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WHAT IS CLAIMED IS: 

I 1. 	A method for detecting cancer or premalignant change in a subject, the 

2 method comprising: 

3 obtaining a constitutional genome of the subject; 

4 receiving one or more sequence tags for each of a plurality of DNA fi; gments 

5 in a biological sample of the subject, the biological sample including cell-free D 

6 determining genomic positions for the sequence tags; 

7 comparing the sequence tags to the constitutional genome to determine a first 

8 number of first loci, wherein: 

9 at each first loci, a number of the sequence tags ha mg a sequence variant 

10 relative to the constitutional genome is above a cutoff value, 	cutoff value being 

11 greater than one; 

12 determining a parameter based on a count of sequence tags having a sequence 

13 variant at the first loci; and 

14 comparing the parameter to a threshol• 	aloe to determine a classification of a 

15 level of cancer in the subject. 

1 2. 	The method of claim 1, 	herein the threshold value is determined from 

2 one or more samples from one or more oth; subjects. 

I 3 . 	The method of 	aim 1, wherein the cutoff value for a locus is 

2 dependent on a total number of se 	ence tags that have a genomic position at the locus. 

1 4. 	The me 	od of claim 1, wherein different cutoff values are used for at 

2 least two of the first loci. 

I 5. 	e method of claim 4, further comprising: 

2 dyn 	ically determining a first cutoff value for one of the first loci, the one 

3 loci residing wit 	in a first region. 

I 6. 	The method of claim 5, wherein the first cutoff value is determined 

2 based o 	• sequencing depth of the one of the first loci. 

77 



WO 2013/190441 
	

PCT/1B2013/054898 

1 7. 	The method of claim 5, wherein the first cutoff value is determined 

2 based on a false positive rate that depends on a sequencing error rate, a sequencing depth of 

3 the first region, and a number of nucleotide positions in the first region. 

1 8. 	The method of claim 7, wherein the first cutoff value is determined 

2 based on a number of true positives in the first region. 

1 9. 	The method of claim 8, further comprising: 

2 calculating a number of true positives for the first cutoff vat 	based on 

3 sequencing depth D and fractional concentrationfof tumor-derived DN 	in the biological 

4 sample. 

1 10. 	The method of claim 9, wherein calcula i 	the number of true 

2 positives uses the Poisson distribution probability according t 	the formula: Pb = 1 — 
i 

3 ri:„,7(  Poisson(i, Me), where Pb is the probability for det 	ing true positives, and r is the first 

4 cutoff value, and Mp—D x f/2. 

1 11. 	The method of claim 5, whe 	in the first cutoff value is determined 

2 using any one of the following criteria: 

3 if the sequencing depth is les 	han 50 then the first cutoff value is 5, 

4 if the sequencing depth is 	— 110 then the first cutoff value is 6, 

5 if the sequencing depth s 111 — 200 then the first cutoff value is 7, 

6 if the sequencing de 	h is 201.-310 then the first cutoff value is 8, 

7 if the sequencing depth is 311 — 450 then the first cutoff value is 9, 

8 if the sequenc 	g depth is 451 — 620 then the first cutoff value is 10, and 

9 if the segue cing depth is 621 — 800 then the first cutoff value is 11. 

1 12. 	The method of claim 1, wherein the parameter is a weighted sum of the 

2 first number of fir 	loci, wherein a contribution of each first loci is weighted based on an 

3 importance vat 	assigned to the respective first loci. 

1 13. 	The method of claim 1, wherein the parameter includes a sum of the 

2 sequen 	tags indicating a sequence variant at the first number of first loci. 
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1 14. 	The method of claim 13, wherein the sum is a weighted sum, and 

2 wherein one of the first loci has a first weight that is different than a second weight of a 

3 second of the first loci. 

1 15. 	The method of claim 14, wherein the first weight is greater th7the 

2 second weight, and wherein the one of the first loci is associated with cancer, and 	e second 

3 of the first loci is not associated with cancer. 

1 16. 	The method of claim 1, wherein the parameter is th 	first number of 

2 first loci. 

1 17. 	The method of claim 1, wherein determinin 	a genomic position for a 

2 sequence tag includes: 

3 aligning at least a portion of the sequence ta 	to a reference genome, wherein 

4 the alignment of a sequence tag allows for one or more 	smatches between the sequence tag 

5 and the constitutional genome. 

1 18. 	The method of claim 17, 	terein comparing the sequence tags to the 

2 constitutional genome includes: 

3 comparing the constitution 	genome to the reference genome to determine a 

4 second number of second loci having a 	ariant relative to the reference genome; 

5 based on the alignin 	determining a third number of third loci, wherein: 

6 at each third 1• 1 a number of the sequence tags having a sequence variant 

7 relative to the reference ge ome is above a cutoff value; and 

8 taking a di 	rence of the third number and the second number to obtain the 

9 first number of first loc 

1 19. 	The method of claim 18, wherein taking the difference of the third 

2 number and the 	econd number identifies the specific loci of the first loci. 

1 20. 	The method of claim 19, wherein determining the parameter includes: 

2 for each locus of the first number of first loci: 

3 counting sequence tags that align to the locus and have a sequence variant 

4 at the locus; and 

5 determining the parameter based on the respective counts. 
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1 2 I . 	The method of claim 1, wherein the constitutional genome is derived 

2 from a constitutional sample from the subject that contains more than 50% constitutional 

3 DNA. 

1 22. 	The method of claim 1, wherein determining a genomic posit' n for a 

2 sequence tag includes: 

3 aligning at least a portion of the sequence tags to the constituti 	ial genome, 

4 wherein the alignment of a sequence tag allows for one or more mismatch-:between the 

5 sequence tag and the constitutional genome. 

I 23. 	The method of claim 22, wherein comparin 	e sequence tags to the 

2 constitutional genome includes: 

3 based on the aligning, identifying sequence ta 	that have a sequence variant 

4 at a genomic location relative to the constitutional genom 	of the subject; 

5 for each genomic location exhibiting a s quence variant: 

6 counting a respective first numbe of sequence tags that align to the 

7 genomic location and have a sequence varian at the genomic location; 

8 determining a parameter based •n the respective first numbers. 

1 24. 	The method of cla. 	23, wherein determining the parameter based on 

2 the respective first numbers includes: 

3 summing the respec 	e first numbers to obtain a first sum; and 

4 using the first su 	to determine the parameter. 

1 25. 	The 	ethod of claim 24, wherein using the first sum to determine the 

2 parameter includes: 

3 suhtra 	mg the number of genomic locations exhibiting a sequence variant 

4 from the first sum.  

1 6. 	The method of claim 24, wherein using the first sum to determine the 

2 parameter 	eludes: 

3 normalizing the first sum based on an amount of sequence tags aligned. 

1 27. 	The method of claim 1, further comprising: 
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obtaining a constitutional sample of the subject that contains more than 90% 

constitutional DNA; 

performing random sequencing of DNA fragments in the constitutional sa 	le 

to obtain one or more second sequence tags for each of a plurality of DNA fragments 1 

5 	constitutional sample; 

aligning at least a portion of the second sequence tags to a referenc genome, 

wherein the alignment of a second sequence tag allows for a mismatch between the second 

sequence tag and the constitutional genome at M or less genomic locations, 	herein M is an 

integer equal to or greater than one; and 

10 constructing the constitutional genome based on the se►  •nd sequence tags and 

the aligning. 

28. The method of claim 27, wherein the co stitutional sample is the 

biological sample, and wherein constructing the constitutio al genome includes: 

determining a consensus sequence th 	includes a deteiiiiination of a 

15 	homozygous locus or a heterozygous locus having;  two alleles; and 

using the consensus sequence a 	he constitutional genome. 

29. The method of claim 1 	rther comprising: 

receiving the biological sa 	le of the subject; and 

performing the random sequencing of DNA fragments in the biological sample 

20 	to generate the one or more sequence ags for each of a plurality of DNA fragments in the 

biological sample. 

30. Them 	od of claim 1, wherein the one or more sequence tags are 

generated from a random 	quencing of DNA fragments in the biological sample. 

25 31. The method of claim 1, wherein the parameter is a fractional 

concentration of4Umor-derived DNA. 

30 
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32. A method for analyzing a heterogeneity of one or more tumors of a 

subject, the method comprising: 

obtaining a constitutional genome of the subject; 

receiving one or more sequence tags for each of a plurality of DNA fr gments 

5 in a biological sample of the subject, the biological sample including cell-free DN 	, 

deteimining genomic positions for the sequence tags; 

comparing the sequence tags to the constitutional genome to 	etennine a first 

number of first loci, wherein: 

at each first loci, a number of the sequence tags ha ng a sequence variant 

10 relative to the constitutional genome is above a cutoff value, th 	cutoff value being 

greater than one; and 

calculating a measure of heterogeneity of the ne or more tumors based on the 

respective first numbers of the set of first genomic locatio s. 

33. The method of claim 32, furth 	comprising: 

15 comparing the heterogeneity meas 	e to one or more threshold values to 

determine a classification of a level of heterog 	eity. 

34. The method of clai 	33, wherein the one or more threshold values are 

determined from one or more other sub, ccts whose tumors have been biopsied and analyzed 

to determine mutations in the biops 	d tumors to determine a level of heterogeneity, and 

20 wherein a measure of heterogen 	y from a biological sample including cell-free DNA of one 

or more other subjects is us 	etermine a threshold value. 

31. 	method of claim 34, wherein comparing the heterogeneity measure 

to one or more thresh 	d values includes: 

inp 	ng the heterogeneity measure to a calibration function that outputs a 

25 heterogeneity l 	el based on the heterogeneity measure. 
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36. The method of claim 32, wherein the one or more measures include a 

total number of first genomic locations at which more than one DNA fragment aligned to t 

constitutional DNA while having a sequence variant at that genomic location. 

37. The method of claim 32, wherein a plurality of heterogeneit measures 

5 	are calculated, wherein calculating the heterogeneity measures includes: 

for each first loci, calculating a proportion of sequence tags h. ing a sequence 

variation; 

creating a histogram of a number of first loci for values 	f the proportions; and 

identifying a plurality of peaks in the histogram. 

10 38. The method of claim 37, wherein a heterogeneity measure corresponds 

to the number of identified peaks. 

39. The method of claim 37, wherein a heterogeneity measure includes a 

ratio of heights of two peaks. 

40. The method of claim 37,E erein the proportions each represent a 

15 	fractional concentration of tumor DNA as m 	sured at a particular first locus. 

41. The method of cl 	32, wherein the heterogeneity measure 

corresponds to a ratio of a first prop° ion of first loci having a first specified amount of 
,/ 

sequence tags with sequence varia$ons and a second proportion of first loci having a second 

specified amount of sequence t 	s with sequence variations. 

20 42. Thefiethod of claim 41, wherein the first specified amount is less than 

the second specified amoiunt. 

43. The method of claim 42, wherein the first specified amount is a first 

range and the s 	and specified amount is a second range, the first range being below the 

second range 

25 44. The method of claim 41, wherein the first specified amount and the 

seco specified amount correspond to a fractional concentration or to an absolute number of 

se' ence tags with a sequence variation. 
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45. The method of claim 32, wherein the heterogeneity measure is 

determined from a histogram of a number of first loci corresponding to each of the respecti 

first numbers. 

46. The method of claim 45, wherein the set of first identified ge omic 

5 	locations include a first subset and a second subset, wherein the one or more me 	ures 

includes a first histogram of the respective first numbers corresponding to th 	irst subset and 

a second histogram of the respective second numbers corresponding to th 	econd subset. 

47. The method of claim 32, wherein the heterog 	ity measure includes a 

proportion of first loci having corresponding first numbers above 	specified value. 

10 	 48. 	A method of determining a fractional c ncentration of tumor DNA in a 

biological sample including cell-free DNA, the method co 	prising: 

receiving one or more sequence tags for ach of a plurality of DNA fragments 

in the biological sample; 

determining genomic positions fo 	he sequence tags; 

15 for each of a plurality of geno 	c regions: 

determining a respectiv amount of DNA fragments within the genomic 

region from sequence tags having a enomic position within the genomic region; 

normalizing the r 	pective amount to obtain a respective density; and 

comparing the /respective density to a reference density to identify whether 

20 	the genomic region exhibit a 1-copy loss or a 1-copy gain; 

calculating 	first density from one or more respective densities identified as 

exhibiting a 1-copy loss 	r from one or more respective densities identified as exhibiting a 1- 

copy gain; and 

cal 	lating the fractional concentration by: 

25 comparing the first density to another density to obtain a differential, 

wherein tie differential is normalized with the reference density. 

49. 	The method of claim 48, further comprising: 

creating a histogram of a number of genomic regions having various 

pective densities; 

30 identifying a plurality of peaks in the histogram; and 
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calculating a heterogeneity measure from a ratio of the number of genomic 

regions of one or more first peaks to the number of genomic regions of one or more second 

peaks. 

50. The method of claim 49, wherein the histogram uses values of 

5 	fractional concentrations determined separately for each genomic region in creating the 

histogram. 

51. The method of claim 49, wherein the first peaks hav, respective 
7 

densities of a first specified amount, and the second peaks have respect.  e densities of a 

second specified amount. 

10 52. The method of claim 51, wherein the firs 	pecified amount is a first 

range and the second specified amount is a second range, an Wherein the first range is less 

than the second range. 

53. The method of claim 48, wher n comparing the respective density to 

the reference density to identify whether the genot lc region exhibits a l -copy loss or a 1- 

15 	copy gain includes: 

computing a difference betty 	n the respective density and the reference 

density; and 

comparing the differene to a cutoff value. 
/ 

54. The method,of claim 48, wherein the differential is normalized with 

20 	the reference density by: 

dividing the differential by the reference density. 

55. Tide method of claim 48, wherein the another density is the reference 

density. 

The method of claim 55, wherein calculating the fractional 

25 	concentratio
/
X further includes multiplying the differential by two. 

57. 	The method of claim 48, wherein the first density is calculated using 

resp tive densities identified as exhibiting a 1-copy gain, and wherein the another density is 

a econd density calculated from respective densities identified as exhibiting a 1-copy loss. 
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58. The method of claim 57, wherein the differential is normalized with 

the reference density by: 

computing a first ratio of the first density and the reference density; 

computing a second ratio of the second density and the reference dens 

5 wherein the differential is between the first ratio and the second ratio. 

59. The method of claim 57, wherein comparing the respe ive density to 
/ 

the reference density to identify whether the genomic region exhibits a 1 	py loss or a 1-

copy gain includes: 

10 

fitting peaks to a distribution curve of a histogram of 	e respective densities, 

wherein the first density corresponds to a first peak and the secon' density corresponds to a 

second peak. 

60. The method of claim 48, wherein 	genomic regions determined to 

exhibit a statistically significant gain in the respective 	ensity relative to the reference density 

are identified as exhibiting a 1-copy gain. 

15 61. The method of claim 48 	herein normalizing the respective amount to 

obtain a respective density includes using a :ame total number of aligned reference tags to 

determine the respective density and the 	ference density. 

62. The method o claim 48, wherein normalizing the respective amount to 

obtain a respective density inclu 	s dividing the respective amount by a total number of 

20 aligned reference tags. 

63. Th method of claim 48, wherein the plurality of genomic regions each 

have a same length. 

64 	The method of claim 48, wherein the genomic regions are non-

overlapping. 

25 

65. 	The method of any one of the claims above, wherein the biological 

samp 	is urine, pleural fluid, ascetic fluid, peritoneal fluid, saliva, cerebrospinal fluid, or a 

sto 	sample. 

86 



66. A computer program product comprising a computer readable medium 

storing a plurality of instructions for controlling a processor to perform an operation for 

methods described herein, the instructions comprising the steps of any one of the claims 

/ 

above. 
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WHAT IS CLAIMED IS: 

1. An in vitro method for detecting cancer or premalignant change in a 

subject, the method comprising: 

obtaining a constitutional genome of the subject; 

5 receiving one or more sequence tags for each of a plurality of DNA fragments 

in a biological sample of the subject, the biological sample including cell-free DNA; 

determining genomic positions for the sequence tags; 

comparing the sequence tags to the constitutional genome to determine a first 

number of first loci, wherein: 

10 at each first loci, a number of the sequence tags having a sequence variant 

relative to the constitutional genome is above a cutoff value, the cutoff value being 

greater than one; 

determining a parameter based on a count of sequence tags having a sequence 

variant at the first loci; and 

15 comparing the parameter to a threshold value to determine a classification of a 

level of cancer in the subject. 

2. The method of claim 1, wherein the threshold value is determined from 

one or more samples from one or more other subjects. 

3 . 	The method of claim 1, wherein the cutoff value for a locus is 

20 dependent on a total number of sequence tags that have a genomic position at the locus. 

4. The method of claim 1, wherein different cutoff values are used for at 

least two of the first loci. 

5. The method of claim 4, further comprising: 

dynamically determining a first cutoff value for one of the first loci, the one 

25 loci residing within a first region. 

6. The method of claim 5, wherein the first cutoff value is determined 

based on a sequencing depth of the one of the first loci. 
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7. The method of claim 5, wherein the first cutoff value is determined 

based on a false positive rate that depends on a sequencing error rate, a sequencing depth of 

the first region, and a number of nucleotide positions in the first region. 

8. The method of claim 7, wherein the first cutoff value is determined 

5 based on a number of true positives in the first region. 

9. The method of claim 8, further comprising: 

calculating a number of true positives for the first cutoff value based on 

sequencing depth D and fractional concentrationf of tumor-derived DNA in the biological 

sample. 

10 10. The method of claim 9, wherein calculating the number of true 

positives uses the Poisson distribution probability according to the formula: Pb = 1 — 

Eli.:g Poisson(i, Me), where Pb is the probability for detecting true positives, and r is the first 

cutoff value, and 1V1p=D x f/2. 

11. The method of claim 5, wherein the first cutoff value is determined 

15 using any one of the following criteria: 

20 

if the sequencing depth is less than 50 then the first cutoff value is 5, 

if the sequencing depth is 50 — 110 then the first cutoff value is 6, 

if the sequencing depth is 111 — 200 then the first cutoff value is 7, 

if the sequencing depth is 201 — 310 then the first cutoff value is 8, 

if the sequencing depth is 311 — 450 then the first cutoff value is 9, 

if the sequencing depth is 451 — 620 then the first cutoff value is 10, and 

if the sequencing depth is 621 — 800 then the first cutoff value is 11. 

12. The method of claim 1, wherein the parameter is a weighted sum of the 

first number of first loci, wherein a contribution of each first loci is weighted based on an 

25 importance value assigned to the respective first loci. 

13. The method of claim 1, wherein the parameter includes a sum of the 

sequence tags indicating a sequence variant at the first number of first loci. 
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14. The method of claim 13, wherein the sum is a weighted sum, and 

wherein one of the first loci has a first weight that is different than a second weight of a 

second of the first loci. 

15. The method of claim 14, wherein the first weight is greater than the 

5 second weight, and wherein the one of the first loci is associated with cancer, and the second 

of the first loci is not associated with cancer. 

16. The method of claim 1, wherein the parameter is the first number of 

first loci. 

17. The method of claim 1, wherein determining a genomic position for a 

10 sequence tag includes: 

aligning at least a portion of the sequence tags to a reference genome, wherein 

the alignment of a sequence tag allows for one or more mismatches between the sequence tag 

and the constitutional genome. 

18. The method of claim 17, wherein comparing the sequence tags to the 

15 constitutional genome includes: 

comparing the constitutional genome to the reference genome to determine a 

second number of second loci having a variant relative to the reference genome; 

based on the aligning, determining a third number of third loci, wherein: 

at each third loci, a number of the sequence tags having a sequence variant 

20 relative to the reference genome is above a cutoff value; and 

taking a difference of the third number and the second number to obtain the 

first number of first loci. 

19. The method of claim 18, wherein taking the difference of the third 

number and the second number identifies the specific loci of the first loci. 

25 20. The method of claim 19, wherein determining the parameter includes: 

for each locus of the first number of first loci: 

counting sequence tags that align to the locus and have a sequence variant 

at the locus; and 

determining the parameter based on the respective counts. 
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21. The method of claim 1, wherein the constitutional genome is derived 

from a constitutional sample from the subject that contains more than 50% constitutional 

DNA. 

22. The method of claim 1, wherein determining a genomic position for a 

5 sequence tag includes: 

aligning at least a portion of the sequence tags to the constitutional genome, 

wherein the alignment of a sequence tag allows for one or more mismatches between the 

sequence tag and the constitutional genome. 

23. The method of claim 22, wherein comparing the sequence tags to the 

10 constitutional genome includes: 

based on the aligning, identifying sequence tags that have a sequence variant 

at a genomic location relative to the constitutional genome of the subject; 

for each genomic location exhibiting a sequence variant: 

counting a respective number of sequence tags that align to the genomic 

15 location and have a sequence variant at the genomic location; 

determining a parameter based on the respective numbers. 

24. The method of claim 23, wherein determining the parameter based on 

the respective numbers includes: 

summing the respective numbers to obtain a first sum; and 

20 using the first sum to determine the parameter. 

25. The method of claim 24, wherein using the first sum to determine the 

parameter includes: 

subtracting the number of genomic locations exhibiting a sequence variant 

from the first sum. 

25 26. The method of claim 24, wherein using the first sum to determine the 

parameter includes: 

normalizing the first sum based on an amount of sequence tags aligned. 

27. The method of claim 1, further comprising: 
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obtaining a constitutional sample of the subject that contains more than 90% 

constitutional DNA; 

performing random sequencing of DNA fragments in the constitutional sample 

to obtain one or more second sequence tags for each of a plurality of DNA fragments in the 

5 constitutional sample; 

aligning at least a portion of the second sequence tags to a reference genome, 

wherein the alignment of a second sequence tag allows for a mismatch between the second 

sequence tag and the constitutional genome at M or less genomic locations, wherein M is an 

integer equal to or greater than one; and 

10 constructing the constitutional genome based on the second sequence tags and 

the aligning. 

28. The method of claim 27, wherein the constitutional sample is the 

biological sample, and wherein constructing the constitutional genome includes: 

determining a consensus sequence that includes a determination of a 

15 homozygous locus or a heterozygous locus having two alleles; and 

using the consensus sequence at the constitutional genome. 

29. The method of claim 1, further comprising: 

receiving the biological sample of the subject; and 

performing the random sequencing of DNA fragments in the biological sample 

20 to generate the one or more sequence tags for each of a plurality of DNA fragments in the 

biological sample. 

30. The method of claim 1, wherein the one or more sequence tags are 

generated from a random sequencing of DNA fragments in the biological sample. 

31. The method of claim 1, wherein the parameter is a fractional 

25 concentration of tumor-derived DNA. 

32. A method for analyzing a heterogeneity of one or more tumors of a 

subject, the method comprising: 

obtaining a constitutional genome of the subject; 

receiving one or more sequence tags for each of a plurality of DNA fragments 

30 in a biological sample of the subject, the biological sample including cell-free DNA; 

determining genomic positions for the sequence tags; 
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comparing the sequence tags to the constitutional genome to determine a 

number of first loci, wherein: 

at each first loci, a first number of the sequence tags having a sequence 

variant relative to the constitutional genome is above a cutoff value, the cutoff value 

5 being greater than one; and 

calculating a measure of heterogeneity of the one or more tumors based on the 

respective first numbers of the sequence tags for the first loci. 

33. The method of claim 32, further comprising: 

comparing the heterogeneity measure to one or more threshold values to 

10 determine a classification of a level of heterogeneity. 

34. The method of claim 33, wherein the one or more threshold values are 

determined from one or more other subjects whose tumors have been biopsied and analyzed 

to determine mutations in the biopsied tumors to determine a level of heterogeneity, and 

wherein a measure of heterogeneity from a biological sample including cell-free DNA of one 

15 or more other subjects is used determine a threshold value. 

35. The method of claim 34, wherein comparing the heterogeneity measure 

to one or more threshold values includes: 

inputting the heterogeneity measure to a calibration function that outputs a 

heterogeneity level based on the heterogeneity measure. 

20 36. The method of claim 32, wherein the heterogeneity measures includes 

a total number of first loci at which more than one DNA fragment aligned to the 

constitutional DNA while having a sequence variant at that locus. 

37. The method of claim 32, wherein a plurality of heterogeneity measures 

are calculated, wherein calculating the heterogeneity measures includes: 

25 for each first loci, calculating a proportion of sequence tags having a sequence 

variation; 

creating a histogram of a number of first loci for values of the proportions; and 

identifying a plurality of peaks in the histogram. 

38. The method of claim 37, wherein one of the plurality of heterogeneity 

30 measures corresponds to the number of identified peaks. 
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39. The method of claim 37, wherein one of the plurality of heterogeneity 

measures includes a ratio of heights of two peaks. 

40. The method of claim 37, wherein the proportions each represent a 

fractional concentration of tumor DNA as measured at a particular first locus. 

5 41. The method of claim 32, wherein the heterogeneity measure 

corresponds to a ratio of a first proportion of first loci having a first specified amount of 

sequence tags with sequence variations and a second proportion of first loci having a second 

specified amount of sequence tags with sequence variations. 

42. The method of claim 41, wherein the first specified amount is less than 

10 the second specified amount. 

43. The method of claim 42, wherein the first specified amount is a first 

range and the second specified amount is a second range, the first range being below the 

second range. 

44. The method of claim 41, wherein the first specified amount and the 

15 second specified amount correspond to a fractional concentration or to an absolute number of 

sequence tags with a sequence variation. 

45. The method of claim 32, wherein the heterogeneity measure is 

determined from a histogram of a number of first loci corresponding to each of the respective 

first numbers. 

20 46. The method of claim 45, wherein a plurality of heterogeneity measures 

are calculated, wherein the set of first loci include a first subset and a second subset, wherein 

the plurality of measures includes a first histogram of the respective first numbers 

corresponding to the first subset and a second histogram of the respective second numbers 

corresponding to the second subset. 

25 47. The method of claim 32, wherein the heterogeneity measure includes a 

proportion of first loci having corresponding first numbers above a specified value. 

48. A method of determining a fractional concentration of tumor DNA in a 

biological sample including cell-free DNA, the method comprising: 
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receiving one or more sequence tags for each of a plurality of DNA fragments 

in the biological sample; 

determining gen.om.ic positions for the sequence tags; 

for each of a plurality of genomic regions: 

5 determining a respective amount of DNA fragments within the genomic 

region from sequence tags having a genomie position within the genomic region; 

normalizing the respective amount to obtain a respective density; and 

comparing the respective density to a reference density to identify whether 

the genomic region exhibits a 1-copy loss or a 1-copy gain; 

10 calculating a first density from one or more respective densities identified as 

exhibiting a 1-copy loss or from one or more respective densities identified as exhibiting a 1- 

copy gain; and 

calculating the fractional concentration by: 

comparing the first density to another density to obtain a differential, 

15 	wherein the differential is normalized with the reference density. 

49. The method of claim 48, further comprising: 

creating a histogram of a number of genomie regions having various 

respective densities; 

identifying a plurality of peaks in the histogram; and 

20 calculating a heterogeneity measure from a ratio of the number of genomic 

regions of one or more first peaks to the number of genomic regions of one or more second 

peaks. 

50. The method of claim 49, wherein the histogram uses values of 

fractional concentrations determined separately for each genomic region in creating the 

25 	histogram. 

51. The method of claim 49, wherein the first peaks have respective 

densities of a first specified amount, and the second peaks have respective densities of a 

second specified amount. 

52. The method of claim 51, wherein the first specified amount is a first 

30 	range and the second specified amount is a second range, and wherein the first range is less 

than the second range. 
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53. The method of claim 48, wherein comparing the respective density to 

the reference density to identify whether the genomic region exhibits a 1-copy loss or a 1-

copy gain includes: 

computing a difference between the respective density and the reference 

5 density; and 

comparing the difference to a cutoff value. 

54. The method of claim 48, wherein the differential is normalized with 

the reference density by: 

dividing the differential by the reference density. 

10 55. The method of claim 48, wherein the another density is the reference 

density. 

56. The method of claim 55, wherein calculating the fractional 

concentration further includes multiplying the differential by two. 

57. The method of claim 48, wherein the first density is calculated using 

15 respective densities identified as exhibiting a 1-copy gain, and wherein the another density is 

a second density calculated from respective densities identified as exhibiting a 1-copy loss. 

58. The method of claim 57, wherein the differential is normalized with 

the reference density by: 

computing a first ratio of the first density and the reference density; 

20 computing a second ratio of the second density and the reference density, 

wherein the differential is between the first ratio and the second ratio. 

59. The method of claim 57, wherein comparing the respective density to 

the reference density to identify whether the genomic region exhibits a 1-copy loss or a 1-

copy gain includes: 

25 fitting peaks to a distribution curve of a histogram of the respective densities, 

wherein the first density corresponds to a first peak and the second density corresponds to a 

second peak. 
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60. The method of claim 48, wherein all genomic regions determined to 

exhibit a statistically significant gain in the respective density relative to the reference density 

are identified as exhibiting a 1-copy gain. 

61. The method of claim 48, wherein normalizing the respective amount to 

5 obtain a respective density includes using a same total number of aligned reference tags to 

determine the respective density and the reference density. 

62. The method of claim 48, wherein normalizing the respective amount to 

obtain a respective density includes dividing the respective amount by a total number of 

aligned reference tags. 

10 63. The method of claim 48, wherein the plurality of genomic regions each 

have a same length. 

64. The method of claim 48, wherein the genomic regions are non-

overlapping. 

65. The method of any one of the claims above, wherein the biological 

15 sample is urine, pleural fluid, ascetic fluid, peritoneal fluid, saliva, cerebrospinal fluid, or a 

stool sample. 

66. A computer program product comprising a computer readable medium 

storing a plurality of instructions for controlling a processor to perform an operation for 

methods described herein, the instructions comprising the steps of any one of the claims 

20 above. 

67. A computer system including processors that are programmed to 

implement any of the methods of any of claims above. 

25 
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