | 13g-

13g-syndrome; Orbeli syndrome

13 | 13q14 deletion -

retinoblastoma

13 | monosomy
trisomy

Patau's syndrome

14 | monosomy
trisomy (somatic)

myeloid disorders (MDS, ANLL, atypical CML)

151 15q11-q13
deletion
monosomy

Prader-Willi, Angelman's syndrome

15 | trisomy (somatic)

myeloid and lymphoid lineages affected, e.g., MDS,
ANLL, ALL, CLL)

16 { 16913.3 deletion

Rubenstein-Taybi

3 | monosomy
trisomy (somatic)

papillary renal cell carcinomas (malignant)

17 | 17p-(somatic)

17p syndrome in myeloid malignancies

17 | 17q11.2 deletion

Smith-Magenis

17 117q13.3

Miller-Dieker

17 | monosomy
trisomy (somatic)

renal cortical adenomas

17 | 17p11.2-12

Charcot-Marie Tooth Syndrome type 1; HNPP

trisomy

18 | 18p- 18p partial monosomy syndrome or Grouchy Lamy
o Thieffry syndrome

18 | 18g- Grouchy Lamy Salmon Landry Syndrome

18 | monosomy Edwards Syndrome
trisomy
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Chromosome | Abnormality Disease Association
19 | monosomy
trisomy
20 | 20p- | trisomy 20p syndrome
20 | 20p11.2-12 Alagille
deletion .
20 | 20g- somatic: MDS, ANLL, polycythemia vera, chronic
neutrophilic leukemia
20 mbnosomy papillary renal cell carcinomas (malignant)
trisomy (somatic)
21 | monosomy Down's syndrome
trisomy
22 | 22q11.2 deletion DiGeorge's syndrome, velocardiofacial syndrome,
o conotruncal anomaly face syndrome, autosomal
dominant Opitz G/BBB syndrome, Caylor cardiofacial
syndrome
22 | monosomy complete trisomy 22 syndrome -
trisomy
Table 1B
Syndrome Chromosome | Start End Interval Grade
. (Mb)
12914 microdeletion | 12 65,071,919 | 68,645,525 3.57
syndrome
156913.3 15 30,769,995 [ 32,701,482 1.93
microdeletion Lo
.syndrome
15024 recurrent 15 (74,377,174 | 76,162,277 1.79
microdeletion
syndrome
15026 overgrowth 15 99,357,970 102,521,392 | 3.16
syndrome '
16p11.2 16 29,501,198 30,202,572 0.70
microduplication :
syndrome
16p11.2-p12.2 16 21,613,956 | 29,042,192 7.43
microdeletion '
syndrome
16p13.11 recurrent | 16 15,504,454 16,284,248 0.78
microdeletion
{(neurocognitive
disorder
susceptibility locus)
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Syndrome

Chromosome

Start

End

Interval
(Mb)

Grade

16p13.11 recurrent
microduplication
(neurocognitive
disorder
susceptibility locus)

16

15,504,454

16,284,248

0.78

17q21.3 recurrent
microdeletion
syndrome

17

43,632,466

44,210,205

0.58

1p36 microdeletion
syndrome

10,001

5,408,761

5.40

1g21.1 recurrent
microdeletion
(susceptibility locu
for :
neurodevelopmental
disorders)

146,512,930

147,737,500

1.22

1g21.1 recurrent
microduplication
(possible
susceptibility locus
for
neurodevelopmental
disorders)

146,512,930

147,737,500

1.22

1g21.1 susceptibility
locus for
Thrombocytopenia-
Absent Radius
(TAR) syndrome

145,401,253

145,928,123

0.53

22q11 deletion
syndrome
{Velocardiofacial /
DiGeorge
syndrome)

22

18,546,349

22,336,469

3.79

22q11 duplication”
syndrome

22

18,546,349

22,336,469 _

3.79

22q11.2 distal
deletion syndrome

22 -

22,115,848

23,696,229

1.58

22Qq13 deletion
syndrome (Phelan-
Mcdermid
syndrome)

22

51,045,516

51,187,844

0.14

2p15-16.1
microdeletion
syndrome

57,741,796

61,738,334

4.00

2g33.1 deletion
syndrome

196,925,089

205,206,940

8.28

2g37 monosomy

239,954,693

243,102,476

3.15

3929 microdeletion

195,672,229

197,497,869

1.83
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Syndrome

Chromosome

Start

End

Interval
(Mb)

Grade

syndrome

3929
microduplication
syndrome

195,672,229

197,497,869

1.83

7q11.23 duplication
syndrome

72,332,743

74,616,901

2.28

8p23.1 delfetion
syndrome

8,119,295

11,765,719

3.65

9q subtelomeric
deletion syndrome

140,403,363

141,153,431

0.75

Adult-onset
autosomal dominant
leukodystrophy
(ADLD)

126,063,045

126,204,952

0.14

Angelman
syndrome (Type 1)

15.

22,876,632

28,557,186

568

Angelman
syndrome (Type 2)

15

23,758,390

| 28,557,186

4.80

ATR-16 syndrome

60,001

834,372

0.77

AZFa

14,352,761

15,154,862

0.80

AZFb

20,118,045

26,065,197

5.95

AZFb+AZFc

19,964,826

27,793,830

7.83

AZFc

24,977,425

28,033,929 .

3.06

Cat-Eye Syndrome
(Type 1)

< |<|<|<|z

1

16,971,860

16.97

Charcot-Marie-
Tooth syndrome
type 1A (CMT1A)

17

13,968,607

15,434,038

147 -

Cridu Chat .
Syndrome (5p
deletion)

10,001

11,723,854

11.71

Early-onset
Alzheimer disease
with cerebral
amyloid angiopathy

21

27,037,956

27,548,479

0.51

Familial
Adenomatous
Polyposis

112,101,596

112,221,377

0.12

Hereditary Liability
to Pressure Palsies
(HNPP)

17

13,968,607

15,434,038

1.47

Leri-Waeill
dyschondrostosis
(LWD) - SHOX
deletion

751,878

867,875

0.12

Leri-Weill
dyschondrostosis

460,558

753,877

0.29
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Syndrome Chromosome | Start End Interval Grade
: : (Mb)

(LWD) - SHOX

deletion

Miller-Dieker 17 1 2,545,429 2.55 1

syndrome (MDS) |

NF1-microdeletion 17 29,162,822 30,218,667 1.06 1

syndrome

Pelizaeus- X 102,642,051 | 103,131,767 |0.49

Merzbacher disease

Potocki-Lupski 17 16,706,021 20,482,061 3.78

syndrome (17p11.2

duplication

syndrome)

Potocki-Shaffer 11 43,985,277 |-46,064,560 2.08 1

syndrome

Prader-Willi 15 22,876,632 28,557,186 5.68 1

syndrome (Type 1)

Prader-Willi 15 23,758,390 28,557,186 4.80 1

Syndrome (Type 2)

RCAD (renalcysts | 17 34,907,366 36,076,803 1.17

and diabetes)

Rubinstein-Taybi 16 3,781,464 3,861,246 0.08 1

Syndrome :

Smith-Magenis 17 16,706,021 20,482,061 3.78 1

Syndrome ’

Sotos syndrome 5 175,130,402 | 177,456,545 |2.33 1

Split hand/foot 7 95,533,860 |-96,779,486 1.25

malformation 1 :

(SHEM1)

Steroid sulphatase | X 6,441,957 8,167,697 1.73

deficiency (STS)

WAGR 11p13 R 31,803,509 32,510,988 0.7

deletion syndrome '

Williams-Beuren 7 72,332,743 74,616,901 2.28 1

Syndrome (WBS) A ’

Wolf-Hirschhorn 4 10,001 2,073,670 2.06 1

Syndrome :

Xqg28 (MECP2) X 152,749,900 | 153,390,999 | 0.64

duplication

Grade 1 conditions often have one or more of the following characteristics; pathogenic anomaly;
strong agreement amongst geneticists; highly penetrant; may still have variable phenotype but
some common features; all cases in the literature have a clinical phenotype; no cases of healthy

5 individuals with the anomaly; not reported on DVG databases or found in healthy population;
functional data confirming single-gene or multi-gene dosage effect; confirmed or strong candidate
genes; clinical management implications defined; known cancer risk with implication for
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surveillance; multiple sources of information (OMIM, GeneReviews, Orphanet, Unique, Wikipedia);
and/or available for diagnostic use (reproductive counseling). '

Grade 2 conditions often have one or more of the following characteristics; likely pathogenic
anomaly; highly penetrant; variable phenotype with no consistent features other than DD; small
number of cases/ reports in the literature: all reported cases have a clinical phenotype; no

* functional data or confirmed pathogenic genes; rhultiple sources of information (OMIM,

Genereviews, Orphanet, Unique, Wikipedia); and/or may be used for diagnostic purposes and

reproductive counseling.

Grade 3 conditions 6ften have one or more of the following characteristics; susceptibility locus;
healthy individuals or unaffected parents of a proband described; present in control populations;
non penetrant; phenotype mild and not specific; features less consistent; no functional data or
confirmed pathogenic genes; more limited sources of data; possibility of second diagnosis remains
a possibility for cases deviating from the majority or if novel clinical finding present; and/or caution
when using for diagnostic purposes and guarded advice for reproductive counseling.

Preeclampsia

In some embodiments, thé'presence or absence of preeclampsia is determined by using a method
or apparatus described herein. Preeclampsia is a condition in which hypertension arises in
pregnancy (i.e. pregnancy-induced hypertension) and is associated with significant amounts of
protein in the urine. In some cases, preeclampsia also is associated with elevated levels of
extracellular nucleic acid and/or alterations in methylation patterns. For example, a positive
correlation between extracellular fetal-derived hypermethylated RASSF 1A levels and the severity
of pre-eclampsia has been observed. In certain examples, increased DNA methylation is observed

~ for the H19 gene in preeclamptic placentas compared to normal controls.

Preeclampsia is one of the leading causes of maternal and fetal/neonatal mortality and morbidity
worldwide. Circulating cell-free nucleic acids in plasma and serum are novel biomarkers with
promising clinical applications in-different medical fields, including prenatal diagnosis. Quantitative
changes of cell-free fetal (cf)DNA in maternal plasma as an indicator for impending preeclampsia
have been reported in different studies, for example, using real-time q;iantiiative PCR for the male-
specific SRY or DYS 14 loci. In cases of early onset preeclampsia, elévated levels may be seen in
the first trimester. The increased levels of cffDNA before the onset of symptoms may be due to '
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hypoxia/reoxygenation within the intervillous space |¢adin_g to tissue oxidative stress and increased
placental apoptosis and necrosis. In addition to the evidence for increased shedding of cifDNA
into the maternal circulation, there is also evidence for reduced renal clearance of cffDNA in
preeclampsia. As the amount of fetal DNA is currently determined by quantifying Y-chromosome
5 specific sequences, alternative approaches such as measurement of total cell-free DNA or the use

of gender-independent fetal epigenetic markers, such as DNA methylation, offer an altern.ative.'
Cell-free RNA of placental origin is another aiternative biomarker that may be used for screening
and diagnosing preeclampsia in clinical practice. Fetal RNA is associated with subcellular
placental particles that protect it from degradation. Fetal RNA levels sometimes are ten-fold higher

10 in pregnant females with preeclampsia compared to controls, and therefore is an alternative
biomarker that_ may be used for screening and diagnosing preeclampsia in clinical practice.

Pathogens

15 In some embodiments, the presence or‘absem.:e of a pathogenic condition is determined by a

method or apparatus described herein. A pathogenic condition can be caused by infection of a
' host by a pathogen including, but not limited tb, a bacterium, virus or fungus. Since pathogens

typically possess nucleic acid (e.g., genomic DNA, genomic RNA, mRNA) that can be
distinguishable from host nucleic acid, methods and apparatus provided herein can be used to

20  determine the presence or absence of a pathogen. Often, pathogens possess nucleic acid with
characteristics unique to a particular pathogen such as, for example, epigenetic state énd/o_r one or
more sequence variations, dﬁplications and/or deletions. Thus, methods provided herein may be
used to identify a particular pathogen or pathogen variant (e.g. strain).

25 Cancers

In some embodiments, the. presence or absence of a cell proliferation disorder (e.g., a cancer) is
determined by using a method or apparatus described herein. For example, levels of cell-free
nucleic acid in serum can be elevated in patients with various types of cancer compared with

30 healthy patients. Patients with metastatic diseases, for example, can sometimes have serum DNA
levels approximately twice as high as non-metastatic patients. Patients with metastatic diseases
may also be identified by cancer-specific markers and/or certain single nucleotide polymorphisms
or short tandem repeats, for example. Non-limiting examples of cancer types that may be
positively correlated with elevated levels of circulating DNA include breast cancer, colorectal

187
AMENDED SHEET - IPEA/US

2850781 2014-04-02



PCTUSIVS9123 11-12-2012 PCT/US2012/059123 27.02.2014

PATENT
SEQ-6034-PC

cancer, gastrointestinal cancer, hepatocellular cancer, lung cancer, melanoma, non-Hodgkin
lymphoma, leukemia, multiple myeloma, bladder cancer, hepatoma, cervical cancer, esophageal
cancer, pancreatic cancer, and prostate cancer. Various cancers can possess, and can
sometimes release into the bloodstream, nucleic acids with characteristics that are distinguishable

5 from nucleic acids from non-cancerous healthy cells, such as, for example, epigenetic state and/or
sequence variations, duplications and/or deletions. Such characteristics can, for example, be
specific to a particular type of cancer. Thus, it is further contemplated that a method provided
herein can be used to identify a particular type of cancer.

10 - Examples \

The examples set forth below illustrale certain embodiments and do not fimit the téchnology.

Example 1: General methods for detecting conditions associated with genetic variations.
15 | '

The methods and underlying theory described herein can be utilized to detect various conditions -
associated with genetic variation and determine the presence or absence of a genetic variation.
Non-limiting examples of genetic variations that can be detected with the methods described
herein include, segmental chromosomat aberrations (e.g., deletions, dupIications) aneuploidy,

20 gender, sample identification, disease conditions associated with genetlc variation, the like or
combinations of the foregomg

Bin Filtering

25 The information content of a genomic region in a target chromosome can be visualized by plotting
the result of the average separation between euploid and trisomy counts normalized by combined
uncertainties, as a function of chromosome position. Increased uncertainty (see FIG. 1) or
reduced gap between triploids and euploids (e.g. triploid pregnancies and euploid _
pregnancies)(see FIG. 2) both result in decreased Z-values for affected cases, sometimes reducing

30 the predictive power of Z-scores. A

FIG. 3 graphically illustrates a p- value profile, based on t-distribution, plotted as a function of
chromosome position along chromosome 21. Analysis of the data presenled in FIG. 3 identifies 36
uninformative chromosome 21 bins, each about 50 kilo-base pairs (kbp) in length. The
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uninformative region is located in the p-arm, close to centromere (21p11.2-21p11.1). Removing all
36 bins from the calculation of Z-scores, as schematically outlined in FIG. 4, sometimes can
significantly increase the Z-values for all trisomy cases, while introducing only random variations
into euploid Z-values. '

The improvement in predictivé power afforded by removal of the 36 uninformative bins can be
explained by examining the count profile for chromosome 21 (see FIG. 5). In FIG. 5, two arbitrarily-
chosen samples demonstrate the general tendency of count versus (vs) bin profiles to follow
substantially similar trends, apart from short-range noise. The profilés shown in FIG. 5 are
substantially parallel. The highlighted region of the profile plot presented in FIG. 5 (e.g., the region
in the ellipse), while still exhibiting parallelism, also exhibit large fluctuations relative to the rest of
chromosome. Removal of the fluctuating bins {e.g., the 36 uninformative bins) can improve

precision and consistency of Z statistics, in some embodiments.
Bin Normalization

Filtering out uninformative bins, as described in Example 1, sometimes does not provide the
desired improvement to the prediétive power of Z-values. When chromosome 18 data is filtered to
remove uninformative bins,.as described in Example 1, the z-values did not substantially improve
(see FIG. 6). As seen with the chromosome 21 count profiles presented in Example 1, the
chromosome 18 count profiles also are substantially parallel, disregarding short range noise.
However, two chromosome 18 samples used to evaluate binwise count uncertainties (see the
bottom of FIG. 6) significantly deviate from the general parallelism of count profiles. The dips in the
middle of the two traces, highlighted by the ellipse, represent large deletions. Other samples
examined during the course of the experiment did not exhibit this deletion. The deletion coincides
with the location of a dip in p-value profiles for chromosome 18, illustrated in by the ellipse shown
in FIG. 7. That is, the dip observed in the p-value profiles for chromosome 18 are explained by the
presence of the deletion in the chromosome 18 samples-, which cause an increase in the variance
of counts in the affected region. The variance in counts is not random, but represents a rare event
(e.., the deletion of a segment of chromosome 18), which, if included with other, random
fluctuations from other samples, decreases the predictive power bin filtering procedure.

Two questions arise from this examplé; (1) how are p-value signals determined to be mezningful
and/or useful, and (2) can the p-value approach described herein be generalized for use with any
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bin data (e.g., from within any chromosome, not only bins from within chromosomes 13, 18 or 21).
A generalized procedure could be used to remove variability in the total counts for the entire
genome, which can often be used as the normalization factor when evaluating Z-scores. The data
presented in FIG. 8 can be used to investigate the answers to the questions above by
reconstructing the general contour of the data by assigning the median reference count to each
bin, and normalizing each bin count in the test sample with respect to the assigned median

reference count.

The medians are extracted from a set of known euploid references. Prior to computing the
reference median counts, uninformative bins throughdut the genome are filtered out. The
remaining bin counts are normalized with respect to the total residual number of counts. The test
sample is also normalized with respect to the sum of counts observed for bins that are not filtered
out. The resulting test profile often centers around a value of 1, except in areas of maternal
deletions or duplication, and areas in which the fetus is triploid (see FIG. 9). The bin-wise
normalized profile illustrated in FIG. 10 confirms the validity of the normalization procedure, and
clearly reveals the heterozygous rﬁaternal deletion (e.g., central dip in the gray segment of the
profile tracing) in chromosome 18 and the elevated chromosomal representation of chromosome
18 of the tested sample (see the gray area of profile tracing in FIG. 10). As can be seen from FIG.
10, the median value for the gray segment of the tracing centers around about 1.1, where the

median value for the black segment of the tracing centers around 1.0.
Peak Elevation

FIG. 11 graphically illustrates the results of analyzing multiple samples using bin-wise
normalizatioﬁ, from a patient with a discernible feature or trait (e.g., maternal duplication, maternal
deletion, the like or combinations theéreof). The identities of the samples often can be determined
by comparing their respective normélized count profiles. In the example illustrated in FIG. 11, the
location of the dip in the normalized profile and its elevation, as well as its rarity, indicate that both
samples originate from the same patient. Forensic panel data often can be used to substantiate
these findings.

FIG. 12 and 13 graphically illustrate the results of the use of normalized bin profiles for identifying
patient identity, or sample identity. The samples analyzed in FIG. 12 and 13 carry wide maternal
aberrations in chromosomes 4 and 22, which are absent in the other samples in the profile
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tracings, confirming the shared origin of the top and bottom traces. Results such as this can lead
to the determination that a particular sample belongs to a specific patient, and also can be used to
determine if a particular sample has already been analyzed.

5 Bin-wise normalization. facilitates the detection of aberrations, however, comparison of peaks from
" different samples often is further facilitated by analyzing quantitative measures of peak elevations
and locations (e.g., peak edges). The most prominent descriptor of a peak often is its elevation,
followed by the locations of its edges. Features from different count profiles often can be
‘compared using the following non-limiting analysis.
10 ‘

(a) Determine the confidence in a features detected peaks in a single test sample. If the
feature is distinguishable from background noise or processing artifacts, the feature can
be further analyzed against the general population.

(b) Determine the prevalence of the detected feature in the general population. if the

15 ) feature is rare, it can be used as a marker for rare ‘aberrations. Features that are found
frequently in the general population are less useful for analysis. Ethnic origins can play
arole in determining the relevance of a detected features peak elevation. Thus, some
features provide useful information for samples from certain ethnic origins.

(c) Derive thé confidence in the comparison between features observed in different

20 samples.

Hlustrated in FIG. 14 are the normalized bin counts in chromosome 5, from a euploid subject. The
average elévation generally is the reference baseline from which the elevations of aberrations are
measured, in some embodiments. Small and/or narrow deviations are less reliable predictors than
25  wide, pronouncéd aberrations. Thus, the background noise or variance from low fetal contribution
and/or processing artifacts is an important consideration whenvaberrations are not large or do not
have a significant peék elevation above the background. An example of this is presented in FIG.
15, where a peak that would be significant in the upper trace, can be masked in the background '
noise observed in the bottom profile trace. The confidence in the peak elevation (see FIG. 16) can
30  be determined by the.average deviation from the reference (shown as the delté symbol), relative to
~ the width of the euploid di_stribution (e.g., cbmbined with the variance (shown as the sigma symbol)
in the average deviation). The error in the average stretch elevation can be derived from the
known formula for the error of the mean. If a stretch longer than one bin is treated as a random

(non-contiguous) sample of all bins within a chromosome, the error in the average elevation
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decreases with the square root of the number of bins within the aberration. This reasohing neglects
the correlation between neighbaring bins, an assumption confirmed by the correlation function
shown in FIG. 17 (e.g., the equation for G(n)). Non-normalized profiles sometimes exhibit strong
medium-range correlations (e.g., the wavelike variation of the baseline), however, the normalized
5 profiles smooth out the correlation, leaving only random noise. The close match between the |

standard error of the méan, the correction for autocorrelation, and the actual sample estimates of

- the standard deviation of the mean elevation in chromosome 5 (see FIG. 18) confirms the validity
of the assumed lack of correlation. Z-scores (see FIG. 19) and p-values calcdlated from Z-scores
associated with deviations from the expected elevation of 1 (see FIG. 20) can then be evaluated in

10 light of the estimate for uncertainty in the average elevation. The p-values are based on a t-

distribution whose order is determined by the number of bins in a peak. Depending on the desired
level of confidence, a cutoff can suppress noise and allow unequivocal detection of the actual

signal.

N )

15 ‘ .
Equation 1 can be used to directly compare peak elevation from two different samples, where N
and n refer to the numbers of bins in the entire chromosome and within the aberration, _
respectively. The order of the t-test that will yield a p-value measuring the similarity between two
samples is-determined by the number of bins in the shorter of the two deviant stretches.

20 ’

Peak Edge

In addition to comparing average elevations of aberrations in a sample, the beginning and end of
the compared’stretchés also can provide useful information for statistical analysis. The upper limit

25 of resolution for comparisons of peak edges often is determined by the bin size (e.g., 50 kbps in
the examples described herein). FIG. 21 illustrates 3 possible peak edge scenarios; (a) a peak
from one sample can be completely contained within the matching peak from another sample, (b)
the edges from one sample can partially 0\'/erlap the edges of another sample, or (c) the leading

' edge from one sample can just marginally touch or overlap the trailing edge of another sample.

30 FIG. 22 illustrates and example of the scenario described in (c) (e.g., see the middle trace, where

the trailing edge of the middle trace marginally touches the leading edgé of the upper trace).
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The lateral tolerance associated with an edge often can be used to distinguish random variations
from true, aberration edges. The position and the width of an edge can be quantified by
numerically evaluating the first derivative of the aberrant count profile, as shown in FIG. 23.
If the aberration is represented as a composite of two Heaviside functions, its derivative will be the
5 sum of two Dirac’s delta functions. The starting'edge corresponds to an upward absorption- ‘
. shaped peak, while the ending edge is a downward, 180 degree-shifted absorption peak. If the
aberration is narrow, the two spikes are close to one another, forrﬁing a dispersion-iike contour.
The locations of the edges can be approximated by the extrema of the first derivative spikes, while
the edge tolerance is détermined by their widths. |
10 ’ o
Comparison between different samples often can be reduced to determining the difference
between two matching edge locations, divided by the combined edge uncertainties. However, the
derivatives sometimes are lost in background noise, as illustrated in FIG. 24. While the aberration
itself benefits from the collective information contributad from all its bins, the first derivative only
15  can afford information from the few points at the edge of the aberration, which can be insufficient to-
overcome the naise. Sliding window averaging, used to create FIG. 24, is of limited value in this
situation. Noise can be suppressed by combining the first derivative (e.g., akin to a point estimate)
with the peak elevation (e.g., comparable to an integral estimate). In some embodiments'the. first
derivative and the peak elevation can be combined by multiplying them together, which is
20  equivalent to taking the first derivative of a power of the peak elevation, as shown in FIG. 25. The
' results presented in FIG. 25 successfully suppress noise outside of the aberration, however, noise
within the aberration is enhanced by the manipulation. The first derivative peaks are still clearly
discernible, allowing them to be used to extract edge locations and lateral tolerances, thereby
allowing the aberration to be clearly idenlified in the lower profile tracing.
2 | '
Median chromosomal elevation

The median normalized elevation within the target chromosome in a euploid patient is expected to
remain close to 1 regardless of the fetal fraction. However, as shown in FIG. 9 and 10, median

30 elevations in trisomy patients increase with the fetal fraction. The increase generally is
substantially linear with a slope of 0.5. Experimental measurements confirm these expectations.
FIG. 26 illustrates a histogram of median elevations for 86 euploid samples (shown in dotted bars
in FIG. 26). The median values are tightly clustered around 1 (median = 1.0000, median absolute
deviation (MAD) = 0.0042, mean = 0.9996, standard deviation (SD) = 0.0046). None of the euploid
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median elevations exceeds 1.012, as shown in the histogram presented in FIG. 26. In contrast,
out of 35 trisomy samples shown (hatched bars) in Fig 26, all but one have median elevations
exceeding 1.02, significantly above the euploid range. The gap between the two groups of patients
in this example is large enough to allow classification as euploid or aneuploid.

Fetal fraction as the limiting factor in classification accuracy

The ratio between the fetal fraction and the width of the distribution of median normalized counts in
euploids (e.g. euploid pregnancies) can be used to determine the reliability of classification using
median normalized elevations, in some embodiments. Since median normalized counts, as well as
other descriptors such as Z-values, linearly increase with the fetal fraction with the pr,oportionalify '
constant of 0.5, the fetal fraction must exceed four etandard deviations of the distribution of medien
normalized counts to achieve 95% confidence in classification, or six standard deviations to
achieve 99% confidence in classification. Increasing the number of aligned sequences tags can
serve to decrease the error in measured profiles and sharpen the distribution of median normalized
elevations, in certain embodiments. Thus, the effect of increasingly precise measurements is to
improve the ratio between fetal fraction and the width of the distribution of euploid median

normalized elevations.
Area Ratio

The median of the distribution of normalized counts generally is a point estimate and, asAsuch,
often is a less reliable estimate than'integral estimates, such as areas under the distribution (e.g.,
area under the curve. Samples containing high fetal level fractions are not as affected by using a
pointl estimate, however at Iow'fetal fraction values, it becomes difficult to distihg uish a truly
elevated normalized profile from a euploid sample that has a slightly incréased median count due
to random errors. A histogram illustrating the median distribution of normalized counts from a
trisomy case with a relatively low fetal fraction (e.g., F = about 7%; F(7%)) is shown in FIG. 27. |
The median of the distribution is 1.021, not far from 1 + F/2 = 1.035. However, the width of the
distribution (MAD = 0.054, SD = 0.082) far exceeds the deviation of the median from the euploid
value of 1, precluding any claims that the sample is abnormal. Visual inspection of the distribution
suggests an alternative analysis: although the shift of the peak to the right is relatively small, it
significantly perturbs the balance between the areas to the left (backward slashed) and to the right
(forward slashed) from the euploid expectation of 1. Thus the ratio between the two areas, being
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anintegral estimate, can be advantageous in cases where classification is difficult due to low fetal
fraction values. Calculation of the integral estimate for the forward slashed and backward slashed
areas under the curve is explained in more detail below.

I a Gaussian distribution of normalized counts is assumed, then

. 1 e |
P&f} = &xp,{w (Q Qﬁ}j@g&}]

o¥om

2).

L

In euploid cases, the expectation for the normalized counts is 1. For trisomy patients, the -

expectation is

=t 7 ' (3).

Since the reference point for calculating the area ratio is 1, the argument to the exponential

- function is z*, where

4
z P
laovD ' (4).
The area to the left-of the reference point is

i
3*‘,{1 Naddg = <1+ erflE
WI\? {'. 3 FRED)! (5)
The error function erf(z) can be evaluated using its Taylor expansion:
o .
2 g alpgiet
rfll) o Y e

The area to the right from the reference pointis 1 - B. The ratio between two areas is therefore

- i B _ 1 - 9”{{2} i~ ey\f[._wff(szial

R B L+erfld) = 1+ ﬁ-”'fl” Ff(za'd

(7).

Error propagation from measured fetal fractions into area ratios R can be estimated by simply
replacing F in equation 7 with F — AF and F + AF. FIG. 28 shows the frequencies of euploid and -
trisomy area ratios in a set of 480 samples. The overlap between two groups involves trisomy
samples with low fetal fractions. '
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Combined classification criteria

FIG. 29 illustrates the interrelation and interdependence of median elevations and area ratios, both
of which described substantially similar phenomena. Similar relationships connect median
5 elevations and area ratios with other classification criteria, such as Z-scores, fitted fefal fractions,

various sums of squared residuals, and Bayesian p-values (see FIG. 30). Individual classification
criteria can suffer from ambiguity stemming from partial overlap between euploid and trisomy
distributions in-gap regions, however, a combinafion of multiple criteria can reduce or eliminate any
ambiguities. Spreading the signal along multiple dimensions can have the same effect as

10 measuring NMR frequencies of different nuclei, in some embodiments, resolving overlapping
peaks into well-defined, readily identifiable entities. Since no attempt is made to quantitatively
predict any theoretical parameter using mutually correlated descriptors, the cross-correlations
observed between different classification criteria do not interfere. Defining a region in
multidimensional space that is exclusively populated by euploids, allows ctassification of any

15 sample that is located outside of the limiting surface of that region. Thus the classification scheme,

is reduced to a consensus vote for euploidy.

In some embodiments utiliiing a combined classification criteria approach, classification criteria

_ described herein can be combined with additional classification criteria known in the art. Certain

20  embodiments can use a subset of the classification criteria listed here. Certain embodiments can
mathematically combine (e.g., add, subtract, divide, multiply, and the like) one or more
classification criteria among themselves and/or with fetal fraction to derive new classification
ciiteria. Some embodiments can apply principal components analysis to reduce the dimensionality

) of the multidimensional classification space. Some embodiments can use one or more

. 256 classification criteria to define the gap between _aﬂecied and unaffected patients and to classify

new data sets.. Any combination of classification criteria can be used to define the gap.between
affected and unaffected patients and to classify new data sets. Non-limiting examples of
classification criteria that can be used in combination with other classification criteria to define the
gap between affected and unaffected patients and to classify new data sets include: linear

30 discriminant analysis, quadratic discriminant a.nalysis, flexible discriminant analysis, mixture
discriminant analysis, k Nearest Neighbors, classification tree, bagging, boosting, neural networks,

support vector machines, and/or random forest.
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1

Example 2: Methods for detection of genetic variations associated with fetal aneuploidy using
“measured fetal fractions and bin-weighted sums of squared residuals

Z-value statistics and other statistical analysis of sequence read data frequently are suitable for
5  determining or providing an outcome determinative of the preéence or absence of a genetic
variation with respect to fetal aneuploidy, however, in some instances it can be useful to include
additional énalysié based on fetal fraction contribution and ploidy assumptions. When including
fetal fraction contribution in a classification scheme, a reference median count profile from a set of '
~ known euploids (e.g. euploid pregnancies) generally is utilized for comparison. A reference'
-10  median count profile can be generated by dividing the entire genome into Nbins, where Nis the
number of bins. Each bin iis assigned two numbers: (i) a reference count Fiand (i) the uncertainty

(e.g., standard deviation or a) for the bin reference counts.

The following relationship can be utilized to incorporate fetal fraction, maternal ploidy, and median
15 reference counts into a classification scheme for determining the presence or absence of a genetic

variation with respect to fetal aneuploidy,
yi= - FRfi + PN, (8)

20 where Yrepresents the measured counts for a bin in the test sample corresponding to the bin in
the median count profile, Frepresents the fetal fraction, X represents the fetal ploidy, and M
represents maternal ploidy assigned to each bin. Possible values used for Xin equation (8) are: 1
if the fetus is euploid; 3/2, if the fetus is triploid; and; 5/4, if there are twin fetuses and one is '
affected and one is not. 5/4 is used in the case of twins where one fetus is affected and the other

25  not, because the term F in equation (8) represents total fetal DNA, therefore all fetal DNA must be
taken into account. In some embodiments, large deletions and/or duplications in the maternal »
genome can be accounted for by assigning maternal ploidy, M, to each bin or genomic section.
Maternal ploidy often is assigned as a multiple of 1/2, and can be estimated using bin-wise
normalization, in some embodiments. ‘Because maternal ploidy often is a multiple of 1/2, maternal

30 ploidy can be readily accounted for; and therefore will not be included in further equations to
simplify derivations. |
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Fetal ploidy can be assessed using any suitable approach. In some embodiments, fetal ploidy can
be assessed using equation (8), or derivations thereof. In certain embodiments, fetal ploidy can be
classified using one of the following, equation (8) based, non-limiting approaches:

1) Measure fetal fraction F and use the value to form two sums of squared residuals. To
calculate the sum of squared residuals, subtract thelright hand side (RHS) of equation
(8) from its left hand side (LHS), square the difference, and sum over selected genomic
bins, or in those embodiments using all bins, sum over all bins. This procesé is
performed to calculate each of the two sums of squared residuals. One sum of square
residuals is evaluated with fetal ploidy set to 1 (e.g., X = 1) and the other sum of
squared residuals is evaluated with fetal ploidy set to 3/2 (e.g., X = 3/2). If the fetal test
subject is euploid, the difference between the two sums of squared residuals is "

negative, otherwise the difference is positive.

2) Fix fetal fraction at its measured value and optimize ploidy value. Fe{al pIoidy‘generaIIy
can take on only 1 of two discrete values, 1 or 3/2, however, the ploidy so:metimes can
be treated as a continuous function. Linear regression can be used to generate an
estimate for ploidy. If the estimate resulting from linear regression analysis is close to

"1, the fetal test sample can be classified as euploid. [f the estimate is close to 3/2, the

fetus can be classified as triploid.

3) Fix fetal ploidy and optimize fetal fraction using linear regression analysis. The fetal
fraction can be measured and a restraint term can be included to keep the fitted fetal
fraction close to the measured fetal fraction value, with a weighting function that is
reciprocally proportional to the estimated error in the measure fetal fraction. Equation
(8) is solved twice, once with ploidy set at 3/2, and once for fetal ploidy setto 1. When
solving equatiipn (8) with ploidy set to 1, the fetal fraction need not be fitted. A sum of

' square residuals is formed for each result and the sum of squared residuals subtracted. -
If the difference is negative, the fetal tesf subject is euploid. If the difference is positive,
the fetal test subject is triploid.

The generalized approaches described in 1), 2) and 3) are described in further detail herein.
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Fixed ploidy, fixed fetal fraction: sums of squared residuals

In some embodiments, fetal aneuploidy can be determined using a model which analyzes two
variables, fetal ploidy ('e.'g., X) and fetal nucleic acid fraction (e.g., fetal fraction; F). Incertain
5 embodiments, fetal ploidy can take on discrete values, and in some embodiments, fetal fraction

can be a continuum of values. Fetal fraction can be measured, and the measured valued used to
generate a result for equation (8), for each possible valué for fetal ploidy. Fetal plbidy values that
can be used to generate a result for equation (8)include 1and 3/2 for a single fetus pregnancy, and
in the case of a twin fetus pregnancy where one fetus is affected and the other fetus unaffected,

10 5/4 can be used. The sum of squared residuals obtained for each fetal ploidy value measures the
success with which the method reproduces the measurements, in some embodiments. When
evaluating equation (8) at X = 1, (e.g., euploid assumption), the fetal fraction is canceled out and

the following equation results for the sum of équared residuals:

S N3 . : wy . 858 o En s -
co @,g = Ei\-i wfu’" ""‘f‘}h z}:;\;x PESRE S 3 Y TS N T ey Kol ys ' "‘:f{‘
1 5 Arg 3 29 WYy (g)
2
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T (10)
20
£2
o A S
S (1)
=fy T k=i g
(19

25  When evaluating equation (8) at X = 3/2 (e.g., triploid assumption), the following equation results

for the sum of the squared residuals:

o =T 2 {V O 2 F f | - N - 8 :* 3 ;‘( T e & 1) 3 i Fr T
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The difference between equations (9) and (13) forms the functional result (e.g., phi) that can be
used to test the null hypothesis (e.g., euploid, X = 1) against the alternative hypothesis (e.g.,
trisomy singleton, X = 3/2):

5 (14)
The profile of phi with respect to Fis a parabola defined to the right of the ordinate (since Fis
greater than or equal to 0). Phi coriverges to the origin as F approaches zero, regardless of
experimental errors and uncertainties in the model parameters. '
10

In some embodiments, the functional Phi is dependent on the measured fetal fraction F with a
negative second-order quadratic coefficient (see equation (14)). Phi's dependence on the
measured fetal fraction would seem to imply a convex shape. for both euploid and triploid cases. If
this analysis were correct, trisomy cases would reverse the sign at high F values, however

15  equation (12) depends on F. Combining equations (8) and (14), disregarding maternal ploidy,
setting X = 3/2 and neglecting gxperimental errors, the equation for trisomy cases becomes:

g, .
if %

o e Vt\} } ..... 59 :{_ — > E X N - “’Z e 3 &W s
e digry” \?53 S;w i f{1 f}f + FXF; ( N } e*ﬁ {} $ :f’) e
(15)
The relationship between equations (11) and (12) for triploids holds under ideal circumstances, in
the absence of any measurement errors. Combining equations (14) and (15) results in the
following expression, which often yields a concave parabola in triploid cases:
of 2 X '-&‘i, SIS | S ey w ;.,3;.-*;’.» e L .' “““
o5 { o= f‘{_".::c} bt ‘:}?f,} -~ ‘;. “"}'“f ----- ¥F f(i - 3}‘ SfF .v...;{f] " [l fF T 5‘ o: i rﬁbﬂf}rk +
(16)
For euploids, equations (11) and (12) should have the same value, with the exception of
measurement errors, which sometimes yields a convex parabbla:
30 o
{,( o - } 1 vF v - L };‘2 ";'T; P ; ,{{
@ = Py = Spp) m D F Sy = 0 F Sy (Ruploids)
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Simulated functional phi profiles for typical model parameter values are shown in FIG. 31, for
trisomy (dashed line) and euploid (édlid line, bottom) cases. FIG. 32 shows an example using
actual data. In FIG. 31 and 32, data points below the abscissa generally represent cases classified
as euploids. Data points above the abscissa generally represent cases classified as trisomy 21
(T21) cases. In FIG. 32, the solitary data point in the fourth quadrant (e.g., middle lower quadrant)
is a twin pregnancy with one affected fetus. The data set utilized to generate FIG. 32 includes other
affected twin samples as well, explaining the spread of T21 data peints toward the abscissa.

Equations (9) and (10) often can be interpreted as follows: For triploids, the euploid model
sometimes generates larger errors, implying that phie (see equation (9)) is greater than phir (see -
equation (13)). As a result, functional phi (see equation (7)) occupies the first quadrant (e.g., upper
left quadrant). For euploids, the trisomy model sometimes generates larger errors, the rank of
equations (2) and (6) reverses and functional phi (equation (7)) occupies in the fourth quadrant.
Thus, in principle, classification of a sample as euploid or triploid sometimes reduces to evaluating

the sign of phi.

In some embodlments the curvature of the data points shown in FIG. 31 and 32 can be reduced or
eliminated by replacmg functional phi (equation (7)) with the square root of functional phi's absolute
value, multiplied by its sign. The linear relationship geﬁerated with respect to F sometimes can
improve separation between triploids and euploids at low fetal fraction values, as shown in FIG. 33.
Linearizing the relationship with respect to F sometimes results in increase uncertainty intervals at
low fetal fraction (e.g., F) values, therefore, the gains realized from this process are related to
making visual inspecfioh of the differences substantially easier; the gray area remains unchanged.

* Extension of the process to analysis of twin pregnancies is relatively straightforward. The reason

used to generate equation (9) implies that in a twin pregnancy with one affected and one normal
fetus, functional phi should reduce to zero, plus or minus experimental error, regardless of F. Twin
pregnancies generally produce more fetal DNA than single pregnancies.

Optimized ploidy, fixed fetal fraction: linear regression

In certain embodiments, fetal aneuploidy can be determined using a model in which the fetal
fraction is fixed at its measured value and ploidy is varied to optimize the sum of squared residuals.
In some embodiments, the resulting fitted fetal fraction value can be used to classify a case as
trisomy or euploid, depending on whether the value is close to 1, 3/2, or 5/4 in the case of twins.
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Starting from equation (8), the sum of squared residuals can be formed as follows:

To minimize phi as a function of X, the first derivative of phi with respect to X is generated, set
equal to zero, and the resulting equation solved for X. The resulting expression is presented in
equation (19).

HE)=0=xP gl A Fyn B r- pEL,

a Fevr y SEEE
3'*{\::1%2%“‘“ ~F3 Eiz"’i’?&“
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'y se— s
Pl .{i..‘ .
h?¥ L w .
: - (20)

As noted previously, the term for matérnal»ploidy, M, can be omitted from further mathematical
derivations. The resulting expression for X corresponds to the relatively simple, and often most

frequently occurring, special case of when the mother has no deletions or duplications in the

chromosome or-chromosomes being evaluated. The resulting expression is presented in FIG. 21.

Sy~ ORI Sy  EFy 1

X =

B er BZee
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©o(21)
Xirr and Xiy are given by equations (11) and (12), respectively. In embodiments where all

expérimen_tal errors are negligible, solving equation (21) results in a value of 1 for euploids where

Xigs = Xigy. In certain embodiments where all experimental errors are negligible, solving equation
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(21) results in a value of 3/2 for triploids (see equation (15) for triploid relationship between Xig and
Xity.

Optimized ploidy, fixed fetal fraction: error propagation

5 ,
Optimized ploidy often’is inexact due to various sources of eror. Three, non-limiting examples of
error sources include: reference bin counts f, measured bin counts y; and fetal fraction F. The
contribution of the non-limiting examples of error will be examined separately.

10 Errors in measured fetal fractions: quality of fitted fetal fraction

Fetal fraction estimates based on the number of sequence tags mapped to the Y chromosome
(e.g., Y-counts) sometimes show relatively large deviations with respect to FQA fetal fraction
values (see FIG. 34). Z-values for triploid often also exhibit a relatively wide spread around the
15 diagonal shown in FIG. 35. The diagonal line in FIG. 35 represents a theoretically expected
increase of the chromosomal representation for chromosome 21 with ihcréasing fetal fraction in
trisomy 21 casés. Fetal fraction can be estimated using a suitable method. A non-limiting example
of a mefhod that can be utilized to estimate fetal fraction is the fetal quantifier assay (e.g., FQA).
Other methods for estimating fetal fraction are known in the ant. Various methods utilized to
20 estimate fetal fraction sometimes also show a substantially similar spread around thé central
diagonal, as shown in FIG. 36-39. In FIG. 36, the deviations are substantially similar (e.g.,
négative at high Fy) to those observed in fitted fetal fraction (see equation (33)). In some
embodiments, the slope of the linear approximation to the average chromosome Y (e.g.,
chromosome Y) fetal fraction (see the middle histogram line in FIG. 36) in the range between 0%
25 and 20% is about 3/4. In certain embodiments, the linear approximation for standard deviation
(see FIG. 36, upper and lower histogram lings) is about 2/3 + Fy/6. In some embodiments, fetal
fraction estimates based on chromosome 21 (e.g., chromosome 21) are substantially similar to
those obtained by fitting fetal fractions (see FIG. 37). Another qualitatively similar set of gender-
based fetal fraction estimates is shown in FIG. 38. FIG. 39 illustrates the medians of normalized
30 bin counts for T21 cases, which are expected to have a slope whose Iinear approximation is
substantially similar to 1 + Fy/2 (see gray line from origin to the midpc;int of the top of the graph in
FIG. 39).
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FIG. 36-39 share the following common features:
a) slope not equal to 1(either greater or less than 1, depending on the method, with the
exception of Z-values),
b) large spread fetal fraction estimation, and
¢) the extent of spread increases with fetal fraction.
To account for these observations, errors in measured fetal fraction will be modeled using the

formula AF = 2/3 + Fy/6, in some embodiments.

_Efrors in measured fetal fractions: error propagation from measured fetal fractions to fitted
ploidy '

If the assumption is made that £, and y; aré errorless, to simplify analysis, the measured fetal
fraction Fis composed of F, (e.g., the true fetal fraction) and 4F (e.g., the error in measured fetal

fraction):

In some instances, uncertainties in fitted X values originate from errors in measured fetal fraction,
F. Optimized values for X are given by equation (21), however the true ploidy value is given by Xy,
where Xy =1or 3/2. Xyvaries discretely, whereas X varies continuously and only accumulates

around Xy under favorable conditions (e.g., relatively low error).
Assuming aigain that f;and y; are errorless, equation (8) becomes:

¥p= (= BIM L+ BXS (23).

Combining equations (21) to (23) generates the following relationship between true ploidy Xy and
the ploidy estimate X that includes the error AF. The relationship also includes the assumption that

maternal ploidy equals 1 (e.g., euploid), and the term for maternal ploidy, M, is replaced by 1.
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In some instances, the term X, - 1 is substantially identical to zero in euploids, and 4F does not
contribute to errors in X. In triploid cases, the error term does not reduce to zero (e.g., is not
substantially identical to zero). Thus, in some embodiments, ploidy estimates can be viewed as a

function of the error 4F; -

= g{4F} (25)

~

“ Simulated profiles of fitted triploid X as a function of F, with fixed errors AF = plus or minus 0.2%

are shown in Fig 40. Results obtained using aclual data are shown in FIG. 41. The data points
generally conform to the asymmetric trumpet-shaped contour predicted by equation (24).

Smaller fetal fractions often are qualitatively associated with larger ploidy errors. Undere.stimated
fetal fraction sometimes is compensated by ploidy oVerestimates; overestimated fetal fraction often
is linked to underestimates iri ploidy. The effect frequently is stronger when fetal fraction is
underestimated. This is consistent with the asymmetry seen in the graphs presented in FIG. 40
and 41, (e.g., as F decreases, the growth of the upper branch is “substantially faster than the decay
of the lower branch). Simulations with different levels of error in Ffollow the same pattern, with the

. extent of the deviations from Xy increasing with 4F.

A probability distribution for X can be used to quantify these observations. In some embodiments,
the distribution of A4F can be used to derive the density function for X using the following

expression:

. where,

fr{¥} is the unknown density function for ¥ = §{x

2 &} is the given density function for x

' 03 s the first derivative of the given function ¥ = g3
¢ is the inverse of the given function & : ¥ = g™%?
§'{& T ¥ is the value of the derivative at the point & (72
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In equation 26 x is 4F, yis X (e.g., ploidy estimate), and g(x) is given by equation (24): The

derivative is evaluated according to the following expression:

dg Fie Xyp~1)
S4F K ¥ *,&ﬂﬁ (27)

The inverse #~ &% can be obtained from equation (24), in some embodiments:

AF = fi“‘f{f“
X~3 (28)
If the error in F conforms to a Gaussian distribution, f(x) in equation (26) can be replaced with the
10 following expression: '

t %
N PO W Y T AN
A £ ADYS FE s oy
R § LA Led §

P(4F) =

WLX (29)
In certainembodiments, combining eguations (26) to (29) results in a probability distribution for X
- atdifferent levels of AF, as shown in FIG. 42.
15
In some instances, a bias towards higher ploidy values, which sometimes are prominent at high A
levels of errors in F, often is reflected in the asymmetric shape of the density function: a relatively
long, slowly decaying tail to the right of the right vertical line, vertically in line with X, along the X
~ axis, as shown in FIG. 42, panels A-C. In some embodiments, for any value of AF, the area under
20  the probability density function to the left of the right vertical line (X = 3/2) equals the area to the
right of the right vertical line. That is, one half of all fitted ploidy valués often are overestimates,
while the other half of all fitted ploidy values sometimes are underestimates. In some instances,
the bias generallyv only concerns the extent of errors in X, not the prevalence of one or the other
direction. The median of the distribution remains equal to Xy, in some embodiments. FIG. 43
25 illustrates euploid and trisomy distributions obtained for actual data. Uncertainties in measured
fetal fraction values sometimes explain part of the variance seen in the fitted ploidy values for
triploids, however errors in estimated X values for euploids often require examining error

propagation from bin counts.

30
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Fixed ploidy, 'optim/éed fetal fraction: linear regression

A continuously varying fetal fraction often can be optimized while keeping ploidy fixed ai cne of its
possible values (e.g., 1 for euploids, 3/2 for singleton triploids, 5/4 fof twin triploids}, as opposed to
fitting ploidy that often can take on a limited number of known discrete values. In embodiments in
which the measured fetal fraction (Fo) is known, optimization of the fetal fraction can be restrained
such that the fitted F remains close to F, within experimental error (e.g., 4F). In some instances,
the observed (e.g., measured) fetal fraction Fp, sometimes differs from fetal fraction, Fv, described
in equations (22) to (28). A robust error propagation analysis should be able to distinguish
between Foland Fv. To simplify the following derivations, difference between the observed fetal
fraction and the true fetal fraction will be ignored. |

Equation (8) is presented below in a rearranged format that also omits the maternal ploidy term

(e.g., M).
B = F = Dfi + f; 3

A functional term that needs to be minimized is defined as follows, in some embodiments:

fov g <fv AN E 32
a{F} = sl P10 £
‘5"&‘».{7.}-2 TV B o W : i - : - ¢ 2
¥ =fas A SN VR - CRIEY R P SO S NNED & o df CHUIE B & SN & ¥ 2F(X ~1} .‘AE
= H ISP A PR - O 7 - 2P (X - U - 2+ 2P -7
adiiy X . .
(P~ _— ) o f3 ] e 5 ﬁ?-’;v»,fa-\a v Ly~§ R
Y +FH{E-1°F ~1§3"§""3F‘\§ R D R P
% ¥ iSy
(31)

AR 3=

When equation (31) is evaluated for-euploids (e.g., X = 1), the term often depends on

F, thus fitted F frequently equals F,. In some instances, when equation (24) is evaluated for

v Ou-fe?
. . . Leimy o 3
euploids, the equation sometimes reduces to &
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When equation (24) is evaluated for singleton trisomy cases (e.g., X = 3/2), the coefficients that
multiply F contain both fetal fraction measurements and bin counts, therefore the optimized value
for Foften depehds on both parameters. The first derivative of equation (24) with respect to F
reduces to zero in some instances:

5
1 d‘i‘;’ (g"’b\} 3 rd f‘“‘ \l’ fz é!‘u
M =0 = F(x - 1)? L+ -3, Ao
& NS ) A & ) G a} (32)
In some embodiments, replacing X = 3/2 and solving equation (32) for F yields an optimized value
for F.
10
{a \:Q & N
Fo¥ Wi £, j“?,;f\f;}‘ﬁ 1
F o= RPN .
- LAY H . (33)
To simplify further calculations and/or derivations, the following auxiliary variables will be utilized:
$\" ‘::\ AT i
PO (3
15 _
3 g =l (.:z (35)
’{\133?}2 ¥ ¥
Sz = wa 2 ‘
) * 7T (36)
R oy 3
Syp =L, L
20 ST (37)
Sff & .}"§~i.z.§
©(39)
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(39)

Utilizing the auxiliary vari_ables, the optimized fetal fraction for X = 3/2 for equation (33) then’
reduces to:

Fitted F often is’linearly proportional to the measured value Fy, bﬁt sometimes is ri.ot necessarily
equal to Fp. The ratio between errors in fetal fraction measurements and uncertainties in bin
counts determines the relative weight given to the measured F, versus individual bins, in some

10 embodiments. In some instances, the larger tﬁe error AF, the stronger the influence that bin
counts will exert on the fitted F. Alternatively, small AF generally implies that the fitted value F will
be dominated by F,. In some embddiments, if a data set comes from a trisomy sample, and all
errors are negligible, equation (40) reduces to identity between Fand F,. By way of mathematic ‘
proof, using fetal ploidy set to X = 3/2, and assuming that F, (observed) and Fy (true) have the

15 same value, equation (30) becomes:

A Sy e
Yo ==Ffi+ i
o T (M)
The assumption that F, and Fy generally is an acceptable assumption for the sake of the
’ qualitative analysis presented herein. Combing equations (39) and (41) yields
20

e (;Fs + ‘1\9 Srf
\ . : (42)
‘Combining equations (40) and (42) results in identity between Fpand Fy:
F e S '3“3-5-(‘";.‘:"“3%’? = Fy "’35.:;5 S “}scf £ 25py - Fall#Spp} = £, QF?}
pR AT Ax Sy Te8pr ’ (43)
25
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To further illustrate the theoretical model, if the true ploidy is 1 (e.g., euploid) but the ploidy value
use in equation (40) is setto X = 3/2 (e.g., triploid singleton), the resulting fitted F does not equal
Fo, nor does it reduce to zero, and the following expression generally is true:

oD - RS ) 2 -
powf el =S Wi Wy £ o g RSBy A
By m o L s e S Sy o e et g e
3 P S & i=3 P : 4 3 lgf i . },1_-\3{}‘" §‘§‘S‘t‘f

5 (44).

Thus, application of triploid equations when testing a euploid case generally results in a non-zero
fitted F that is proportional to F with a coefficient of proportionality between 0 and 1 (exclusive),
depending on reference bin counts and asscciated uncertainties (cf. equation (38)), in certain '
10 embodiments. A similar analysis is shown in FIG. 44, using actual data from 86 know euploids as
reference. The slope of the straight line from equation (44) is close to 20 degrees, as shown in
FIG. 44. ' '
The solitary data point between euploid and T21 cases (e.g., measured fetal fraction approximately
15 40%, fitted fraction approximately 20%) represents a T21 twin. When a constant AF is assumed
the euploid branch of the graph shown in FIG. 44 generally is sloped, however when AF = 2/3 +
Fo/6 is used the euploid branch of the graph often becomes substantially Horizontal, as described -
herein in the section entitled “Fixed ploidy, optimized fetal fraction, error propagation: fitted fetal

fractions”.
20
Fixed ploidy, optimized fetal fraction: sums of squared residuals
In some instances for euploid cases, were fitted F for equation (32) equals Fpand X = 1, the sum of
square residuals for a euploid model follows from equation (31):
25 '

which is substantially the same result as equation (9). In certain instances for euploid cases,
equation (40) can be combined into equation (31). The resulﬁng mathematical expression
quadratically depends on F,, in some embodiments. In certain embc;diments, classification of a

30  genetic variation is performed by subtracting the triploid sum of squared residuals from the uploid
sum of squared residuals. The result of the classification obtained by subtracting the triploid sum
of squared residuals from the euploid sum of squared residuals also frequently depends on F:
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€3 F H RSy Sy ] LrrSpeitare-Sey f;

The term Sy, generally depends on fetal fraction, as also seen for equation (14). The dependence

[ R gR T _ , .
5 of “&  “T onthe measured fetal fraction can be analyzed by accounting for the fetal fraction,

in some embodiments. The fetal fraction often can be accounted for by assuming that measured
fetal fraction Fpequals true fetal fraction Fy. In some embodiments, if the sample’s karyotype is
euploid, Sy, and Sy have the same values (e.g., with the exception of experimental errors). As a

result, the difference between the two sums of squared residuals often reduces to:

47)

In certain embodiments, if the sample’s karyotype is triploid, equations (41) and (42) can be
combined with equation (46), yielding:
15 | i

{Triploids).
(48)
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~ Thus, if the difference of e T Orig positive, the fetus is triploid, in some embodiments, and in
certain embodiments, if the difference is negative, the fetus is unaffected. The graphical
representation for the positive or negative result frequently is a parabola; concave for triploids and
convex for euploids. Both branches tend towards ‘zero as Fpdecreases, with experimental error

5 having little effect on the shape of the graph. Neither branch has a substantially linear or free term,
but the second order coefficients differ in size in addition to having different signs, in many
instances. With AF approximately 2%, the value of the term Sy is close to 3.7, using the reference

counts and uncertainties extracted from the 86 éuplo_id set (see FIG. 45).

10 In the example shown in FIG. 45, the twb branches often are asymmetric due to the different
coefficients multiplying the square of the measured fetal fraction in equations (47) and (48). The
triploid (e.g., positive) branch increases relatively quickly, becoming distinguishable from zero
substantially earlier than the euploid branch. FIG. 46, obtained using a real data set, confirms the
qualitative results shown in FIG. 45. In FIG. 46 the solitary dark gray point in the fourth quadrant

15 (e.g., lower middle quadrant) is an affected twin. In the data set used to generate FIG. 46, both the
euploid and T21 branches of the graph show curvature because both show quadratic dependence

on F, from the trisomy version of eguation (31)

In some embodiments, both branches of the graph can be linearized to facilitate visual inspection.
20 The value of the linearization often is conditioned on the error propagation analysis. -The results
presented in FIG. 45 and 46 were based on the assumption that the error in measured fetal
fractions is uniform the entire range of fetal fractions. However, the assumption is not always the
case. In some instances, the more realistic assumption,'based on a linear relationship between
error AF and measured fetal fraction Ff{4F = 2/3 + Fy/6), produces the results presented in FIG. 47.
25 InFIG. 47, the euploid branch is substantially flat, almost constant (e'.g., the parabolic character is
substantially lost), however, the trisomy branch remains parabolic. The three light gray points
interspersed in the dark gray points of the trisomy branch represent data from twins. Twin data

sometimes are elevated relative to the fixed error model.

30 Classification of whether or not a sample is affected by a genetic Variation often is carried out using
one of three processes: (1) classification based on parabolic differences of summed sguares of
residuals, (see FIG. 45 and 46), (2) classification based on linear differences of summed squares
of residuals, (see FIG. 47 and 48), and (3) classification based on fitted fetal fraction (see equation

(33)). In some embodiments, the chosen approach takes error propagation into account,
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Fixed ploidy, optimized fetal fraction: systematic error — reference offset

Ideally, reference and measured bin counts should contain zero systematic error (e.g., offset),
however, in practice, reference and measured bin counts sometimes are shified with respect to

5 one another. In some instances, the effect of the shift with respect to one another can be analyzed
using equation (33), assuming the shift 4is constant across the chromosome of interest. For
euploid cases, if random errors are neglected, the followihg relatio‘nships hold, in some
embodiments: '

f? represents the true reference bin count i, and f.represents the reference bin counts used,

15 including any systematic error 4. In certain embodiments, replacing equations (49) and (50) into
equation (33) generates the following expression for the euploid branch.of the fitted fetal fraction
graph: ' '

(51)

20  The coefficients Sy°, S/ and S, are generated from equations (33) to (39) by repla‘cibng £ with £° i
some embodiments. In certain embodiments, the reciprocal slope of the linear functional '
relationship between fitted euploid value Fr and measured Fpequals 1+ S+ 2 S° a4+ S 4,
which often allows estimation of the systematic error 4 by solving a relatively simple quadratic

equation. For triploids, assuming F, equals Fy, measured bin counts sometimes become:
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Combining equations (52), (49) and (33) generates the following expression for the triploid branch

of the fitted fetal fraction graph:

{1458+ Fat-sPa-sf 8

1SR ST SE] S

7§

(53)

In some embodiments, equations (51) and (53) predict that fitted triploid and euploid fetal fractions

will behave as shown in FIG. 48.. In FIG. 48 black lines (eg. upper lines in each set of 3 lines)
10 correspond to negative offset 4, dark gray lines (e.g., bottom lines in each set of 3 lines)

correspond to positive offset 4, and light gray lines (e.g., middle lines in each set of 3 lines),

correspond to the absence of offset. FIG. 49 illustrates the effects of simulated systematic errors 4

artificially imposed on actual data.

15 FIG. 50 illustrates the dependence of fitted fetal fraction on systematic error offset for euploid and
triploid data sets. For both euploid and triploid cases, the theoretical expressions of equations (51)
and (53) often capture the qualitative dependence of fitted fetal fraction on measured fetal fraction
and on systematic error offset. Coefficients used for the graphs in FIG. 49 and 50 were obtained

" from raw reference bin counts, without removing any potential systematic bias.

20 .

Fixed ploidy, optimized fetal fraction, error propagation: fitted fetal fraction

Contributions to errors in fitted fetal fractions often fall into one of two types of errors: 1) from -
measured fetal fractions, and 2) from measured and reference bin counts. The two types of errors
25  will be analyzed separately, using different approaches, and later combined to generate final error
ranges. Errors propagated from measure fetal fractions can be evaluated by replacing £y in
equation (40) first with F, - 24F (e.q., for the lower error boundary) and then with F, + 24F (e.g., for
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the upper error boundary). This relatively simple approach produces correct qualitative behavior at
95% confidence intervals, in certain embodiments. For a different desired level of confidence, a
more general pair of bounds, F,- ndF and Fy + ndF, can be utilized. The terms used to generate
upper and lower error boundaries sometimes underestimates the total error because the

5 contributions from errors in measure and reference bin counts often are neglected.

To better assess the contribution from measured and reference bin counts on error in fitted fetal
fraction, equations (38) to (40) can be utilized, in some embodiments. In cerfain emquiments,
equafion (33) can be expanded for fitted fetal fraction into a Taylor series with respect to fand y;,

10 truncated to the first order, square and average. In some instances, it can be assumed that
uncertainties in y; often are the same as uncertainties in f. To simply analysis, cross-te;rﬁ’s and
higher-order terms are assumed to reduce to zero upon averaging. Taylor expansion coefficients
often are obtained utilizing the chain rule. The mean squared variation in the fitted fetal fraction is
then given by equation (54) shown below. The model represented by equatlon ignores

15 contributions from estimates for AF, in some embodiments. Partial derlvatlves can be evaluated
using the expressions presented below equation (54).

w3 () g (2

- 5«\1 ) {{ ar \) (ﬁi‘f;} - ( as )
Swguny @5}” .g‘:?}} & ) ﬁs‘{}‘

(54)
(5,&* ) Fy+28py +3
L {1457,
20 ‘ (55)
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To evaluate equation (60) at a 95% confidence interval, the following upper and lower bounds can

be used, in some embodiments:

fp‘&mf« E

F Fppsr
FG*.}Sg1~—2£;;- ""2 v { X . § ’S.}r}v - »S"‘Q *:S!T':“l?a e I‘;Fgg 125’@ ")’2;‘ N 1
m— e |l (e b iy e B8 e b S oy by
TSy y & LRV ‘3 (14Sse ¥ R ¢ S22 Y =1 { %%{;_f 3 *’.S:ff-} . J

(61)

In embodiments in which substantially all possible sources of error (e.g., Fo, f, yi) are included in
the Taylor expansion series, the same equation often is obtained. In some instances, dependence
of Fon F,, can be accounted for through Sy, In some embodiments, power series térms

corresponding to £, often take the form;

216

AMENDED SHEET - IPEA/US

2850781 2014-04-02



PCT/US12/59123 11-12-2012 PCT/US2012/059123 27.02.2014

PATENT
SEQ-6034-PC

(Yo ) (T
S Wpyi\Bh  but W B8R L equals 1 for triploids. Thus, relatively

simple subtraction and addition of 4F to F,often is justified, even though AF often increases with F
and becomes large at high F,. The outcome is due to both F and Sy, depending linearly on Fg, in
somé embodiments. Simulations based on equation (61) are shown in FIG. 51, along with fitted

5 fetal fractions obtained from test subject derived data. In the simulations presented in Fig, 51, 4F =
2/3 + Fy/6, as described herein.

Example 3: Sliding window analysis and cumulative sums as a function of gehomic position

10 Identification of recognizable features (e.g., regivonsr éf genetic variation, régions of copy number
variation) in‘a normalized count profile sometimes is a relatively time consuming and/or relatively
expensive process. The process of identifying recognizab!e' features often is complicated by data
sets containing noisy data and/or low fetal nucleic acid contribution. - Identification of» recognizable
features that represent true genetic variations or copy number variations can help avoid searching

15 large, featureless regions of a genome. Identification of recognizable features can be achieved by
removing highly variable genomic sections from a data set being searched and obtaining, from the
remaining genomic sections, data points that deviate from the ‘meari profile elevation by a |
predetermined multiple of the profile variance. ' |

20  In some embodiments, obtairiing data points that deviate from the mean profile elevation by a
o predetermined multiple of the profile variance can be used to reduce the number of candidate

genomic sections from greater than 50,000 or 100, 000 genomiclsections to in the range of about
100 to about 1000 candidate genomic sections that represent true signals or solitary noise spikes
(e.g., about 100 genomic sections, about 200 genomic sections, about 300 genomic sections,

25  about 400 genomic sections, about 500 genomic sections, about 600 genomic sections, about 700
genomic sections, about 800 genomic sections, about 900 genomic sections, or about 1000
genomic sections). The reduction‘ in the number of candidate genomic sections can be achieved

| relatively quickly and easily and often speeds up the search for and/or identification of ge'netic
aberrations by two or more orders of magnitude; Reduction in the number of genomic sections

30  searched for the presence or absence of candidate regions of genomic variation often reduces the
complexity and/or dimensiohality of a data set. '
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After a reduced data set containing data points that deviate from the mean profile elevation by a
predetermined multiple of the profile variance is generated, the reduced data set is filtered to
eliminate solitary noise spikes, in some embodiments. Filtering a reduced data set to remove
solitary noise spikes often generates afiltered, reduced data set. In some embodiments, a filtered,
reduced data set retains contiguous clusters of data points, and in certain embodiments, a filtered,
reduced ‘data set retains clusters of data points that are largely contiguous with allowance for a
predetermined number and/or size of gaps. Data points from the filtered, reduced data set that
deviate from the average profile elevation in substantially the same direction are grouped together,
in some embodiments. ' B

Due to the background noise often present in nucleic acid samples (e.g., ratio of regions of interest

compared to the tolal nucleic acid in a sample), distinguishing regions of genetic variation or

l genetic aberration from background noise often is challenging. Methods that improve the signal-to-

noise rafio often are useful for facilitating the identification of candidate regions representative of
regions of true genetic variation and/or genetic aberration. Any method that improves the signal-
to-noise ratio of regions of true genétic variation with respect to the genomic background noise can
be used. A non-limiting example of a method suitable for use in improving the signal-to-noise ratio
of regions of true genetic variation with respect to the genomic background noise is the use of
integrals over the suspected aberration and its immediate surroundings. In some embodiments,
the use of integrals over the suspected aberration and its immediate surroundings is beneficial, '
because summation cancel out random noise. After noise has been reduced or eliminated, even
rela’tiyely minor éignals can become readily detectable using a cumulative sum of the candidate
péak and its surroundings, in some embodiments. A cumulative sum sometimes is defined with
respect 1o an arbitrarily chosen origin outside (e.g., on one side or the other) of the peak. A
cumulative sum often is a numerical estimate of the integral of the normalized count profile over
the selected genetic section or sections.

In the absence of aberrations, the cumulative sum as a function of the genomic position often
behaves as a straight line with unit slope (e.g., slope equal to 1). If deletions or duplications are
present, the cumulative sum profile often consists of two or more line segments. In some
embodiments, areas outside of aberrations map to line segments with unit slopes. For areas within

“aberrations, the line segments are connected by other line segments whose slopes equal the count

profile elevation or depression within the aberration, in certain embodiments.
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In those samples having maternal aberrations, the slopes (e.g., equivalent to the count profile
elevation) are relatively easily determined: O for horﬁozygous maternal deletions, 0.5 for
heterozygous maternal deletions, 1.5 for heterozygous duplications, 2.0 for homozygous
duplications. .In those samples having fetal aberrations, the actual slobes depend both on the type
of the aberration (e.g., homozygous deletion, heterozygous deletion, homozygous duplication or
heterozygous duplication) and on the fetal fraction. In some embodiments, inheritance of a

- maternal aberration by the fetus also is taken into account when evaluating fetal samples for

genetic variations.

In some embodiments, line segments with unit slopes, corresponding to normal genomic areas to
the left and to the right of an aberration, are vertically shifted with respect to one another. The
difference (e.g., subtractive result) between their intercepts equals the product between the width
of the aberration (number of affected genomic sections) and the aberration level (e.g., -1 for
homozygous matemal deletion, -0.5 for heterbzygous maternal deletion, +0.5 for heterozygous
duplication, +1 for homozygous duplication, and the like). Refer to FIGS. 52-61F for examples of

* data sets processed using cumulative sums as a function of genomic position (e.g., sliding window

. analysis).

~ Example 4: Parameterized Error Removal and Unbiased Normalization (PERUN)
Variability of Measured Counts

Ideally, the measured chromosomal elevation is a étraight horizontal line with the elevation of 1 for
euploids, 'as_ in FIG. 62. For trisomy pregnancies, the desired behavior of the measured |
chromosomal elevation is a step-function, with the deviation from 1 proportional to the fetal

- fraction, as simulated in FIG. 63 for fetal fraction equal to 15%. Exceptions arise out of maternal
deletioné/duplications, which are readily recognized and disﬁnguished from fetal abnormalities
based on their magnitudes, which are multiples of one-haif.

What was actually measured was not ideal. FIG. 64 shows overlaid raw counts for chromosomes
20, 21, and 22 collected from 1093 euploid pregnanciés and FIG. 65 shows overlaid raw counts for
chromosomes 20, 21, and 22 collected from 134 trisomy 21 pregnancies. Visual inspection of the

‘ two sets of profiles failed to confirm that chromosome 21 traces in trisomy cases were elevated.
Stochastic noise and systematic bias both made the elevation of chromosome 21 difficult to
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visualize. Furthermore, the far right segment of chromosome 21 incorrectly suggested that euploid
chromosome 21 traces were elevated, rather than the trisomy profiles. A large part of the
systematic bias originated from the GC content associated with a particular genomic region.

5  Attempts to remove the systematic bias due to GC content included multiplicative LOESS GC
smoothing, Repeat Masking (RM), combination of LOESS and RM (GCRM), and others, such as
cQN. ?IG. 66 shows the results of a GCRM procedure as applied to 1093 euploid traces and FIG.
67 shows the GCRM profiles for 134 trisomy cases. GCRM successfully flattened the elevated,
GC-rich, rightmost segment of chromosome 21 in euploids. However, the procedure evidently

10 increased the overall stochastic noiée. Moreover, it created a new systematic bias, absent from
the raw measurements- (leftmost region of chromosome 20 (Chr20)). The improvements that were
due to GCRM were offset by increased noise and bias, rendering the usefulness of the procedure
questionable. The tiny elevation from chromosome 21 as observed in FIG. 63 was lost in the high
noise as shown in FIG. 66 and FIG. 67.

PERUN (Parameterized Error Removal and Unbiased Normalization) was developed as a viable
alternative to previously described GC normalization methods. FIG. 68 and FIG. 69 contrast the
PERUN method results against those presented in FIG. 64 through 67. PERUN results were
obtained on the same two subpopulation's of data that was analyzed in FIG. 64 through 67. Most

20  of the systematic bias was absent from PERUN traces, only leaving stochastic noise and biological
variation, such as the prominent deletion in chromosome 20 of one of the euploid samples (FIG.
68). The chromosome 20 deletion was also observable in raw count profiles (FIG. 64), but
completely masked in the GCRM traces. The inability of GCRM to reveal this huge deviation clearly
disqualifies it for the purposes of measuring the miniscule fetal T21 elevations. PERUN traces

25  contain fewer bins than raw or GCRM profiles. As shown in FIG. 62-63, the PERUN results look at

least as good as the measurement errors permit.
Normalization with Respect to Reference Median Count Profile

30  Conventional GC normalization procedures can perform suboptimally. A part of the reason has
been that GC bias is not the only source of variation. A stack plot of many individual raw count
profiles revealed parallelism between different samples. While some genomic regions were
consistently over-represented, others were consistently under-represented, as illustrated by the
traces from a 480v2 study (FIG. 6). While GC bias varied from one sample to another, the

35  systematic, bin-specific bias observed in these profiles followed the same pattern for all samples.
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All the profiles' in FIG. 6 zigzagged in a coordinated fashion. The only exceptions were the middle
| portions of the bottom two samples, which turned out to originate from maternal deletions. To
correct for this bin-specific bias, a median reference profile was used. The median reference
profile was constructed from-a set of known euploids (e.g. euploid pregnancies) or from all the
5 samplesin aflow cell. The procedure generated the reference prohle by evaluating median counts
per bin for a set of reference samples. The MAD associated with a bln measured the rellablhty of a
bin. Highly variable bins and bins that consistently have vanishing representations were removed
from further analysis (FIG. 4). The measured counts in a test data set were then normalized with
respect to the median reference profile, as illustrated in FIG. 8. The highly variable bins are
- 10 - removed from the normalized profile, leaving a trace that is approximately 1 in the diploid sections,
1.5in the reglons of heterozygous duplication, 0.5 in the areas of heterozygous deletion, and so on
(FIG. 9). The resulting normalized profiles reasonably reduced the varlablhty, enabling detection of
maternal deletions and duplications and tracing of sample identities (FIG. 12, 22,13, 11).
Normalization based on median count profile can clarify outcomes, but GC bias still has a negative
15 effect on such methods. PERUN methods described here can be used to address GC bias and

provide outcomes with higher sensitivity and specificity.

Detrimental Effects of Multiplicative LOESS Correction

20  FIG. 11, illustrated why binwise counts fluctuate more after application of GC-LOESS or GCRM
(FIG. 66-67) than before (FIG. 64-65).. LOESS GC correction removed the trend from the raw
counts (FIG. 70, upper panel)' by di;/iding the raw counts with the regression line (straight line, FIG.

| 70, upper panel). The point defined by the median counts and the median genome GC content
was kept immobile. On average, counts below the median count were divided by small numbers,

25.  while counts exceeding the median count were divided by large numbers. In either case, on
average, counts were scaled up or down to match 1 (FIG. 70, lower panel). The scaling of small
counts, in addition to inflating the counts, also inflated their variability. - The end result (FIG. 70,
lower panel) to the left from the median GC genome content displayed a larger spread than the
corresponding raw counts (FIG. 70, upper panel), forming the typical triangular shape (FIG. 70,

30  lower panel, triangle). To detrend the counts, GC LOESS/GCRM sacrificed precision as such
corrective processes generally are multiplicative and not additive. Normalization provided by
PERUN generally is additive in nature and enhances precision over multiplicative techniques.
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Inadequacy of a Genome-Wide Pivot for GC-Bias Scaling

An alternative approach applied the LOESS correction separately to individual chromosomes
instead of subjecting the entire genome to a collective GC-Bias scaling. The scaling of individual
chromosomes was impractical for purposes of classifying samples as euploid or trisomy because it
canceled out the signal from over-represented chromosomes. However, the conclusions from this
_study were eventually useful as catalyzers for developing the PERUN algorithm. FIG. 71 illustrates
the fact that LOESS curves obtained for the same chromosome from multiple samples share a

common intersection (pivot).

FIG. 72 demonstrated that tilting chromosome-specific LOESS curves around the pivot by an angle
proportional to the GC bias coefficients measured in those samples caused all the curves to
coalesce. The tilting of the chromosome-specific LOESS curves by the sample-specific GC bias
coefficients significantly reduced the spread of the family of LOESS curves obtained for multiple
samples, as shown in FIG. 73 (filled circles (before tilting) and open circles (after tilting))'. The point
where the filled circles and open circles touch coincided with the pivot. In addition, it became _
evident that the location on the GC content axis of the chromosome-specific pivot coincided with
the median GC content of the given chromosome (FIG. 74, left vertical line: median, right vertical
lihe: mean). Similar results wére obtained for all chromosbmes, as shown in FIG. 75A ihrough
“FIG. 75F (left vertical line: median, right vertical line: mean). Al autosomes and chromosome X

were ordered according to their median GC content.

The genome-wide GC LOESS scaling pivoted the transformation on the median GC content of the
entire genbme, as shown in FIG. 76. That pivot was acceptable for chromosomes that have"
median GC content similar to the GC content of the entire'genome, but became suboptimal for
chromosomes with extreme GC contents, such as chromosomes 19, 20, 17, and 16 (extremely
high GC content). The pivoting of those chromosomes centered on the median GC content of the
entire genome maintained the spread observed within the left box in FIG. 76, missing the low-
variability region enclosed by the right box in FIG. 76 (the chromosome-specific pivot).

Pivoting on the chromosome-specific median GC content, however, significantly reduced the
variability (FIG. 75). The following observations were made:

1) GC correction should be. done on small genomic sections or segments, rather than on
the entire genome, to reduce the variability. The smaller the section or segment, the more focused
GC correction becomes, minimizing the residual error.
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2) In this particular instance, those small genomic sections or segments are identical to
chromosomes. In principle, the concept is more general: the sections or segments could be any
genomic regions, including 50 kbp bins.

3) The GC bias within individual genomic regions can be rectified using the sample-specific,
genome-wide GC coefficient evaluated for the entire genome. This concept is important: while
some descriptors of the genomic sections (such as the location of the pivot point, GC content
distribution, median GC content, shape of the LOESS curve, and so on) are specific to each
section and independent of the sample; the GC coefficient value used to rectify the bias is the
same for all the sectioné and different for each sample. l
These general conclusions guided the development of PERUN, as will become aﬁparenf from the

detailed description of its processes.

Separability of Sources of Systematic Bias

Careful inspection of a multitude of raw count profiles measured using different library preparation
chemistries, clustering environments, sequencing technologies, and sample cohorts consistently
confirmed the existence of at least two independent sources of systematic variability:i |
_ 1) sample-specific bias based on GC-content, affecting all bins within a given sample in the
same manner, varying from sample to samiple, and o
2) bin-specific attenuation pattern common to all samples.

The two sources of variability are intermingled in the data. Thorough removal of both required their
deconvolution. The deficiencies of the error-removal procedures predating PERUN stem from the
fact that they only correct for one of the two sources of systematic bias, while neglecting the other.

For example, the GCRM (or GC LOESS) method treated identically all the bins with GC content
values falling within a narrow GC content range. The bins belonging to that subset may be
characterized by a wide range of different intrinsic elevations, as reflected by the reference median
count profite. However, GCRM was blind to their inherent properties other than their GC content.

GCRM therefore maintains (or even enlarges) the spread already present in the bin subset.
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On the other hand, the binwise reference median count disregarded the modulation of the bin-
specific attenuation pattern by the GC bias, maintaining the spread caused by the varying GC
content. |

The sequential application of the methods dealing with the opposite extremes of the error spectrum
unsuccessfully attempts to resolve the two biases globally (genome-wide), ignoring the need to
dissociate the two biases on the bin elevation. Without being limited by theory, PERUN apparently
owes its success to the fact that it separates the two sources of bias locally, on the bin elevation.

Removal of Uninformative Bins

Multiple attefnpts to remove uninformative bins have indicated that bin selection has the potential
to improve classification. The first such approach evaluated the mean chromosome 21, V
chromosome 18, and chromosome 13 counts per bin for all 480v2 trisomy cases and compared it
with the mean counts per bin for all 480v2 euploids. The gap between affected and unaffected
cases was scaled with the combined binwise uncertainty derived from bin counts measured in both
groups. The resulting t-statistic was used to evaluate binwise p-value profile, shown in FIG. 77. In
the case of chromosome 21, the procedure identified 36 uninformative bins (center panel, labeled
with ellipse on FIG. 77). Elimination of those bins from calculation of Z scores noticeably increased
the Z-values for affected céses, while randomly perturbing the unaffected Z-scores (FIG. 78),

thereby increasing the gap between euploids and trisomy 21 cases.
In chromosome 18, the procedure ohly improved Z scores for two affected cases (FIG. 79).

A post-hoc analysis showed that the improvement of the Z-scores in those two samples resulted
from removal of the Iarge maternal deletion in chromosome 18 (FIG. 11) and that the two samples
actually come from the same patient. These improvements were sample-specific, with no
generalizing power. In chromosome 13, the procedure did not lead to any improvements of Z-

scores.
An alternative bin filtering scheme removes bins with extremely low or extremely high GC content.

This approach yielded mixed results, with noticeably reduced variance in chromosemes 9, 15, 16,
19, and 22 (depending on the cutoffs), but adverse effects on chromosomes 13 and 18.
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Yet another simple bin selection scheme eliminates bins with consistently low counts. .The
procedure corrected two LDTv2CE chromosome 18 false negatives (FIG. 80) and two
chrémosome 21 false negatives (FIG. 81). It also corrected at least three chromosome 18 false
positives, but created at least one new chromosome 18 false positive (FIG. 80):

In conclusion, the different criteria used to filter out uninformative bins made it clear that data
processing will benefit from bin selection based on how much useful information the bins contribute
to the classification. -

Separation of GC Bias from Systematic Binwise Bias

10 Toresolve and eliminate the different systematic biases found in the measured counts, the data
> ~ processing workflow needed to optimally combine the partial procedures described from the
previous sectidn entitled “Normalization with Respect to Reference Median Count Profile” to the
section entitled “Removal of Uninformative Bias”. The first step is to order different samples
according to their GC bias coefficient values and then stack their plots of counts-vs.-GC content.
15 The result is a three'—dimensiona[ surface that twists Iike' a propeller, schematically shown on FIG.
82.

Thus arranged, the measurements suggest that a set of sample-specific GC bias coefficient can be
applied to rectify errors within an individual genomic section or segment. In FIG. 82, the sections
20 - or segments are defined by their GC content. An altérnative partition of the genome gives
configuous, non-overlapping bins. The successive starting locations of the bins uniformly cover the
~genome. For one such 50 kbp long bin, FIG. 83 explores the behavior of the count values
measured within that bin for a set of samples. The counts are plotted against the GC bias
coefficients observed in those samples. The counts within the bin evidently increase 'Iinearly with
25 ‘the sample-specific GC bias. The same pattern in'observed in an overwhelming majority of bins.

The observations can be modeled using the simple linear relationship:

M=U+6S : ' ' A
30 The various terms in Eq; A have the following meanings:

* M:measured counts, representing the primary information polluted by unwanted variation.

* L:chromosomal elevation — this is the desired output from the data processing procedure. L

indicates fetal and/or maternal aberrations from euploidy. This is the quantity that is masked
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both by stochastic errors and by the systematic biases. The chromosomal elevation L is

both sample specific and bin-specific.

* G:GC bias coefficient measured using linear model,. LOESS, or any equivalent approach.
G represents seéondary information, extracted f'rom M and from a set of bin-specific GC
5 content values, usually derived 'from the reference genome (but may be derived from
actually observed GC contents as well). G is sample specific and does not vary along the
genomic'position. It encapsulates a portion of the unwanted variation.

* [ Intercept of the linear model (diagonal line in FIG. 83). This model parameter is fixed for

a given experimental setup, independent on the sample, and bin-specific.

10 + S: Slope of the linear model (diagonal line in FIG. 83). This model parameter is fixed for a

given experimental setup, independent on the sample, and bin specific.

The quantities M and G are measured. Initially, the bin;specific values /and S are unknown. To
evaluate unknown /and S, we must assume that L = 1 for all bins in euploid samples. The

_ assumption is not always true, but one can reasonably expect that any samples with

15 deletions/duplications will be o_ve_rwhelmed-by samples with normal chromosomal elevations. A
linear model applied to the euploid samples extracts the /and S parameter values specffic for the
'selected bin (assuming L = 1).” The same procedure is applied to all the bins in the human
genome, yielding a set of intercepts / and slopes S for every genomic location. Cross-validation
randomly selects a work set containing 90% of all LDTv2CE euploids and uses that subset to train

20  the model. The random selection is repeated 100 times, yielding a set of 100 slopes and 100 * .
intercepts for every bin. The‘.previous section entitled “Cross-Validation of PERUN Parameters”

describes the cross-validation procedure in more detail.

FIG. 84-85 show 100 intercept values and 100 slopé values, respectively, evaluated for bin # 2404 -
25  in chromosome 2. The two distributions correspond to 100 different 90% subsets of 1093
LDTv2CE eupleids shown in FIG. 83. Both distributions are relatively narrow and irregularly
shaped. Their spreads are similar to the errérs in the coefficient as reported by the linear model.
As arule, the slope is less reliable than the intercept because fewer samples populate the extréme
sections of the GC-bias range. ’
30
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Interpretation of PERUN Parameteré land S

The meaning of the intercept /is illustrated by FIG. 86. The graph correlates the estimated bin
intercepts with the data extracted from a set of technical replicates, obtained when one LDTv2CE
5 flow cell was subjected to three separate sequencing runs. The y-axis contains median values of

binwise counts from those three measurements. These median values are related conceptually to
the median reference profile, previously used to normalize profiles as described in the section
entitled “Normalization with Respect to Reference Median Count Profile”. The binwise intercepts
are plotted along the x-axis. The striking correlation between the two quantities reveals the true

10 meaning of the intercepts as the éxpected counts per bin in the absence of GC bias. The problem -
with the median reference count profile is that it fails to account for the GC bias (see section
entitled “Normalization with Respect to Reference Median Count Profile”). In PERUN, without
being limited by theory, the task of an intercept /is to deal with the bin-specific attenuation, while
the GC bias is relegated to the other model parameter, the slope S.

s . _ ,
FIG. 86 excludes chromosome Y from the correlation because the set of technical replicates'does

not reflect the general population of male pregnancies.

The distribution of the slope S (FIG. 87) illustrates the meaning of that model parameter.

20 . - A _

 The marked semblance between the distribution from FIG. 87 and the distribution of the genome-

wide GC content (FIG. 88) indicates that the slope S approximates the GC content of a bin, shifted
by the median GC conient of the containing chromosome. The thin vertical line in FIG. 88 marks
the median GC content of the entire genome. '

N
FIG. 89 reaffirms the close relationship between the slope Sand the GC content per bin. While
slightly bent, the observed trend is extremely tight and consistent, with only a handful of notable
outlier bins. ‘ ' '

30 Extraction of Chromosomal Elevation from Measured Counts

Assuming that the model parameter values /and S are available for every bin, measurements M
collected on a new test sample are used to evaluate the chromosomal elevation according lothe
following expression:
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L=(M -GSyl @

Asin Eq. A, the GC bias coefficient G is evaluated as the slope of the regression between the
binwise measured raw counts M and the GC content of the reference genome. The chromosomal
elevation L is then used for further analyses (Z-values, maternal delelions/dupliéations, fetal
microdeletions/ microduplications, fetal gender, sex aneuploidies, and so on). The procedure
encapsulated by Eq. B is named Parameterized Error Removal and Unbiased Normalization
(PERUN).

Cross-Validation of PERUN Parameters -

As inferred in the section entitled “Separation of GC Bias from Systematic Binwise Bias”, the
evaluation of / and S randomly selects 10% of known euploids (a set of 1093'LDTv2 in FIG. 83)
and sets them aside for cross-validation. Linear model applied to the remaining 90% of euploids

‘extracts the / and S parameter values specific for the selected bin (assuming L = 1). Cross

validation then uses the /and S estimates for a given bin to reproduce measured.M values from
measured G values both in the work set and in the remaining 10% euploids (again assuming L =

~1). The random selection of the cross-validaticn subset is repeated many times (100 times in FIG.

83, although 10 repetitions would suffice). 100 diagonal straight lines in FIG. 83 represent the
linear models for 100 different 90% work subset selections. The same procedure is applied to all
the bins in the human genome, yielding a set of intercepts / and slopes S for every genomic
location. '

To quantify the success of the mode! and avoid biasing the results, we use the R-factor, defined as
follows: ‘

B - P | | (C)

LR

B

The numerator in Eq. B sums up the absolute deviations of the predicted count values (P, Eq. B)
from the actual measurements (M). The numerator simply sums up the measurements. The R

 factor may be interpreted as the residual error in the model, or the unexplained variation. The R

factor is directly borrowed from the crystallographic model refinement practice, which is vulnerable
to bias. In crystallography, the bias is detected and measured by the R-factor evaluated within the
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cross-validation subset of observables. The same concepts are applied in the context of genome-

wide count bias removal.

FIG. 90 shows the R-factors evaluated for the cross-validation subset (y-axis) plotted against #-
5  factors evaluated for the work (training) set for bin # 2404 from chromosome 2. There are 100
| data points since the random selection of the cross-validation subset was repeated 100 times.
Typical Iinear relation_ship is observed, with the increasing A., values (measuring bias)
accompanying the decreasing Ruox. ‘ '

10 FIG. 90 may be interpreted in terms of the percentage error (or relative error) of the model for this
particular bin. A, always exceeds Rwox, usually by ~1%. Here, both A., and R remain below
6%, meaning that one can expect ~6% error in the predicted M values using the measured GC
bias coefficient G and the model parameters /and S from the procedure described above.

15 Cross-Validation Error Values

FIG. 90-91 show cross-validation errors for bins chr2_2404 and chr2_2345, respectively. For those
and many other bins, the errors never exceed 6%. Some bins, such as chr1_31 (FIG. 92) have
cross-validation errors approaching 8%. Still others (FIG. 93-95) have much larger cross-validation

20  errors, at times exceeding 100% (40% for chr1 10 in FIG. 93, 350% for chr1_9 in FIG. 94, and
800% for chr1_8 in FIG. 95). '

FIG. 96 shows the distribution of max(Rc,, Ruox) for all bins. Only a handful of bins have errors
below 5%. Most bins have errors below 7% (48956 autosomes out of §1927 total including X and
25 Y). Afew bins have errors between 7% and 10%. The tail consists of bins with errors exceeding

10%.

FIG. 97 correlates the cross-validation errors with the relative errors per bin estimated from the set
of technical replicates. Data points in the center region (i.e., data poin'ts located between the two

- 30  vertical lines) correspond tohcross-validation errors between 7% and 10%. Data points in the
region to the right of the two vertical lines denote bins with cross-validatio’n error exceeding 10%.

Data points in the region to the left of the two vertical lines (error < 7%) represent the bulk of bins.
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In FIG. 91-95, the number in parentheses following the bin name above the top right inset indicates
the ratio between the intercept found for that particular bin and the genome-wise median count per
bin. The cross-validation errors evidently increase with the decreasing value of that ratio. For

‘ example, the bin chr1_8 never gets more than 3 counts and its relative error approaches 800%.

The smaller the expected number of counts for a givenbin, the less reliable that bin becomes.
Bin Selection Based on Cross-Validation

Based on the observations described in the brevious section entitled “Removal of Uninformative
Bins” (FIG. 78 and FIG. 80-81), cross-validationlerrors were used as a criterion for bin filtering. The
selection procedure throws away all bins with cross-validation errors exceeding 7%. The filtering
also eliminates all bins that consistently contain zero counts. The remaining subset‘contains 48956
autosomal bins. Those are the bins used to evaluate chromosomal representations and to classify
samples as affected or euploid. The cutoff of 7% s justified by the fact that the gap separating

euploid Z-scores from trisomy Z-scores plateaus at the 7% cross-validation error (FIG. 98).

FIG. 99A (all bins) and 99B (cross-validated bins) demonstrate that the bin selection described

above mostly removes bins with low mappability.

As expected, most removed bins have intercepts far.smaller than the genome-wide median bin
count. Not surprisingly, the bin selection largely overlaps with the selection described in the
previous section entitled "Removal of Uninformative Bins” (FIG. 25 and 27-28).

Errors in Model Parameters

FIG. 100-101 show the 85% confidence inlervalé (curved lines) of the fitted linear model (thin
straight line) for two bins (chr18_6 and chr18_8). The thick grey straight lines are obtained by
replacing the S parameter with the difference between the GC contents of these two bins and the
median GC content of chromosome 18. The error range is evaluated based on errors in the model

' parameters | and S for those two bins, as reported by the linear model. In addition, larger GC bias

coefficients also contain larger errors. The large uncertainty corresponding to extremely large GC
bias coefficients suggests that the range of applicability of the unmodified PERUN is limited to
modest GC bias coefficients. Beyond that range, additional measures need to be taken to remove
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the residual GC bias. Fortunately, only very few samples are affected (roughly 10% of the
LDTv2CE population). '

FIG. 102-104 show the errors in the model parameters | and S and the correlétion between the
5 errorin S and the value of the intercept.

Secondary Normalization

High values of GC bias coefficients exceed the linear range assumed by the PERUN model and
10 are remedied by an additional LOESS GC normalization step after PERUN normalization. The
multiplicative nature of the LOESS procedure does not significantly inflate the variability since the
normalized counts are already very close to 1. Alternatively, LOESS can be replaced with an’
+ additive procedure that subtracts residuals. The optional secondary normalization often is utilized
only required for a minority of samples (roughly 10%).
Hole Padding (Padding)

FIG. 68-69 confirm the presence of a large number of maternal deletions and duplications that
have the potential to create false positives or false negatives, depending on their sizes and
20 locations. An optional procedure called hole-padding has bée_n devised to eliminate the

interferences from these maternal aberrations. The procedure simply pads the normalized profile

- to remain close to 1 when it deviates abové 1.3 orbelow 0.7. In LDTv2CE, hole padding (i.e.‘,
padding) did not significantly affect the classification. However, FIG. 105 shows a Wl profile that
contains a large deletion in chromosome 4. Hole padding converts that profile from chromosome

.25 13 false positive to chromosome 13 true negative. ' '

.Results

This section discusses PERUN results for trisomy 13, trisomy 18 and trisomy 21 (T13, T18 and
30 T21, respectively), gender determination, and sex aneuploidy.

Reduced Variability
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FIG. 106 compares the distribution of standard deviations of the binwise count profiles before and
after PERUN normalization. The resulting distributions of chromosome representations for
euploids and trisomy cases are shown in FIG. 107.

Improved T13, T18, and T21 Classification

FIG. 108-111 compare LDTv2CE PERUN classification results with those obtéined using GCRM
counts. In addition to removing two chromosome 18 false positives, two chromosome 18 false
negatives, and two chromosome 21 false negatives, PERUN almost doubles the gap between the
“euploids and the affected cases, in spite of the fact that the higher plexing elevation decreased the
number of counts per sample (ELAND data). Similar results are obtained when PERUN
parameters trained on LDTV2CE Eland data are applied to Wl measurements. Bowtie alignments
require a different set of parameters and additional bin filtering, accounting for low mappability in

some bins; but its results approach those seen with ELAND alignmehts.
Example 5: Additional Description of PERUN

Examples of parameterized Error Removal and Unbiased Normalization (PERUN) methods are
described in Example 4, and an additional description of such methods is provided in this Example
5, '

Massive parallel sequencing of cell-free circulating DNA (e.g. from maternal plasma) can, under
ideal conditions; guantify chromosomal elevations by couhting sequenced reads if unambiguously
aligned to a reference human genome. Such methods that incorporate massive amounts of
replicate data can, in some cases, show statistically significant deviations between the measured
and expected chromosomal elevations that can imply aheuploidy [Chiu et al., Noninvasive prenatal
diagnosis of fetal chromosomal aneuploidy by massively parallel genomic sequencing of DNA in’
maternal plasma. Proc.Natl.Acad.Sci USA. 2008;105:20458-20463; Fan et al., Noninvasive
diagnosis of fetal aneuploidy by shotgun sequencing DNA from maternal blood. Proc.Natl.Acad.Sci
USA. 2008;105:16266-16271; Ehrich et al., Noninvasive detection of fetal trisomy 21 by
sequencing of DNA in maternal blood: a study in a clinical setting, American Journal of Obstetrics
and Gynecology - AMER J OBSTET GYNECOL, vol. 204, no. 3, pp. 205.e1-205.e11, 2011

DO!: 10.1016/.8j0g.2010.12.060). Ideally, the distribution of aligned reads should cover euploid
sections of the genome at a constant level (FIG. 62 and FIG. 63). In practice, uniformity can be
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. difficult to attain because multiplexed Next Generation Sequencing (NGS) measurements typically

yield low coverage (about 0.1) with sparsely scattered read start positions. In some embodiments,
this problem is partially overcome by partitioning the genoine into non-overlapping sections (bins)
of equal lengths and assigning to egch bin the number of the reads that align within it. In some
embodiments, residual unevenness stemming from GC bias [Dohm JC, Lottaz C, Borodina T,
Himmelbauer H. Substantial biases in ultra-short read data sets from high-throughput DNA
sequencing. Nucleic Acids Res. 2008 Sep;36(16):¢105. Epub 2008 Jul 26.] is largely suppressed

* using multiplicative detrending with respect to the binwise GC content (Fan HC, Quake SR (2010).

Sensitivity of Noninvasive Prenatal Detection of Fetal Aneuploidy from Maternal Plasma Using
Shotgun Sequencing Is Limited Only by Counting Statistics. PLoS ONE 5(5): e10439.

- doi:10.1371/journal.pone.0010439). - In some embodiments, the resulting flattening of the count

profile allows for successful classification of fetal trisomies in a clinical setting using quadruplex
barcoding [Palomaki et al., DNA sequencing of maternal plasma to detect Down syndrome: an
international clinical validation study. Genet Med., 2011 Nov;13(11):913-20.].

The transition from a quadruplex (i.e. 4 simultaneous sample reads) to higher sample plexing
levels (e.g., dodecaplex (i.e. 12 simultanecus sample reads)) pushes the limits of NGS-based
detection of genetic variations (e.g. aneuploidy, trisomy, and the like) in a test subject (e.g. a
pregnant female), reducing both the number of reads per sample and the gap separating genetic
variations (e.g. euploid from trisomy samples). The downsampling driven by increased
multiplexing can impose new, more stringent requirements on data processing algorithms (FIG. 64,
FIG. 65 and Ekample 4). In some embodiments, GC detrending, even when coupled with repeat
masking, requires some improvement (FIG. 66, FIG. 67 and Example 4). In some embodiments, to
maintain the sensitivity achieved with quadruplex barcoding (e.g., quadruplex indexing), methods
and algorithms are presented that are capable of éxtracting a minute signal of interest from an -
overwhelming background noise as illustrated and described below and in FIG. 7, FIG. 8 and

‘ Example 4. In some embodiments, a novel method termed “PERUN" (Parameterized Error
Remdval and Unbiased Normalization) is described.

Conventional GC detrending can be multiplicative in nature (FIG. 17 and Example 4) and may not
address additional sources of systematic bias, illustrated in FIG. 6. In some cases, a reference
median count profile constructed from a set of known euploid samples can eliminate additional bias
and lead to qualitative improvements. In some cases, a reference median count profile
constructed from a set of known euploid samples can inherit a mixture of residual GC biases from '
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- the reference samples. In some embodiments, a normalization removes one or more orthogonal
types of bias by separating them from one another at the bin elevation, rather than tackling them:in
bulk. In some embodiments GC bias is removed and binwise separation of the GC bias from the
‘position-dependent attenuation is achieved (FIG. 68. FIG. 69 andExampIe 4). In some

5 embodiments, substantially increased gaps between euploid and trisomy Z-scores are obtained
relative to both quadruplex and dodecaplex GCRM resulis. In some embodiments, maternal and.
fetal microdeletions and duplications are detected. In some embodiments fetal fractions are
accurately measured. In some embodiments gender is determined reliably. In some embodiments
sex aneuploidy (e.qg. fetal sex aneuploidy) is identified.

10
PERUN Method and Definitions
In some embodiments the entire reference genome is. partitioned into an ordered set B of Jbins:
15 B=fji=l,...J} o ©)

Bin lengths can be cohstrained to accommodate genomic stretches of relatively uniform GC -
content. In some embodiments adjacent bins can overlap. In some embodiments adjacent bins do
not overlap. In some embodiments the bin edgeé can be equidistant or can vary to offset
20  systematic biases, such as nucleotide composition or éignal attenuation. In some embodiments a
bin éomprises genomic positions within a single chromosome. Each bin b ; -is characterized by thé.

GC content gj.’ of the corresponding portion of the reference genome. In some embodiments, the

entire genome is assigned a referencé GC content profile:

s el ol e
The same g° prof}lerca‘n apply to all samples.aligned td the chogen reference genome.
A proper or trivial subset of bins b,

30 '
bchB - (F)
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can be selected to satisfy certain critéria, such as to exclude bins with g° =0, bins with extreme

g? values, bins characterized by low complexity or low mapbability (Derrien T, Estelle” J, Marco

Sola S, Knowles DG, Raineri E, et al. (2012) Fast Computation and Applications of Genome

Mappability. PLoS ONE 7(1): 30377, doi:10.1371/journal.pone.0030377), highly variable or
5 otherwise uninformative bins, regions with consistently attenuated signal, observed maternal

aberrations, or entire chromosomes (X, Y, triploid chromosomes, and/or chromosomes with

extreme GC tontent). The symbol [ denotes the size of .

All sequenced reads from sample i unambiguously aligned within a bin b ; form a set a; _\)vhose
10 ‘ cérdinality M ; represents raw measured counts assigned to that bin. In some embodiments, the

vector of measured bin counts for sample i constitutes the raw count profile for that sample. In
some embodiments this is the primary observation for the purposes of PERUN:

Mi:[Mil M, - MU] ' ‘ (@)

15 _
To enable comparisons among di_ffer'en't samples, the scaling constant N, is evaluated as the sum
of raw bin counts over a subset of the bins: ‘
N=3M, . (H)

bcB ) .
20 ,

In some embodiments & in Eq. H is restricted to autosomal bins. In some embodiments » in Eq. H
is not restricted to autosomal bins. Division of A ; by the total counts N, yields the scaled raw bin
counts m, :

25 mi:[mil My - mu]:Mi/Ni ()
The nucleotide composition of the set a, is described by the bin's observed GC content ¢,. The

_ sample-specific observed GC content profile g, gathers individual bin-specific GC contents into a

vector: . . | .
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gi=[3u 8n v gu] o ()

In some embodiments, g, 2 g° and g, #¢, .. . The symbol g denotes the GC content profile
gl g gl, gl,#ll ]

regardless of its origin, i.e. whether it is derived from the reference genome or from the sample-
5 specific read alignments. In some embodiments model equations use g In some embodiments,

actual implementations can substitute g with either g° or g,.

For a single sample /, a linear relationship between m, and g is assumed, with G, and #, denoting

the sample-specific slope of the regression line and the array of residuals, respectively:
10 ‘ '
m=Gg+r | (K)

The regression can extend over the entire set B (Eq. D) or its proper subset » (Eq. F). The
observed slope G, is also referred to as the scaled GC bias coefficient. G, expresses the bulk of
15 the vulnerability of the sample i to the systematic GC bias. In some embodiments, to minimize the

number of model parameters, higher-order terms, linked with curvature of the relationship m, (g)
and encapsulated in thé residuals r, are not explicitly addressed. In some embodifnents, since
sample-specific total counts #, confound the interactions among obsérvables recorded on different
samples, the unscaled equivalent of G,, relating M, to g, is less useful and will not be considered.

20

The vector. of true chromosomal elevations /, corresponding to bins b, € b in sample i form the

sample-specific chromosomal elevation profile:

li=[li1 Ly - lu] » . (L)
25
In some embodiments, the goal is to derive estimates for /; from m, by removing' systematic

biases present in m, .

The values |, are bin-specific and also sample-specific. They comprise both maternal and fetal
30  contributions, proportional to their respective ploidies Rf’ and P,f . The bin-specific and sample-
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specific ploidy P, can be defined as an mtegral multiple of one-half, with the values of 1, 1/2, 0,

3/2, and 2 representing euploidy, heterozygous deletion, homozygous deletion, heterozygous
duplication, and homozygous duplication, respectively. In some instances, trisomy of a given
chromosome implies ploidy values of 3/2 along the entire chromosome or its substantial portion.

When both the mother and the fetus are diploid (P,.j“ = P,f =1), I, equals some arbitrarily chosen
euploid elevation £. In some embodiments, a convenient choice sets £ to If|p]. thus ensuring that -

=||B||;J:$E=1/J. In some

. the profile I, is normalized. In the absence of bin selection,

- embodiments, £ can be set to 1 for visualization. In some embodiments, the following relationship

10 s satisfied:

L, =E[1-£)P" + 1P| | | | ™)

The symbol f; stands for the fraction of the fetal DNA presentin the cell-free circuléting DNA from

maternal plasma in sample /. Any deviations from euploidy, either fetal ( P,.f #1) or maternal (

15 R,-".’ #1), cause differences between l; and E that can be exploited to estimate f; and detect

microdeletions/microduplications or trisomy.

To achieve the goal of extracting I, from m, , a linear relationship is postulated between the bin-
specific scaled raw counts mij' measured on a given sample and the sample-specific scaled GC

20  bias coefficients:
m=l1+GS | (N)

The diagonal matrix / and the vector S gather bin-specific intercepts and slopes of the set of linear

25 - equétions summarized by Eq. N:

Tr, 0« 0
=)t ©)
0 0 - I,
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AS:[SI Sg S!] . ' ‘ | (P)

Both 7'and S are sample-independent. The intercepts I, can be viewed as expected guploid

values for scaled row counts in the absence of GC bias (i.e"when G, =0). Their actual values

5 reflect the convention adopted for E (vide supra). The intercepts § ; are non-finearly related to the

differences g —< g,?>, where (g,?} represents the median GC content of the chromosome

containing the bin ;.

Once the values for the parameters 7 and S are known, the true chromosomal elevation profile /; is
10 estimated from the scaled raw count profile m, and the scaled GC bias coefficient ¢, by-

rearranging Eq. N:
L=(m -GSy _ | ©
15  The diagonal character of the intercept matrix / provides for the matrix inversion in Eq. Q.

Parameter estimation

Model parameters /and S are evaluated from a set of N scaled raw count profiles collected on
20 samples karyotyped as euploid pregnanciés. Nis of the order of 10°. Scaled GC bias coefficients

G, are determined for each sample (i =1,.., N). All samples are segregated into a small number
of classes according to the sizes and signs of their G, values. The stratification balances the

opposing neéds to include sufficiently large numbers of rebresentatives-and a sufﬁcientl'y small
range of G, values within each shell. The compromise of four strata accommodates negative,
25  near-zero, modefately positive, and extreme positive GC biases, with the near-zero shell being
_most densely populated.wA fraction of samples (typically 10%) from each stratum can be randomly
selected and set aside for cross-validation. The remaining samples make up the work set, used to
train the model. Both thé training and the subsequenf cross-validation assume t-hat all samples are
- free of maternal and fetal deletions or duplications along the entire genome:
30

P =P =LVi=1_.NNj=1,...,J - (R)
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The large number of samples compensates for the occasional maternal deviations from the

assumption R. For each bin j, /, is set to £, allowing evaluation of the intercept 1, and the slope
S, as the coefficients of the linear regression applied to the training set according to Eq. N. The

5  uncertainty estimates for / ;and §; are recor'd'ed as well.

The random partitioning into the working and.the cross-validation subsets is repeated multiple
times (e.g. 10%), yielding distributions of values for the / ; and §; parameters. In some
embodiments the random partitioning is repeafed between about 10 and about 10° times. In some

10 embodiments the random partitioning is repeated about 10, about 107, about 10°, about 10* or
about 10° times. ' '

Cross-validation

15  Once derived from the work set, thé model parameters / ;, and §; are employed to back-
calculate scaled raw counts from the scaled GC bias coefficients using Eq. N and assumption

R. The symbol p; denotes the predicted scaled raw counts for the bin b ; inthe sample i. The

indices W and CV in further text designate the work and the cross-validation subsets,
respectively. The back-calculation is applied to all samples, both from W and CV. R-factors,

20  borrowed from the crystallographic structure refinement practice (Briinger, Free R value: a
novel statistical quantity for assessing the accuracy of crystal structures, Nature 355, 472 - 475
(30 January 1992); doi:10.1038/355472a0), a}e separately defined for tﬁe two subsets of
samples:

Zlmii _PUI

25 R¥oEE__ | ' s)
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Both R-factors are bin-specific. As in crystallography, R-factors 16-17 can be interpreted as
residual relative errors in the model. Having been excluded from the parameter estimation, the

cross-validation R-factor R provides a true measure of the error for the given W/CV division,
while the difference between R and R!’ reflects the model bias for the bin j. A separate pair of
R-values is evaluated for each bin and for each random partitioning of the set of samples into W
and CV. The maximum of‘all R;" and R} values obtained for the different random partitionings

into W and CV is assigned to the bin j as its overall model error ¢ ;.
Bin selection

Al! the bins with zero GC content g_(,’ are eliminated from further consideration, as is the set
{bj My = 0.Vi=l,..., N} of bins that consistently receive zero counts across a large number of

samples. In addition, a maximum tolerable cross-validation error value & can be imposed on all

bins. In some embodiments the bins with model errors €, exceeding the upper limit £ are
rejected. In some embodiments, filtering uses bin mappability scores 4 e [0,1] and imposes a
minimum acceptable mappability £, rejecting bins with u ; <# (Derrien T, Estelle” J, Marco Sola

S, Knowles DG, Raineri E, et al. (2012) Fast Computation ahd Applications of Genome
Mappability. PLoS ONE 7(1): e30377, doi:10.1371/journ_al.pone.0030377). For the purposes of
determining fetal trisomy of chromosomes 21, 18, and 13, the sex chromosomes can be excluded
as well. The subset B of bins that survive all the phases of the bin selection can undergo further

computations. In some embodiments, the same subset B is used for all samples.
Normalization and standardization

In some embodiments, for a given sample i, the chromosomal elevations I, corresponding to the

bin selection  are estimated according to Eq. Q. In some embodiments, a secondary
normalization is applied to remove any curvature from the 1, -vs.-GC content correlation. In some

embodiments /, is already nearly unbiased, the secondary détrending is robust and is immune to

error boosting. In some embodiments, standard textbook procedures suffice. _
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In some embodiments, the results of the normalization are summed up within each chromosome:

Ly= Yl.n=1,..2. A )

be PnChr,

The total autosomal material in sample i can be evaluated as the sum of all individual L,, terms:
22 . A : -

L=Y1L, V)
n=l

The chromosomal representation of each chromosome of interest can be obtained by dividing L,

with L, :

. /rmz.Lm/Li - ' - | (W)

The variability o, of the representation of the chromosome » can be estimated as an uncensored
MAD of 2, values across a selection of samples spanning multiple flow cells. In some
embodiments, the expectation (7,) is evaluated as the median of g, values corresponding to a

selection of samples from the same flow cell as the tested sample. Both sample selections can
exclude high positive controls, low positive controls, high negative controls, blanks, samples that

fail QC criteria, and samples with SD(!,) exceeding a predefined cutoff (typi'cally 0.10). Together,

the values &, and (,t’,,) can provide the context for standardization and comparison of

chromosomal representations among different sémples using Z-scores:
Zin =i _<Zn>)/o-n ‘ : (X)

In some embodiments, aberrations such as trisomies 13, 18,-and 21 are indicated by Z-values
exceeding a predefined value, dictated by the desired confidence level.

" Example 6: Examples of formuias

Provided below are non-limiting examples of mathematical and/or statistical formulas that can be '
used in methods described herein.
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. >
Y 5

TR W T
5&?&{.r+~f;}'§"t§§(“*+“)

-
3 :
SAN  mp

Z x ...... F /( 20"5{2)
b= flP(q) dq = ‘;“ {1 +erf(z)]

o ' ("“-i}?z‘ Z;w“i

erf {Z) :’? =0 ponsn)

i-B  i~erf{z) _ i-erfl-Fo2evTY
8 aterfla)  trerfl-Fs(2sv2)]

R=

10  Example 7: Identifying and Adjusting (Padding) Elevations

Maternal deletions and duplications, often represented as first elevations in a profile, can be
rremoved from count profiles normalized with PERUN to reduce variability when detecting T21, T18,
or T13. The removal of deletions and duplication from a profile can reduce the variability (e.g.,

15 Dbiological variability) found in measured chromosomal representations that originates from
maternal aberrations. A |

All bins that significantly deviate from the expected chromosomal elevation of 1 are first identified.
In this example some isolated bins are removed from the selection. This is optional. In this

20 example only large enough groups of contiguous outlier bins are kept. This is also optional.
Depending on the elevation assigned to an outlier bin or a group of contiguous outlier bins, a
correction factor is added to the measured elevation to adjust it closer to the expected elevation of
1. The PAV values used in this example are +1 (for homozygous maternal deletions), +0.5 (for

heterozygous maternal deletions), -0.5 (for heterozygous duplications), -1 (for homozygous
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duplications}, or more (for large spikes). Large spikes are often not identified as maternal deletions

and duplications.

This padding procedure corrected the classification (e.g., the classification as an aneuploidy, e.9.,
5 atrisomy) for samples that contains large maternal aberrations. Padding converted the W1 sample

from false positive T13 to true negative due to removal of a large maternal deletion in Chr4 (FIG.
112-115). o
Past simulations with experimental data have shown that debending on the chromosome, fetal

10  fraction, and the type of aberration. (homozygo‘us or heterozygous, duplication or deletion),
maternal aberrations in 20-40 bins long may push the Z-value over the classification edge (e.g.,
threshold) and result in a false positive or a false negative. Padding (e.g., adjusting) can

circumvent this risk.
15 This padding procedure can remove uninteresting maternal aberrations (a confounding factor),
reduce euploid variability, create tighter sigma-values used to standardize Z-scores and therefore

-enlarge the gap between euploids and trisomy cases.

‘Example 8: Determining Fetal Fractions from Maternal and/or Fetal Copy Number Variations

20
A distinguishing feature of the method described herein is the use of maternal aberrations (e.g.,
maternal and/or fetal copy number variations) as a probe providing insight into the fetal fraction in
the case of a pregnant female bearing a fetus (e.g., a euploid fetus). The detection and
quantitation of maternal aberrations typically is aided by normalization of raw counts. In this

25 * example raw counts are normalized using PERUN. Alternatively, normalization with respecttoa

reference median count profile can be used in a similar manner and for the same purpose.

PERUN normalization of raw counts yields sample-specific binwise chromosomal levels I (-
“counts samples, j counts bins). They comprise both maternal and fetal contributions, proportional
30  to their respective ploidy E}" and P,-,-F . The bin-specific and sample-specific ploidy P, is defined

as an integral multiple of 1/2, with the values of-1, 1/2, 0, 3/2, and 2 representing euploidy,
heterozygous deletion, homozygous deletion, heterozygous duplication, and homozygous
duplication, respectively. In particular, triéomy of a given chromosome implies ploidy values of 3/2

along the entire chromosome or its substantial portion.
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When both the mother and the fetus are diploid ( ;" =P} =1), /, equals some arbitrarily chosen
euploid level E. A convenient choice sets Eto 1/||b|| where b denotes a proper or trivial subset of
the set of all bins (B). thus ensuring that the profile l;. is normalized. In the absence of bin

selection, || =[B]|=7=> E=1/J . Alternatively and preferentially, £ may be set to 1 for

visualization. In general, the following relationship is satisfied:

= E1-1)B + fiB | | S

y

The symbol f; stands for the fraction of the fetal DNA present in the cell-free circulating DNA from
maternal plasma in sample i. Any deviations from euploidy, either fetal (P,.f #1) or maternal (

PUM #1), cause differehces between /, and Ethat can be exploited to estimate f, and detect

microdeletions/microduplications or trisomy.

Four different types of maternal aberrations are considered separately. All four account for
possible fetal genotypes, as the fetus may (or in homozygous cases must) inherit the matemal
aberration. In addition, the fetus may inherit a matching aberration from the father as well. In

general, fetal fraction can only be measured when PM # P‘r

A) Homozygous matérnal deletion (P,.jM =0). Two possible accompanying fetal ploidies

include:

a. P,f =0, in which case ;=0 and the fetal fraction cannot be evaluated from the

deletion.

b. P/ =1/2,in which case I;=f./]2 and the fetal fraction is evaluated as twice the

average elevation within the deletion.

B) Heterozygous maternal deletion (P, =1/2). Three possible accompanying fetal ploidies

include:
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a E,-F =0, in which case /, = (- /,)/2 and the fetal fraction is evaluated as twice the
difference between V2 and the average elevation within the deletion.
b. PUF = 1/ 2, in which case Iy = 1/2 and the fetal fraption cannot be evaluated from the
deletion. '
5 c. Rf =1, in which case I = (1‘+ fi )/2 and the fetal fraction is evaluated as twice the

 difference between % and the average elevation within the deletion.
C) Heterozygous maternal duplication ( 7" =3/2). Three possiblé accompanying fetal ploidies
include:
a. R.f =1, in which case 1} = (3- £,)/2 and the fetal fraction is evaluated as twice the
10 difference between 3/2 and the average elevation within the duplication.
b. B =3/2,in which\case I;=3/2 and the fetal fraction cannot be evaluated from the
duplication.
c. B/=2,inwhichcase I, =(3+ f,)/2 and the fetal fraction is evaluated as twice the

 difference between 3/2 and the average elevation within the dublication.

15
D) Homozygous maternal duplication_( P;" =2). Two po'ssib|e accompanying fetal ploidies
include: | , | |
a R.].F =2, in which case I, =2 and the fetal fraction cannot be evaluated from the
duplication. |
20 b, B[ =3/2,inwhichcase |, =2- f,/2 and the fetal fraction is evaluated as twice the

difference between 2 and the average elevation within the duplication.

The following LDTv2CE samplés (FIG. 116 — 131) illustrate the application of determining fetal
fraction from maternal and/or fetal copy number variations. The patients were not selected
25  randomly and any agreement with FQA fetal fraction values should not be construed as the

measure of merit of either technique.
Example 9: Examples of embodiments

30 Listed hereafter are non-limiting examples of certain efnbodiments of the technology.
245

AMENDED SHEET - IPEA/US

2850781 2014-04-02



DEMANDES OU BREVETS VOLUMINEUX

LA PRESENTE PARTIE DE CETTE DEMANDE OU CE BREVETS
COMPREND PLUS D’UN TOME.

CECIESTLETOME _1__DE_2

NOTE: Pour les tomes additionels, veillez contacter le Bureau Canadien des Brevets.

JUMBO APPLICATIONS / PATENTS

THIS SECTION OF THE APPLICATION / PATENT CONTAINS MORE
THAN ONE VOLUME.

THISISVOLUME _1__ OF _2

NOTE: For additional volumes please contact the Canadian Patent Office.




10

15

20

25

30

81778803

CLAIMS:

1. A system comprising memory and one or more microprocessors, which one or more
microprocessors are configured to perform, according to instructions in the memory, a
process for calculating with reduced bias genomic section levels for a test sample, which
process comprises

(a) obtaining counts of sequence reads mapped to portions of a reference genome,
which sequence reads are reads of circulating cell-free nucleic acid from a test sample;

(b) determining a guanine and cytosine (GC) bias coefficient for the test sample
based on a fitted relation between (i) the counts of the sequence reads mapped to each of
the portions and (ii) GC content for each of the portions, wherein the GC bias coefficient is a
slope for a linear fitted relation or a curvature estimation for a non-linear fitted relation; and

(c) calculating a genomic section level L for each of the portions based on the counts
of (a), the GC bias coefficient of (b) and a fitted relation, for each of the portions, between
(i) a GC bias coefficient for each of multiple samples and (ii) counts of sequence reads
mapped to each of the portions for the multiple samples, thereby providing calculated
genomic section levels, wherein a calculated genomic section level L is determined for the

test sample for each portion of the reference genome according to Equation B:

L=(M-GS)/ Equation B

wherein M is the counts of the sequence reads mapped to the portion for the test sample, G is
the GC bias coefficient for the test sample, | is an intercept of a fitted linear relation between
(c)(i) and (c)(ii) for the portion, and S is a slope of the fitted linear relation between (c)(i) and
(c)(ii) for the portion, whereby bias in the counts of the sequence reads mapped to each of the
portions of the reference genome is reduced in the calculated genomic section levels.

2. The system of claim 1, wherein the fitted relation of (b) is a fitted linear relation.

3. The system of claim 2, wherein the fitted linear relation of (b) and the fitted linear relation

of (c) independently are fitted by a linear regression.

4. The system of any one of claims 1 to 3, wherein the GC bias coefficient for each of the

multiple samples in (c)(i) is the slope of a fitted linear relation, for each of the multiple
332
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samples, between (i) the counts of the sequence reads mapped to each of the portions and
(ii) GC content for each of the portions.

5. The system of claim 1, wherein the fitted relation of (b) is non-linear.

6. The system of any one of claims 1 to 5, wherein each of the portions of the reference

genome comprises a nucleotide sequence of a predetermined length.

7. The system of any one of claims 1 to 6, which process comprises, prior to (a), determining

the sequence reads by sequencing circulating cell-free nucleic acid from the test sample.

8. The system of any one of claims 1 to 7, which process comprises, prior to (a), mapping

the sequence reads to the portions of the reference genome.

9. The system of any one of claims 1 to 8, wherein the test sample is from a human pregnant
female and which process comprises determining the presence or absence of a fetal
chromosome aneuploidy for the test sample according to the calculated genomic section

levels.

10. The system of claim 9, wherein the fetal chromosome aneuploidy is a trisomy.

11. The system of claim 10, wherein the trisomy is chosen from a trisomy of

chromosome 21, chromosome 18, chromosome 13 or combination thereof.

12. The system of claim 10 or 11, wherein the presence or absence of the trisomy is
determined with a sensitivity of 96% or greater or a specificity of 96% or greater, or a

sensitivity of 96% or greater and a specificity of 96% or greater.

13. The system of any one of claims 9 to 12, wherein the process comprises determining a
z-score for a chromosome of interest, and the presence or absence of a fetal chromosome
aneuploidy for the test sample is detected according to the z-score.

14. The system of claim 13, wherein the z-score is determined for a chromosome of interest

according to Equation X:
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Z, :( in —<Zn>)/o-n

Equation X

wherein Z;, is the z-score, Y,,is a chromosome representation, <Zn> is a median of the

chromosome representation and O, is a median absolute deviation of ¥;,,, and %, is

the sum of calculated genomic section levels for the chromosome of interest divided by the

sum of calculated genomic section levels for autosomes.

15. The system of any one of claims 1 to 14, which process comprises, prior to (b},
calculating a measure of error for the counts of sequence reads mapped to some or all of the
portions of the reference genome and removing or weighting the counts of sequence reads
for certain portions of the reference genome according to a threshold of the measure of error.

16. The system of claim 15, wherein the threshold is selected according to a standard
deviation gap between a first genomic section level and a second genomic section level of
3.5 or greater.

17. The system of claim 15 or 16, wherein the measure of error is an R factor.

18. The system of claim 17, wherein the counts of sequence reads for a portion of the

reference genome having an R factor of about 7% or greater are removed prior to (b).

19. A method for calculating with reduced bias genomic section levels for a test sample,
comprising:

(a) obtaining counts of sequence reads mapped to portions of a reference genome,
which sequence reads are reads of circulating cell-free nucleic acid from a test sample;

(b) determining a guanine and cytosine (GC) bias coefficient for the test sample
based on a fitted relation between (i) the counts of the sequence reads mapped to each of
the portions and (ii) GC content for each of the portions, wherein the GC bias coefficient is a
slope for a linear fitted relation or a curvature estimation for a non-linear fitted relation; and

(c) calculating a genomic section level L for each of the portions based on the counts

of (a), the GC bias coefficient of (b) and a fitted relation, for each of the portions, between
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(i) a GC bias coefficient for each of multiple samples and (ii) counts of sequence reads
mapped to each of the portions for the multiple samples, thereby providing calculated
genomic section levels, wherein a calculated genomic section level L is determined for the

test sample for each portion of the reference genome according to Equation B:

L =(M-GS)/ Equation B

wherein M is the counts of the sequence reads mapped to the portion for the test sample, G is
the GC bias coefficient for the test sample, | is an intercept of a fitted linear relation between
(c)(i) and (c)(ii) for the portion, and S is a siope of the fitted linear relation between (c)(i) and
(c)(ii) for the portion, whereby bias in the counts of the sequence reads mapped to each of the
portions of the reference genome is reduced in the calculated genomic section levels.

20. The method of claim 19, wherein the fitted relation of (b) is a fitted linear relation.

21. The method of claim 20, wherein the fitted linear relation of (b) and the fitted linear

relation of (c) independently are fitted by a linear regression.

22. The method of any one of claims 19 to 21, wherein the GC bias coefficient for each of
the multiple samples in (c)(i) is the slope of a fitted linear relation, for each of the multiple
samples, between (i) the counts of the sequence reads mapped to each of the portions and
(i) GC content for each of the portions.

23. The method of claim 19, wherein the fitted relation of (b) is non-linear.

24. The method of any one of claims 19 to 23, wherein each of the portions of the reference

genome comprises a nucleotide sequence of a predetermined length.

25. The method of any one of claims 19 to 24, comprising, prior to (a), determining the

sequence reads by sequencing circulating cell-free nucleic acid from the test sample.

26. The method of any one of claims 18 to 25, comprising, prior to (a), mapping the

sequence reads to the portions of the reference genome.
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27. The method of any one of claims 19 to 26, wherein the test sample is from a human
pregnant female and which method comprises determining the presence or absence of a fetal
chromosome aneuploidy for the test sample according to the calculated genomic section levels.

28. The method of claim 27, wherein the fetal chromosome aneuploidy is a trisomy.

28. The method of claim 28, wherein the trisomy is chosen from a trisomy of

chromosome 21, chromosome 18, chromosome 13 or combination thereof.

30. The method of claim 28 or 29, wherein the presence or absence of the trisomy is
determined with a sensitivity of 96% or greater or a specificity of 96% or greater, or a
sensitivity of 96% or greater and a specificity of 96% or greater.

31. The method of any one of claims 27 to 30, wherein the presence or absence of a fetal
chromosome aneuploidy for the test sample is detected according to a z-score determined

for a chromosome of interest.

32. The method of claim 31, wherein the z-score is determined for a chromosome of interest
according to Equation X:

Zy, = (Zin - <Zn>)/0n Equation X

wherein Z,-n is the z-score, X, is a chromosome representation, <Zn> is a median of the

chromosome representation and O ,, is a median absolute deviation of ¥;,, and %, is

the sum of calculated genomic section levels for the chromosome of interest divided by the

sum of calculated genomic section levels for autosomes.

33. The method of any one of claims 19 to 32, which comprises, prior to (b), calculating a
measure of error for the counts of sequence reads mapped to some or all of the portions of
the reference genome and removing or weighting the counts of sequence reads for certain

portions of the reference genome according to a threshold of the measure of error.
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34. The method of claim 33, wherein the threshold is selected according to a standard
deviation gap between a first genomic section level and a second genomic section level of

3.5 or greater.

35. The method of claim 33 or 34, wherein the measure of error is an R factor.

36. The method of claim 35, wherein the counts of sequence reads for a portion of the

reference genome having an R factor of about 7% or greater are removed prior to (b).

37. A system comprising a sequencing apparatus and one or more computing apparatus,
which sequencing apparatus is configured to produce signals corresponding to
nucleotide bases of a nucleic acid loaded in the sequencing apparatus, which nucleic acid is
circulating cell-free nucleic acid from a test sample from a pregnant human female bearing a

fetus, or which circulating cell-free nucleic acid nucleic acid loaded in the sequencing
apparatus is processed or modified; and

which one or more computing apparatus comprise memory and one or more
processors, 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) produce sequence reads from the signals and map the sequence reads to a
reference genome;

(b) obtain counts of sequence reads mapped to the portions of the reference genome;

(c) determine a guanine and cytosine (GC) bias coefficient for the test sample based
on a fitted relation between (i) the counts of the sequence reads mapped to each of the
portions and (ii) GC content for each of the portions, wherein the GC bias coefficient is a
slope for a linear fitted relation or a curvature estimation for a non-linear fitted relation; and

(d) calculate a genomic section level L for each of the portions based on the counts of
(b), the GC bias coefficient of (c) and a fitted relation, for each of the portions, between (i) a
GC bias coefficient for each of multiple samples and (ii) counts of sequence reads mapped to
each of the portions for the multiple samples, thereby providing calculated genomic section
levels, wherein a calculated genomic section level L is determined for the test sample for
each portion of the reference genome according to Equation B:

L=(M-GS)I Equation B
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wherein M is the counts of the sequence reads mapped to the portion for the test
sample, G is the GC bias coefficient for the test sample, | is an intercept of a fitted linear
relation between (d)(i) and (d)(ii) for the portion, and S is a slope of the fitted linear relation
between (d)(i) and (d)(ii) for the portion, whereby bias in the counts of the sequence reads
mapped to each of the portions of the reference genome is reduced in the calculated

genomic section levels.

38. The system of claim 37, wherein the fitted relation of (c) is a fitted linear relation.

39. The system of claim 38, wherein the fitted linear relation of (c) and the fitted linear

relation of (d) independently are fitted by a linear regression.

40. The system of any one of claims 37 to 39, wherein the GC bias coefficient for each of the
multiple samples in (d)(i) is the slope of a fitted linear relation, for each of the multiple
samples, between (i) the counts of the sequence reads mapped to each of the portions and

(i) GC content for each of the portions.

41. The system of claim 37, wherein the fitted relation of (c) is non-linear.

42. The system of any one of claims 37 to 41, wherein each of the portions of the reference

genome comprises a nucleotide sequence of a predetermined length.

43. The system of any one of claims 37 to 42, which memory comprises instructions
configured to determine the presence or absence of a fetal chromosome aneuploidy for the
test sample according to the calculated genomic section levels.

44. The system of claim 43, wherein the fetal chromosome aneuploidy is a trisomy.

45. The system of claim 44, wherein the trisomy is chosen from a trisomy of

chromosome 21, chromosome 18, chromosome 13 or combination thereof.

46. The system of claim 44 or 45, wherein the presence or absence of the trisomy is
determined with a sensitivity of 96% or greater or a specificity of 96% or greater, or a

sensitivity of 96% or greater and a specificity of 96% or greater.
338

CA 2850781 2018-12-21



10

15

20

25

30

81778803

47. The system of any one of claims 43 to 46, wherein the instructions executable by the one
or more processors are configured to determine a z-score for a chromosome of interest, and
the presence or absence of a fetal chromosome aneuploidy for the test sample is detected
according to the z-score.

48. The system of claim 47, wherein the z-score is determined for a chromosome of interest

according to Equation X:

Z, = (Zin - <}(n>)/0'n Equation X

wherein Z;, is the z-score, %j,is a chromosome representation, <Zn> is a median of the

chromosome representation and O, is a median absolute deviation of X;,,, and %;, is

the sum of calculated genomic section levels for the chromosome of interest divided by the

sum of calculated genomic section levels for autosomes.

49. The system of any one of claims 37 to 48, which memory comprises instructions
configured to, prior to (c), calculate a measure of error for the counts of sequence reads
mapped to some or all of the portions of the reference genome and remove or weight the
counts of sequence reads for certain portions of the reference genome according to a

threshold of the measure of error.

50. The system of claim 49, wherein the threshold is selected according to a standard
deviation gap between a first genomic section level and a second genomic section level of
3.5 or greater.

51. The system of claim 49 or 50, wherein the measure of error is an R factor.

52. The system of claim 51, wherein the counts of sequence reads for a portion of the

reference genome having an R factor of about 7% or greater are removed prior to (c).
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