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Abstract	
A	 key	 performance	 hurdle	 in	 liquid	 biopsy	 implementation	 is	 detection	 of	 variants	 at	 extremely	 low	 allele	 frequencies	 (AF),	 typically	 to	 0.1%	 AF	 and	 below.	 High	
sensitivity	digital	PCR	methods	such	as	ddPCR	and	BEAMing	have	demonstrated	the	ability	to	detect	variants	at	these	allele	frequencies,	but	the	techniques	are	limited	
to	small	panels.	Broad	panels	are	critical	for	diagnostic	approaches	such	as	tumor	mutational	burden,	sub-clonal	detection,	and	molecular	pathway	analysis.		
		
Next-generation	sequencing	(NGS)	removes	the	multiplexing	limit	and	can	test	for	thousands	of	variants	in	a	single	assay,	but	NGS	lacks	the	necessary	sensitivity.	To	
address	this	we	introduce	ERASE-Seq	(Elimination	of	Recurrent	Artifacts	and	Stochastic	Errors),	a	method	for	accurate	and	sensitive	detection	of	ultralow	frequency	
DNA	 variants.	 ERASE-Seq	 differs	 from	previous	methods	 by	 creating	 a	 variant	 event	matrix	 (Fig.	 1)	 that	 includes	multiple	 sample	 runs	 and	 control	 data.	 Statistical	
analysis	 is	 applied	 at	 each	position	 in	 the	 sequence,	 yielding	 a	 confidence	 score	 for	 every	 call.	 This	 approach	 identifies	 true	positives	with	high	 sensitivity	without	
introducing	false	positives.		
		
ERASE-Seq	 was	 first	 tested	 on	 8	 samples	 comprising	 two	 different	 controls	 with	 variants	 at	 allele	 frequencies	 ranging	 from	 0.1%-1%.	 ERASE-Seq	 showed	 100%	
sensitivity	with	0	false	positives,	testing	across	a	133-variant	target	list	selected	to	include	the	most	clinically	significant	variants.	For	clinical	testing,	plasma	was	isolated	
from	blood	samples	of	11	lung	cancer	patients.	Samples	were	tested	by	NGS	and	ddPCR	or	BEAMING.	Duplicate	NGS	samples	were	evaluated	using	a	custom	caller	and	
ERASE-Seq.	 NGS	 runs	 analyzed	 using	 the	 custom	 caller	 showed	 a	 combined	 46%	 concordance	 in	 calling	 variants	 identified	 by	 ddPCR	 and	 BEAMing.	 ERASE-Seq	
demonstrated	a	concordance	of	92%	to	ddPCR	and	BEAMing,	and	identified	an	additional	7	variants	that	were	consistent	with	disease	pathology.		

Conclusions	
Liquid	biopsies	require	ultra-low	limits	of	detection	due	to	the	low	copy	number	of	cancer	DNA	relative	to	background	DNA	in	patient	
blood	samples	(1	in	1000	and	below).	Digital	PCR	techniques	such	as	ddPCR	and	BEAMing	have	the	requisite	sensitivity,	but	lack	panel	
breadth.	Here	we	demonstrate	that	NGS	coupled	with	ERASE-Seq	bio-informatics	provides	similar	sensitivity	to	digital	PCR,	with	the	
significant	advantage	of	testing	a	broad	variant	space.	The	data	presented	here	shows:	
	
•  Excellent	 concordance	 for	ERASE-Seq	 (overall	12/13	positives,	92%)	 compared	 to	high-sensitivity	digital	PCR	 techniques	 (ddPCR	

and	BEAMing)	
	
•  The	 ERASE-Seq	 variant	 caller	 demonstrated	 superior	 NGS	 detection	 concordance	 to	 digital	 PCR-	 92%	 overall	 concordance	 for	

ERASE-Seq	vs.	46%	for	the	custom	pipeline	

•  Seven	additional	variants	were	 identified	by	ERASE-Seq	that	were	not	part	of	 the	digital	PCR	test	panels.	Broad	search	space	 is	
critical	for	diagnostic	approaches	such	as	tumor	mutational	burden,	sub-clonal	detection,	and	mutational	pathway	analysis.	

Figure	 1.	 ERASE-Seq	 concept	 and	 workflow.	 (A)	 ERASE-Seq	
distinguishes	 true	DNA	variants	 from	 false	positives	by	 statistically	
comparing	presence	across	a	series	of	sample	and	control	technical	
replicates.	 	False	positives	arising	from	recurrent	artifacts	at	error-
prone	loci	(blue	squares)	are	eliminated	based	on	their	presence	in	
control	 replicates,	 while	 false	 positives	 arising	 from	 stochastic	
errors	 (lined	blue	 squares)	 are	eliminated	by	 inconsistent	 signal	 in	
sample	 replicates.	 This	 allows	 highly	 precise	 detection	 of	 true	
positives	(dark	blue	squares)	in	final	variant	calls.			
	
(B)	The	ERASE-Seq	molecular	workflow	is	easily	applied	to	amplicon	
panels	 by	 simply	 preparing	 and	 sequencing	 technical	 replicates	 of	
sample	and	control	DNA	in	the	same	fashion	they	are	already	being	
used.	 	 Control	DNA	 replicates	 are	 generated	 and	 sequenced	once	
and	the	data	is	then	stored	in	the	algorithm	for	all	future	samples.		
	
(C)	 The	 ERASE-Seq	 bioinformatics	 workflow	 begins	 with	 BAM	 file	
generation	and	processing	of	 each	 library	 replicate.	 	All	 base	 calls	
above	a	base	quality	threshold	are	used	to	create	a	pileup	for	each	
replicate.	 	 ERASE-Seq	 software	 converts	 the	 replicate	pileups	 to	 a	
data	 matrix	 representing	 quantized	 allele	 frequencies	 for	 each	
variant	in	each	replicate.		The	variant	data	matrix	is	analyzed	using	R	
in	order	to	identify	variants	that	are	significantly	enriched	in	sample	
versus	control	sequencing	runs.	 	These	variants	are	then	filtered	by	
strand	bias	and	AF	to	produce	a	final	set	of	 low	frequency	somatic	
variant	calls	in	VCF	format.		

Figure	2.	ERASE-Seq	statistical	scoring.	A	typical	set	of	calls	made	with	a	traditional	low-frequency	variant	caller	using	the	56G	panel	is	plotted	as	a	function	of	panel	position	(A).	 	By	allele	frequency	
(AF),	a	significant	number	of	variant	calls	are	made	between	0.05%	and	1%;	a	subset	of	these	are	true	positive	calls	that	are	present	in	this	analytical	sample,	but	they	are	indistinguishable	from	the	
noise	present.	 	 (B)	ERASE-Seq	builds	a	variant	event	matrix	and	calculates	a	statistical	significance	score	based	on	a	fit	 to	a	standard	distribution.	 	This	 identifies	high	confidence	calls,	despite	their	
presence	at	similar	AF	to	false	positives;	they	would	not	be	segregated	by	simple	AF	thresholding.	(C)	The	high	confidence	variants	(in	this	case	100%	true	positives)	are	replotted	as	allele	frequency	vs.	
panel	position	with	the	rest	of	the	calls	that	are	in	fact	background	noise.		

Materials	and	Methods	

Sample	 collection:	 Plasma	 was	 prepared	 from	 30mL	 of	 blood	 collected	 in	 EDTA	 tubes	 from	 11	 NSCLC	 patient	 samples.	 All	 blood	 samples	 were	 delivered	 to	 the	
laboratory	within	24	hours	after	collection.			
	
ddPCR:	The	QX100	droplet	digital	PCR	system	(Bio-Rad,	USA)	was	used	with	a	custom	panel	(Garcia,	2017).	This	assay	is	designed	to	screen	3	mutations	in	EGFR.	
	

BEAMing:	OncoBEAM	is	a	quantitative	digital	PCR	platform	using	Beads,	Emulsion,	Amplification,	and	Magnets	(Sysmex	Inostics,	Germany).	The	EGFR	kit	was	used	to	
screen	for	T790M	mutations.	
	
Sequencing:	 ctDNA	 libraries	were	created	using	 the	56G	Oncology	Panel,	a	 targeted	amplicon	panel	covering	56	oncogenes	 (Swift	Biosciences,	USA).	Samples	were	
sequenced	to	mean	20,000X	depth	using	Illumina	NextSeq.	
	
Bio-informatics:	NGS	analysis	was	conducted	using	either	a	custom	analysis	package	with	duplicate	run	concordance,	or	the	ERASE-Seq	bio-informatic	pipeline	(Fluxion,	
USA).	For	ERASE-Seq,	raw	FASTQ	files	from	duplicate	sequencing	runs	for	each	patient	sample	were	analyzed.	Data	was	filtered	by	ERASE-Seq	for	removal	of	recurrent	
artifacts	and	stochastic	errors	as	described	in	detail	below.		

Results	
	

NGS	to	ddPCR	Concordance	

Panel	Position	 Panel	Position	 Panel	Position	

Table	 1.	 	 ddPCR	 concordance.	 Six	 patient	 samples	were	 analyzed	by	 ddPCR	 and	NGS	 for	 L858R,	 delEx19,	 and	
T790M.	‘WT’	indicates	wild	type	and	‘NC’	indicates	no	call	was	made.	Cells	in	the	table	marked	‘x’	 indicate	that	
the	 listed	 test	was	not	conducted	 for	 that	patient	and	assumed	WT.	The	same	NGS	FASTQ	files	were	analyzed	
using	informatics	tools	from	a	custom	pipeline	and	Fluxion’s	ERASE-Seq.	ERASE-Seq	results	showed	concordance	
in	7	of	7	positive	ddPCR	results	(100%	concordance).	The	custom	pipeline	showed	concordance	in	3	of	7	ddPCR	
positives	(43%).	

NGS	to	BEAMing	Concordance	

Additional	Variants	Detected	By	ERASE-Seq	

Table	2.	 	BEAMing	concordance.	Seven	patient	samples	were	analyzed	by	BEAMing	 	and	NGS	for	T790M.	‘WT’	indicates	wild	type	and	‘NC’	indicates	no	call	was	
made.	The	same	NGS	data	was	analyzed	using	a	custom	pipeline	and	ERASE-Seq.	ERASE-Seq	 results	 showed	concordance	 in	5	of	6	positive	ddPCR	results	 (83%	
concordance).	The	custom	pipeline	showed	concordance	in	3	of	6	BEAMing	positives	(50%).	The	lowest	allele	frequency	detected	by	ERASE-Seq	was	0.17%.		

Positive	call	concordance	with	BEAMing	
ERASE-Seq	 83%	(5/6)	
Custom	Pipeline	 50%	(3/6)	

Positive	call	concordance	with	ddPCR	
ERASE-Seq	 100%	(7/7)	
Custom	Pipeline	 43%	(3/7)	

Table	3.	Additional	variants	detected.	As	molecular	pathway	analysis	vs.	specific	tissue-of-origin	mutations	becomes	more	common,	the	ability	to	examine	a	broad	set	of	mutations	in	a	
single	test	is	critical.	This	is	a	significant	benefit	of	ERASE-Seq:	it	can	test	for	many	thousands	of	variants	in	a	single	run	vs.	a	few	variants	tested	for	digital	PCR.	Here	we	list	the	additional	
variants	that	were	detected	in	these	samples	with	ERASE-Seq.	The	testing	space	included	the	variants	tested	by	ddPCR	and	BEAMING,	as	well	as	the	top	100	clinically-relevant	COSMIC	
variants.	The	table	above	shows	seven	additional	variants	(highlighted	in	blue)	that	were	detected	across	4	patients	that	are	consistent	with	disease	pathology.	

ERASE-Seq	Concept	and	Workflow	


