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DIAGNOSTIC APPLICATIONS USING NUCLEIC ACID FRAGMENTS 

CROSS-REFERENCES TO RELATED APPLICATIONS 

[0001] The present application claims priority from U.S. Provisional Application No. 

62/450,541, entitled “Diagnostic Applications Using Nucleic Acid Fragments” filed January 

25, 2017, and 62/507,154, entitled “Diagnostic Applications Using Nucleic Acid Fragments” 5 

filed May 16, 2017; and is a continuation-in-part of PCT application No. 

PCT/US2017/058099, entitled “Methods And Systems For Tumor Detection,” filed October 

24, 2017, the entire contents of which are herein incorporated by reference for all purposes. 

BACKGROUND 

[0002] The discovery that tumor cells release tumor-derived DNA into the blood stream 10 

has sparked the development of non-invasive methods capable of determining the presence, 

location and/or type of tumor in a subject using cell-free samples (e.g., plasma). Many tumors 

can be treatable if detected early in their development. However, current methods can lack 

the sensitivity and/or specificity to detect a tumor at an early stage and can return a large 

number of false positive or false negative results. The sensitivity of a test can refer to the 15 

likelihood that a subject that is positive for a condition tests positive for the condition. 

The specificity of a test can refer to the likelihood that a subject that is negative for a 

condition tests negative for that condition. The problems of sensitivity and specificity can be 

exaggerated in assays for the early detection of tumors, e.g., because samples on which such 

tumor detection methods are performed can have relatively small amounts of tumor-derived 20 

DNA and because the condition itself can have a relatively low prevalence among individuals 

tested in the early stage. Accordingly, there is a clinical need for methods having higher 

sensitivity and/or specificity for the detection of tumors. 

SUMMARY  

[0003] Various examples are directed to applications (e.g., classification of biological 25 

samples) of the analysis of the count, the fragmentation patterns, and size of cell-free nucleic 

acids, e.g., plasma DNA and serum DNA, including nucleic acids from pathogens, such as 

viruses. Examples of one application can determine if a subject has a particular condition. For 

example, a method of present disclosure can determine if a subject has cancer or a tumor, or 

other pathology. Examples of another application can be used to assess the stage of a  30 
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condition, or the progression of a condition over time. For example, a method of the present 

disclosure may be used to determine a stage of cancer in a subject, or the progression of 

cancer in a subject over time (e.g., using samples obtained from a subject at different times). 

[0003a]    In one aspect, the present disclosure refers to a method of analyzing a biological 

sample, including a mixture of cell-free nucleic acid molecules, to determine a level of a 5 

cancer associated with a virus in a subject from which the biological sample is obtained, the 

mixture including nucleic acid molecules from the subject and potentially nucleic acid 

molecules from the virus, wherein the biological sample is blood, plasma, serum, or urine, the 

method comprising: for each of a plurality of nucleic acid molecules in the biological sample: 

measuring a size of the nucleic acid molecule; determining that the nucleic acid molecule is 10 

from a reference genome, the reference genome corresponding to the virus; determining a 

statistical value of a size distribution of the plurality of nucleic acid molecules from the 

reference genome; and determining the level of the cancer in the subject by processing the 

statistical value against a cutoff value. 

[0003b]    In another aspect, the present disclosure refers to a method of screening a 15 

biological sample, including a mixture of cell-free nucleic acid molecules, for a cancer 

associated with a virus, the biological sample obtained from a subject that is asymptomatic 

for the cancer, the mixture including nucleic acid molecules from the subject and potentially 

nucleic acid molecules from the virus, wherein the biological sample is blood, plasma, serum, 

or urine, the method comprising: receiving a plurality of sequence reads obtained from a 20 

sequencing of the mixture of cell-free nucleic acid molecules; determining an amount of the 

plurality of sequence reads aligning to a reference genome, the reference genome 

corresponding to the virus; and comparing the amount of sequence reads aligning to the 

reference genome to a cutoff value, thereby screening for the cancer, the cutoff value 

differentiating subjects that transiently or persistently have the virus but not the cancer and 25 

subjects that have the cancer. 

[0003c]    In another aspect, the present disclosure refers to a method of analyzing a 

biological sample, including a mixture of cell free nucleic acid molecules, to determine a 

level of cancer associated with a virus in a subject from which the biological sample is 

obtained, the mixture including nucleic acid molecules from the subject and potentially 30 

nucleic acid molecules from the virus, wherein the biological sample is blood, plasma, serum, 

or urine, the method comprising: performing a first assay, wherein the first assay comprises 

analyzing a first plurality of cell-free nucleic acid molecules from a first biological sample of 

the subject to determine a first amount of the first plurality of cell-free nucleic acid molecules 

aligning to a reference genome, the reference genome corresponding to the virus; and 35 

performing a second assay, wherein the second assay comprises measuring a size of each of a 

second plurality of cell-free nucleic acid molecules in a second biological sample; and
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determining a second amount of a size distribution of the second plurality of cell-free nucleic acid 

molecules from the reference genome, the second amount being a statistical value of the size 

distribution of the second plurality of cell-free nucleic acid molecules from the reference genome; 

comparing the first amount to a first cutoff; comparing the second amount to a second cutoff; and 

determining the level of the cancer in the subject based on the comparing of the first amount to the 5 

first cutoff and the comparing of the second amount to the second cutoff. 

[0003d]    In yet another aspect, the present disclosure refers to a method of analyzing a 

biological sample, including a mixture of cell free nucleic acid molecules, to determine a 

level of cancer associated with a virus in a subject from which the biological sample is 

obtained, the mixture including nucleic acid molecules from the subject and potentially 10 

nucleic acid molecules from the virus, wherein the biological sample is blood, plasma, serum, 

or urine, the method comprising: analyzing a first plurality of cell-free nucleic acid molecules 

from the biological sample of the subject, wherein the analyzing a cell-free nucleic acid 

comprises determining a genomic position in a reference genome corresponding to at least 

one end of the cell-free nucleic acid molecule, the reference genome corresponding to the 15 

virus; determining a first amount of the first plurality of cell-free nucleic acid molecules that 

end within one or more first windows, each first window comprising at least one of a first set 

of genomic positions at which ends of cell-free nucleic acid molecules are present at a rate 

above a first threshold in subjects with the cancer associated with the virus; computing a 

relative abundance of the first plurality of cell-free nucleic acid molecules ending within one 20 

of the one or more first windows by normalizing the first amount using a second amount of 

the first plurality of cell-free nucleic acid molecules from the biological sample, wherein the 

second amount of the first plurality of cell-free nucleic acid molecules includes cell-free 

nucleic acid molecules ending at a second set of genomic positions outside of the one or more 

first windows including the first set of genomic positions; and determining the level of cancer 25 

in the subject by processing the relative abundance against a cutoff value. 

[0003e]    In yet another aspect, the present disclosure refers to a computer product 

comprising a computer readable medium storing a plurality of instructions for controlling a 

computer system to perform the method as disclosed herein. 

[0003f]    In yet another aspect, the present disclosure refers to a computer system including 30 

one or more processors that are configured to perform the method as disclosed herein. 
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[0004] According to one example, sequence reads obtained from a sequencing of the 

mixture of cell free nucleic acid molecules can be used to determine an amount of the 

sequence reads aligning to a reference genome corresponding to the virus. The amount of 

sequence reads aligning to the reference genome can be compared to a cutoff value to screen 

for the pathology. 5 

[0005] According to another example, sizes of viral nucleic acid molecules (e.g., those 

aligning to a reference genome corresponding to the virus) can be used. A statistical value of 

a size distribution of the nucleic acid molecules from the virus can be determined. A level of 

pathology in the subject can be determined by processing the statistical value against a cutoff 

value.  10 

[0006] According to another example, a first amount of cell-free nucleic acid molecules 

that end within one or more first windows of a reference genome corresponding to the virus is 

determined. Each first window comprising at least one of a first set of genomic positions at 

which ends of cell-free nucleic acid molecules are present at a rate above a first threshold in 

subjects with a cancer (or other pathology) associated with the virus. A relative abundance 15 

can be computed by normalizing the first amount using a second amount of cell-free nucleic 

acid molecules, which includes cell-free nucleic acid molecules ending at a second set of 

genomic positions outside of the one or more first windows including the first set of genomic 

positions. A level of cancer in the subject can be determined by processing the relative 

abundance against a cutoff value. 20 

[0007] Examples can combine various techniques. For example, a first assay can be count-

based, size-based, or fragmentation-based. A second assay can be one of the other techniques. 

As examples a majority voting can be used, or cutoff values can be determined for both 

techniques, thereby determining a set of data points from the two techniques that correspond 

to a particular level of pathology. 25 

[0008] Other examples are directed to systems, portable consumer devices, and computer 

readable media associated with methods described herein.  
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for a training set. FIG. 34B shows a size index (e.g., an inverse of the size ratio) in subjects 

that are transiently positive or persistently positive for plasma EBV DNA (left or middle, 

respectively) but have no observable pathology, and subjects identified as having NPC (right) 

for a validation set. 

[0045] FIG. 35A shows the size distribution of sequenced plasma DNA fragments mapped 5 

to the HBV genome and human genome in an HCC subject. FIG. 35B shows a bar plot of the 

percentage of HBV DNA fragments below 150 bp in plasma in (left) subjects having chronic 

hepatitis B and (right) HCC subjects. 

[0046] FIGS. 36 and 37 show the size distributions of sequenced plasma HPV DNA 

fragments and DNA fragments mapped to human genome (autosomal DNA fragments) in 8 10 

subjects having carcinoma of cervix (C-788, C-801, C-803, C-819, C-822, C-877, 3485, 

3276). 

[0047] FIGS. 38 and 39 show the size distributions of sequenced plasma HPV DNA 

fragments and DNA fragments mapped to human genome (autosomal DNA fragments) in 3 

subjects having HPV positive head and neck squamous cell carcinoma (HPV+ve HNSCC). 15 

[0048] FIG. 40 is a flowchart illustrating a method of using a size distribution of viral DNA 

fragments to determine a level of cancer according to embodiments of the present invention. 

[0049] FIG. 41 shows an illustrative example for the definition of intact probability (PI) 

according to embodiments of the present invention.  

[0050] FIG. 42 shows the frequency of plasma EBV DNA fragments ending on each 20 

nucleotide in the EBV genome for 4 subjects with persistently false-positive plasma EBV 

DNA and no observable pathology, and 6 NPC patients. 

[0051] FIG. 43 shows a Venn diagram depicting (A) the number of preferred ending 

positions specific to subjects not having an observable pathology (383), (B) the number of 

preferred ending positions specific to subjects having NPC (383), and (C) the preferred 25 

ending positions shared by both groups of subjects (17). 

[0052] FIG. 44 shows a heat map depicting the percentage of fragments ending on either 

Set A positions or Set B positions for subjects not having an observable pathology and NPC 

subjects. A heat map is depicted for 8 subjects not having an observable pathology (left 8 

columns; C1-C8) and 5 NPC subjects (right 5 columns; NPC1-NPC5). The nucleic acid 30 
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3. HPV 

[0214] The size profile of the plasma HPV DNA sequences can allow one to distinguish 

those with HPV-related cancer and individuals without cancer but with detectable plasma 

HPV DNA due to other benign conditions. The size profile of the plasma HPV DNA 

sequences can further allow one to distinguish between HPV-related cancers of different 5 

tissue origin, for example CC and HNSCC. 

[0215] FIGS. 36 and 37 show the size distributions of sequenced plasma HPV DNA 

fragments and DNA fragments mapped to human genome (autosomal DNA fragments) in 8 

subjects having carcinoma of cervix (C-788, C-801, C-803, C-819, C-822, C-877, 3485, 

3276). Using paired-end sequencing, the size of each plasma HPV DNA fragment was 10 

deduced based on the coordinates of the outermost nucleotide on each of the two ends of the 

sequenced HPV DNA fragment. For each patient with carcinoma of cervix, the size 

distribution of plasma HPV fragments is shorter than autosomal DNA fragments. Even for 

patients with low level of HPV DNA (fewer than 100 HPV DNA reads), a similar cumulative 

frequency difference (∆S) curve which peaks at around 150 bp were derived. This suggested 15 

that the size profiles of plasma HPV DNA are similar among patients with carcinoma of 

cervix and could be utilized for size-based diagnostics for HPV-related diseases. 

[0216] FIGS. 38 and 39 show the size distributions of sequenced plasma HPV DNA fragments 

and DNA fragments mapped to human genome (autosomal DNA fragments) in 6 subjects having 

HPV positive head and neck squamous cell carcinoma (HPV+ve HNSCC) (TBR1019, TBR1245, 20 

TBR1988, TBR1989, TBR2002 an TBR2175). For each patient with HPV+ve HNSCC, we 

could observe a similar size distribution curve of plasma HPV fragments. The size distribution of 

plasma HPV fragments is shorter than autosomal DNA fragments. This suggested that the size 

profiles of plasma HPV DNA are similar among patients with HPV+ve HNSCC and could be 

utilized for size-based diagnostics for HPV-related diseases. 25 

D. Various statistical values 

[0217] It should be understood that the size threshold (e.g., 150 bp in FIG. 31) may be any 

value. The size threshold may be at least about 10 bp, 20 bp, 25 bp, 30 bp, 35 bp, 40 bp, 45 

bp, 50 bp, 55 bp, 60 bp, 65 bp, 70 bp, 75 bp, 80 bp, 85 bp, 90 bp, 95 bp, 100 bp, 105 bp, 110 

bp, 115 bp, 120 bp, 125 bp, 130 bp, 135 bp, 140 bp, 145 bp, 150 bp, 155 bp, 160 bp, 165 bp, 30 

170 bp, 175 bp, 180 bp, 185 bp, 190 bp, 195 bp, 200 bp, 210 bp, 220 bp, 230 bp, 240 bp, 250 
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WHAT IS CLAIMED IS: 

 

1. A method of analyzing a biological sample, including a mixture of 

cell-free nucleic acid molecules, to determine a level of a cancer associated with a virus in a 

subject from which the biological sample is obtained, the mixture including nucleic acid 

molecules from the subject and potentially nucleic acid molecules from the virus, wherein the 

biological sample is blood, plasma, serum, or urine, the method comprising: 

for each of a plurality of nucleic acid molecules in the biological sample: 

measuring a size of the nucleic acid molecule;  

determining that the nucleic acid molecule is from a reference genome, the 

reference genome corresponding to the virus; 

determining a statistical value of a size distribution of the plurality of nucleic 

acid molecules from the reference genome; and 

determining the level of the cancer in the subject by processing the statistical 

value against a cutoff value. 

2. The method of claim 1, wherein the statistical value is an average, 

mode, median, or mean of the size distribution. 

3. The method of claim 1, wherein the statistical value is a percentage of 

the plurality of nucleic acid molecules in the biological sample from the reference genome 

that are below a size threshold. 

4. The method of claim 3, wherein the size threshold is 150 bp. 

5. The method of claim 3, wherein the subject is determined to be 

positive for the cancer when the statistical value is below the cutoff value. 

6. The method of claim 1, wherein the statistical value includes a ratio of: 

a first amount the plurality of nucleic acid molecules in the biological sample 

from the reference genome that are within a first size range; and 

a second amount the plurality of nucleic acid molecules in the biological 

sample from the reference genome that are within a second size range that is different than 

the first size range. 

7. The method of claim 1, wherein the statistical value includes a ratio of: 
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a first proportion of sequence reads of nucleic acid molecules that align to the 

reference genome of the virus with the size within a given range; and  

a second proportion of sequence reads of nucleic acid molecules that align to a 

human reference genome with the size within the given range. 

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

about 9, or about 10. 

9. The method of claim 7, wherein the given range is about 80 to about 

110 base pairs, about 50 to about 75 base pairs, about 60 to about 90 base pairs, about 90 to 

about 120 base pairs, about 120 to about 150 base pairs, or about 150 to about 180 base pairs. 

10. The method of claim 7, wherein the statistical value is an inverse of the 

ratio. 

11. The method of claim 10, wherein the cutoff value is about 0.11, 0.12, 

0.13, or 0.14.  

12. The method of claim 1, wherein measuring the size of the nucleic acid 

molecule and determining that the nucleic acid molecule is from the reference genome 

includes: 

receiving one or more sequence reads that include both ends of the nucleic 

acid molecule, thereby obtaining a plurality of sequence reads from a sequencing of the 

mixture of cell free nucleic acid molecules; 

aligning the one or more sequence reads to the reference genome to obtain one 

or more aligned locations; and 

using the one or more aligned locations to determine the size of the nucleic 

acid molecule. 

13. The method of claim 1, wherein a positive predictive value (PPV) of 

the determining the level of the cancer is at least 6%, 7%, or 8%, wherein a sensitivity of the 

determining the level of the cancer is at least 95%, 96%, or 97%, and/or wherein a specificity 

of the determining the level of the cancer is at least 95%, 96%, 97%, or 98%. 

14. The method of claim 1, wherein the size is a length, a molecular mass, 

or a measured parameter that is proportional to the length. 
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15. A method of screening a biological sample, including a mixture of 

cell-free nucleic acid molecules, for  a cancer associated with a virus, the biological sample 

obtained from a subject that is asymptomatic for the cancer, the mixture including nucleic 

acid molecules from the subject and potentially nucleic acid molecules from the virus, 

wherein the biological sample is blood, plasma, serum, or urine, the method comprising: 

receiving a plurality of sequence reads obtained from a sequencing of the 

mixture of cell-free nucleic acid molecules; 

determining an amount of the plurality of sequence reads aligning to a 

reference genome, the reference genome corresponding to the virus; and  

comparing the amount of sequence reads aligning to the reference genome to a 

cutoff value, thereby screening for the cancer, the cutoff value differentiating subjects that 

transiently or persistently have the virus but not the cancer and subjects that have the cancer.  

16. The method of claim 15, further comprising: 

determining a level of the cancer in the subject based on the comparing of the 

amount of sequence reads to the cutoff value. 

17. The method of claim 15, wherein the amount of sequence reads 

aligning to the reference genome includes a proportion of sequence reads aligned to the 

reference genome relative to a total number of sequence reads. 

18. The method of claim 17, wherein the total number of sequence reads is 

a sum of the sequence reads that aligned to the reference genome corresponding to the virus 

and the sequence reads that aligned to a human genome.  

19. The method of claim 15, wherein the amount of sequence reads 

aligning to the reference genome includes a number of sequence reads aligned to the 

reference genome per volume of the biological sample analyzed.

20. The method of claim 15, wherein the cutoff value is determined from 

training samples having a known classification for the cancer. 

21. The method of claim 20, wherein the cutoff value is selected using (1) 

a value below a lowest amount of sequence reads aligning to the reference genome for the 

training samples classified as having the cancer; (2) a specified number of standard 
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deviations from a mean amount of sequence reads aligning to the reference genome for the 

training samples classified as having the cancer; or (3) a specificity and a sensitivity for 

determining a correct classification of the training samples. 

22. The method of one of claim 12 or claim 15, further comprising: 

performing the sequencing of the mixture of cell-free nucleic acid molecules 

to obtain the plurality of sequence reads. 

23. The method of claim 22, further comprising: 

performing real-time polymerase chain reaction (PCR) of the biological 

sample or a different biological sample obtained from the subject contemporaneously as the 

biological sample, thereby determining a quantity of nucleic acid molecules from the virus; 

comparing the quantity to a quantity threshold; and 

when the quantity is above the quantity threshold, performing the sequencing 

of the mixture of cell-free nucleic acid molecules. 

24. The method of claim 22, wherein the sequencing includes random 

sequencing. 

25. The method of claim 15, further comprising: 

comparing the amount of sequence reads aligning to the reference genome to 

another cutoff value, the other cutoff value differentiating between subjects that transiently 

have the virus but not the cancer and subjects that persistently have the virus but not the 

cancer. 

26. A method of analyzing a biological sample, including a mixture of 

cell-free nucleic acid molecules, to determine a level of a cancer associated with a virus in a 

subject from which the biological sample is obtained, the mixture including nucleic acid 

molecules from the subject and potentially nucleic acid molecules from the virus, wherein the 

biological sample is blood, plasma, serum, or urine, the method comprising: 

performing a first assay, wherein the first assay comprises analyzing a first 

plurality of cell-free nucleic acid molecules from a first biological sample of the subject to 

determine a first amount of the first plurality of cell-free nucleic acid molecules aligning to a 

reference genome, the reference genome corresponding to the virus; and 

performing a second assay, wherein the second assay comprises  

measuring a size of each of a second plurality of cell-free nucleic acid 
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molecules in a second biological sample; and 

determining a second amount of a size distribution of the second 

plurality of cell-free nucleic acid molecules from the reference genome, the second 

amount being a statistical value of the size distribution of the second plurality of cell-

free nucleic acid molecules from the reference genome; 

comparing the first amount to a first cutoff; 

comparing the second amount to a second cutoff; and 

determining the level of the cancer in the subject based on the comparing of 

the first amount to the first cutoff and the comparing of the second amount to the second 

cutoff. 

27. The method of claim 26, wherein the first assay includes real-time 

polymerase chain reaction (PCR). 

28. The method of claim 1, 15, or 26, wherein the cancer is selected from a 

group consisting of nasopharyngeal cancer, head and neck squamous cell carcinoma, cervical 

cancer, and hepatocellular carcinoma. 

29. The method of claim 26, wherein the first biological sample and the 

second biological sample are from a same blood sample.  

30. The method of claim 26, wherein the first biological sample and the 

second biological sample are the same sample, and wherein the second plurality of cell-free 

nucleic acid molecules is the first plurality of cell-free nucleic acid molecules. 

31. The method of claim 26, wherein the second assay is performed in 

response to the first amount being above the first cutoff. 

32. The method of claim 26, wherein the subject is determined to have the 

cancer only if the first amount exceeds the first cutoff and the second amount exceeds the 

second cutoff. 

33. The method of claim 26, wherein the second amount is of nucleic acid 

molecules having the size within a given range and aligning to the reference genome. 
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34. The method of claim 33, further comprising normalizing the second 

amount using a third amount of cell-free nucleic acid molecules having the size within a 

different range and aligning to the reference genome. 

35. The method of claim 33, further comprising normalizing the second 

amount using a third amount of cell-free nucleic acid molecules having the size within the 

given range and aligning to an autosomal genome. 

36. The method of claim 26, wherein a positive predictive value of 

determining the level of the cancer is at least 15%, at least 17%, or at least 19%, wherein a 

sensitivity of determining the level of the cancer is at least 95%, at least 96%, or at least 97%, 

and/or wherein a specificity of determining the level of the cancer is at least 95%, at least 

96%, at least 97%, at least 98%, or at least 99%. 

37. The method of any one of claims 1, 15, or 26, further comprising 

enriching the biological sample for nucleic acid molecules from the virus. 

38. The method of claim 37, wherein the enriching the biological sample 

for nucleic acid molecules from the virus includes using capture probes that bind to a portion 

of, or an entire genome of, the virus. 

39. The method of claim 37, further comprising: 

enriching the biological sample for nucleic acid molecules from a portion of a 

human genome. 

40. A method of analyzing a biological sample, including a mixture of 

cell-free nucleic acid molecules, to determine a level of cancer associated with a virus in a 

subject from which the biological sample is obtained, the mixture including nucleic acid 

molecules from the subject and potentially nucleic acid molecules from the virus, wherein the 

biological sample is blood, plasma, serum, or urine, the method comprising: 

 analyzing a first plurality of cell-free nucleic acid molecules from the 

biological sample of the subject, wherein the analyzing a cell-free nucleic acid comprises 

determining a genomic position in a reference genome corresponding to at least one end of 

the cell-free nucleic acid molecule, the reference genome corresponding to the virus;  

determining a first amount of the first plurality of cell-free nucleic acid 
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molecules that end within one or more first windows, each first window comprising at least 

one of a first set of genomic positions at which ends of cell-free nucleic acid molecules are 

present at a rate above a first threshold in subjects with the cancer associated with the virus; 

computing a relative abundance of the first plurality of cell-free nucleic acid 

molecules ending within one of the one or more first windows by normalizing the first 

amount using a second amount of the first plurality of cell-free nucleic acid molecules from 

the biological sample, wherein the second amount of the first plurality of cell-free nucleic 

acid molecules includes cell-free nucleic acid molecules ending at a second set of genomic 

positions outside of the one or more first windows including the first set of genomic 

positions; and 

determining the level of cancer in the subject by processing the relative 

abundance against a cutoff value. 

41. The method of claim 40, wherein processing the relative abundance 

against the cutoff value includes: 

determining whether the relative abundance is greater than the cutoff value. 

42. The method of claim 40, further comprising: 

determining the second amount of the first plurality of cell-free nucleic acid 

molecules that end within one of second windows, each second window comprising at least 

one of the second set of genomic positions at which ends of cell-free nucleic acid molecules 

are present at a rate above a second threshold in subjects without the cancer resulting from 

the virus, 

wherein normalizing the first amount includes computing the relative 

abundance using the first amount and the second amount. 

43. The method of claim 42, further comprising identifying the second set 

of genomic positions, wherein the identifying comprises: 

analyzing the cell-free nucleic acid molecules of a reference sample from a 

reference subject that does not have the cancer, wherein analyzing each of the cell-free 

nucleic acid molecules of the reference sample comprises: 

determining the genomic position in the reference genome corresponding 

to at least one end of the cell-free nucleic acid molecule. 

44. The method of claim 43, wherein the reference subject is healthy. 
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45. The method of claim 42, wherein the relative abundance comprises a 

ratio of the first amount and the second amount. 

46. The method of claim 40, further comprising identifying the first set of 

genomic positions at which ends of cell-free nucleic acid molecules occur at the rate above 

the first threshold. 

47. The method of claim 46, wherein identifying the first set of genomic 

positions comprises: 

analyzing a second plurality of cell-free nucleic acid molecules from at least 

one first additional sample to identify ending positions of the second plurality of cell-free 

nucleic acid molecules, wherein the at least one first additional sample is known to have the 

cancer associated with the virus and is of a same sample type as the biological sample; 

for each genomic window of a plurality of genomic windows: 

computing a corresponding number of the second plurality of cell-free 

nucleic acid molecules ending on the genomic window; and 

comparing the corresponding number to a reference value to determine 

whether the rate of cell-free nucleic acid molecules ending on one or more genomic 

positions within the genomic window is above the first threshold. 

48. The method of claim 47, wherein a first genomic window of the 

plurality of genomic windows has a width of at least one genomic position, and wherein each 

of the genomic positions within the first genomic window are identified as having the rate of 

cell-free nucleic acid molecules ending on the genomic position be above the first threshold 

when the corresponding number exceeds the reference value.

49. The method of claim 47, wherein each genomic position of the first set 

of genomic positions has at least a specified number of cell-free nucleic acid molecules of the 

second plurality of cell-free nucleic acid molecules ending on the genomic position.

50. The method of claim 47, wherein the reference value is an expected 

number of cell-free nucleic acid molecules ending within the genomic window according to a 

probability distribution and an average length of cell-free nucleic acid molecules in the at 

least one first additional sample. 
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51. The method of claim 47, wherein the reference value comprises a 

measured number of cell-free nucleic acid molecules ending within the genomic window, the 

measured number determined from a third plurality of cell-free nucleic acid molecules of at 

least one second additional sample identified as not having the cancer. 

52. The method of any one of claims 1, 15, 26, and 40, wherein the level 

of the cancer is selected from a group consisting of: an amount of tumor tissue in the subject, 

a size of a tumor in the subject, a stage of the tumor in the subject, a tumor load in the 

subject, and presence of tumor metastasis in the subject.

53. The method of any one of claims 1, 15, 26, and 40, wherein the virus 

comprises EBV DNA, HPV DNA, HBV DNA, HCV nucleic acids, or fragments thereof. 

54. The method of any one of claims 1, 15, 26, and 40, further comprising 

that (a) a therapeutic intervention is to be provided to the subject based on the level of the 

cancer, or (b) imaging is to be performed on the subject based on the level of the cancer. 

55. The method of any one of claims 1, 15, 26, and 40, wherein the cell-

free nucleic acid molecules are deoxyribonucleic acid (DNA) molecules. 

56. A computer product comprising a computer readable medium storing a 

plurality of instructions for controlling a computer system to perform the method of any one 

of claims 1-55. 

57. A computer system including one or more processors that are 

configured to perform the method of any one of claims 1-55. 
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