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Claims

We claim:

1. A method for establishing a relationship between cgverage depth and GC content
of a chromosome, which method comprises:

obtaining sequence information of multiple polynucjeotide fragments covering said
chromosome and another chromosome from more than one sajhple;

assigning said fragments to chromosomes based on said sequence information;

calculating coverage depth and GC content of said chromosome based on said sequence
information for each sample; and

determining the relationship between the cgverage depth and GC content of said
chromosome. '

2. The method of claim 1, wherei/ the polynucleotide fragments range from
about 10 to about 1000 bp in length.

3. The method of claim 2, whefein the polynucleotide fragments range from
about 15 to about 500 bp in length. _

4. . The method of claim 3, yherein the polynucleotide fragments range from
about 20 to about 200 bp in length.

5. The method of claim 4, wherein the polynucleotide fragments range from
about 25 to about 100 bp in length.

6. The method of claim j5, Wherein the polynucleotide fragments are about 35 bp in
length. v

7. . The method accofding to any of claims 1-6, wherein the assignment is by

comparing the sequence of the fragments with a reference human genomic sequence.

8. The method of claim 7, wherein the reference human genomic sequence is hgl8
or hgl9. | ' ,
9. The method of claim 7, wherein the fragments that assign to more than one

chromosome are disregafded.
10. The m¢thod of claim 7, wherein the fragments that do not assign to any
chromosome are disregarded. _ |
“11.  The/method according to any of claims 1-10, wherein the coverage depth of the
chromosome is tife ratio between the number of fragments that assigns to said chromosome and
the number of Reference Unique Reads of said chromosome.

The method of claim 11, wherein the coverage depth is normalized.
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13.  The method of claim 12, wherein the normalization fs calculated against the
coverage of another chromosome.

14.  The method of claim 12, wherein the normalizatign is calculated against the
coverage of all other autosomes. |

15. The method of claim 12, wherein the normalifation is calculated against the
coverage of all other chromosomes.

16. The method according to any of claims 1-15, wherein the GC content of the
chromosome is the average GC content of all fragments thaf assign to said chromosome.

17. The method according to any of claims 1-16, wherein at least 2, 5, 10, 20, 50, 100,
200, 500 or 1000 samples are used. ‘

18.  The method according to any of cjaims 1-17, wherein the chromosome .is
chromosome 1, 2, ..., 22, X or Y.

19. The method of claim 12, wherein the relationship is in the formula:

er, = f(GC, ) +&, fi=12,,22,X,¥

wherein AGC;;) represeﬁts the function for ghe relationship between coverage depth and the
corresponding GC content of sample i, ch mosome j, &; j represents the residual of sample i,
chromosome j. _ -

20. The method according tofany of claims 1-19, wherein the relationship between
coverage depth and GC content is calcyfated by local polynomial regression. '

21. The method of clai 20, wherein the relationship is a non-strong linear
relationship.

22.  The method of cfaim 21, wherein the relationship is determined by loess
algorithm.

.23. The method acgording to any of claims 19-22, further comprising:

calculating fitted covgrage depth according to the formula:

c’,;\',j =f(GCi,j)’j =12,---,22, X,Y

i

std, =\/Z(cr;,j - r";,j)z/(ns-l),j=l,2,...,22,X,Y

wherein fis represents the number of reference samples.
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25.  The method of claim 24, further comprising:

calculating student t-statistic according to the formula:

o=(en; —-cr Jlstd;, j=1,2,..,22X,

26.  The method according to any of claims 1-25, yherein the samples are from
pregnant female subjects.

217. The method according to any of claims 1-25, yherein the samples are from male
subjects.

28.  The method according to any of claims 1-27, wherein the samples are peripheral
blood samples. '

29.  The method according to any of claims A-28, wherein the sequence information is
obtained by parallel genomic sequencing.

30. A method to determine a fetal genetif abnormality, which method comprises:

a) obtaining sequence informatioh of multiple polynucleotide fragments
froma sample;: ,

b) assigning said fragments to chrpmosomes based on said sequence information;

c) . calculating coverage depth And GC content of a chromosome based on said

sequence information;

d) calculating fitted coverage depth of said chromosome using said GC content of
said chromosome and an established refationship between coverage depth and GC content of said
chromosome; and

e€) comparing said fitted coverage dcpth to said coverage depth of said chromosome,
wherein a difference between thepn indicates fetal genetic abnormality.

31.  The method of ¢laim 30, wherein the established relationship between coverage
depth and GC content is obtaified by the method of claims 1-29.

32.  The method gccording to any of claims 30 or 31, wherein the genetic abnormality
is a chromosomal abnormglity.

33.  The methbd of claim 32, wherein the genetic abnormality is aneuploidy.

34.  The method according to any of claims 30-33, further comprising:

f) deterntining the fetal gender. _

-35.  The/method of claim 34, wherein the fetal gender is determined according to the

formula:

logit(p,) = m(l—é’L—) =B, + Bera,, +Pyera,,
- D
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wherein cr.a,, and cra,, are normalized relative coverage of X and Y chromosomes,

36.  The method according to any of claims 34 or 35, furthier comprising:
g) estimating the fetal fraction.
37.  The method of claim 36, wherein the fetal fractign is calculated according to the

formula;

A A A
Br=(ery—er )] Crp b,

wherein ér, . = f(GC, ) is the fitted coverage depth clculated from the relationship of the

iy
chromosome Y coverage depth and corresponding GC gontent of samples from pregnant women
= f(GC, fitted covei'age depth calculated from the

with a female fetus, and ¢r ) refers to

ifm Ym
relaﬁonship of the chromosome Y coverage depth and corresponding GC content of male
subjects. ‘

38.  The method of claim 36, whergin the fetal fraction is calculated according to

the formula:

A A
S, = (cr x - '},Ja')/(c’;,,\'m _c';,,v) >

wherein ér, x = J(GC, ) is the fitted gOverage depth calculated from the relationship of the

chromosome X coverage depth and corfesponding GC content of samples from pregnant women

with a female fetus, ¢r, ,,, = f(GC, /) refers to the fitted coverage depth calculated from the

relationship of the chromosome X/coverage depth and corresponding GC content of samples
from male subjects.
39.  The method of ¢laim 36, wherein the fetal fraction is calculated according to

the formula:

with a female fetuy cr,,. = f(GC,,,) refers to the fitted coverage depth calculated from the

the relationship of the chromosome X coverage depth and corresponding GC

content of sgmples from male subjects, and ¢7,,,, = f(GC,,,) refers to the fitted coverage depth
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calculated from the relationship of the chromosome Y coverage deptlf and corresponding GC
content of male subjects. ,

40. The method according to any of claims 30-39, whefein the comparison of said
fitted coverage depth to said coverage depth of the chromosome/is conducted by a statistical
hypothesis test. '

4]1.  The method of claim 40, wherein one hypothesjs is that the fetus is euploid (HO)
and the other hypothesis is that the fetus is aneuploid (H1).

42.  The method of claim 41, wherein the student t-statistic is calculated for both
hypotheses. ’

43.  The method of claim 42, wherein the stydent t-statistic is calculated for HO and

H1 according to formula: tl, ;= (cr,,~cr, )/ std; find t2,.,j=(cr;’j—cr":'j(1+ By, 12))/ sd,

respectively, wherein Jx¥ is fetal fraction.
44, The method of claim 43, wherein the log likelihood ratio of t1 and t2 is calculated
according to formula: L, ; =log(p(tl, ;,degree}D))/log(p(¢2, ;,degree|T)), wherein Lij is Log

likelihood ratio, wherein degree refers to a t distribution degree, D refers to Diploidy, T refers to

Trisomy, and p(tl, ;,degree|*),*=D,T rgpresents conditional probability density given a

t distribution degree.

45.  The method of claim  3', wherein the fetal aneuploidy is a disorder for an
autosome selected from the group congisting of trisomy 13, 18 and 21. ‘

46. The method of claigh 33, wherein the fetal aneuploidy is a disorder for a sex
chromosome selected from the group consisting of X0, XXX, XXY and XYY.

47. | The method of claim 46, wherein the fetal gender is female, and the student t-

- statistic is calculated agcording to formula: tl,,=(cr,,—cr, )/std,, , wherein

ér,y = f(GC,y) is the fitted coverage depth calculated from the relationship of the

chromosome X coverage depth and corresponding GC content of samples from pregnant women
with a female fetus. ,

48.  The method of claim 47, wherein |t1]>3.13 indicates the fetus is XXX or XO.

49.  The method of claim 47, wherein [t1[>5 indicates the fetus is XXX or XO.

50. Th¢/ method of claim 46, wherein the fetal gender is male, and the student

t-statistic is cafculated according to formula: €2,=(cr,,~(1- f,/2)-¢r, ;) /std,, , Wherein

ér = f(GC /) is the fitted coverage depth calculated from the relationship of the
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chromosome X coverage depth and corresponding GC content of samplgs from pregnant women
with a female fetus.

51.  The method of claim 50, wherein [t1[>3.13 indicatts the fetus may be XXY
or XYY.

52. The method of claim 50, wherein |t1[>5 indicates tfte fetus is XXY or XYY.

53. A method to determine a fetal genetic abnormalify, which method comprises:

a) obtaining sequence information of multiple pglynucleotide fragments covering a
chromosome and another chromosome from more than one glormal samples;

b) assigning said fragments to chromosomes hased on said sequence information;

c) calculating coverage depth and GC congent of said chromosome based on said
sequence information from said normal samples;

d) determining the relationship betweefi the coverage depth and GC content of
said chromosome; .

e) obtainihﬁ sequence information Af multiple polynucleotide fragments from a
biological sample;

f) assigning said fragments to chromosomes based on said sequence information
from said biological sample;

g) calculating coverage deptlyand GC content of said chromosome based on-'said
sequence information from said biological sample;

h) calculating fitted coverage depth of said chromosome using said GC content of
said chromosome and said relatiofiship between coverage depth and GC content of said
chromosome; and V _

i)  comparing said fitfed coverage depth to said coverage depth of said chromosome,
wherein a difference between thlem indicates fetal genetic abnormality.

54. A computer feadable medium comprising a plurality of instructions for
performing prenatal diagnogis of a fetal genetic abnormality, which comprises the steps of:

a) receiving /sequence information of multiple polynucleotide fragments
from a sample;

b) assignigg said polynucleotide fragments to chromosomes based on said

sequence informatiop;
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e) comparing said fitted coverage depth to said coverage depth of said chromosome,
wherein a difference between them indicates genetic abnormality.

55.  The computer readable medium of claim 54, whereinghe comparison in step €) is
conducted by a statistical hypothesis test. ‘ |

56.  The computer readable medium of claim 55, wherein one hypothesis is that the
fetus is normal (HO) and the other hypothesis is that the fetus is gAbnormal (H1).

57. The computer readable medium of claim 56/ wherein the student t-statistic is
calculated for both hypotheses.

58.  The computer readable medium according to any of claims 54-57, wherein the
established relationship between coverage depth and {C content is obtained by the method
of claims 1-29.

59. The computer readable medium /according to any of claims 54-58,
further comprising:

f) determ.i‘ri‘ing the fetal gender.

60.  The computer readable medium gf claim 59, further comprising:

2) estimating the fetal fraction.

61.  The computer readable medfum according to any of claims 54-60, wherein the
fetal genetic abnormality is a chromosomal abnormality.

62.  The computer readable medium of claim 61, wherein the fetal genetic abnormality
is aneuploidy. ’

63.  The computer readabje medium of claim 62, wherein the aneuploidy is a disorder
for an autosome selected from the group consisting of trisomy 13, 18 and 21.

64.  The computer reagable medium of claim 62, wherein the aneuploidy is a disorder
for a sex chromosome selected from the group consisting of X0, XXX, XXY and XYY.

65. A system for détermining fetal genetic abnormality, which method comprises:

a) means for optaining sequence information of multiple polynucleotide fragments
from a sample; and

b) a computgr readable medium according to claims 54-64.

66.  The sy fem of claim 65, further comprising:

¢) = a biglogical sample obtained from a pregnant female subject, wherein the
biolo_giéal sample jacludes multiple polynucleotide fragments.

67. e system according to any of claim 65 or 66, wherein the means for obtaining

sequence inforghation is parallel genomic sequencing.
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Claims

1.

A computer-implemented method to determine a fetal genetic abnormality which is a

chromosomal aneuploidy, which method comprises:

(a)

(b)

(c)

(d)

obtaining sequence information of multiple polynucleotide fragments from a
sample, said sample being a peripheral blood sample derived from a pregnant
female and containing both maternal and fetal DNA;
assigning said fragments to chromosomes based on said sequence information
by comparing said fragments to the reference unique reads of the same size for
each of said chromosomes, wherein reference unique reads are fragments of a
chromosome that have a unique sequence which can be unambiguously
assigned to a single chromosomal location based on a reference genomic
sequence;
determining coverage depth and GC content of a chromosome based on the
sequence information for those fragments that assigned to reference unique
reads of said chromosome in step (b),
wherein coverage depth is the ratio between the number of fragments
assigned uniquely to said chromosome and the number of reference unique
reads for said chromosome of the same fragment size based on said reference
human genomic sequence;
determining fitted coverage depth of said chromosome using said GC content of
said chromosome and established relationship between coverage depth and GC
content for said chromosome in the absence of aneuploidy, wherein said
established relationship has been determined by a method comprising the steps
of:
(i) obtaining sequence information of multiple polynucleotide fragments
covering said chromosome from a plurality of euploid peripheral blood
samples containing genomic DNA, wherein the fragment size is the same as
the fragment size of the multiple polynucleotide fragments of step (a) above;
(ii) assigning said fragments to chromosomes based on said sequence
information as in step (b) above;
(iii) determining coverage depth and GC content of said chromosome based
on said sequence information for each euploid sample as in step (c) above;

and
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(iv) using the coverage depth and GC content determined for each sample in
step (iii) to determine the relationship between the coverage depth and GC
content of said chromosome in the absence of aneuploidy; and
(e) comparing said fitted coverage depth to the coverage depth of said chromosome
determined in step (c), wherein a difference between them indicates fetal

chromosomal aneuploidy.

2. The method of claim 1, wherein step (a) further comprises obtaining sequence
iinformation of multiple polynucleotide fragments from muitiple different samples and the
coverage depth is normalised to take account of differences in total number of sequence
reads obtained for different samples, for example against the average coverage depth of
another chromosome, preferably against the average coverage depth of all other autosomes

or against the average coverage depth of all other chromosomes.

3. The method according to claim 1 or claim 2, wherein the GC content of the
chromosome is determined as the average GC content of all the fragments that assign to

said chromosome for the purpose of step (c).

4, The method according to claim 2 further comprising determining the fetal gender, for

example according to the formula

logit(p,) = ln(1 Py )= By + Pera, , + Piera,
—P

i

wherein cr.a;, and cr.a, , are relative coverage depth of the X and Y chromosomes of

sample /, respectively.

5. The method according to claim 2 further comprising Vestimating the fetal fraction,
wherein the fetal fraction is calculated relying on the coverage depth of chromosome X and /

or 'Y determined as in step (c) of claim 1 according to a formula selected from:

A A A
(i = (ctiy _cri,Yf)/(c ¥ivm _C"},Yf)
7

wherein cr;y is the coverage depth of chromosome Y of sample i, ¢, ,, = f (GC,y)

is the fitted coverage depth calculated from the relationship of the chromosome Y coverage

depth and corresponding GC content of samples from pregnant women with a female fetus,

and cr,

iYm

= f(GC,,,) refers to the fitted coverage depth calculated from the relationship of

the chromosome Y coverage depth and corresponding GC content of male subjects; or
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i) S =@ =er) ] @ i),
wherein cr;x is the coverage depth of chromosome X of sample i, ¢7; ,, = f(GC, ;)

is the fitted coverage depth calculated from the relationship of the chromosome X coverage

depth and corresponding GC content of samples from pregnant women with a female fetus,

~

¢t xm = f(GC, 4,) refers to the fitted coverage depth calculated from the relationship of the

chromosome X coverage depth and corresponding GC content of samples from male

subjects; or

AP (R e e—ar ) (& -(1=8) +Cry, e—cr )
Jiy, =arg min(—> R - )
£€(0,) (O'X’f-(l-—é‘)) +(6y, - &) (O'Y,f-(l—é‘)) +(0'Y’m-€)

(iii) xm ,

wherein ¢r, ,, = f(GC, ,,) is the fitted coverage depth calculated from the

relationship of the chromosome X coverage depth and corresponding GC content of

samples from pregnant women with a female fetus, ¢r,,, = f(GC, ;) refers to the fitted

coverage depth calculated from the relationship of the chromosome Y coverage depth and

corresponding GC content of samples from pregnant women with a female fetus,

A

¢t = f(GC, 4,) refers to the fitted coverage depth calculated from the relationship of the

chromosome X coverage depth and corresponding GC content of samples from male .

subjects, and ¢#, 4, = f(GC,,,) refers to the fitted coverage depth calculated from the

relationship of the chromosome Y coverage depth and corresponding GC content of male

subjects.

6. The method according to claim 2, wherein the comparison of said fitted coverage
depth to the coverage depth of the chromosome determined in step (c) is conducted by a
statistical hypothesis test, wherein one hypothesis is that the fetus is euploid (HO) and the
other hypothesis is that the fetus exhibits aneuploidy for said chromosome (H1).

7. The method of claim 6, wherein the student t-statistic is calculated for both
hypotheses.
8. The method of claim 7, wherein the student t-statistic is calculated for HO and H1

according to the formulae

tl, , =(cr;—cn,;)/std; and
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@, =(on,—er (1+ iy, 1 2)/ std,

respectively, wherein S5 s the fetal fraction,
i is the sample index,

j is the chromosome number,

CI’;.,J. :f(GCi,j)+g',jaj:1a29"'322’X7Y

H

wherein f{GC;)) represents the function for the relationship between normalized coverage
depth and the corresponding GC content of sample i, chromosome j, ;; represents the

residual of sample i, chromosome j,

or, = £(GC, ), j=1,2,-,22, X, Y

and represents the fitted coverage depth, and

std; is the standard variation according to the formula

std, :\/Z(cri,j —caj)z/(ns—l),j=1,2,...,22,X,Y

wherein ns represents the number of reference samples.

9. The method of claim 8, wherein the log likelihood ratio of t1 and t2 is calculated
according to formula: L, ; =log(p(tl, ;,degree | D)) /log(p(¢2, ;,degree|T)), wherein L;; is Log
likelihood ratio, wherein degree refers to a t distribution degree, D refers to Diploidy, T refers

to Trisomy, and p(tl, ,,degree|*),*<D,T represents conditional probability density given a

t distribution degree, if the ratio is larger than 1 the fetus being inferred to exhibit trisomy for

said chromosome.

10. The method according to any one of claims 1 to 9 for use in determining a fetal

autosome aneuploidy.

11. The method of claim 10, wherein the fetal aneuploidy is selected from the group
consisting of trisomy 13, 18 and 21.

12.  The method according to claim 4 for use in determining a sex chromosome

aneuploidy, such as a sex-chromosome aneuploidy selected from the group consisting of
X0, XXX, XXY and XYY.
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13. A computer readable medium comprising a plurality of instructions adapted to
perform the method of any one of claims 1 to 12 when said instructions are supplemented

with sequence information obtained as in step (a) of claim 1.

14. A system comprising means adapted for carrying out the method of any one of

claims 1 to 12.
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