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A Little Biology
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® Tumors contain mutated DNA



A Little Biology

® (Cancer is caused by DNA mutations
® Tumors contain mutated DNA

® Cell-free DNA: blood contains tiny amounts of mutated DNA
® (Concentration of one in ten-thousand

® Should hypothetically be a cancer signal



The Race is On

® Recent academic successes based on this idea:

[Cohen et al.] Detection and localization of surgically resectable
cancers with a multi-analyte blood test. Science (2018).

[Liu et al.] Sensitive and specific multi-cancer detection and
localization using methylation signatures in cell-free DNA.

Annals of Oncology (2020).
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The Race is On

® Recent academic successes based on this idea:

[Cohen et al.] Detection and localization of surgically resectable
cancers with a multi-analyte blood test. Science (2018).

Forbes

3, 2018

A New S500 Blood Test Could Detect
Cancer Before Symptoms Develop

® . .and biotech firms building on it:

GRA:iL  (®cuaroant  EXCT. . fraenome



Nearing the Finish Line

® Grail's Galleri test



Nearing the Finish Line

® Grail's Galleri test

o $949

The cost of the Galleri® test may vary depending on the healthcare practice
or provider who orders the test. The list price for the Galleri test is $949.



Nearing the Finish Line

® QGrail's Galleri test
o $949

® Detects 50+ cancer types

® Specificity 99.5%

50+ 99.5%
cancer types specificity’



Nearing the Finish Line

® Grail's Galleri test
o 3949
® Detects 50+ cancer types
® Specificity 99.5%

® Sensitivity /7%

Sensitivity

76.3% sensitivity in cancers that cause two-thirds of
cancer deaths in the US @ "



Data Available Today

® DNA is 3 billion addresses long:

... AGCATGCAGTACGTACGTCACATTCGATCGATGG...
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® DNA is 3 billion addresses long:
.. AGCATGCAGTACGTACGTCACATTCGATCGATGG...

® Mutations are with respect to a reference sequence

.. AGGATGCAGTCCGTACGTCACATTCAATCGATGAG...



Data Available Today

® DNA is 3 billion addresses long:
.. AGCATGCAGTACGTACGTCACATTCGATCGATGG...

® Mutations are with respect to a reference sequence

...0010000000100000000000000100000000...
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Data Available Today

® DNA is 3 billion addresses long:

.. AGCATGCAGTACGTACGTCACATTCGATCGATGAG...

® Mutations are with respect to a reference sequence

..0010000000100000000000000100000000...

® Many (hundreds of thousands) of tumors have been sequenced
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Cost

Challenge

® A back-of-the-envelope calculation:

® Test must cost at most $102
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Cost

Challenge

® A back-of-the-envelope calculation:

® Test must cost at most $102

® Sequencing an address ten-thousand times costs $10-2
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Cost

Challenge

® A back-of-the-envelope calculation:

® Test must cost at most $102

® Sequencing an address ten-thousand times costs $10-2

® Thus, can only use a panel of ~104 addresses
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Cost

Challenge

® A back-of-the-envelope calculation:

® Test must cost at most $102

® Sequencing an address ten-thousand times costs $10-2

® Thus, can only use a panel of ~104 addresses
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Cost

Challenge

® A back-of-the-envelope calculation:

® Test must cost at most $102

® Sequencing an address ten-thousand times costs $10-2

® Thus, can only use a panel of ~104 addresses

c < wu v c wu
<« 99 8§ 8 w @ o ow oot B Y D
e €085 3SS55 82838 € 0
memenle_Ll_nmmm

wv v O v O
O O O O O O O O 0O O O o o o
o o o — © o o o — o o o o o
O O O O O O O O O O O O O 6 —
— O O O O O O O O O O o o o
O O O O O O O O 0O O O o o o
— 0O o o o o o o/ —lol— o o o
O O O O O O O O O O O o O O
ol — o o o o o — o o o — o o
O O O O O O O O O O O O O 6 —
— O O 0O O o o o o ol— o o o
o o — 0o O o o o o o o ol|l— o
O O O O O O O O O O O O O O
O O O O O O O O O O O o o o
O O O O O O O O O O O o o o
O O O O O O O O 0O O O o o o
O O O O O O O O O O O o o o
O O O O O O O O o ol— o o o
— O O O O O O O O O O o o o
o O O O O oOol— o o o o o o o
o - o o © o o o — o o o o —
O O O O O O O O 0O O O o o o
O O O O O O O O O O O O O O
O O O O O O O O O O O o O O
O O O O O O O O 0O O O o o o
O O O O O O O O O O O O O O
o o o o ol—l o o o o o o o o
- O O O O O O — o o o o o 6 —
O O O O O O O O o ol —|lo o o
o o — o ol—o o — o o o o —




DNA Panels from [Cohen et al.]
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DNA Panels from [Cohen et al.]
o Alcancers [ ovay [ Lver
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tion problem

Imiza

t

is is an op

Th

® Max Cover, to be specitic

"Subsets”

I

Elements

11

® Huge instance (104 elements, 107 subsets)

® Still solves in Gurobi



Optimal Panels
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Optimal Panels
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Adaptive Panels

® Adaptivity: perform the test in stages
® Opportunity: the $100 constraint only needs to hold in expectation

® Higher accuracy at same average cost
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Adaptive Panels

® Adaptivity: perform the test in stages
® Opportunity: the $100 constraint only needs to hold in expectation
® Higher accuracy at same average cost

® C(Challenge: this problem is hard (theoretically) and hard (practically)
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A Simple Model for DNA Mutations

® Cancertypest=1,...,T

® DNA addressesa=1,..., A

Types

<

0.18

0.24

Addresses

0.10 007

0.12 030

027 038

0.05

0.51

0.47

0.03

0.03 007 006

026 0.I5 0.19

0.33

048 0.13 052 047

0.34
006 006
000 042

0.36 .

021 042

Pe RTXA




A Simple Model for DNA Mutations

® Cancertypest=1,...,T

® DNAaddressesa=1,..., A

< Addresses >

009 | 080 068 034 059 056 066 010 007 0.4 080 074 005 0257090 030 058 062 0.8 012 012 030 06l 027 038 088 062

026 0.7 068 0.16 025 00l 078 056 005 082 097 049 065 099 073 085 045 060 025 028 083 054 029 085 066 048 069

070 084 047 069 098 066 041 065 051 097 082 092 074 075 053 034 040 067 0.2 008 058 062 041 041 066 099 083

001 028 003 046 050 026 073 044 068 074 031 031 062 092 004 061 074 047 044 045 087 024 068 055 028 034 087
0.18 003 057 0.4 007 /099 0.7 066 002 005 087 080 003 045 075 043 007 006 051 057 O0.l6 096 085 082 091 006 006
_|_

y p e S 029 0.8 053 08I 064 069 083 030 006 094 026 0.5 019 092 035 036 [099 097 0.14 0.10 051 0.l 084 08l 066 000 042
001 f 096 049 002 052 097 021 082 049 009 060 046 093 007 055 006 074 074 024 088 092 010 058 009 078 036 096

075 045 064 067 026 015 072 017 049 005 036 086 07/ 08 090 088 0.3 [099 008 034 065 095 073 0.3 044 021 042

014 042 031 099 063 043 062 012 078 07/ 092 036 080 089 033 029 062 099 080 085 007 067 0.3 026 057 058 056

024 048 0.3 055 O0.l16 056 082 018 0.1l 043 065  [00 057 052 047 089 003 072 049 036 065 034 071 019 0.5 056 052

P c RTXA

® Seqguencing address a on individual of type ¢:

® Yields observation ~ Ber(P;,)
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® Unknown cancer type drawn according to (known) prior
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® Partial Adaptivity: select a sequence of addresses
® Same sequence always used

® Stop anytime, and “guess” the cancer type



Problem: Active Sequential Hypothesis Testing

® Unknown cancer type drawn according to (known) prior
® Partial Adaptivity: select a sequence of addresses
® Same sequence always used
® Stop anytime, and “guess” the cancer type
® Constraint: correctly identity type with probability at least 1 —

® (Objective: minimize expected cost (humber of addresses used)
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® Recall:
® A = number of addresses (3 billion)

® 7" = number of cancer types (10-100)
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Theoretical Guarantee

® Recall:
® A = number of addresses (3 billion)
® 7" = number of cancer types (10-100)

e [ = maximum length of test sequence (can think of this as ~10,000)

Runtime Cost Guarantee
Brute Force AL OPT
LP Heuristic O(ATQ) None

[Naghshvar,Javidi’13]




Theoretical Guarantee

® Recall:
® A = number of addresses (3 billion)
® 7" = number of cancer types (10-100)

e [ = maximum length of test sequence (can think of this as ~10,000)

Runtime Cost Guarantee
Brute Force AL OPT
LP Heuristic O(ATQ) None

[Naghshvar,Javidi’13]

Our Algorithm O(ATL) O(log T)OPT




Theoretical Guarantee

® Recall:
® A = number of addresses (3 billion)
® 7" = number of cancer types (10-100)

e [ = maximum length of test sequence (can think of this as ~10,000)

Runtime Cost Guarantee
Brute Force AL OPT
LP Heuristic O(ATQ) None

[Naghshvar,Javidi’13]

Our Algorithm O(ATL) O(log T + loglogd~)OPT




Optimal (Non-adaptive) Panels
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(Sub-optimal) Adaptive Panels
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(Sub-optimal) Adaptive Panels

All cancers
100%

75% /

50%

Proportion detected

25%

0%
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Thanks!



