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ACCURATE QUANTIFICATION OF FETAL DNA FRACTION BY
SHALLOW-DEPTH SEQUENCING OF MATERNAL PLASMA DNA

CROSS-BEFERENCES TO RELATED APPLICATIONS
[6601] This application claims the benefit of priovity to UK. Application 62/222,157, filed

Septeraber 22, 2015, the contents of which are meorporate hevein by reference for all purposes.

BACKGROUND
{0002]  The discovery of circulating cell-free Fetal DNA {n maternal plasma [Lo YM et al.
{1997, Lancer, 350 485-4871 has catalyzed a series of new avenues for non-invasive prenatal
diagnosis, ncluding fetal RhD blood group genotvping [Lo YM et al. (1998), N Engl J Med,
338: 1734-1738, Finming K et al, {2008), BAML/, 336: 816-818], fetal sex determunation for sex-
finked disorders {Costa JM, Benacht A, Gautier £ (2002), N Engl J Med, 346; 15021,
chromosomal aneuploidy detection [Lo YM et al. (2007}, Proc Natl doad Ned 175 4. 14 1316
13121 Chia RW et al. (20083, Proc Narfl dead Scb U2 5 4 108, 2045820463 Chiu RW, Cantor
CR, Lo YM (2009}, Trends Gener, 253 324-331; Fan HC et al. {2008), Proc Narl Acad Sci {75 4,
105 16266-16271; Chiw RW et al. (2011), BMYZ 342: 7401 Yu SC et al. (2014), Proe Nail dead
Sel T78 4, THL: 8583-8588], and detection of monogenic diseases {Lo YMD et al, (2010}, S
Toamsd Med, 2: 61ra%1; Lam KW et al {2012}, Cliv Chem,; New Ml et al. (2014}, The Jouwrnad of
Chinical Endocrinology & Metabolism, 99; EY022-E1030; Yoo S-K et al. {2015}, Chnical

Chemistry: Ma D et al. (2014), Gene, 544 252-258; Tsui NB et al. (2011}, Blood, 117: 3684-
36911,

{0003]  Among the aforementioned applications, acowats deduction of the fetal DNA fraction
{also known as fractional fetal DNA concentration or fetal DNA percentage) is wnpontant for
accurate statistical interpretations of the results of non-invasive prenatal dlagnosis through the
use of plasma DNA| especially when the statistics models dependent on this parameter are used
i the detection of chromosomal ancuplordies [Sparks AB et al, (2012), Am J Obster Gynecol,
206 319 €311-319 and the deternunation of monogenic disease mheritance [Lo YM et al

(2007}, Proc Nar! Acad Sci TN 4. 104 13116-13121; Lo YMD et al. (2010), Sci Trans! Med, 2:
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6ira®l; Lam KW et al, (2012, Clin Chepr; New M1 et al. (2014), The Jawrnal of Clinicad
Eudocrinology & Mengbolism, 99 ER22-E1030. Yoo §5-K et al, (2018), Clinical Chemistry;
Tsut NB etal. (2011}, Blead, 117: 3684-3691). For mstance, the fetal DNA fraction s a central
parameter in Kelative Haplotype Dosage dnalysis (RHDO) used to accurately determing whach
maternal haplotype was transmutted to fetus [Lo YMD et al. (2010), Sef Transi Med, 2: 611351,
Lam KW et al. (2012}, Clin Chem.; New Ml et gl {2014}, The Jowrned of Clinical
Endocrinology & Merabolizm, 99, E1022-E1030]. In this diagnostic approach, the underlving
principle is that the relative dosage of the maternal haplotype transmitted to the fetus will be
slightly over-represented than the untransmitted one and the fetal DNA fraction 1s used to

determine statistical significance of the over-representation.

{0004]  To date, there are already many methods developed to gstimate the fractional fetal
DNA concentration i the maternal plasma of 3 pragnant woman. For exanple, the specific
signal origmatng from Y chromoesome s used to deduce the fetal DNA fractions in pregnancies
carrying male fetuses {Chiu RW et al. (2011), BMI 342: ¢7401; Lo YM et al. (1998), Am J Hum
Grener, 62 T68-77S; Lun FM et al. (2008}, Chn Chem 34 1664-1672; Hudecova I et al. {2014),
Flas One, 9 88484]. However, the Y chromosome specific signal based approaches are not
applicable for pregnancies carrving fenale fetuses. An altermative approach 1s to use sigle
nucleotide polvmorphism (SNP), such that the ratio of the fetal specific alleles to the shaved
alleles is calculated to infer the fetal DNA fraction. In this approach, genotype information has to
be known and shouldd fit one of following situations: {a) the mother s homozygous while the
fetus is heterozygous; (b) both paternal and maternal genotypes are homozygous but with
diffevent alleles {Lo YMD et al. (2010), Sci Trans] Med, 2: 61va81; Lino Gl et al. (2011), (is
Chem, §7: 92-101. However, on one hand, in the actoal clinical scenarios during non-invasive
prenatal diagnosts, the fetal genotypes are not available beforehand. On the other hand, the
prevalence of paternal discrepancy can be as hugh as 30%, suggested by an epidemiological
study on paternal discrepancy around the world {Bellis MA| Huogbes K, Hughes §, Ashton IR
{2008).F Epidesinl Comenouty Health, 59 749-754], which limits the availability of the paternal
DINA for data analysis. Even though a parental-genotype-independent algorithm was developed
o obviate the prerequisite of extra genotype information by utilizing the lugh-depth sequencing
of maternal plasma DNA (for example targeted sequencing of maternal plasma DNA) across

different SNP sites Uang P etal. (Q012), Rivinformatics, 28 2883-28%90], additional effort s

[
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requived 1o capture a set of regions of mterest, for exanmple, through the use of hybndization- or
amplicon-based enrichment systems [Sparks AB etal, (2012}, Am J Qbster Gynecol, 206 319

e311-319 Laao Gl et ol 2011), Clin Chem, 57: 92-1011.

{0065] In addition to SNP dependent approaches, SNP-independent methods are also being
explored. For example, fragment sizes of maternal plasma DNA can be used for estimating fetal
DNA fraction [ Yu SC et al. {2014), Proe Nod dead Sof U8 4, 111 8583-8388; Kim SK et al.
{20135}, Prenatal diagnosis: n/a-n/al because the fetal-derived DNA are generally shorter than
maternal-derived DNA [Lo YMD st al. {2010}, S¢i Trans! Med, 2; 61ra%l]. However, some other
conditions will influence the accuracy of the size-based fetal DNA fraction estimation, for
example, systenmic lupus erythematosus [Chan RW et al. (2014}, Proc Netl dcad Sci U8 4, 11
E5302-5311]. As an alternative, fetal-specific epigenetic changes, such as methylated RASSFIA
and wivoethylated SERPINBS seguences, were demonstrated to be fetal markers for feral DNA
fraction prediction wraspective of genotype information {Chan KO et al. (2000), Chn Chem, 32
2211-2218; Chim 8§S @t al. (2003), Proe Natl Acad Sei U8 4, 102; 14753-14758]. However, the
analytical procedures for quantifying these epigenetic markers mvolve either bisulfite conversion
or digestion with methylation-sensitive restriction enzymes, and may thus potentially affect the

precision of these methods.

[0006]  Accordmgly, s desirable for new techniques to provide fetsl DNA fraction
miformation from maternal plasma.

[6007] Embodiments of the present invention provide methods, systems, and apparatus for
deducing the fetal DNA fraction n maternal plasma. The fetal DNA fraction can be determned
without specifically determining paternal or fetal genotypes. A separate parameter may be
determined, and a calibration curve can be used to determine the actual fetal DNA fraction. For
example, a ratio can be determined of an amount of reads having an allele nominally identified
as a non-maternal allele and an amount of reads having an allele nominally identified as a
maternal allele. As another example, a ratio can be deternuned of an amount of {oct exhibiting a
pominal non-maternal allele and an amount of homozygous maternal locy, as deternuned from a
separate dataset. A difference in size of reads may also be used. The loc (sites) may be linited to

known heterozygous loct m a population.

(%7
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{GOO8]  Maternal genotype information may be obtmning from s maternal-onty DNA cample or
may be assumed from a sequencing (e.g., at shallow-depth) of 8 biclogical sample baving both
maternal and fetal DNA molecules. The actual or assamed maternal genotype information can be
combined with sequencing of DNA molecules from the biological sample. Even though 1t may
not be defimtively known whether the mother i1s homozygous at a particular loct or whether the
fetus 13 heterozygous, embodiments can use reads at such sites in determumning the separate
parameter, which iz a difference from previous technigues. Any srrors are shown to be
consistent, and thus compensate by the calibration curve, which can be generated once using a

separate technigque t© determine the fetal DNA fraction

jB009]  Because sequencing may be gt shallow depths, a Tocus may have only few reads and
may fail to exhibit a non-matemal allele even if & non-maternal allele is present. However,
normahzed parameters that characterize non-maternal alleles sequenced can be used  provide
an sccurate estinate of the fetal DNA fraction, even if the amowtt of notanaternal alleles at a
focus or at all loct is not represemative of the fetal DNA fraction. These normalized parameters
may wnchide the amount of sequence reads with the non-maternal allele or the amownt of low
with the non-maternal allele. Methods described herem may not need high-depth sequencing or
eanichment of specific regions. As a resoll, these methods can be mtegrated wto widely used

non-mvastve prenatal testing and other diagnostics.

{6010] Some embodiments are directed to systems and computer readable media associate

with methods described herein.

{6011] A better understanding of the nature and advantages of embodiments of the present

mvention

BRIEF DESCRIPTION OF THE DRAWINGS
[0012]  FIG. 1is a schematic Hlustration of measaring fracuional fetal DNA concentration

using a maternal genotype accordmg to ernbodiments of the present ivention.

[0013]  FIG. 2A shows a hnear regression model of the actaal fetal DNA fraction and the non-
vaaternal allele fraction constructed from a traming data set from a first data set according to

embodiments of fhe present nvention,
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{6014]  FIG. 2B shows a validation of the regression model in FIG. 2A asing an mdependent

data set according to embodiments of the present invention.

[B015]  FIG. 3A shows a linear regression mwode! of the actual fetal DNA fraction and the non-
maternal allele fraction constructed from a traming data set from a second data set according to

embodiments of the present mvention.

[0016] FIG. 3B shows a validation of the regression model 1n Fi(y, 3A psmg an independent

b

data set according to embodiments of the present mvention.

[0017] FIG. 4A shows the deviation between the actual fetal DINA fraction and the estimated

fetal DNA fraction for the first data set according to embodiments of the present mnvention,

[0018] FIG. 4B shows the deviation between the actual fetal DNA fraction and the estimated

fetal DNA fraction for the second data set according to embodiments of the present invention,

[0019]  FIG. § shows a graph of the relationship between the relative prediction error and the

actual fetal DNA fraction according to embodiments of the present mvention,

[0620] FIGS. 6A, 6B, 6C, and 613 show the accuracies of the fetal DNA fracton prediction at

8 varions sequencing depths according to embodiments of the present invention,

[6621] FIG. 7 shows a method of measunng fetal DNA fraction w a biological sample of a
female pregnant with a fetas using amoants of reads according to embodunents of the present

mvention

{0022]  FIG, 8 shows an illustration of measuring fetal DNA fraction without obtaining a
maternal genotype, a paternal genotype, or a biological sample containing only materral DNA

molecules according to embodiments of the present mvention.

[0023] FIG, 9 shows a methed of measaring a fetal DNA fraction i a biological sample of a
female pregnant with a fetus using amounts of foct according to embodiments of the present
nrvention.

{024 FIG. 10A shows a calibration curve from a Hnear regression mode! of the fetal DNA
fractions and apparent allebic discrepancy (AAD) values according to embodiments of the

present mvention.

LAy
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{60251 FHG. 108 shows a graph of a hinear regrexssion based on fetal DNA fractions and the

proportions of short DNA molecoles according 1o embodiments of the present invention,

[0026]  FIG. 100 shows a graph of fetal IINA fractions determined by AAD values against the
fetal DNA fractions based on the proportion of reads derived from the ¥ chromeoesome according
to embodivaents of the present invention.

{00271 FIG. 11 shows a method of measuring fetal DNA fraction in a nological sample of &
female pregnant with a fetus according to embodiments of the present invention.

[0028] FIGS, 124 12B, 12C, and 12D dlustrate the relationship between DNA molecule sizes
for maternal and non-maternal alleles according to embodiments of the present mvention.

[0029]  FIG. 13 shows a method of measaring fetal DNA fraction in a biological sample of a
female pregnant with a fetus using size values according to embodiments of the present
pvention.

{B030]  FIG. 14 15 a table of fetal DNA fractions calcalated for six different seis of twins
accordimyg to embodiments of the present Invention.

{B031]  FIG. 1818 a graph of the relationship butween fetal DNA fraction and logt showing a
stre ditference according to embodiments of the present invention,

{0032  FIG. 16 shows a method of measuring fetal DNA fraction m a biological sample of a
female pregnant with a fetus using amounts of foct having certam stze DNA molecules according
to embodiments of the present invention.

[0033] FIG. 17 shows a block diagram of an example computer system usable with system
and methods accordmg to emboduments of the present mvention.

[0034] FIG. IB shows a sequencing svstem according to embodiments of the present

myenton.

[6035]  FIG. 19 shows a computer system aveording to embodiments of the present invention.
TERMS

[0036]  As used herein, the term “ocus™ or 1ts plural form “lead™ 1x a location or address of any

fength of nucleotides {or base pairs) which has a variation across genomes. A “sequence read”

6
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refers to a stung of necleotides sequenced from any part or all of a nucleit acid molecule. For
example, a sequence read may bea short string of nucleotides (e, 20-150} sequenced from a
nucleic acid fragraent, a short string of nucleotides at one or both ends of a nucleic acid
fragment, or the sequencing of the entire nucleic acid fragment that exists m the biological
sample. A sequence read may be obtamed m a vanety of wavs, e.g., using sequencing techniques
or using probes, .., m hvbridization arrays or capture probes, or amplification techniques, such
as the polymerase chain reaction {PCR} or linear amplification using a single primer or

isothermal amphification.

£}

{0037] A “hiological sample” refers to any sample that is taken from a subject {e.g., a human,
such as a pregnant woman, a person with cancer, or a person suspected of having cancer, an
organ transplant recipient or a subyect suspected of having a dissase process mvolving an organ
{e.g., the heart in myocardial mfarction, or the hram in'sivoke, or the hematopoenic systam in
anentia} and containg ong or more nucleic acid molecule(s) of merest. The biclomceal sample can
be a bodily flwd, such as blood, plasma, serum, urine, vaginal fluid, fluid from a hydrocele (e.g.
of the testis), vaginal Hushing fhads, pleoral fhud, aseitie fluid, cerebrospinal fluid, saliva, sweat,
tears, sputum, bronchoalveolar lavage fluid, discharge fluid from the mipple, aspiration fluid from
chitferent parts of the body {e.g thyroud, breast), ete. Stool sanples can also be used. In vanous
embodiments, the majority of DNA in a hiological sample that has been enniched for cell-free
DNA (e.g., 2 plasma sample obtained via a centrifugation protocol) can be cell-fres, e.g., greater
than 50%, 60%, 70%, 8%, 90%, 93%, or 99% of the DNA can be cell-free. The centrifupation
protocol can include, for example, 3,000 ¢ x 10 minutes, obtaining the fluid part, and re-
centrifuging at for example, 30,000 g for another 10 minutes o remove residual calls. The cell-
free DNA in a sample can be derived from cells of various tissues, and thus the sample may

mclude a nuxtare of celi-free DNAL

[0038] “Nucleic acid” may refer to deoxyribonacleotides or nibonucleotides and polymers
thereof in etther single~ or double-stranded form. The term may encompass nucleic acids
containing known nucleotide analogs or modified backbone residues or hinkages, which are
synthetie, paturally occurnng, and non-natwrally cceurving, which have similar binding
properties as the reference nucleic acid, and which are metabolized tn a manner similar 1o the

reference nucleotides. Examples of such analogs may include, without limitation,
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phosphorothicates, phosphovamidites, methyl phosphonates, chital-methy! phosphonates, 2-O-

methyl ribonucleotides, peptide-nucieic acids {PNAs).

{0039]  Linless otherwise indicated, a particular nuclele acid sequence alse implicitly
gncompasses conservatively modified vartants thereof (e g, degenerate codon substitutions} and
complementary sequences, as well as the sequence explicitly indicated. Speaifically, degenerate
codon substitutions may be achieved by generating sequences mn which the third position of one
or more selected (or all) codons 18 sebstituted with mixed-base andior deoxyinosine residues
{Batzer ¢t wol., Nuclele dcid Res, 19:53081 {1991} Olsuka ef gl J Biol, Chem 260:2605-2608
{1985 Rossolint er al., Mol Cell Probes §:91-98 {1994}). The term nuclei¢ actd is used

nterchangeably with gene, ¢cDNA, mRNA, oliponucieotide, and polynucleotide.

{0040]  The term “nuclectide,” n addition o referring to the naturally occurnng ribenuclectide
ot deoxyribonuclectide monomers, may be understood to refer 1o related structural varants
thergof, mcluding dertvatives and analogs, that are functionally equivalent with respect to the
particular context i which the nucleotide is being used {¢. g, hybridization 1o 3 complementary

base), undess the context clearly indicates otherwise,

[0041] A “sequence read” refers to a string of nucleotides sequenced from any part or ali of a
nucleic acid molecule. For example, a sequence read may be the entire nucleic acid fragment that
exists in the biological sample. A sequence read may be obtained from a single-molecule

SRUENCINg.

{0042] A “classification” vefers to any number{s} or other characters(s) that are associated with
a particular property of a sample. For example, a "+ symbol {or the word “postiive™) could
signity that a sample 15 classified as having deletions or amplifications. The classification can be
bmary {e.g., posttive or negative) or have more levels of classification (e.g., a scale from 1 1o 10
or 0 to 1), The term “cadoff” and “threshold” vefer to a predetermmed mumber used in an
operation. For example, 8 cutoff size can refer to a size above which fragments are excluded. A
threshold value may be a value above or below whach a particular classification apphies, Etther of

these terms can be used in etther of these contexis.

[0043]  The term “vize profile” generally relates to the sizes of DNA fragments m a biological

samaple. A size profile may be a histogram that provides a distribution of an amount of DNA
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fragments at a variety of sizes. Vations slatistical parameters {also referved 1o a8 s1ze parameters
or just parameter} can be used to distinguish one size profile to another. One parameter 1s the
percentage of DNA fragment of a particular size or range of stzes relative to all DNA fragments

or relative to DNA fragments of another size or range.

DETAILED DESCRIPTION

{0044]  Noninvasive prenatal testing (NIPT} using massively paralle! sequencing of maternal
plasma DNA 1y mcreasingly recogmzed as an essential component in modemn prenatal diagnosis
and has been rapidly adopted m clinical use world-wide. To guarantee the precise mterpretations
of this kind of noninvasive prenatal diggnosis, fetal DNA fraction becomes a crucial parameter to
be measured. Although various methods have been developed to estimate this parameter, there is

a paucity of generic and broadly-applicable approaches.

{0045]  Some embodiments allow accurate estimation of the fetal DNA fraction, using actual or
asswned maternal genotypes and random massively parallel sequencing of the maternal plasma.
The fetal DNA fraction may be related to a parameter characterizing the amownt of non-maternal
material i the hiological saraple. The amount of non-maternal material mayv be calculated as the
fraction of sequence reads that are non-maternal, or the proportion of loc that have a non-
maternal allele. In either of these calculations, the parameter may not accurately represent the
actual fetal DNA fraction. Sequencing may be done at shallow depths, so that not all non-
maternal alleles that are present may be sequenced. In addition, the calculation of a2 non-maternal
fraction of sequence reads may tnclode reads at sites without & non~-maternal altele, Includmg
these sequence reads i the calcudation of non-maternal fraction would then include potentially
homozygous sites, which would not normally be used i conventional methods to determine the
fetal DNA fraction. Similarly, calculatmg the proportion of loct that have a non-maternal allele
may wchide using a namber of potentally homozygous loct, which are normally not considered

important in conventional methods of calenlating fetal DNA fraction.

[6646] The fetal DNA fraction, however, 1s found 1o be related to the fraction of non~maternal
alleles originating from maternal howozygous loct in the plasma of pregnant women, even when

the fraction of non-naternal alleles does not accurately account for all non-matemal alleles. In
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addition, the fefal DNA fraction s found to be correlated with the proportion of locy thathave a
non-maternat allele, even when the sequence reads do not reveal all loct with non-maternal
alleles. These methods were validated with expertmental data. Using shallow-depth sequencing,
methods can be more efficient and econonucal than conventional methods. In additton, these
methods do not depend on a paternal genotype or specific genetic {raits i the fetus, and therefore
the methods can be applied broadly 1o any pregnant femals. These methods can slso further

enhance the clinical interpretations of noninvasive prenatal testing.
i ANALYZING DNA USING AMOUNT OF SEQUENCE READS

{00471 Matemal-only DNA can be sequenced and compared 1o DNA in a sample contaming
both matemal DNA and fetal DNA 1 order to estimate the fotal DNA fraction. The maternal-
only DNA may be sequenced to identity homozygous sites. A sample containing a mixture of
maternal DNA and fetal DNA {(e.g., maternal plasma or serum) may then be sequenced. In
mixture, some of the identified homozvgous sites may have a sequence read of a non-maternal
allele while other identified homozygous sites may have sequence reads of only alleles identical
to the maternal allele. These reads of non-maternal alleles and alleles identical to the maternal
alleles can be used to calculate a non-maternal fraction. This non-maternal fraction, which may
melude in the denominator the sites that have only alleles identical to the maternal allele, may
not equal the actual fetal DNA fraction. However, this non-maternal fraction may be related to
the fetal DNA fraction. A hugher fetal DNA fraction may resalt in @ higher non-maternal
fraction. A caltbration curve of the fetal DNA fraction and the non-maternal fraction can be used
1o relate an estimate of the fetal DNA fraction 1o the non~-maternal fraction calcudated for the

sample.

{6048] The sample contaming both maternal DNA and fetal DNA, however, may be sequenced
at shallow depth, with a locus possibly having only one or two reads. Even if the reads in the
sample of both maternal DNA and fetal DNA show the sane alleles ag the maternal alleles, the
site canuot be determined with high statistical confidence to be homozygous in the fetus hecause
4 fetal pon-maternal allele may have been present buot just not exiubiied 1 the few reads. Shallow
depth sequencimg may then underestimate the actual number of non-maternal alleles i the fetal

DNA.

10
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{6049]  Even though the fraction of non-maternal allales may not be the actual fraction of non-~
maternal alieles, this fraction can be used with a calibragion curve to obtain an accurate fetal
PNA fraction. The fetal DNA fraction is found to be related to the non-maternal fraction, even if
the fraction v underestimated or otherwise does not include an accurate count of non-maternal
alleles. A higher fetal DNA fraction moreases the ikelihood of non-maternal alleles being
sequenced, thergby increasing the nove-maternal fraction. As a result, even af shallow depths, the
relationship between the non-maternal fraction and the fetal DNA fraction can be represented in

a calibration curve and used to estimate fetal DNA fraction.

A Non-Maternal fraction and calibration curve

[0050] The non-maternal fraction of the sample containing maternal DNA and fetal DNA s a
ratio of a first amount of reads with a non-maternal allele and a second amount of reads. Both
amounts of reads may be at certain sites i the maternal genome, including sites that are known
to have a high likelthood of heterozyposity {1e., sites with SNPs). The second amount of reads
may include the reads from the sample of the DNA mixtore that have the maternal allele In
some sinbodimets, the second amount may be a total amount of reads at the sites, where the

total amount 18 the sum of the first amount and the reads with the maternal allele.

{0051]  This non-maternal fraction may not equal the actual fraction of non-maternal alleles
present in a biological sample. Instead, the non-maternal fraction reflecis the seguenced reads
that are non-maternal alleles in the matemal plasma. Thus, the non-maternal fraction may depend
O SeUENCING errors, genotyping exrors, the underlving number of sites where mother 1s
homozygous and fotas 13 heterozygous (nformative SNP sues), and the fetal DNA fraction.
Results show that the sequencing errors, the genotyping errors, and the underlying number of
mformative sites are relatively constant. Thus, the fetal DNA fraction can be determined from

the non~-maternal allele fraction.

{6052] FIG. T shows a use of the non-materal fraction to determune the fractional fetal DNAL
Homozygous sites are wdentified 1 the maternal DNA. Maternal plasina 15 sequenced and reads
of alleles are connted at the 1dentified homozypous sties. The non-maternal fraction s calonlated
from the sum of the reads of the alleles at these sites, even ino non~-maternal slleles are

sequenced at some of the wites. The resulting non-maternal fraction can then be compared o @

i1
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calibration curve of previousty measuared fractional fetal DNA concenirations and previousty
calculated non~maternal fractions. An estimated fractional fetal DNA concentration may be

obtained.

[0053]  Atsection 110, the maternal genotvpe is obtained from maternal tissues, for example,
5 by analyzing buffy coat or buccal swab samples using microarray-based genotyping
technologies. In other embodiments, the maternal genotype analvsis may also be performed

using a sample comprising a mixtare of fetal and maternal DNAL

[0054]  Section 118 shows homozvgous sites i the maternal genotype. Bach site has two A
allales, lustated as boxes. The A allale may or may not be the result of a SNPwith an A

10 snucleotide. Although section 110 shows no heterozygous sites in the matemal genone,
heterozygous sites may be between homozygous sites, The homozygous sites may be hnuted to
only sites that are known to have a single nucleotide polymorphism (SNP), which may be
wdentified m a database such as dbSNP or HapMap. The maternal sites that appear homozygous
can be identified from the genotyping nformation and aligning 0 a reference genome, The

15 genotyping may be performed using any suilable genotyping technique, e.g., using sequenting
{which may include alipgnment to a reference genome), largeted sequencing, amplicon-hased

sequencing, nmass spectrometry, droplet diptal PCR, hybridization array, or nucrogrray.

{0055] The number of homozygous sites used can depend on the nucroarray platform used. For
example, for Affymetrix, there are ~700,000 homozygous sites and for BeadChip there ave ~2
20 pullion. Thus, there are sufficient sites for embodiments to focus on SNP sites rather than any

stte 1 the entire genome, although the latter i possible.

[0036] At section 113, maternal plasma DNA is sequenced. The maternal plasma includes
many DNA frapgments, which may include alleles from the identified homozygous sites, Section

115 shows fragments with the A allele, the maternal allele present m the homeozygous sties, and

3
LA

fragments with a B allele, a non-maternal allele not present in the homozygous sttes. The
maternal plasma DNA may be sequenced with massively parallel sequencing. The matermal
plasina DNA may be sequenced at shallow depths. For example the munber of sequencing reads
may be fess than 0.1x, 02x, 0.3x, 0.4x, 0.5x, 0.8x, Ix, 1.5%, 2x, 3z, 4dx, Sx, and 10x coverage of a
haploid human genome. The number of reads may be less than or equal to 30 vuthon reads,

30 mcluding less than or equal to 30 muthion reads, 20 muibion reads, 15 mutlion reads, {ess than or
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equal to 10 million reads, less than or equal to 8 milhion reads, less than or equal to 5 sulbion
veads, less than or equal to 4 million reads, less than or equal to 2 sutlion reads, or fess than or
equal to 1 mullion reads. The sequence reads obtained m section 110 may also be determined at a
shallow depth. Accordingly, the genotvpe of homozygous may not be accurate {1.e., the female
could have a B at one of the sites wdentified as homozygous), but results show that such
maccuracies are consistent across samples, thereby allowing a calibration curve to provide the

fetal DNA fraction with a desired accuracy.

[BOS7]  Atssction 120, the sequence reads from the maternal plasima {or other sample having 8
mixture of maternal and fetal DNA) are mapped to a reference genome, The mapping may be
made only to the homozygous sites wdentified in the maternal genome, The alignment with the
homozygous sites distinguishes the B non-maternal alleles, which would tvpically be from a
paternal contribution, but can relate o sequencing error, de novoe mutations, and other examplex
mentioned heretn. The B allele could also be from the mother iy instances whers the penotyping

at section 110 is done at a shallow depth, as described above,

{0058]  The sequence reads from the maternal plasina are then totaled for both the A maternal
atlele and the B non-maternal allele. Sequence reads with a B non-maternal allele at the
identified homozygous sites are totaled. Sequence reads with an A maternal allele at the

wdentified and totaled, even if no B non-maternal allele is sequenced at the particular site.

[6659] At scction 130, the nov~maternal allele fraction 1s deternuned. To caleulate the non-
maternal sllele fraction, the total number of the sequence reads with the B non-maternal allele gt
the homozygous sites, LB, 1s obtamed from the reads n section 120, The total number of
sequence reads with either the B non-maternal allele or the A maternal allele, T{A4B), 15
obtained from the reads in section 120, The non-maternal allele fraction is calculated as the ratio
of the total number of sequence reads with the B non-maternal allele over the total number of
sequence reads with either the A maternal allele or the B non-maternal allele, and the ratio is
converted to g percentage:

T
T{A+B}

% 100 (1),

Other related fractions or percentages may be used. For example, the total number of sequence

reads with the B non-maternal allele may be divided by the sam of the total number of sequence
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reads with only the A maternal allele. Reciprocals of any fiaction deserbed heretn may also be

used.

{0060] 1o practice, the fraction of non-maternal alleles i3 governed by the fetal DNA fraction,
as well as the sequencing and genotyping ervors, Provided that the ervors stemming from
genotyping and sequencing platforims are svstemic errors that are relatively constant under a
certain cireumsiance, the fractional fetal DNA concentration 1s proporiional to the fraction of
por-matemal alleles measured m maternal plasma. The fetal DNA fraction can be predicted by

analyeing the Baction of non-maternal alleles.

{00611 At section 140, a calibration curve is shown for obtaining the fractional fetal DNA
concentration from the non-maternal allele fraction. The calibration curve can have vanious
functional forms, e.p., inear, quadratic, or any polynonual. Section 140 shows a linear
calibration curve, with X as the non-maternal fraction, caleulated from Equation (1), Y as the

fractional fetal DNA concentration, o as the slope of the ling, and B as the y-intercept of the line.

[0062]  To establish the calibration curve, embodunents can use a sertes of samples with known
fetal DNA fractions {e.g., estimated from Y chromosome, hased on informative SNP sites, ete).
For each of the samples with known fetal DNA fractions, the non-maternal gliele fraction is
measured. A functional fit of the known fetal DNA fraction values to the measured non-maternal
fraction can be determined and used as the calibration curve. These samples may be termed

calibration samples.

[0063]  In vanous embodiments, the calibration value{s) can correspond to the calibration
value{s) of the calibration data point(s) determuned from the calibration samaple(s) or any
calibration values deternuned therefrom, e.g., of a calibration function that approximates the
calibration data pomts. The one or more calibration samples may or may not include any

additional samiple used to deternune the preferred ending sites.

{0064]  For each of the one or more calibration samples, a corresponding proportional
contribution of the first tissue type can be measwred, e g, using a tisspe-specific allele. A
corresponding relative abundance can be determined using the corresponding numbers of cell-
free DNA molecules ending within the plurality of windows corresponding to the first set of

genomic positions. The measured proportional contribution and relative abundance can provide

14
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calibration data point. The one or mwove calibration data points can be a phaality of cahibration
data points that form a calibration fimction that approximates the plurality of calibration data
poinis. Further details of use of calibration values can be found m U.S. Patent Publication

201340237431,

{0065]  In determiming the non-maternal allele fraction, every read with a non-maternal allele at
a siie can be counted, even ifis not known whether the fetus truly has the non-maternal allele or
whether i 1s an ervor. In some implementations, no mininyam number of non-maternal alleles
may be reguired before a site is used, which would othenwise be used as a test to determine that
the allele is not an ervor. In addition, sites that do not have a sequence read of a non-maternal
allele may still be used i the determination of the non-maternal allele fraction. For example,
even if some of the sites 1n the maternal plasma DNA have only sequence reads of the maternal
allele, these reads of the maternal allele may still appear in the denonunator for the caleulation of
the non-matersal allele fraction m Equation (1), The resulting non-matemal allele fraction may
then not reflect the actual nor-maternal allele fraction because the calculation includes a site that

may not have a non-maternal allele.

{0066] To ensure greater accuracy, embodiments can filter out the reads carrving an allele for a
stte that 15 not annotated in dbSNP database, e.g., assuming all SNPs used arve biallelic. For
example, a SNP site 15 annotated as A/C in dbSNP database. A vead carrving “G” seen in plasna
will be filtered out, but the aite can still be vsed as a reference for other reads being analvzed.
This can reduce the sequencing error mBluence. Further, all reads at site that 1s not annotated as a

SNP site can be filtered ot

B Training and validation of calibration curves

{0067] Maternal plasma samples were used to validate the use of the non-maternal allele
fraction i estimating the fetal DNA fraction. Some of the samples were used to as tranung data
sets, i order fo generate calibration corves of the action fetal DNA fraction versus non~-maternal
allele fraction. For the remaming samples, the non-maternal allele fraction 15 determined for each
savaple, and then the fetal DNA fraction was estimated based on the calibration curve generated

from the iniial samples. The estimated fetal DNA fractions for the rematning samples are then
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compared to the actual fetal DNA fractions to verify the accuracy of wsing the sorematernal

allele fraction.

1. Data sets

[8068] Two data sets were gsed to test the hypothesss as 1o whether the fetal DNA
concenttation can be determined from the fraction of non-maternal alleles measwred in matermal
plasma, For the first data set, there were a total of 35 sumples that were genotyped on Affymetnix
genotyping microartay (Affymetrix Genome-Wide Huoman SNP Array 6.0 sysiem) and
sequenced with 36 cyeles of paired-end mode on Genome Analyeer ix (Humma) as described in
(Lo YMD et al. (2010), Sof Trans! Med, 2: 615291} and [ Yu SC et al. {20048, Pree Nad doad Scé
{784, 111: 83838388}, respectively. On average, 671,206 {range 633 378-682,501}
homozygous sites were obtained among 906,600 SNPs being mierrogated on Affymetrix
genotvping platform. Meanwhile, afier pared-end sequencing reads were mapped to reference
human genome using SOPAZ [Yu SC et al. (2014), Proe Nail dead Soi US4, 111 8583-8388;
Li RQ et al, (2009, Bivinformarios, 25; 1966-1967], a median of 12,961 498 {range 7,728 645-
23,454,296} alignable and nonduplicated reads for the samples for subsequent analvsis was

obtained. The median of almost 13 muthion reads corresponds to approximately 0.3x coverage.

{0069] The second data set had a higher number of reads and number of samples than the first
data set. For the second data set, there were a total of 70 samples that were genotvped on
BeadChip array (Hlumima) and sequenced on HiSeq 2000 sequencer {Hlununa) (50 bp x 2)
[Stephame C et al. (2013), Cliniedd Chemistry/. On average, 1,940,577 gange 1,923, 282-

1,549 532} homozygous loor were obtamed among 2,351 072 SNPs betng interrogated on
BeadChip arvay {Ithanina). After ahgoment, a median of 69,959 574 (vange 26,036,386~
94,089 417} alignable and nonduphicated reads were obtamed for the samples. The almost 70
million reads corresponds to a coverage of about 2.3x. To evaluate the performance of the fetal
DNA fraction prediction, the estimated fetal fraction was compared with the fetal DNA fraction
that was deternuned through the use of the fetus’s genotypes as the standard (termed the actual

fetal DNA fraction).

i
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2. Non-maternal allele fraction calculation

[0078] The non-maternal allele fraction for cach sample s calcnlated wing Equation (1). For
the homozygous sites identified from genotyping a maternal-only sample, the number of reads
front the corvesponding maternal plasma sample is counted. The sum of the mumber of reads with
a non-maternal allele at the dentified homozygous sites 1s divided by the total number of reads at
the bomozygous sites {1Le,, reads with either a non-maternal allele or maternal allele) and then

converted {0 a percentage.

3 Fractional fetal DNA concentration estimation

{0671} To confinm that the fractional fetal DNA concentration is proportional to the fraction of
non-miaternal alleles m maternal plasma, each data set was randomly divided, with some samples
W a traming set and the remaming samples i an independent validation set. A Hngar regression
was used to model the relationship between the actual fetal DNA fraction {dependent vartable Y
and the fraction of non-maternal alleles (independent vaniable X, calculated by Equation (1) in
maternal plasma by analyzing 12 and 23 samples in the traming set of the first data set and
second data set, respectively. The actual fetal DNA fraction (/) was dedoced by analvzing the
reads overlapping with SNPs where the mother was homozygous and the fetus was heterozygous

according 1o the following formula [Lo YMD et al. {2010), Sef Transl Med, 2. 611a%1].

where p is the number of sequenced reads of the fetal-specific allele and ¢ 13 the read countof
the shared allele. Equation {2} differs from Equation (1) because Equation {2) mcludes reads
from only sites where the mother 1s homozvgous and the fetus 1s heterozygous, while
Equation {1} may also mclude reads from sites where both the mother and the fetus appear
homozypous. in other embodiments, F can be scaled 1o by 2 to correspond to the total fetal

fraction for all fetal DNA. Other ratios can also be used, e.g., pia.

{0072]  Accordmgly, F is assumed to be the actual fetal DNA fraction and 15 estimated from
sites whaere the mother 13 homozygous and fetus is heterozveous. The heterozygosity can be

deternuned by genotyping the placental tissues at the correspondling sites. The samples for which
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the actual fetal DNA fraction was determuned wera used to show that the deduced ¥ using

embodiments of the present invention are acourate.

4. Results

{60731  FIG. 2A shows 8 lnear model (Y = 19X - 1.4) constructed using the training data set
of the first data set. The actual fatal DNA fraction determinad usimg a previously obtained fetal
genotype is shown on the v-axis, and the nore-maternal allele fraction 15 shown on the x-axis. The

adjusted R sqaared was 0.97 {p-value < 0.0001).

[0074] FIG. 2B shows that the estimated fetal DNA fractions are highly similar to the actual
fetal DNA fractions in the first data set. The estimated fetal DNA {raction, using the linear model
from FIG. 2A, 1s shown on the y-axis. The actual fetal DNA fraction detepmuned using a
previously obtained fetal penotype 1y showr on the v-axis. A hnear regression 18 fit to the data,

with the resulting it having an adjusted R squared at 0.99 (prvalue < .0001)

{B0758]  FIG. 3A shows a hinear model {Y == 18.9X - 6.6, adjusted R squared of 0.99 and p-value
< 0.0001) was constructed from 24 samples 1n the trammg set of the second data set. The actual
fetal DNA fraction determined using a previousty obtained fetal genotype 15 shown on the y-axis,

and the non-maternal allele fraction 1s shown on the x-axis.

{0076 FIG. 3B shows that the estimated fetal DNA fractions ave hughly similar to the actual
fetal DNA fractions in the second data set. The gstumated fetal DNA fraction, using the hinear
maodel from FIG. 2B, 1s shown on the y-axis. The actual fetal DNA fraction determined using a
previcusly obtained fetal genotype 1s shown on the yv-axis. A linear regression 1s fit to the data,
with the resulting linear fit having an adjusted R squared of 0.99 (p-value < 0.0001}.

{0077] The validation sets i FIG. 28 and FIG. 3B show that the estimated fetal DNA fraction
based on calibration curves of the non~maternal allele fraction and the actual fetal DNA fraction
are highly correlated o the actual fetal DNA fraction, The linear fits for the validation sets in
FIG, 2B and FIG. 3B both have an R squared of .99 {(p-value < 0.0001). A high R squared value
mdicates that the technigue is precise, The points 1n FIG. 2B and FIG. 3B also e close to the

yv=x hine, which would indicate a perfect estimation of the actual fetal DNA fraction.

ig
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{B078]  FIG. 44 and 48 show the median deviatons from the actual fetal DNA fractions. The
x-axis in FIG. 4A and FIG. 48 s the actual fetal DNA fraction. The v-axis is the deviation as a
percentage between the estimated fetal DNA fraction and the actual DNA fraction for each
sample 1 the validation data sets. A positive value on the y-axis corresponds to the estunated
fetal DNA fraction being larger than the actual fetal DNA fraction. A negative value on the y-
axis corvesponds to the estinatad fetal DNA fraction being smaller than the actual fetal DNA
fraction. FIG. 4A shows that for the validation set of the Hirst data set, the median deviation

15 ~0.14% and ranges from -0.7% fo 1.7%. FIG. 4B shows that for the second data set, the median
deviation is -0.22% and ranges from -1.5% to 0.98%. The difference in the results for the two
calihration curves for the two data sets can be attributed to the differens platforms used. FIG. 4A
and FIG. 4B demonstrate that a maximum deviation of under 2% and a median deviation of
between ~0.14% and -0.22% are possible from estimated fetal DNA fractions using non-niaternal

allele fractions.

{0079] A relative prediction ervor (£%6) was further used to measure the accuracy of the model

constructed from the validation data sets, which was defined by:

E% == x 100% (2)

where F represents the estimated fractional fotal DNA concentration and F represents the actual
fetal DNA concentration. For example, E% = 3% suggests that if an actual fetal DNA fraction
was 10%, the readowt would be between 9.95% and 10.03% {10% x 0.05). The means of E%

were found to be 1.7% {range: 0.7 -~ 2.9%) and 3.8% {range: 1.3 -~ 14.9%%) for the first data set and

second data set, respectively.

{008G]  The experimental resulis confirm that the non-maternal allele fraction can be used

accurately and precisely measure fotal DNA fraction. The accuracy and precision of the

estimated fetal DNA fraction is within the range often required for NIPT testing.

C. Acewracy of fetal DNA fraction estimation depends on the achad fractional fetal

FINA conceniration

[0081] The prediction accoracy 15 dependent on the actual fetal DNA fraction bemg analyzed,

namely. The higher the fetal DNA fraction is, the more accurate the estimation. The second data
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set was used 1o mvestigate the relationship between the actual fefal DNA fraction and the relative
prediction error because there were more data pomts involving the fetal DNA fraction less than

%% (FIG. 38), which were collected after delrvery.

[0082] FIG. 5 shows a scatterplot of relattve prediction ervor versus the actual fetal DNA
concentration. The relative prediction ervor in percent 1s shown on the y-axis, and the non-
maternal allele fraction in the maternal plasma is shown as a percent on the x-axss. The
scatterplot displays a very clear “L” shape, m which cases with high fetal DNA levels exhibited
low pradiction ervors, and cases with low fotal DNA levels showed relatively high prediction

ervors. The E% would be close 1o 5% even for the actual fetal DNA fraction at 3% (FIG, 3).

. Relationship berween the sequencing depth and the accuracy of fetal DNA

Froction extismation

[0083] To farther demonstrate how sequencing depth affects the fetal DNA fraction, a
downsampling analysis was performed on the second data set because samples i the second data
set have a higher sequencing depth than the first data set, allowing samphng analysis 1o be
conducted multiple times. For each sample of 20 samples, a differemt number of sequence reads
were randomly selected, and patred-end reads were randomly selected from 20 samples in the
second data set with 1, 2, 4, 6, and 8 million per sample. The aforementioned analysis of the fetal
DNA fraction prediction was repeated. The numbers of sequence reads randomly selected were 1
mlhion, 2 mutlion, 4 mutlion, and & miilion.

{0084] FIG. 6A shows the estinated fetal DNA fraction versus the actual fotal DNA fraction
at 1 million reads. A linear regression it to the data has an R squared of 0.9946 and a p-value

less than G.001.

{B085]  FIG. 6B shows the estimated fetal DNA fraction versus the actual fetal DNA fraction
at 2 mulhion reads. A linear regression fit to the data has an R squared of 0.9918 and a p-value
less than 0.001.

j0086] FIG, 6C shows the relationshup at 4 million reads. A linear regression fit to the data has

an R squared of 0.9927 and a p-value less than 0.001.
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{6087 FIG. 61 shows the relationship at 8 milhion reads. A linear regression fit to the data has

an R sguared of 0.9924 and a p-valne less than 0.001.

{0088] The R squared values are all above 0.99 regardless of the numbser of reads. The p-
values remain less than §.001 no matier the mumber of reads. The results showed that even the
use of 1 mitlion reads can allow us to perform a prediction as good as the resolts through using 2,

4. 6. or 8 nulbon reads.

E Applicability of merhods

[0089] The fraction of non-maternal alleles present in maternal plasma of a pregnant fermale
can be used to estimate the fetal DNA fraction. A linear relationship between the fractional fetal
DNA concentration and the fraction of non-maternal alleles with a high R squared was present m
the maternal plasma, which demonstrated the genotyping and sequencing grrors arve relatively
constant given that consistent platforms are applied to the same data set. The predictive ability of
thix method has beean validated in mdependent data sefs. Accuracy may be improved with
updated calibration curves for different sequencing or genotvpe platforms. The improved R
squarad in the second data set may be attributed to the improved accuracy of genotvping amd
sequencing svstems [Yu SC et al, (2014), Proc Narl dead Sof IS 4, 111 85838588, Lo YMD
et al (2010}, Scd Trans] Med, 2: 61ra?1]. However, the different relative ervor (E%) observed
between the two data sets are likely due 1o more samples extubiting relatvelyv lower fetal DNA

fractions in the second data set.

{0090] Notably, sequencing depth is not a critical factor affecting the accuracy of the fetal
DNA fraction estimation as demonstrated in downsampling analysis. This method may be
accurately generahized to samples with different sequencing depths. The underlying reason may
be that the portion of loct showing the non-maternal alleles in maternal plasma will
proportionally increase or decrease as the sequencing depth varies. Then, the fraction of non-
naternal alleles i maternal plasma may be a constant valoe across different sequencing depths.
Therefore, this method may eliminate the bigh demand for sequencing depth and could be
readity applied to the real chiweal practices since the mnount of sequencing reads with ~18
miilion can be routinely achieved wn the non-invasive prenatal diagnosis [Kum SK et al. (2015),

Prenatal diagnosis: n/a-ndal.
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{6091]  The accuracy of the fetal DNA prediction shouldd be higher than twe previous non-
polymorphism-based approaches [Yu SC et gl (2014), Proc Naol dead Sci VX4, 111 3583-
8388: Kim SK et al. (2015}, Prenatal diagnosis: n/a-nfa), because the previous values for R
squared statistics were 0.83 and .93 respectively, [Yu SC et al. (2014), Proe Nad dead Sci U 8
A, 1110 8583-8388; Kim SK et al. (2015), Prenatal diagnosis: nfa-wval which are lower than the
counterpart of this study (The value of R squared was 0.99 in the second data set). Furthermorg,
this algornithm was able to scourately determine the low fetal DNA fraction of 5% (FIG. 5). This
ability to measure the low fetal DNA fraction 1s particularly important because a considerable
portion {around 3%%) of the matemal plasma samples have tractional fetal DNA concentration
less than 5% [Chin RW et gl (2011), BML 342 ¢7401; Palomaki GE et al, (2011), Gener Med,
13 913-920]. The accurate sstimation of fetal DNA fraction may then allow precise filtering owt
of samples with low fetal DNA fractions m g quality-control step [Palomaki GE et al. (2011),
Crenet Med, 13: 913-920]. 1n addition, the degree of change in the amount of maternal plasma
DNA from a chromosome mvolved in fetal aneuploidy show correlations with the fetal DNA
fraction. Samples with data falling outside of the correlation curve are considered more likely to
be false positives. Embodiments of estimating the fetal DNA fraction may help identify false
results. On the other hand, certain pregnancy-related conditions, such as preeclampsia and
trisomy 18, are associated with perturbed fetal DNA fractions m maternal plasma. Thus, a better
estimation of the fetal DNA fractions woudd allow more sensitive detection of those conditions
assoctated with perturbed amounts of fractional fotal DNA concentrations.

{0092]  Asthe massively parallel sequencing-hased clinical diagnosis is imcreasingly
recognized and progressively applied to clinical pragtices, personalized genotypes may be
available for each individual. Thus, the maternal genotype-assisted fetal DNA fraction estimation
could be readdy mtegrated mio currently existing approaches used in non-mvasive prenatal
diagnosis. Embodiments asing the sequence reads of alleles provide a generic approach for the
accurate estimation of the fractional fetal DNA concentration. Because there is a paucity of
mcthods developed to acourately estimate the fractonal fetal DNA concentration i the random
sequencing based non-invasive prenatal diagnosis, this method would provide a useful tool to
enhance one of the most rapadly adopted clintcal utilities of noninvasive prenatal detection of

fetal chromosomal aneuploidies [Aparwal A et al. (2013), Prengr Diagn, 33: 521-531], by

R
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atlowing more acourate statistical mterpratations of the sequencing result of the maternal plasma

DNA.

F Exemplary method of measuring foiel DNA fracrion using amounis of reads

{6093] FIG. 7 shows an example method 700 of measuring a fotal DNA fractton i a
biologival sample of a female pregnant with a fens. The biological sample inchdes maternal
DNA molecules and fetal DNA molecules. Method 700 can be performed usmg a computer

sysien.

[0094] Atblock 702, method 700 mclades identifving a plurality of sites having sequence
mformation that indicates the female is homozygous for a first allele at each site of the plurality
of sites. As examples, the sequence mformation may be determined from a same sample {(e.g., a
diffevent set of reads or a different aliquot of the sample), which may be plasma or other mixtre
of fetal and maternal DNA, or from a different sample of the female {e.g, froma sample of the
budty coat, a buccal swab, or a different sample of plasma). Regardless of the ongin of the
sample, the sequence information can comprise a separate data set of reads of DNA molecules,
e.g., other reads from the same sample or a different sample. In some embodiments, the
inglication that the female s homozyvgous can be made based on only the first allele baing
detected at the particular site. In other embodiments, the indication can allow some reads having
a differast allele, but with the mumber of reads having the other allele at the site being below a
threshold {e.g., a threshold for calling the site homozygous to within a specific statistical
accuracy ). Such an embodiment can be performed when a maternal-only sample (e.g., buffy
coat) s used to obtam the sequence mfvrmation. The sequence forreation may be obtamed via

any suitable technique, e.¢., sequencing or proves, as is described herem.

{0095]  The female may actually be homozygous at the plurality of sites. In some
embodnments, however, the female may be sequenced at a shallow depth 50 that only a few
alleles {e.g., one or two) are read at the sites, and the female may appear homozygous even
though the female 1s heterozypous at the site. Identifving the plurality of sites may mclude
obtaining & plurahity of reads frors DNA molecules of the biologieal sample. In other
ernbodiments, identifving the plurghiy of sties at which the female appears homozygous may

mclude wdentifving a plurality of sites from a plurality of reads of another biological sample {ie,
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a second biological sample) that does not nclude fotal DNA samples. For example, this second
biological sample may be 3 maternal bufty coat or buccal swab. Identifying the pheality of sites
at which the female appears homozygous may mclude genotypmg cells m the second biological
sample from the female. In some embodiments, the analysis of the maternal genotypes doss not
need to be highly accurate and can be obtained from a shallow depth sequencing of maternal
buffy coat, for example, but not lited, less than 0.1x, 0.2x, 0.3x, 04x, 0.5x, 0.8x, Ix, 1.8x, 2x,
3x, 4%, 5x, and 10x coverage of a haploid human genome. In someg embodiments, the plurality of
reads may be hmited to only reads ocourring at a second plurality of sites that are in a reference

database Tor sites known to have SNPs.

jB096] At block 704, method 700 meludes obtaming a phurality of reads from DNA molecules
of the binlogical sample. The phurality of reads may be obtained from a sequencing device or
from & data storage devive. Mathod 700 may also include recetving the biclogical samiple before
obtaining the reads. The reads may be linuted 1o sites that ave wWentifiad 1 2 database as
corresponding to a biallelic site, Le., & site with an SNP. A plurality of DNA molecules in the
biological sample may be sequenced to obtamn the reads. In other embodiments, a plurality of
DNA molecules in the biological sample may be analyzed using a microarray of probes to obtain

the reads.

[0097]  Atblock 705, method 700 includes Wentifving locations of the plurality of reads ina
reference genome. For example, the cell-free DNA molecules can be sequenced to obtain
sequence reads, and the sequence reads can be mapped (aligned) to the reference genome, If the
orgamisim was a human, then the veference genome would be a reference human genome,
potentially from a particular subpopulation. As another example, the cell-free DNA molecules
can be anatyzed with &ifferent probes (e.g., following PCR or other amplification), where each

probe corresponds to a genomic location

{6098] Atblock 706, method 700 inclades deternuning a first amownt of reads. Each read of
the first amount of reads 15 located at a site of the plurality of sites, and each read exhibits a
second allele different from the {irst allele of the female at the sie. In some cases, the first
amount of reads 18 the amount of reads of non~-maternal alleles. The second allele may be hmited

to an allele identified m a database as corresponding to a biallelic sue. Not all sites of the
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plurahity of sites may melude a read that exhibits the second allele. In fact, a portion of the sitex

of the plarality of sites may not include a read exhibiting the first allele,

{00991 At block 708, a second amount of reads at the plerality of sites may be determmed.
Each read of the second amount of reads is located at 3 sute of the plarality of sites_ and each read
exhibits the first allele at the site. In some embodiments, the second amount may mclude the
reads of the wdentical alleles sumimed with the first amount of reads that exhibit an allele different
from an allele of the fernale. In other words, the second amount may be either the sam of A+B as
shown in FIG. 1, or the second amount may be the sum of A, Determining the second amount of
reads may be determined tmplicitly from the total number of reads, The total number of reads

may be the second amount of reads.

{0106 At block 710, a non-maternal allele fraction may be deternuned from the first amount
and the second amount. The non-maternal allele fraction may include the first amount divided by
the second amount. The non-matemnal allele fraction mayv mnclude a number converted to a
percentage. In some embadirments, the noo-maternal allele fraction may molude the second

amount divided by the first amount.

[0101]  Atblock 712, a calibration point that is determined using another sample having a
known fetal DNA fraction and a measured non-maternal allele fractions may be obtamed. The
caltbration point may be one calibration pomnt of a plurality of calibration points, and the
phurality calibration points may constitute a caltbration curve. The caltbration curve may be
computed by determining fetal DNA fractions for a plurality of other samples from a plurahy of
pregnant females. The fetal DNA fraction for each other sample of the plurality of other samples
may include wdentifving a second plurabity of sites where at each site, the fetus is heterozvgous
and the pregnant female 18 homozygous. In some embodiments, the fetal DNA fraction moay be
determined using the Y chromosome of male fetuses. The plurality of reads from DNA
molecules of the other sample may be obtained. The plarality of reads may be equal to or sumtlar
to the mamber of the plurality of reads from DNA molecules of the first biological sample. A
third amount of reads having a fetal-specific allele at the second plurality of sites may be
determmed. A fowrth amowyt of reads having a shared allele at the second plorality of sites may
be determined. The fetal DNA fraction may be determined using the third amount and the fowrth

amount. Non-maternal fractions may be computed for the phaality of samples. The fetal DNA
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fractions and the non-maternal fractions may be it 1o a inear or other function. The hinear of

other function may describe the calibration curve.

{01021 At block 714, the fetal DNA fraction may be computed using the calibration point and
the non-maternal allele fraction. The non-matemnal allele fraction may be compared to a
calibration pomt of the cahbrabion cuwrve. The computed fetal DNA fraction may equal the fetal
DNA fraction corresponding to the same or sinntlar non-maternal allele fraction on the
caltbration curve. 1 the calibration carve is represented by an equation, the fetal DNA fraction

sy be the caloulaled resolt of substituting the non-maternal allele fraction into the equation.

G. Exempiary method of megyuring faial DNA fraction wving propertiey of IDNA
molecuies

{01031 FIG. 11 shows an example method 1100 of measuring a fetal DNA fraction m a
bislogical sample of a female pregnanmt with g fetus. Method 1100 may use a value defining a
property of a group of INA molecules. The property may inclade a size parameter of the group

of molecules or an amount of sequence reads of the group of molecules.

{0104]  Atblock 1102, method 1100 includes wentifying a plurality of sites having sequence
mformation that indicates the female 1s homozygous for a first allele at sach site of the plurality
of sites. Identifying the plorality of sites may be by any operation described herein, inclading

operations described in method 700

{0105] At block 1104, method 1100 includes obtaining a plurality of reads from DNA
molecules. Obtaming the plurality of reads may be by any operation described herein, including
operations described m method 700,

{0106] Atblock 1103, method 1100 includes identifving locations of the pluralitv of reads ina
reference genome. The reference genome may be the human genome. Identifving locations of the
reads may mclude aligning the reads to the reference genome or using probes, Idennifving
locations may be by any operation descnibed herein, imncluding the operation descnibed for block

FO5 i method 700,

{0167] At block 1106, method 1100 includes determining a first value of the first group of

DNA molecules. Each DNA molecule of the first group of DNA molecules may mclude a read 15

26
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located at a site of the plurality of sites. Each read may exhibit a second allele different from the
first allele at the site. The first value may define a propernty of the first group of DNA mwolecules.
For example, the first value may be the namber of reads located at the plurality of sites and
having the second allele, as in method 700. Determinmyg the first valae may further mchude
measuring sizes of the first group of DNA molecules, where the first size value 1s of a first size
distribution of the first group of DNA moleculgs. In embodiments, the first value may be a size
parameter. The size parameter may be a number of molecules with a size in a certain ranges or the
cumulative frequency of molecules under a certain size, e.g., a first cumulative frequency for

DNA molecules having a maximum size in the first group of DNA molecules.

[0188] At block 1108, method 1100 ncludes determining g second vatue of a second group of
DNA moleculss. Each DNA moleculs of the second group of DNA molecules may nclude a
read locatad ata site of the plurality of sites. Each read may exlubit the first allele at the site. The
second group of DNA molecules may also be from the same biological sample as the first group
of DNA molecules or may be from another biological sample {2.g., @ maternal DNA-only sample
suach as a bufty coat or buccal swab). Determining the second valoe may further nchude
measuring sizes of the second group of DNA molecules, where the second size value s of a first
stze distribution of the second group of DNA molecules. The secoud value may define the
property of the second group of DNA molecules. For example, 1f the first value 1sa size
parameter, the second value may also be a size pavameter. The second value may be the second

number of reads located at the plurality of sites and having the first allele.

{6109]  Atblock 1110, a parameter value of a parameter may be determined from the first value
and the second value. The parameter may include a ratio of the first value divided by the second

value.

j0118]  Atblock 1112, method 1100 may include comparing the parameter value to g
caltbration powt that ts determuned wsing at least one other sample (e.g., a calibration sample)
having 8 known fetal DNA fraction and a cabibration vahue covresponding fo separate
measurement of the parameter m the at least one other sample. The calibration pomnt may be one
calibration pomt of a plurality of caltbration points, and the plurality calibration points may
constitate a calibration curve. The caltbration curve may be computed by determining fetal DNA

fractions for a plurality of other samples from a plorality of pregnant females, similar to the
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operation i block 712 of method 700. The parameter values may be computed for the plorality
of other samples. The fetal DNA fractions and the parameters may be i to 8 linear or other

function. The linear or other function may describe the calibration curve.

{0111] Atblock 1114, the fetal DNA fraction may be computed based on the comparison. The
computed fetal DNA fraction may equal the fetal DNA fraction corresponding to the same or
simlar parameter value on the calibration curve. It the calthration carve is represented by an
equation, the fetal DNA fraction may be the calculated result of substituting the parameter value

o the sguation.
H. Measuring feral DNA fraction wying size pavamerers

[0112]  The size of DNA molecules with non-maternal alleles andfor the size of DNA
molecules with maternal alleles may be used to estimate the fatal DNA fraction. Fetal DNA has
been found to be shorter than maternal DINA in matemal plasma (Lo ¥YMD et al. Sot Transl Med.
2010:2:61ra%1). As a resudt, DNA molecules with non-maternal alleles shoudd be shorter on

average than DNA molecules with maternal alleles m maternal plasma.

{0113 As an example, a maternal plasma with a 20% fetal DNA fraction 1s genotyped by a
pucroarray approach (Ilumma). Sites where the maternal DNA was homozygous and a non-
maternal allele was present m the plasma were identified. The sizes of the DNA molecules with

these sites were compared for maternal alleles and non-maternal alleles.

{0114]  FIG. 12A shows the size distribution of DNA molecudes with maternal alleles and non~
maternal alleles. The x-axis is the size of a DNA molecule in base pairs. The v-axis is the
frequency of a given size as a percentage. Line 1202 is the size distribution of the DNA
molecules with the maternal alleles, and line 1204 1s the size distribution of the DNA molecules
with the non~-maternal alleles. Line 1204 15 generally o the left of line 1202, suggesting that
DNA molecules with non-maternal alleles are generally shorter than DNA molecules with

maternal alleles.

{0115] FIG, 12B shows the cumulative frequency of the sizes of the DNA molecules from
FIG. 12A The x-axis 15 the size of a DNA molecule in base pairs. The v-axis is the comulative
frequency as a percent. Line 1206 1s the cumulative frequency curve for sizes of DNA molecules

with maternal alleles, Line 1208 15 the cumulative frequency curve for sizes of DNA molecules

I8
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with non-maternal alleles. Line 1208 s above hine 1206, mdicating that DINA molecules with

non-maternal alleles are shorter than DNA molecules with maternal alleles.

{0116] FIG. 120 shows A, the difference between the two cumulative frequency aurves {line
1206 and line 1208). The x-axis iy the size of a DNA molecule n base pawrs. The y-axis is AS,
the difference between the two cumalative frequency curves. The maximum vahee of AS 1y at
about 130 bp. As a resalt, for DNA molecules of stzes less than or equal to 150 bp, the DNA
molecules would be relatively ennched for non-maternal alleles. The AS at 150 bp, denoted as
AS g, was quantified for 32 samples with 8 nullion paired-end sequence reads 1o test s

suitability m estimating fetal DNA fraction.

{0117]  FIG. 12D shows the relationship between ASsoand fetal DNA fraction for the 32
samples, The x-axis s the fetal DNA fraction as 3 percent. The y-axis 18 AS;se, the difference
between the cumulative frequency curve of DNA molecules with non-maternal alleles and the
cumulative frequency curve of DNA moleculegs with maternal alleles at a length of 1530 bp. ASi
15 positively correlated with the fefal DNA fraction, In other words, a higher arnount of shont
DNA molecules carrying the non-maternal alleles suggest a higher fetal DNA fraction. A lmear
regression is {1 1o the data. The lingar fit has an R squared of 0.81 (p<0.01}. The DNA molecules
with the maternal alleles inclode DNA molecules that are fetal DNA, but still carey the maternal
allele. Thus, the AS;s 18 not expected to reflect the actual size difference between maternal DNA
and fetal DNA,

[0118] In some embodiments, the AS may be at sizes other than at 150 bp. For example, the AS
may be at 50, 60, 70, 80, 90. 100, 110, 120, 130, 140, 160, 170, 190, 200, or 210 hp. Other size
parameters may also be vsed. The size difference can be between any statistical valoe of size
distributions for the two groups. For example, a difference 1 a median stze of the first group of
DNA molecules and the second group of DNA molecules can be used. As another example, a
maxinmg m a comulative frequency by size between the first group and the second group. Any

size value described in U S, Patent publications 201 1/0276277 and 2013/0237431 can be used.

[6119] A cabibration curve between the size parameter and the fetal DNA fraction can be wsed.
The calibration curve may relate the fetal DNA fraction to the size parameter for other samples.
The fetal DNA fraction for the other samples may be deternmined by any method descenbed

herem. The size parameter may then be measuared for the other samples and plotted against the

A
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fetal DNA fraction. A Hnear regression or other regression would be fit {o the data to determineg &
calibration carve. The size parameter of a biological sample of ynknown fetal DNA fraction can

then be compared to the calibration curve 1o estimate a fetal DNA fraction.

{0120] In these embodiments, size parameter based on the sires of non-maternal allele DNA
and maternal allele DNA may be used in estimating the fetal DNA fraction, even if the parameter

does not reflect the sizes of fetal DNA and matermal DNAL
L Exemplory method of measuring fetal DNA fraction using size paramelers

[0121]  FIG. 13 shows an example method 1300 of measuring a feial DNA fractionm a
biological sample of a female pregnant with a fetus. Method 1300 mayv use a value defining a

size of & group of DNA molecules. The value may be a value of a size parameter,

{81221 Atblogk 1302, method 1300 includes identifying a plurality of sites based on segquence
miformation that indicates the female 18 bomozygous for a fivst allele at each site of the phaalay
of sites. Identifying the plarality of sites may be by any operation described heremn, mwlading as

m method 700,

{0123] At block 1304, method 1300 mchxdes obtaimng a plurality of reads from DNA
molecules of the biological sample. Obtamning the plurality of reads may be by any operation

described herein, mchiding as i method 700,

{0124]  Atblock 1303, method 1300 includes identifying locations of the pluralitv of reads ma
reference genome and determining sizes of DNA molecules of the biological sample. Idenufying
locations may be by any operation described heremn, including the operation described for block

705 m method 700, Measuring sizes may be by electrophoresis or performed in sifico.

[0125]  Atblock 1306, method 1300 mcludes deternuning a fivst size value of a first group of
DNA molecules. Each DNA molecule of the first group of DNA molecules may include a read
located at a sie of the plurality of sites. Each read may exhibits a second allele different from the
first allele at the site. The first size value may correspond to a statistical value of a first size
distribution of the first group of DNA molecules, The first size value may be a size parameter.
The size parameter may be a number of molgcules with a size in & centam range of the

cumulative frequency of molecules under a certain size. As further examples, the size value may
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be & predian size, 3 mode of a size distnbation, or 8 mean size of the first group of DNA

molecules.

{01261 At block 1308, method 1300 includes determming a second value of a second group of
DNA molecules, Each DNA molecule of the second group of DNA molscales may include a
read located a site of the plurality of sites. Each read may exhibit the first allele at the site. The
second group of DNA molecules mayv also be from the biological sample or may be from another
biological sample (e.g., a maternal DNA-only sample such as a bufty coat or buccal swab). As
further examples, the size value may be g median size, a mode of size distribution, or a mean size
of the second group of DNA molecules, The second size value may correspond to 8 statistical
value of a second size distribution of the second group of DNA molecules. For example, if the

first value 1s a size parameter, the second value may also be a size parameter.

{01271 Atblock 1310, g pargmaeter value from the first value and the second value may be

determmed. The parameter may mclude a ratio of the first value divided by the second value.

{0128]  Atblock 1312, method 1300 may include comparing the parameter value to a
calibration point that is detenmined using at least one other sample {e.g.. a calibration sample}
having a known fetal DNA fraction and a calibration value corresponding to separate
measurement of the parameter in the at least one other sample. The calibration point may be one
calibration point of a plurality of calibration pomnts, and the plurality calibration points may
constitete a calibration curve. The calibration curve may be computed by determupung fetal DNA
fractions for a plurality of other samples from a plurahty of pregnant females, simlar 1o as
described 1w method 700, The parameter valoes may be computed for the phueality of other
samples. The fetal DNA fractions and the parameters may be fit to a linear or other fimction. The

hnear or other function may describe the calibration curve.

{01291 Atblock 1314, the fetal DNA faction may be computed based on the comparison. The
parvameter value may be compared to a cahibration point of the calibration curve. The computed
fetal DNA fraction may equal the feral DNA fraction corresponding to the same or stimilar
parvameter value on the calibration corve. If the calibration curve 1s represented by an equation,
the fetal DNA fraction may be the calculated resalt of substituting the parameter value into the

equation.
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iL ANALYZING DNA USING AMOUNT OF LOCY

[6130] To determime a maternal genotype or a fetal genotype, some emboedunents do not
requive analysis of reads from a sample of culy maternal DNA only fetal DINA, or any DNA
front only one subject. Indeed, some embodiments need not include highly accarate information
about the maternal genotype. For exanmple, determming what loct on the maternal genotype are
homozygous need not be known with high statistical confidence or even any statistical
confidence. Instead, methods can assume that certain loct are homozygous by the presence of
only one or a few alleles i a sample contaming both maternal DINA and fetal DNA. Thase
methods often have shallow sequencing depths not considered adequate for confidently assessing
alleles present at a locus. For example, determuning that a locus is homozygous may be based on
only one or two reads at the locus. As a result, sites identified as homozveous may only appear to

be homozygous because the site has not been sequenced in enough depth.

{0131]  Addwonally, emboduments to analyvze DNA can include analyzing the apparently
homozyeous loct for an altermative allele (e g, non-maternal allele) in a sample coutainmg both
maternal DNA and fetal DNA. Analvzing the sample for the alternative allele may also be done
at shallow sequencing depths, The shallow sequencing depths may result in few reads,
sometimes only one or two reads, at a locus. The low number of reads at a locus may result in
not sequencing any alternative allele that 1s actually present at a locus or undercounting the
proporiion of alternative alleles present at 4 locus. Because of these possible ervors, techniques
using 4 shallow sequencing depth would not be expecied to accurately measure the feial DNA

fraction or other characteristics of a biological sample.

{0132]  Moreover, identifying an alternative allele at a locus as a means to determine fetal
DNA fraction would not be expected to work for any smgle locus. For any single locus, the
alternative allele would either be present or not present. Thus binary cuteome would not provide
enough mformation for measwring the fetal DNA fraction or other charscteristios of a biological

sample,

[0133] However, methods desoribed herein surprisingly can sccurately measore the fetal DNA
fraction or other characteristics of a biological sample when shallow sequencing 1s performed.

These methods can provide uséfol mformation regarding the biological sample by usmg several



WO 2017/050244 PCT/CN2016/099682

loet, averaging results to mminmze sequencing and other errors, and wsing cahbration data. These
methods improve over conventional methods, which may work well for only male fetuses, may

need genotype information of either or both parents, or may need high sequencing depths.

A General approach

{134]  FIG. 8 shows an Hhudration of 2 method 800 of measuring fetal IINA fraction without
obtaming a maternal genotype, a paternal genotype, or a biological sample containing only

maternal DNA molecules.

{0135] Block 802 starts with a biological sample or biclogical samples. The biological
sample(s} may be plasma, serum, blood, saliva, sweat, uring, tears, or other fluids from a female
pregunant with a fetus. The biological sample may have a munimman fetal DNA molecule fraction
of T, 2%, 3%, 4%, or $%. The hiologieal sample contains both maternal and fetal DNA
molecules. The biological sample may be obtained by a needle administered by a medical
professional. The biological sample may also be obtained noninvasively ag part of a routine

medical appomtment,

{0136] Block 804 shows that sequencing reads are obtamed from DNA molecules from the
biological sample. The sequencing reads for any data set may be shallow or low-depth. For
examptle the pumber of sequencing reads may be less than 0.1x, 0.2x, 0.3x, 0.4x, 8.5x, (.8x, Ix,
1.5%, 2x, 3x, 4x, 5x, and 10x coverage of a haploid human genome. The sequencing of the DNA
molecules may be performed by any suitable sequencing technique or system. The sequencing or
the reads may be linuted {o sites with known and commuon SNPs, including SNPs in a reference

database {e.g., dbSNP or HapMap).

{0137}  Blocks 806 and 308 show two data sets of sequenced reads obtamed from one or more
biological samples. The two data sets may be data from two biological plasma DNA replicates
{1.¢., two different blood draws from the same patient at about the same time); one plasma
sample spht into two aliquots; one plasma sample and one constitutional genomic DNA sample
{e.g., maternal buffy coat DNA, buccal swab DNAY; or one plasma/serum sequencing data set
randomly sphit into two sequencmg data sets in xilico. Accordingly, two samples may be

obtamed m block 802, with sequence reads oblained separately for each sample.

>
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{6138] Block 810 depicts dentifving an exclusive allele m cach Jocus of a first set of focs. For
iHustrative purposes, veads 812 show a first set of locl 814 that is characterized by an exclasive,
single allele at each locas of foct a-h. Ap allele is symbolized by a white or black square in FIG.
8. Inreads 812, first set of loct 814 includes loct a-h. Loct a-h may not be consecutive loct.
These loct are apparently homozygous because no locus shows the presence of two different
atleles. Given only one ar two reads at any locus in reads 812, characterizing any locus as
homozygous cannet be done with a high statistical confidence. Indeed, for a locus with a single

read, the locus would not normally be considered characterized as homwozygous with any

confidence, These loct may be limited to loct with known and common SNPs.

j0139]  Block 816 shows sdentifving & second set of loct that exhibits an alternative allele. The
second setof loct s identified from within first set of loci 814, Reads 818 show the alleles
sequenced from the second data set. Low g, ¢, £ and ¢ show readds with an allele different from
the allele{s) m reads 814 for the same loct. These loct show an alternative allele, because the
allele is alternative from the allele in the first data set. Loci b, d, e, and b show reads with alleles
that are the same atlele as o reads 814, The second set of toct s therefore wdentified as loci g, ¢,

foand ¢

{6140] Block 320 determines a first amount of oot The first amouvat of toc may be
determined from the first set of loct. In other embodiments, hecause the first set of loct s
analyzed 1 the second data set, the first amount of loct mav be determined from the second data
set. The first amount may be a number of loct or a number of reads with the alleles. If the first
amount 15 a number of loct, Tor reads 812, the number of loct Hlustrated 15 8. The first amount
may be lmited to reads from DNA molecules with a certam size or a certain propesty. For
example, the first amount may be the mumber of loc for DNA molecales having a certan
absolute size or a certain size relative to other DNA molecides. The nomber of reads with the
atleles may be a count of the alleles read. In reads 812, the number of reads with the alleles is 11.
in certain embodiments, the average namber of reads with the alleles may equal 1o number of

toct 1f the each loct averages about one allele read.

{0141] Block 822 determines a sscond amount of loct i the second set of loci. The second
amount may be a netber of lodt or & nummber of reads with the alleles. The second mmoum

should be commensurate with the first amount and have the same units, but the first amount and
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the second amount i some embodiments may bave different wnits. 1 the second amount i3 the
number of Joct, then the second amount deternuned fromy the second setof reads 818 s 4 H the
second amount 15 the number of reads with the alleles, the second amount inreads 818 13 6.
Because the first set of loct n the second data set 1s analvzed for the second set of locy, the first
amount of loct may, 1n some mstances, be considerad to be determuned from the second data set

it addinon 1o the first data set.

{1142] Block 824 determines an apparent allelic discrepancy (AAD) from the first ayount and
the second amount. AAD 13 3 parsmeter to quantify the proportion of sites showing the
alternative allele in the second data set and not present in the first data set. AAD may be
calculated by the second amount divided by the first amount, as shown in block 824, In other
embodiments, AAD may be calculated from the second amount divided by the amount of
maternal alleles only (e, the difference batween the second amount and the fivst amount).
Calculating AAD may include a multiplicative factor andfor the reciprocals of the described

calculations, AAD may be considered a normalized parameter of the second amount.

{0143]  Block 826 shows analyzing the biological sample using the AAD. Analyzing the
biological sample may mclude computing a fetal DNA fraction from AAD using a calibration
curve. The calibration curve describes the relationship between fetal DNA fraction and AAD, as
shown i graph 828, The cahbration curve may be determined based on actual fetal DNA
fractions and AAD valoes from other biological samples. The number of sequenced reads for the
data points 1n the cahbration curve may be similar to the number of sequencing reads m the
biological sample with the unknown fetal DNA fraction. In other words, the AAD data from
samples with known fetal DNA fractions should be at simtlar or the same sequencing depth as
for the biologieal with the wokaown fetal DNA fraction. For example, the caltbration curve may
be at a sequencing depth of sathin Ix, Sx, 1x, 15%, or 20x of the sequencing depth of the DNA
molecules from the hiological sample. In some embodiments, the calibration curve may be
hted to samples with similar genetic backgrounds as the mother, father, or fetus. For example,
the calibration curve may be narrowed to AAD data from samples from people of the same or
similar ethate group. Calibration curves may also be Imited to specitic haplotypes or haplotype

blocks. Accordingly, several calibration curves coudd be vsed for the same sample, for several
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senomie regtons, ncluding haplotypes. In some embodiments, AAD may be used to non-

mvasively test for twin zygosity.

{0144]  As the sequencing depth increases, the proportion of loot identified as having a non-
maternal allele would merease as more and more non-maternal alleles at loct are sequenced. Asa
result, at high sequencing depths, the proportion of loct with a non-maternal allele and the AAD
value would not be expected to vary with fetal DNA fraction. The sequencing depth may he
fimted to a maxamum of Sx, 10x, 18x, 20x, or 23x coverage to avoid a region where the AAD
value does not depend on the fetal DNA fraction. A biological sample may still be sequenced at
high sequencmg depths above this maximum, but the resulting data may then be downsampled

randomly 1o generate a sequencing read data set with a sequencing depth below the maximum.
B Exempliory method of measuring fetal DNA fraction

[0145] FIG. 9 shows a method 900 of measuring a fetal DNA fraction in a biological sample
of a fernale pregnant with a fetus. The biological sample includes maternal DNA molecules and

fetal DNA molecules. The iological sample mav be any biological sample described heramn.

{0146]  In block 902, method 900 mnchudes recetving a data set from a pluralty of reads from
DNA molecules of a first sample of the female pregnant with the fetus. The data set may be
received by a computer system from a sequencing device or a data storage device. The first
sample may or may not be the biological sample. The first sample may have only maternal DNA

and no fetal DNA, such as a buffy coat or a buccal swab.

{0147] In block 904, method 900 includes dentifving locations of the first plurality of reads in
a reference genome, Identifying the locations may be by anv operation described herein,

meluding the operation described for identifying sites in block 704 in method 700,

{0148]  in block 906, method 500 nchudes identifving a first set of loci based on the first data
set and the identified locations. No locus of the first set of loci exhibits more than one allele. In
other words, each locus of the first set of loct 1s monoeallelic and appears homozygous. The first
set of loct may be chosen from a set of loct from a reference database, In other words, the first
set of loci may be a subset of the set of loci from the reference database, with each loci of the
first set of loci in the set of loct from the reference database. The set of loct may be known to

mclude simple nucleotide polvmorphisms (SNPs) or a high wnstance of heterozygosity, The



14

20

3

WO 2017/050244 PCT/CN2016/099682

reference database may mclode The Short Genetie Vanations database (dbSNP) or HapMap
databases. The set of loci may be narrowed to certain loct known to have a high probability of
heterozygosity in certain ethnie or other genetic groaps sinntar to the ethnic or genetic group of

the mother or the fetus.

{0149]  The plurality of reads may be at shallow depth. For example, the depth of reads may be
less than or equal to 10x, less than or eqaal to Sx, less than or equal to 4x, less than or equal to
3x, less than or equal to 2x, less than or equal to Ix, or less than or equal to 8.5x i1 embodiments.
For a baploid human genome, Ix coverage 15 approximately 50 million reads for a size of 50 bp.
The number of reads may be less than or equal to 30 million reads, mcluding less than or equal to
30 mulhion reads, 20 million reads, 15 nullion reads, less than or equal to 10 mitlion reads, less
than or equal to § million reads, less than or equal to 3 mullion reads, less than or equal to 4
million reads, less that or equal 1o 2 nullion reads, or less than or equal o 1 nullion reads. A
locuis may have a total of one or two reads. A plurality of loci 1 the first set of loct, cluding
over 10%, over 209, over 30%, over 40%, over 30%, over 60%, over 7T0%, over 80%, or over
90% of all loct in the first set of loct may have a maxnnum of one or two reads. The maximum

number of reads m any locus of the first set of locimay be 1,2, 3,4, 5,6, 7.8, 9, or 10,

{0150] In block 908 method 900 mcludes determning the first amount of loci. The frst
amount may be the number of foct in the first set of Toct from the first data set or may be the total
nuntber of alleles read in the first set of loct. In other embodiments, the first amount may be

determined front the number of loct m the fivst set of loct from the second data set.

{6151] Inblock 914, a second data set from the plorality of reads from DNA molecules of the
biclogical sample may be recetved. The second data set may be recetved by a computer system

from a sequencing device or a data storage device.

{0152]  In block 912, method 900 mcludes identifying locations of the second phuality of reads
i a reference genome. Identifying the locations may be by any operation deseribed heren,
meluding the operation described for identifying sites in block 704 in method 700,

[0153]  Inblock 914, asecond set of loct 1s wdentified based on the second data set and the

wdentified locations. Each locus of the second set of loct exhibits an allele different from an allele

extubited i the first set of loci. In other words, each locas of the second set of loct may show a
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non-maternal allele, while each corresponding locuy in the first set of loct may show only
maternal alleles. Fach read m the second data set may be different from each read m the first data
set. In some embodiments, the frst data set may be half of the plurality of reads, and the second

data set may be the other half of the plarahity of reads.

{0154]  In block 916, method 900 includes determining a second amount of loct in the set of
loct mn the second data set. The second amount may be the number of loct 1 the second set of
foct or may be the total namber of alleles read in the second set of loci. The second amount may
be Bmited to reads from DNA molecules having & certain size. For example, the veads used for
the second amount may be restricted 1o reads from a first plurality of DNA meolecules having a
minimum average size difference from a second plurality of DNA molecules. The second
plurality of DNA molecules may include the DNA molecules with sequence reads used for the
first set of oo, The sscond pharality of DNA moleculss may include all DNA molecules
sequenced m the biological sample. The mmimum size difference may be Sbp, 10 bp, 20 bp, 30
bp, or 40 bp i embodiments. The sizes of the first plurality or second plurality of DNA
molecules may be measured, or the sizes of the fiest plurality or second plarahity of DNA

molecules may be received.

[0155] In block 918, a normalized parameter of the first smount and the second amount may
be determined. In some embodiments, the normalized parameter may nclude the second amount
divided by the first amount. The normalized parameter may then be a ratio of the number of
apparently non-maternal alleles to the number of materal alleles. In other embodiments, the
normalized parameter may mclude the second amount divided by the sum of the first amount and
the second amount. In these embodiments, the normalized parameter may be the ratio of the
nuntber of apparentty non-maternal alleles o the total number of alleles. The vormalized
parameter may also be the reciprocal of any of these caloulations. AAD Is an example of a

normahzed parameter.

{0186] In block 920, method 900 inchudes comparing the parameter value to a calibration pomt
that 15 determined using at least one other sample {e.g., a cabibration sample} having a known
fetal DNA fraction and a calibration value comresponding to separate measurement of the
parameter in the at least one other sample. The calibration pomnt may be one calibration point of a

plarality of calibration points. The plarality of calibration points may constitute a calibration

S
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curve. The calibration cutve may be a curve fitted 1o data points of known fetal DINA fraction
and nonmalized parameters determined for different biological samples. Graph 828 15 one
example of a calibration curve. The calibration curve may be a linear regression of the data

pomts. The calibration curve may have a slope that does not equal 1 and may be less than |

{0157 The calibration curve may be determined using a known fetal DNA fraction and a
normalized parameter (1.e.. a second normalized parameter) from another biological sample
determmed by a simifar method as the normalized parameter {1.e., the first normalized parameter)
from the biological sample currently being analyzed. The second normalized parameter may also
be determined from operations similar to blocks 902 to 918, The number of reads associated with
the loct m the data sets from the other biological sample may be about equal to the number of
reads i the current biological sample. The number of reads may be within 1x, 5x, or 10x of each

othee,

{B158]  In block 922, a fetal DNA fraction 1s computed based on the compartson. The fetal
DINA fraction may be the fetal DNA fraction in the calibration curyve corvesponding to the same
value of the normwlized parameter. In some smbodiments, the fetal DNA fraction may be
wnterpolated between two fetal DNA fractions for two values of the normalized parameter. In
other embodiments, the calibration curve may be a linear equation, of the form y=mx + b, where
y 1s the fetal DNA fraction, x is the normahzed parameter, and m and b are parameters fitted to

the cabibration curve.

. Experimental resulls for fetal DNA fraction

[159]  Using AAD to megsure fetal DNA fraction was tested using 24 plasma samples from
24 pregnant women carrving male fetuses, with each sample having an average of 8.1 million
sequence reads (range: 7.1 ~ 10.3 million). Of the 24 samples, 14 samples were used to establish
a cahibration curve modeling the relattonship between the actual fetal DNA fractions and AAD
valoes. The actual fetal DNA fractions were determined by the proportion of veads denved from
Y chromosome (Hudecova T et al, PLoS Qne. 2014; 9:e88484). To calcudate AAD values, each
savaple of the 14 samples was divided randomly imto two data sets. In the furst data set, a st set
of loct showing one and only one type of allele was 1dentified. In the second data set, each locus

of the first set of toct was analyzed to determine i an alternative allele was present. Locr wath an
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alternative allele constituted the second set of loct. AAD was calealated as the number of looi

the second set of loci divided by the nember of loct in the first set of loct mueltiplied by 100%.

{0160]  FIG. 104 shows the calibration curve from a linear regression model of the fetal DNA
fractions and AAD values, The v-axis shows the feral DNA fraction devived from the Y
chromosome, and the x-axis shows the AAD value. The linear regression has a slope of 11.61

and an y-miercept of -109.93. The R squared value 1ix 0.8795.

{0161} FIG. 108 shows a linear regression based on the fetal DNA fractions and the
proportions of short DNA molecsles. The v-axis shows the fetal DNA fraction desived from the
Y chromosome, and the x-axis shows the percentage of DINA molecules with a size less than 150
bp in the sample. Fetal DNA fraction has been estimated based on the size of DNA molecules
{Yu SC et al, Proc Natl Acad Sci USA, 2014:111; 8583-8). The linear regression has a slope of

1.9247 and an y-intercept of -3.7911. The R squared value 15 0.3593,

{0162]  For this data set, determming the fetal DNA fraction from AAD values pave a lgher
correlation than determining the fetal DNA fraction from the proportion of shorter DNA
molecules as indicated by the R squared values. With a higher R squared value, AAD-based fiztal

DNA fraction estimation would be more accurate than the size profile-based approach.

{0163] To test the generalizalulity of AAD-based calibration curve of FIG. 10A, the remamung
10 samples from 10 pregrant females were sequenced. Each sample of the 10 samples was
divided randomly o two data sets. In the first data set, a first set of loci showng one and only
one type of allele was identified. In the second data set, each locus of the first set of loci was
analyvzed to determine if an alternative allele was present. Loct with an alternative allele
constituted the second set of loci. AAD was caleulated as the number of loct in the second set of

toct divided by the number of loct in the first set of loct multiphed by 100%.

j0164] The fetal DNA fractions for the AAD values from the 10 samples was determined from
the calibration curve in FIG. 10A. In addition, the fetal DNA fractions were determined for the

10 samples by the proportion of reads derived from Y chromosome.

{0165] FIG, 10C shows the fetal DNA fuctions determined by the AAD values on the y-axis
aganst the fetal DNA fractions based on the proportion of reads denived from the Y

chromosome. The fetal DNA fractions estimated by the AAD values were well correlated with
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the actual fetal DNA fractions, with an R squared of 8,896, The median deviation from the actual
fetal DNA fraction was only 0.8%, suggesting a high accuracy of fetal DNA fraction prediction

achieved. Thus, an AAD-based calibration cuarve is observed to be well-generalized into a new

set of samples.

{0166 The accuracy of the AAD-based fetal DNA fraction estimation coudd be mereased with
a higher fetal DNA fraction in the sample. a reduced sequencing error rate, and using a

caltbration curve based on samples from mdividuals wath similar genetic profiles.
. Clasyifiing rwin gyeosine with 44D

{1671  AAD can be used 1o classity whether twins are monozygotic or dizygotie, Thzygolic
twins have fetuses with different genotypes. A locus with different penotypes meaus that af least
one of the fetuses has a non-maternal allele. The proportion of locl with a non-maternal allele
a plaswa sample with dizygotic fetuses would be higher than the proportion of loci v a plasma
sample with a smgle fetus. For monozygotic twins, becanse the genotypes of the fetuses are
identical, the proportion of loct in a plasma sample with monozygotic fetuses would not be
expected to be higher than the proportion of loci i a plasma sample with a single fetus. The
proportion of loct with non-maternal alleles would then be expected 1o be higher for dizygotic
fetuses compared to monozygotic fetuses. As a vesult, the AAD caleulated from the proportion of
focr with non-maternal alleles would be expected to be lugher, and the computed fetal DNA

fraction would be expected to be higher for dizvgotic fetuses,

{0168] FIG. 14 shows fetal DNA fractions calculated for six differant sets of twins, Three sets
of twins gre monozygotic and three sets of twins are dizygotic. The fetal DNA fraction is
estirnated by two methods. In the first method, the fetal DNA fraction is estimated based on the
size of DNA molecules (Yu SC et al, Proc Natl Acad St USA. 20041112 B383-8). The suiee of
the DNA miolecules 1s not expected 1o vary based 'on the zygosity of the fensses. In the second
method, the fetal DNA fraction s estimated from an amount of loci {e.g., as described for
embodiments using an AAD value). In the second method, the fetal DNA fraction is estimated
from the AAD vadoe. The AAD valoe ts expected to vary based on the zygosity of the fetuses,
FIG. 14 shows that the difference between the AAD-based fetal DNA fraction and the size-based

fetal DNA fraction i3 greater for dizygotic twins compared to monozygotic twins. This difference
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m fatal DNA fraciion estimates can be usad 1o clasaily feluses as etther monozygolic or

dizygotic.

{0169] To classify the zygosity of multiple fetuses, the fetal DNA Faction of a biologieal
sarnple may be sstimated using an AAD valug, as descrtbed herein, This first fetal DNA fraction
may then be compared with a cutoff value. The cutoff value may be determined 1o be some value
greater than a second fetal DNA {raction of the biological sample. The second fetal DNA
fraction may be estimated by a method where the estimated fetal DNA fraction does not vary
based on the zvgosity of the fetal DNA in the sample. For gxample, the estimated fetal DNA
fraction may be based on the size profile of the DNA molecules in the biological sample. The
cutoff value may be a certamn absolute percentage greater than the second fetal DNA fraction. For
example, in FIG. 14, a cutoff value mayv be between 2 and 4 absolute percent greater than the
size-based fetal DNA fraction. The cutoff value may be an absohute percent preater, a relative

percent greater, or a multiple of a standard deviation greater than the second fetal DNA fraction.

[0178] I the computed fetal DNA fraction s greater than the cutodf value, then the fetuses
may be classified as dizyvgotie. I the computed fetal DNA faction is less than the cutoff value,
then the fetuses may be classified as monozygotic. by some embodiments, two cutoff values may
be ased, with a first cutoff value greater than a second cutoff valoe. If the computed fetal DNA
fraction is greater than or equal to the first cutoff value, then the fetuses may be classified as
dizygotic. I the computed fotal DNA fraction 1s less than or equal to the second cutoff, then the
fetuses may be classified as monozygotic. If the computed fetal DNA fraction s between the two
cutoff values, the fetuses may be classified as indetermunate for zygosity. The fetuses may then

undergo further zyposity testing,

FER A4 wirh loct having o certain size

{0171}  The calealation of AAD can be based on identifying a non~-materal allele through
characteristics other than the sequence read. For exaraple, as explained above, fetal DNA is
shorter than maternal DNA. As a result, a long DNA molecule may likely include a maternal
atlele, while a short DNA molecude may hkely include a norematernal allele. Characteristios that

indicate 8 non-maternal allele may be related fo a size parameter of the DNA molecudes s loct
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The size parameter mav be a cerfain absolute size or a certain size relative to other DNA

molecules.

{01721  Identitving loci with non-maternal alleles may be based on a size difference from a
maternal allele. A larger fotal DNA fracthion may correlate with a larger proportion of sites with

molecules in one data set showing at least a cerlain size ditference from molecules in another

data set.

{01731 As an example, shallow-depth sequence data from one abiquot with maternal DNA
from a pregnant female was analyzed, and a first set of loct that have DNA molecules with
fengths greater than 166 by are identified. A second aliquot with maternal and feial DNA from
the same pregnam female was sequenced at shallow depth. In the data from the second aliquat, a
second set of loct with DNA molecules having a size parameter (size value} shorter than 143 bp
are identified. In other words, the difference between the size parameters of the DNA molecules
of the two aliquots at a given locus is at least 23 bp. The number of loct in the second set of loct
divided by the numnber of lnct in the first set of loc: vields the proportion of loci that have a size
difference of at lgast 23 bp. The fetal DNA fraction for the pregnant female was also determumed.
This process was repeated for 23 additional pregnant females and the results were plotted, The
calculation can also be done by first determuning loei with a stee value below a size threshold,
and then determining a proportion of those loct having a size value above a second threshold ina

chifferent aliquot,

{0174] FIG. 15 shows the relationship between fetal DNA fraction and loct showing a size
difference. The x-axis is the proportion as a percentage of loct showing a stze difference of at
feast 23 bp between two aliquots. The y-axis is the fetal DNA fraction. A positive relationship is
seen between fetal DNA fraction and the proportion of loo showing a size difference. The R

squared 1s 0.62 (p=0.0011).

{0175]  The correlation between proportion of loct showing a size difference and fetal DNA
fraction shows that the proportion of foct showing a size difference may be used as a patameter
{stmular to AAD) 1o estimate fetal DNA fraction. The size difference does not have to be 23 bp.
In other embodiments, the stze difference may be at least 10, 20, 30, 40, or 50 bp. The data for
each set of loct may not be from two different aligoots. The data may be obtained frow the same

biological sample.
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{1761 A mymimum size difference may be used as an additional factor for wdentifving non-
maternal alleles. With shallow-depth sequencing, if an allele is foond in a second data set that 1s
different from a maternal allele in a first data set, the allele in the second data set may be a non-
maternal allele. However, the allele i the second data set may alternatively be a maternal allele
that was not sequenced 1 the first data set as a result of the shallow depths. If the allgle m the
secomd data set was a stimlar size s the maternal allele, then the allele s hikelyv a second
maternal allelz. Thus, considering the size difference of the allele in the second data set mayv

mprove the identification of loct with non-maternal alleles.

F. Exemplary method of measuring felal INA fraction with Ioct having DINA

molecules showing a size difference

{0177]  FIG. 16 shows a method 1600 of measuring a fetal DNA fraction in a biological
sample of a female pregnant with a fetus. The biclogical sample includes maternal DNA
molecules and fetal DNA molecules. The hiological sample mayv be any hiclogical sample

described herein.

{0178]  1n block 1602, method 1600 inchudes receiving a data set from a first plurality of reads
from a first plurality of DNA molecudes. The data set may be received by g computer system
from a sequencing device or a data storage device. The first plurality of DNA molecules may or
may not be m the biclogical sample. The first plurality of DNA molecules may come froma

biological sample without fetal DNA.

{0179]  In block 1603, method 1600 mclades wdentifying locations of the first plurality of reads
in g reference genome, and determining sizes of the DNA molecules corresponding to the first

plurality of reads.

{01801 In block 1604, method 1600 inchudes identifving a first set of ot in the first data set.
The first plurality of DNA molecules comprising reads in each of the first set of loct have a first
size distribution and have a first size value of the frst distnibution exceeding a first size
threshold, In some embodiments, all DNA molecules comprising reads in the first set of loct
exceed the first size threshold. The first set of loct may be chosen from a set of loct from a
reference database or considering other factors, as described in method 900, The plarahity of

reads may be at shallow depth.
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{01811  In block 1606, method 1600 mcludes determunming the fivst amount of loci. The frst

amount may be the mumber of foct in the first set of loct from the first data set

{0182] 1o block 1608, a second data set from a second plurality of reads from a second
phuality of DNA molecales of the biological savaple may be received. The second data set may
be received by a computer system from a sequencing device or a data storage device. Method
1600 may mchude measuring the sizes of the second phaality of DNA molecules, or receiving

size mformation of the second plurality of DNA molecules.

[0183] Inblock 1609, method 1600 includes identifying ocabions of the second plarality of
reads i a referance genome, and determmning sizes of the DNA molecales cotrespondmg to the

second plarality of reads.

{0184]  In block 1610, a second set of loct m a second data set from the plarality of veads 13
wenttfied. Each locus of the second set of locus 18 a locus of the first set of locus. DNA
molecules comprising reads m each of the second set of foc have a second size distribation and
have a second size value of the second distribution exceeding a second size threshold m an

opposie direction than the first size value exceeds the first size threshold.

[0183] The first size value may be larger than the frst size threshold and the second size value
may be smaller than the second size threshold, and the second size threshold may be smaller than
the first size threshold. In other embodiments, the first size value may be smaller than the first

size threshold, the second size value may be larger than the second size threshold, and the second

size threshold is larger than the first size threshold

{0186] Inblock 1612, method 1600 includes deternuning a second amownt of loct in the setof
ooy i the second data set. The second amount may be the number of loct in the second set of

loet.

[0187] Inblock 1614, a normalized parameter of the first amount and the second amount may
be determined, In some embodiments, the normalized parameter may mclude the second amoumt
divided by the first amount. The normalized parameter may then be g ratio of the number of loct
with DNA molecules smaller than a certain size to the number of oct with DNA molecules
larger than a certam size. In other embodiments, the normalized parameter may imchude the

second amount divided by the sum of the first amouont and the second amount. In these
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embodiments, the normalized parameter may be the ratio of the number of loci with DNA
molecules having a smaller size to the total number of loci. The normalized parameter may alse

be the rectprocal of any of these calculations. The normalized parameter may be a type of AAD.

[0188] Inblock 1616, method 1600 may include comparing the parameter value to a
calibration pomt that 1s determimed using at {east one other sample {e.g., a calibration sample}
having a known fetal DNA fraction and a calibration value cotresponding to separate
measurement of the parameter in the at least one other sample. The calibration point may be one
calibration point of a plurality of calibration points. The plurality of calibration points may
constitute a calibration curve. The calibration curve may be a curve fitted to data points of
known fetal DNA fraction and normahized parameters determined for different biclogical
samples. The calibration curve may be a linear regression of the data pous. The calibration

curve tay have a slope that does not equal 1.

{0189]  The caltbration curve may be detenmined usmg 3 known fetal DNA fraction and g
normahzed parameter {i.e., a second normalized parameter) from another biological sample
determmed by a similar method as the normalized parameter (1Le., the first normalized parameter)
from the biclogical sample currently being analvzed. The second normalized parameter may also
be determined from operations similar to blocks 1602 to 1614, The number of reads associated
with the loci in the data sets from the other biological sample may be about equal to the number
of reads 1 the current biological sample. The muonber of reads may be withan Ix, 5%, or 10x of

each other,

{6199] Inblock 1618, a fetal DNA fraction 15 computed based on the comparison. The fetal
DINA fraction may be the fetal DNA fraction m the calibration curve corresponding to the same
valoe of the normalized parameter. In some embodiments, the fetal DNA fraction may be
mterpolated between two fetal DNA fractions for two values of the normalized parameter, In
other embodiments, the calibration curve may be a linear equation, of the form y=mx + b, where
y is the fetal DNA fraction, x 1s the normalized parameter, and m and b are parameters fitted to

the calibration cuarve.
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HI. FURTHER EMBODIMENTS

[6191] Embodiment 1 includes a method of measaring g fetal DNA fraction m a biological
sampleof a female pregnant with a fetus, the biological sample including matermal DNA
molecules and fetal DNA molscales, the method comprismg: obtaining a phurality of reads from
PNA molecules of the biological sample; identifying a plurality of sies af which the {emale 15
homozygous; determning a first amount of reads that exhabit a non-maternal allele at the
plurality of sites; determining a fotal amount of reads at the phurality of sites; determuning 3 non-
maternal allele fraction from the frsi amount and the total amount; oblaining a calibration curve
that 18 deternmned using known fetal DNA fractions and measured non~-maternal allele fractions;
and computing the fetal DNA fraction using the calibration curve and the non-maternal allele

fraction.

[0192] Embodunen 2 meludes the method of embodiment 1, further comprising: computing
the calibration curve by: deteomining fetal DNA fractions for a plurality of other samples from g
plurality of pregnant females; computing non-maternal fractions for the plurality of samples; and

fitting the fetal DNA fractions and the non-maternal fractions to a linear function.

[0193] Embodiment 3 includes the method of embodiment 2, wherein deternuning g fetal
DINA fraction for another sample includes: identifying a second plurality of sites where the fetus
1 heterozygous and the pregnant female i1s hbomozyvgous; oang a plurality of reads from
DNA molecules of the other sample; determining a second amount of reads having a fetal-
specific allele at the second plurality of sites; determiming a thd amount of reads having a
shared allele at the second plurality of sites; and determining the fetal DNA fraction using the

secoad amount and the third amount.

{0194] Embodiment 4 includes the method of embodiment 1, wherein the non-materal allele

15 himited to an allele identified in a database as corresponding to a biallehic stie,

{0195]  Embodiment 5 includes the method of embodument 1, wherein identifying the plurality
of sites at which the female 15 homozygous mcludes genotvping a satople of cells from the

female,
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{#196]  Embodinent & mcludes the method of embodument 1, furthey comprising: recetving the
biological sample; and sequencing s plurality of DNA mwolecules in the biological sample to
obtain the reads.

[0197] Embodiment 7 includes the method of embodunent 1, further comprising: receiving the
biological sample; and analyzing a plurality of DNA molecudes m the biological sample usmg a

nucroarray of probes to obtain the reads.

{0198  Embodmment § mchedes a computer product comprising a computer readable meduam
storing a plurabity of mstructions for controlhing a computer sysiem to perform an operation of

any of the methods of embodiments 1-7.

[0199] Embodiment 9 meludes a system comprising: the computer product of embodument §;

and ong or more provessors for executing mstructions stoved on the computer readable medium.

[8200] Embodiment 10 mcludes a system comprising means for performing any of the

methods of embodiments 1-7.

{0201] Embodiment 11 includes a system configured to perform any of the methods of

embodiments 1-7.

{0202] Embodiment 12 mcludes a system comprising modules that respectively perform the

steps of any of the methods of embodiments 1-7.
IV, COMPUTERSYSTEM

[0203]  Any of the computer systems mentioned herein may wtilize any switable nomber of
subsystems, Examples of such sabsystems are shown m FIG. 17 m computer system 10, In
some embodiments, a computer system mclades a single computer apparatus, where the
subsystems can be the components of the computer apparatus. In other embodiments, a computer
system can mclude multiple computer apparatuses, each being a subsystem, with internal
components. A computer svstem can inclsde desktop and laptop computers, tablets, mohile

phones and other mobile devices.

{0204]  The subsystems shown in FIG. 17 are interconnected via a system bus 75, Additional
subsystems such as a printer 74, kevboard 78, storage device{s} 79, monitor 76, which is coupled

to display adapter €2, and others arg shown. Peripherals and nput/output (1O} devices, which
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couple 1o VO controller 71, cant be conpected to the computer system by any munber of means
known in the art such as inpat/output (1O} port 77 {e.g., USB, FireWire™). For example, 10 post
77 or external interface 81 {e.g. Ethernet, Wi-Fy, efc.} can be used to conmect conmputer system 10
1o a wide area network such as the Internet, a mouse mput device, or a scanner. The
migrconnection via system bus 75 allows the central processor 73 to communicate with each
subsystem and to control the execution of instructions from system memory 72 or the storage
device(s} 79 {g.g., a fixed disk, such as a hard drive, or optical disk), as well as the exchangs of
miormation between subsystems. The system memory 72 andfor the storage device(s) 79 may
embody a computer readable medium, Another subsvstem is a data collection device 85, such as
a camera, microphone, gucelerometer, and the like. Any of the data mentioned herein can be

output from one componant to another component and can be ouiput to the user.

[8208] A computer system can include a plurality of the same components or subsystems, e.g.,
connected together by external interface 81 or by an mizrnal mterface. In some embodimants,
comppuier systems, subsystem, or apparatuses can comnumicate over a network. In such
mstances, one computer can be constdered a chient and another computer a server, where each
can be part of g same computer system. A client and a server can each include multiple systems,

subsy stems, or componants.

[0206] It should be understood that any of the embodiments of the present invention can be
mmplemented in the form of control logie using hardware (e.g. an apphication specific ntegrated
circwt or field programmable gate array) and/or using computer software with a generally
programmable processor in a modular or integrated manner. As used herein, a processor mcludes
8 smgle~-core processor, multi-core processor on a same tegrated chip, or mudiple processing
units ona single circott board or networked. Based on the disclosure and teachmgs provided
herein, a person of ordinary skill m the art will know and apprecmate other ways andfor methods
1o tuplement embodiments of the present invention using hardware and a combination of

hardware and software.

{02071  Any of the software components or functions deseribed in this application may be
miplemented as software code to be executed by a processor usimg any suitable computer
language such as, for example, Java, C, O+, CF, Objective-C, Swift, or seripting langeage such

as Perl or Python using, for example, conventional or object-oriented techniques. The software
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code may be stored as a series of mstructions o commands on a computer readable medium for
storage andfor ransmission. A suitable non-fransitory compuster readable medium can mctade
random access memory {RAM), a read only memory (ROM), a magnetic medium sach as a hard-
drive or a floppy disk, or an optical medium such ay a compact disk {CD) or DVD (digital
versattle disk), flash memory, and the hike. The computer readable medium nwy be any

combapation of such storage of transmission devices,

{0208] Such programs may alsoe be encoded and transmitted using carsier signals adapted for
transnuission vig wired, optical, and/or wireless networks contornumg 1o a varisty of protocols,
mcluding the Internet. As such, a computer readable medium according (o an embodiment of the
present nvention may be created using a data signal encoded with such programs. Computer
readable media encoded with the progranm code may be packaged with a compatible device or
provided separately from ather devices {e.g., via Internst download). Avy such computer
readable mediunm may reside on or within a single computar product {e.g. a hard drive, a CD, or
an entire computer system), and may be present on or within different computer products within
a system or network. A computer system may include a monitor, printer, or other suitable display

for providing any of the results mentioned herein to a user.

[6209] FIG. 1B shows an exemplary sequencing system. The system depicted in FIG. 18
comprises a sequencing device 1802 and an intellipence module 1804 which is part of the
computer system 1806, Sequencing device 1802 may include any sequencing device described
herem. Computer system 1806 may include parts or all of computer system 10. The data sets
{sequencing reads data sets) are transferred from the sequencing device 1802 to the intelligence
modale 1804 or vice versa via 8 network comnection or a divect connection. The data sets may for
example be processed to identify certain locr. The wdentification and detenmunation steps may be
mplemented by software stored on the hardware of computer system 1806, The data sets may be
processed by computer code running on the processor and being stored on the storage device of
the mtethigence module and after processing transferred back to the storage device of the analvsis
module, where the modified data may be displayed on a displaying device. In some

embodinents, the mtelligence module may also be mplemented i the sequencing device.

f0218] FIG. 19 shows that compater svstem 1900 may comprise receiving means 910, which

may mnclude, for example, receiving sequencing data obtained from a sequencing device.
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Computer svstem 1900 may also mchude wdentifving means 1920 for dentifving 8 Hrst set of loa
1 a first data set from a plurality of reads from DNA molecules. Computer system 1900 may
also include determining means 1930 for determining a first amount of loct in the first set of lox
1 the first data set. Computer systemz 1900 may further include identifving means 1940 for
wdentifving a second set of loci in a second data set from the plurality of reads. Computer system
1900 may also include detenmining means 1950 for deternuning a second amount of loci in the
sgcond set of loct in the second data set. Computer svstem 1900 may further include deternuining
means 1960 for determining a normalized parameter of the first amount and the second amount.
Computer systemn 1900 may additionally include obtaining means 1970 for obtaimmg a
calibration point deternuned using a known fetal DNA fraction. Computer system 1900 may also
melude computing means 1980 for computing the fetal DNA fraction using the calibration pomt

and the normalized parameter.

{0211}  Any of the methods described herem may be totally or partially performed with a
computer system including one or more processors, which can be configured to perform the
steps. Thus, embodiments can be directed to computer systerns configured to perform the steps
of any of the methods described herein, potentially with different components perfornung a
Tespective steps or a respective group of steps. Although presented as numbered steps, steps of
methods herem can be performed at 8 same time or in a different order. Addionally, portions of
these steps may be used with portions of other steps from other methods. Also, all or portious of
a step may be optional. Addionally, any of the steps of any of the methods can be performed

with modules, units, cirouits, or other means for performing these steps.

{212]  The spectfic detasls of partcular embodiments may be combmed m any sultable
manner without departing from the spint and scope of embodiments of the nvention. However,
other enbodiments of the tnvention may be directed to spectlic embodinents relating fo each

mdividaal aspect, or specific combinations of these individoal aspects.

{0213} The above description of example embodiments of the mvention has been presented for
the purposes of dhustration and descrption. |t 1s not imntended to be exhauastive or to himat the
mvention to the precise form described, and many modifications and vaniations are possible in

hight of the teaching above.
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{0214]  In the preceding deseription, for the porposes of explanation, namerous details have
been set forth in order to provide an understanding of various embodiments of the present
technology. It will be apparent to one skilled in the art, however, that cerlain embodiments may

be practiced without some of these detatls, or with addibonal detals.

{0215]  Having descnibed several embodiments, it will be recogmzed by those of skall mithe arnt
that various modifications, alternative constructions, and equivalents may be used without
departing from the spirit of the invention. Additionally, a mumber of well-known processes and
elements bave not been described 10 order to avoid unnecessarily obscuring the present
invention. Additionally, details of any specific embodiment may not always be present in

variations of that embodiment or may be added to other embodiments.

{0216] Where a range of values 15 provided, 1t 1s understood that each mitervening value, to the
tenth of the unit of the lower limit unless the comtext clearly dictates otherwise, between the
upper and lower hints of that range 1s also specifically disclosed. Each smaller range betwean
any stated value tr intervening value in a stated range and any other stated or intervening valug
i that stated range 1s encompassed. The upper and lower Himits of these smaller ranges may
independently be included or excluded i the range, and each range where either, neither, or both
houts are incloded i the smaller ranges 15 also encompassed within the invention, subject to any
specifically excluded it in the stated range. Where the stated range inchudes one or both of the

himits, ranges excluding etther or both of those included hmits are also included.

[0217] A recitation of "a", “an” or “the” is mtended to mean “one or more” unless specifically
mdicated to the contrary. The use of “or” i3 mtended to mean an “inclusive or,” and not an

“exclusive or” unless spectfically indicated to the contrary.

[0218] Al patents, patent applications, pablications, and descriptions mentioned herein are

meorporated by reference in thew entirety for all purposes. None is admutied to be prior art.
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WHATIS CLAIMER IS:

i A method of measuring a fetal DNA fraction tna biological sanple of &
female pregnant with a fetus, the biclogical sample inclading maternal DNA molecnles and fatal
DNA molecules, the method comprising performing, by a computer system:

sdenttfving a plurality of uites based on sequence miormation that mdicates the
female 13 homozygous for a fivst allele at cach site of the phurality of sites;

obtaing a plurahty of reads from DNA moelecules of the biological sample;

identifymg locations of the plurality of teads i a reference genoms;

determuning a frst value of a first group of DNA molecules based on the plurality
of reads, wheremn:

each DNA molecule of the first group of DNA molecules mncludes a read
located at & site of the plurality of sites and exhibits a second allele different from the first
allele af the site,_and

the first value defines a property of the first group of DNA molecules;

determining a second value of a second group of DNA molecules, wherein:

gach DNA molecule of the second group of DNA molecules includes a
read located at a site of the plurality of sites and exhubits the first allele at the site, and

the second value defines the property of the second group of DNA
malecules;

deternuning a parameter valoe of a parameter from the first value and the second
value:

comparing the parameter vahue to a calibration poit that is deternined using at
least one other sample having a known fetal DNA fraction and a calibration value corresponding
to separate measwrement of the parameter in the at least one other sample; and

computing the fetal DNA fraction based on the comparison.

13

The method of claim 1, wherem:

the first value 1s a first number of reads located ai the pluralily of sites and having
the second allele,

the second value is a second mamber of reads Iocated at the plurality of sites and

having the first allele, and
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the parameter 1s a non-maternal allele faction.

3 The method of clanm 1, wheremn determmung the Srst value and the second
value farther comprises:

measuring sizes of the fst group of DNA molecales and the second group of
PNA molecules, wheremn the first value s a first size value of a first size distribation of the first
group of DNA molecules, and wheremn the second value 13 a second sie value of a second size

distribution of the second group of DNA molecules.

4. A method of measaring a fetal DNA fraction i a biological sample of a
female pregnant with a fetas, the lmological sample inclading maternal DNA mwolecules and fetal
DNA molecules, the method comprising performing, by a computer systeny

wentifving a plurality of wites based on sequence miformation that mdicates the
female 1s homozygous for a first allele at each site of the plurality of sites;

obtamning a plurality of reads from DNA molecules of the biological sample;

identifving locations of the plurality of reads in a reference genome;

determining a first amount of reads, wherem:

cach read of the first amount of reads 1s located at a site of the plurality of
sites, and
each read exhibits a second allele different from the first aliele at the siteg
determining a second amount of reads at the plaraliy of sites, wheremn:
each read of the second amount of reads 1s ocated at a site of the plurality
of sites, and
each read exhibits the first allele at the ge;

determinmg a pore-maternal allele fraction from the first arsount and the second
amount;

obtmimng a calibration point that 15 deternuned wsing another sample having a
koown fetal DNA fraction and a measured non~-maternal allele fraction: and

computing the fetal DNA fraction using the calibration point and the non-

maternal allele fraction.

3. The method of claim 4, wheremn:
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the calibration pomt 13 one calibration point of a plorality of calibration points,
and
the plurality of calibration points constitutes a calibration curve,
the method further comprising:
computing the calibration curve by:
deternuning fetgl DNA fractions for a plurality of other samples froma
plurality of pregnant females;

computing non-maternal allele fractions for the plurality of samples; and
fitting the fetal DNA fractions and the non-maternal allele fractions to a

hinear function, wherein the linear function describes the calibration curve.

6. The method of claim 4, wherem deternuning the second amount of reads
at the plurality of sites comprises determining a total munber of reads of the plurality of reads,

wherem the total number of reads of the plurality of reads is the second amount of reads.

=

7. A method of measuring & fetal DNA fraction i a biological sample of a
female pregnant with a fetus, the hiclogical sample including maternal DNA molecules and fetal
DNA molecules, the method comprising perfornung, by a computer system:
wdentifyving a plurality of sites based on sequence mivrmation that indicates the
female 1s homozygous for a first allele at each site of the plurality of sites;
obtaiming a plurality of reads from DNA molecules of the biological sample;
identifving locations of the plurality of reads in a reference genome;
determining sizes of DNA molecules of the biological sample;
deternuning a first size value of a first groop of DNA molecules, wherein:
each DNA molecule of the frst group of DNA molecules mcludes a read
located at a site of the plurality of sites and exhibits a second allele different from the first
allele at the site, and
the first size value corresponds to a statistical value of a first size
distribution of the first group of DNA molecules;
determining a second size value of the second group of DNA molecules, wherem:
each DNA molecule of the second group of DNA molecudes includes a

read located at a site of the plorality of sites and exhibits the first allele at the site, and

wh
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the second size value corvesponds to a statistical value of a second s1ze
distribution of the second group of DNA molecules;
determuining a parameter value from the first s1ze value and the second size value;
companng the parameter value to a cabibwation pomt that 13 determuned using at
least one other sample having a known fetal DNA fraction and a calibration value corresponding
to separate measurement of the parameter in the at least one other sample; and

computing the fetal DNA fraction based on the vomparison.

8. The method of claim 7, wherein:

the first size value 18 a fust cumulative frequency for DNA molecules having a
maximun size in the first group of DNA molecules, and

the second size value 1s a second cumulative frequency for DNA molecules

having the maximunt size in the second group of DNA melecules.

13 The method of clamm 7, wheramn:

the first size value 1s 3 median size, a mean size, or a mode of the first group of
DNA molecules, and

the second size value is a median size, a mean size, or a mode of the second group

of DNA molecules.

16, The method of ¢laim 7, wherein:
the calibration point is one calibration pomt of a plurality of calibration
poinis, and
the plurahity of calibration points constitutes a calibration curve,
further comprising:
computing the calibration curve by
determiminy fetal DNA fractions for a plorabity of other samples from a
plurality of pregnant females;
computing parameter values for the plurality of samples; and
futing the fetal DNA fractions and the non-maternal allele fractionsto a

linear function, wherein the Inear function describes the cahbration curve.
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11, The method of clam 3 or 10, wherein determining the fetal DNA fraction
for each other sample of the plurality of other samples inclodes;

dentifying a second plurality of sites wheren at each site of the second phwality
of sites, o pregnant female of the phurality of pregnant females is bomozygous and the fetus of
the pregnant female 18 heterozygous;

obtaimng a plurality of reads from IINA molecules of the other sample;

determining a third amount of reads exhibiting a fetal-specific allele at the second
pharality of sites;

detersmning a fourth amount of reads exhubiing a sharved allele at the second
plurahbty of sites; and

determining the fetal DNA fraction using the third amount and the fourth amount.

12, The method of claim 1, 4, or 7, wherem:

the plurality of reads is a first phurality of reads,

the biological sample s a first biological sample,

wentifying the pluralitv of sites comprises wdentifying the plurality of sites froma
second plurality of reads from DNA molecules of a second biological sample, and

the second biological sample does not comprise fatal DNA molecules.

13, The method of claim 1, 4, or 7, wherein:
the plurality of sites is a first plurality of sites,
the plurality of reads is limited to reads from a second plurality of sites, wherein

the second plurality of sties are sutes wdentified in a database as corresponding 1o a biallehc site.

14, The method of claim 1,4, or 7, wherein the second allele is hinted toan

allele identifiad in a database as corresponding to a biallelic site.

150 The method of clatmy 1, 4, or 7, whersin identifying the plurality of sites

mmcludes genotyvping a sample of vells from the female.

16, The method of claim 1, 4, or 7, wherein:
the plurality of reads s & Hest phuraliny of reads,

the biological sample is a first biological sample, and

57
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wentifying the plurality of sttes comprises obtmning a second pluvality of veads

from: DNA molecules of a second biological sample different from the first biological sample.

7. The method of clam 1, 4. or 7, wheretin
the plurality of veads 1s a first plurality of reads, and

sdenttiving the phurality of sttes comprises obtaining a second plurality of reads

from DNA molecules of the biological sample.

reads.

is8. The method of elaam 1, 4, or 7, wherein:
the plarality of sites 15 a first plurality of sites, and
further comprising:
providing a second plorality of sites from a reference database, whereny
the second plurality of sites comprises sites with known single
nucleotide polymorphisms, and
each one of the first plurality of sites 15 one of the second phurality

of sites.

19, The method of elaim 1, 4, or 7, further comprising:
receiving the biological sample; and

sequencing a pharality of DNA molecules 1n the biological sample to obtain the

20 The method of claim 1, 4, or 7, further comprising:
receiving the biological sample; and

analyzing a plurality of DNA moelecules in the biological sample using a

microarray of probes to obtan the reads,

21, The method of claim 1, 4, or 7, wherein the plurality of reads comprises

less than or equal to 50 nuilion reads.

22. The method of claim 1, 4, or 7, wherein the plurality of reads 1s at or less

than 1x coverage of a baploid human genome,

o
o0
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23, The method of clam 1,4, or 7, wherein g portion of the sttes of the

phurality of sites do vot comprise a read exhibitiop & second allele different from the Hest allele.

24, A method for measuning a feral DNA fraction i & btological sample of a
female pregnant with a fetus, the biological savple including maternal DNA molecules and fetal
DNA moelecules, the method comprising:

recetving a first data set including a first plurality of reads from DNA molecules
of a first sample of the female pregnant with the fetas;

wdentifying tocations of the first phurality of reads m a reference genome;

wlentifving a first set of loct based on the first data set and the identified locations,
wherein no locus of the first set of loct exlubits more than one allele;

detersmning a fist amount of foct in the fst set of foci;

receiving a second data set mcluding a second plurality of reads from DNA
molecules of the biological sample;

identifyving locations of the second plurality of reads in the reference genoms;

identifving a second set of loci based on the second data set and the identified
Iocations, wherein:

each one of the second set of loc is one of the first sat of oo, and
gach locus of the second set of loct exhibiix an allele different from the
allele exiubied ju the fivst sevof loon

determuning a second amount of loct in the second set of locl tn the second data

deternuning a normalized parameter of the first amount and the second amount;

comparing the parameter value to a calibration point that 1s determined using at
feast one other sample having a known fetal DNA fraction and a calibration value corresponding
to separate measurersent of the parameter 1 the at least one other sample; and

computing the fetal DNA fraction based on the companson.
25, The method of clanm 24, wheren the first sample 15 the biological sample.

26, The method of claim 24, whevemn the first samiple s not the biological

sample, and wherein the first sample does not inchude fetal DNA molecules.
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27 The method of clam 24, wherein the allele different from the allele
exhubited w the fivst set of locy 15 tmted to an allele wdentified tna database as corresponding to

a hiallehc site,

28, The method of claim 24, wherewn the frst gmountis & number of oot and

the second amount is a number of loct m the second data set.

29, The method of clanm 24, wheremn determing the Sirst amount comprises

determining the first amount in the second data set.

30, Themethod of claim 24, further comprising:
measuring sizes of the fst phaality of DNA molecules,; and
measurmg sizes of the second plurahty of DNA molecudes,
wherein:
the frst plurality of DNA molecules have a first stze valoe,
the first size value corresponds to a statistical valae of a first size distribution
of the first phaality of DNA molecules,
the second plurality of DNA molecules have a second size value,
the second size value corresponds o a statistical value of a second stze
distribution of the second pharality of DNA molecales, and
the first size value s larger than the second size value by a mmimum

difference.

31, The method of claim 24, wherein:

a first plurality of DNA molecules comprising reads located at the fust set of loct
are Jarger than a first size,

a second plurality of DNA molecules comprising reads located at the second set
of loci are smaller than a second size, and

a difference between the first size and the second size is greater than a minimom

difference.

e
£

The method of claim 30 or 31, wherein the munvum difterence 15 3 bp.

b0
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33, The method of clam 24, wheren the female is pregoant with 8 plurahity of
fetases, the method further comprising:
comparing the fetal DNA fraction with a cutofl value, and sther:
classifying the plurahity of fetuses as monozygotic if the computed fetal DNA
fraction is below the cutoff valae, or
classifying the plurality of fetuses as dizyvogtic tf the computed fetal DNA

fraction 18 above the cotoff value.

34, The method of claim 33, whereny:

the fetal DNA fraction 13 2 frst fetal DNA fraction,

the cutoff value 15 determmed as a value greater than a second fetal DNA fraction
of the biological sample, and

the second fetal DNA fraction is deternuned without using the nonmalized

parameter,

35, The method of clanm 34, wheremn the second fetal DNA fraction is

estimated using a size profile of DNA molecules in the biological sample.

36, A method for measuring a fetal DNA fraction m a biological sample of a
female pregnant with a fetus, the biological sample inclading maternal DNA molecules and fital
DNA molecules, the method conywising:

recerving a first data set from a first plarality of reads from a first plurabity of
DNA molecules;

wdentifying locations of the first pharality of reads m a reference genome;

determining sizes of the DNA molecules corresponding to the first plurality of
reads;

identifying a first set of loct in the fst data set, wherem DNA molecudes
comprising reads in each of the first set of loci have a first size distribution and have a first size
value of the first size distribution exceeding a first size threshold;

determining a first amount of loct in the first set of loct;

recerving a second data set from a second plurahty of reads from a second

phurality of DNA molecales of the biological saraple;
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wentifving locations of the second plurality of reads i the reference genome;
determining sizes of the DNA molecules corresponding to the second phirality of
reads;
identifyving a second set of loct in the second data set, wherein:
each one of the second set of loci 1s one of the first set of loc, and
DNA molecules comprising reads in gach of the second set of loci have a
second size distribution and have a second size value of the second distribution exceading
a second size threshold in an opposite divection than the first size value exceeds the first
size threshold;

determining a second amount of loct in the second set of loci in the second data

deternuning a normalized parameter of the first amount and the second amount;

comparing the parameter value to a calibration point that 1s determined using at
feast one other sample having a known fetal DNA fraction and a calibration value corresponding
to separate measurement of the parameter i the at least one other sample; and

computing the fetal DNA fraction based on the comparison.

37.  The method of clanm 36, wherens the first size value s larger than the fust
size threshold and the second stze valud s sroaler than the second size threshold, and wherein

the secound size threshold is smaller than the first size thresheld.

38.  The method of claim 36, wherein the first size value 1s smaller than the
first size threshold and the second size value 18 larger than the second size threshold, and wheren

the second size threshold is larger than the first size threshold.

39, The method of claim 36, wherain a difference between the first size value

and the second size value 1s 10 bp.

40.  The method of claim 24 or 36, wherein the first data set comprises reads

from DNA molecules of the biological saniple,

41, The method of claim 24 or 36, whersiny:

the biological sample 15 a first biological sample, and
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the first data set comprises reads from DNA melecules ofa second bivlogical

sample that does not comprise fetal DNA.

42.  The method of elasm 24 or 36, further comprising:
recetving the biological sample; and
sequencing a phurality of DNA molecales in the biological sample {0 obtain the

second plorality of reads.

43. The method of claam 24 or 36, fiwther comprising:
recarving the rological sample; and
analyzing a plurality of DNA melecules m the biological sample using a

microarray of probes to obtam the second plurality of reads.

44 The method of elaim 24 or 36, wherein the second plurality of reads

comprises less than or equal 1o 30 million reads.

45, The method of clatm 24 or 36, wherein the second plurality of reads 1s at

or less than Tx coverage of a haploid human gesome.

46,  The method of claim 24 or 36, wherein the normalized parameter
comprises the second smownt divided by the first amoont, or whevein the novmalized parameter

comprises the second amount divided by a sum of the fiust amounnt and the second amount.

47, Themethod of claim 24 or 36, wherein:
the calibration pomt is one calibration point of a plurality of calibration points,
and

the phurality of calibration points constiges a cahibration curve,
48. The method of claim 47, wherein the calibration curve is hinear,

49 The method of claim 47, wherein:

the normalized parameter 18 a first normatized parameter,

the biological sample 15 a first btological sample,

the calibration pomt was deternuned using the known fetal DNA fraction and a

second normalized parameter determimed from sets of loct i data sets from a third plarality of
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reads from DNA molecules of a second biological sample in a corresponding method ax the first
normalized parameter, and
the second plurality of reads comprises a first coverage of a haploid human

genome 1s within 10x coverage of a second coverage of reads for the second phurality of reads.

kit The method of clawm 24 or 36, wherain:

the normabized parameter s a first nosmalieed parameter,

the biological sample 1s a first brological sample,

obtaimng the calibration point comprises using the known fetal DNA fraction and
a second nommalized parameter deternuned from a second iological sample @ a corresponding

method as the first normalized parameter.

51 The method of claam 24 or 36, fiwther comprising:
providing a thud set of foct from a reference database, wherein:
the third set of loct comprises oot with known smgle nucleotide
polymorphisms, and

each one of the first set of loct 18 one of the third set of loct.

52, The method of any one of clains 1-51, whergin a coverage depth of

sequence reads of a dataset is less than Sx coverage.

$3. The method of any one of claims 1-51, whergin a coverage depth of

sequence reads of a dataset is less than Ix coverage.

54, The method of any one of claims 1-51, wherain a number of sequence

reads 1 a dataset 16 Tess than 30 million.

33, A computer product comprising a computer readable mednim storing a
plurality of instructions for controlling a computer system to perform an operation of any of the

methods above.

S6. A system comprisig:

the computer product of clasm 53, and
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one of more processors for executmg instructions storad on the computer readable

mediam,
&7, A system comprising means for performung any of the above mefhods,
58 A system confipured to perform any of the above methods.

38 A gystem comprising modales that respectively perform the steps of any

of the shove methods.
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