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Abstract
Background: Examining	tumor	KRAS/NRAS/BRAF/PIK3CA	status	in	metastatic	colo-
rectal cancer (mCRC) is essential for treatment selection and prognosis evaluation. 
Cell-	free	DNA	(cfDNA)	in	plasma	is	a	feasible	source	for	tumor	gene	analysis.
Methods: In	this	study,	we	recruited	mCRC	patients	and	analyzed	their	KRAS/NRAS/
BRAF/PIK3CA	 status	 in	 cfDNA	 using	 two	 platforms,	 next-	generation	 sequencing	
(NGS)	and	matrix-	assisted	laser	desorption/ionization	time-	of-	flight	mass	spectrome-
try	(MALDI-	TOF).	The	performance	between	the	two	platforms	and	the	concordance	
rate	 between	 cfDNA	 and	 tissue	were	 analyzed.	 The	 relationship	 between	 cfDNA-	
related	variables	and	clinical	variables	was	also	assessed.	Tumor	mutations	in	cfDNA	
from	patients	receiving	continuous	treatments	were	monitored	in	the	follow-	ups.
Results: Next-	generation	 sequencing	 and	 MALDI-	TOF	 had	 similar	 specificity	
(100.0%	 vs.	 99.3%)	 and	 negative	 predictive	 value	 (99.9%	 vs.	 99.4%),	whereas	NGS	
had	higher	sensitivity	(97.1%	vs.	85.3%	of	MALDI-	TOF)	and	positive	predictive	value	
(100%	vs.	82.9%	of	MALDI-	TOF).	The	overall	concordance	rate	of	NGS	and	MALDI-	
TOF	was	98.6%.	For	 the	 reportable	 types	of	mutations	 in	both	 cfDNA	and	 tissue,	
the	concordance	rate	was	96.1%.	Among	28	tissue-	positive	patients,	 the	allele	 fre-
quencies	of	tumor	mutations	 in	cfDNA	were	higher	 in	patients	with	primary	tumor	
burden (p =	0.0141).	Both	CEA	and	CA	19-	9	were	positively	correlated	with	cfDNA	
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1  |  INTRODUC TION

Colorectal cancer (CRC) is the third most common malignancy 
worldwide.1– 3	 The	 mutations	 of	 driver	 genes,	 including	 KRAS,	
NRAS,	BRAF	and	PIK3CA,	contribute	to	tumorigenesis	of	CRC.4,5 It 
has	been	reported	that	mutation	frequencies	of	KRAS,	NRAS,	BRAF	
and	PIK3CA	in	CRC	are	35.7%–	45.4%,	3.9%–	6.3%,	3.1%–	7.1%,	and	
3.5%–	16.1%,	respectively.2,6 Meanwhile, these mutations may sup-
press the response to targeted treatments for metastatic colorectal 
cancer (mCRC), like epidermal growth factor receptor (EGFR) tar-
geted	 monoclonal	 antibodies	 (mAbs),	 cetuximab	 and	 panitumum-
ab.7– 9 Therefore, it is critically essential to assess the mutation status 
of these genes in patients.3

Tumor tissue is a suitable source for mutation detection in can-
cer patients.10,11 However, it is not always available during cancer 
management,	due	to	the	difficulty	and	invasion	of	tissue	biopsy.	An	
alternative	approach	is	liquid	biopsy	including	cell-	free	DNA	(cfDNA)	
and	RNA.12,13	A	fraction	of	cfDNA	originates	from	tumors	in	cancer	
patients,	referred	as	circulating	tumor	DNA	(ctDNA),	and	may	carry	
the same genetic mutations as those of a primary tumor.12	ctDNA	
has shown a prognostic value comparable to tissue biopsy in the 
management	of	non-	small	cell	lung	cancer	(NSCLC)	and	CRC.1,3,10,14

A	 number	 of	 platforms	 are	 available	 for	 cfDNA	 analysis	 and	
classified	 into	 two	major	groups,	 single-	spot	detection	and	broad-	
coverage profiling.10,15,16 Initially, only a few driver gene mutations 
with	a	prognostic	value	were	known	and	single-	spot	detection	plat-
form, including droplet digital polymerase chain reaction (ddPCR) 
and	 amplification	 refractory	 mutation	 system	 (ARMS),	 was	 suffi-
cient for clinical practice.15 Gradually an increasing number of genes 
and mutations have been found of clinical importance, raising the 
demand	 for	broad-	coverage	profiling.	Nowadays	 there	are	already	
some	 commercially	 available	 kits	 for	 broad-	coverage	 profiling	 of	
cfDNA	on	NGS	or	MALDI-	TOF	platform.17

Here, in this study, we recruited mCRC patients and performed 
a prospective study to evaluate the capacities of two platforms, 
NGS	 and	MALDI-	TOF,	 in	 detecting	 tumor	mutations	 from	 plasma	
cfDNA.	We	also	compared	the	cfDNA	results	with	tissue	results	to	
assess their concordance. Furthermore, we analyzed the correlation 
of	 cfDNA-	related	 variables	 with	 clinical	 variables	 and	 monitored	
them	 in	 the	 follow-	ups.	The	 findings	 in	our	study	may	help	better	

understand	the	potential	clinical	value	of	cfDNA	analysis	and	deter-
mine the suitable platform in clinical practice.

2  |  MATERIAL S AND METHODS

2.1  |  Patient enrollment

This prospective study recruited mCRC patients receiving treat-
ments at the department of medical oncology, Zhongshan Hospital 
from	 June	 2016	 to	 December	 2017	 (Figure	 1).	 All	 patients	 en-
rolled should be pathologically confirmed at stage IV, with known 
KRAS,	 NRAS,	 BRAF	 and	 PIK3CA	 status	 of	 the	 tissue,	 which	 was	
tested	by	ARMS	according	 to	 routine	procedures.	 In	 addition,	 the	
patients	should	successfully	complete	 the	cfDNA	analysis	by	both	
NGS	 and	 MALDI-	TOF.	 This	 study	 was	 conducted	 in	 accordance	
with the Declaration of Helsinki principles and was approved by the 
Institutional	Review	Board	of	Zhongshan	Hospital.	All	subjects	gave	
written informed consent.

2.2  |  Sample collection and DNA extraction

The	 sample	 collection	 and	DNA	 extraction	were	 described	 previ-
ously.1 Briefly, a total of 20 ml of venous blood was collected from 
each	 patient	 and	 the	 plasma	 was	 separated.	 cfDNA	 from	 8.0	 ml	
of	 plasma	 was	 extracted,	 quantified	 and	 qualified	 using	 QIAamp	
Circulating	 Nucleic	 Acid	 Kit	 (QIAGEN,	 55114),	 Qubit	 fluorometer	
3.0	 (Life	 Technologies,	 Grand	 Island,	 NY)	 and	 2100	 bioanalyzer	
(Technologies,	Palo	Alto,	CA).	Extracted	cfDNA	was	stored	at	−80°C	
until use.

2.3  |  Mutation profiling by NGS

Plasma	cfDNA	was	subjected	to	amplicon-	based	Firefly	CRC	panel	
(Accu-	Kit	CRC01,	AccuraGen,	Shanghai,	China),	 comprising	a	 total	
of	216	hotspots	in	exon	2,	3,	and	4	of	KRAS,	exon	2	and	3	of	NRAS,	
exon	9	and	20	of	PIK3CA	and	exon	15	of	BRAF,	 to	construct	 the	
DNA	library	(Table	S1).	DNA	libraries	were	sequenced	on	an	Illumina	

and Technology Commission of Shanghai 
Municipality (21YF1440200). concentration (r = 0.3278 and r = 0.3992). The allele frequencies of tumor mutations 

changed with disease progression.
Conclusions: Next-	generation	sequencing	showed	slightly	better	performance	in	de-
tecting	cfDNA	mutations	and	was	more	suitable	for	clinical	practice.	cfDNA-	related	
variables reflected the tumor status and showed a promising potential in monitoring 
disease progression.
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MiSeq	Dx	(Illumina,	San	Diego,	CA,	USA)	and	sequencing	data	were	
analyzed	using	CometScope	software	(AccuraGen,	Shanghai,	China).	
The	limit	of	detection	of	Firefly	NGS	was	at	an	allele	frequency	of	
0.2%	for	20	ng	cfDNA	as	previous	reported.1

2.4  |  Mutation profiling by MALDI- TOF

Plasma	 cfDNA	 analysis	 was	 also	 carried	 out	 by	MALDI-	TOF	 using	
the	UltraSEEK	Panel	(Agena	Bioscience,	San	Diego,	CA),	comprising	
a	total	of	97	hotspots	in	exon	2,	3,	and	4	of	KRAS	and	NRAS,	exon	
9	and	20	of	PIK3CA,	exon	14	and	15	of	BRAF	and	exon	12	of	EGFR	
(Table S2). Briefly, UltraSEEK analysis consisted of standard multiplex 
PCR,	a	mutation-	specific	single-	base	extension	reaction	using	chain	
terminators	labeled	with	a	moiety,	and	characterization	using	MALDI-	
TOF. The mutational genotypes were identified using the supporting 
Typer software and automated UltraSEEK Report software.

2.5  |  Validation of discordant results using ddPCR

The	 results	 for	 the	 overlapped	 hotspot	 mutations	 between	 NGS	
and	 MALDI-	TOF	 underwent	 a	 comparative	 analysis	 (Table	 S3).	
Confirmatory	tests	for	the	discrepancies	between	NGS	and	MALDI-	
TOF were performed on a QX200 ddPCR system using commer-
cial	 ddPCR	 kits	 (BIO-	RAD,	 Hercules,	 CA,	 USA).	 The	 results	 were	
analyzed using Quantasoft v.1.7 software. The limit of detection of 
ddPCR	was	at	an	allele	frequency	of	0.1%	for	10	ng	cfDNA.

2.6  |  Comparison between NGS and MALDI- TOF 
on cfDNA analysis

Hotspot mutations confirmed by at least two of the three platforms 
(NGS,	MALDI-	TOF	and	ddPCR)	were	defined	as	true.	The	sensitivity,	
specificity, positive predictive value (PPV) and negative predictive 
value	(NPV)	were	calculated	by	comparing	the	results	of	either	plat-
form	(NGS	and	MALDI-	TOF)	with	true	results.

2.7  |  Comparison between plasma cfDNA and 
tissue on the tumor mutations

The	true	results	of	cfDNA	were	compared	with	the	tissue	results	
(Table S4). The concordance rate among results reported in both 
cfDNA	 and	 tissue	 was	 calculated.	 The	 data	 from	 tissue,	 cfDNA	
and	the	Cancer	Genome	Atlas	(TCGA)	database	were	used	to	as-
sess the proportions of mCRC patients carrying different mutated 
genes.

2.8  |  Correlation between cfDNA- related 
variables and clinical variables

For the patients with mutations in tumor tissue, the allele frequen-
cies	of	tumor	mutations	in	cfDNA	were	compared	between	patient	
groups with and without tumor burden at primary site. The corre-
lation	 between	 plasma	 cfDNA	 concentration	 and	 primary	 tumor	
burden, and serum biomarkers including carcinoembryonic antigen 
(CEA),	 carbohydrate	 antigen	 (CA	 19–	9)	 and	 carbohydrate	 antigen	
125	(CA	125),	were	also	evaluated.

2.9  |  Follow- ups of patients receiving 
continuous treatments

For patients that had tumor mutations in tissue and received con-
tinuous	 treatments	 at	 Zhongshan	Hospital,	 their	 cfDNA	 (by	NGS)	
and	serum	biomarker	(CEA)	were	tested	in	the	follow-	ups	and	their	
treatment responses were monitored using computed tomography 
(CT) scan.

2.10  |  Statistical analysis

All	 the	 analyses	 were	 performed	 on	 GraphPad	 Prism	 software	
(Version	 8.0.1,	 San	 Diego,	 CA).	 The	 Mann-	Whitney	 U test and 
Fisher's	 exact	 test	 were	 used	 for	 non-	Gaussian	 and	 categorical	

F I G U R E  1 The	flowchart	of	the	study.	
The mCRC patients were recruited and 
their	plasma	cfDNA	was	analyzed
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variables, respectively. Spearman correlation coefficient was calcu-
lated	 to	 evaluate	 the	 correlation	of	 two	 continuous	 variables.	A	p 
value <0.05 was considered as statistically significant.

3  |  RESULTS

3.1  |  Performance of NGS and MALDI- TOF on 
cfDNA analysis

In	60	mCRC	patients,	14	types	of	gene	mutations	were	 identified	 in	
at	 least	one	patient	by	either	platform	(Figure	2A,	Table	1	and	Table	
S5).	 In	 all	 the	 840	 reportable	 results	 (14	 results	 per	 patient,	 60	 pa-
tients),	NGS	reported	one	false	negative	result,	whereas	MALDI-	TOF	
reported	6	false	positive	results	and	5	false	negative	results.	For	the	
remaining	828	ones,	both	NGS	and	MALDI-	TOF	reported	28	true	posi-
tive	and	800	true	negative.	Compared	to	cfDNA	true	results,	NGS	and	
MALDI-	TOF	had	similar	specificity	(100.0%	vs.	99.3%)	and	NPV	(99.9%	
vs.	99.4%),	whereas	NGS	had	higher	 sensitivity	 (97.1%	vs.	85.3%	of	
MALDI-	TOF)	and	PPV	 (100%	vs.	82.9%	of	MALDI-	TOF)	 (Figure	2B).	
Among	 34	 cfDNA-	positive	 results	 and	 806	 cfDNA-	negative	 results,	
the	overall	concordance	rate	of	the	two	platforms	was	98.6%,	whereas	
the	concordance	rate	was	significantly	lower	in	cfDNA-	positive	ones	
(Figure	2C).	All	these	results	suggested	that	NGS	platform	had	a	slight	
advantage	over	MALDI-	TOF	on	broad-	coverage	profiling.

3.2  |  Concordance of cfDNA and tissue on 
tumor mutations

6	types	of	mutations	were	reportable,	by	both	cfDNA	profiling	and	tis-
sue	ARMS,	and	identified	in	a	least	one	patient	by	either	sample	source	
(Figure	3A).	Among	360	reportable	results,	21	ones	were	reported	posi-
tive	and	325	ones	were	reported	negative	 in	both	cfDNA	and	tissue,	

with	 a	 concordance	 rate	 of	 96.1%	 (Figure	 3B).	 In	 addition,	 7	 results	
were	positive	only	in	tissue	and	7	others	were	positive	only	in	cfDNA.	
In	patients	with	primary	tumor	burdens	at	blood	sampling,	the	cfDNA	
and tissue had a higher concordance rate (97.9% of P0 M0 vs. 94.9% 
of P1 M0 + P1 M1) (Figure 3B). The tumor mutations in CRC patients 
mostly	occur	 in	KRAS	gene,	which	was	consistent	 in	TCGA	database,	
patient	tissue	and	patient	cfDNA	(Figure	3C).	The	increased	diversities	
in	cfDNA	broad-	coverage	profiling	results	and	TCGA	database	indicated	
the	importance	of	broad-	coverage	profiling	in	tumor	mutation	detection	
(Figure 3C).

3.3  |  Relationship between cfDNA- related 
variables and clinical variables

Profiling	of	cfDNA	is	to	examine	the	DNA	released	into	blood	stream	by	
tumor. The tumor burden and proteins released by tumor also reflect the 
tumor	status,	having	internal	relationship	with	cfDNA.	Among	28	tissue-	
positive	patients,	the	allele	frequencies	of	tumor	mutations	in	cfDNA	were	
significantly	 higher	 in	 patients	with	 primary	 tumor	 burden	 (Figure	 4A).	
However,	 among	 all	 the	 patients,	 the	 cfDNA	 concentrations	 in	 plasma	
were comparable between patients with and without primary tumor bur-
den (p =	0.2367),	indicating	that	the	amount	of	DNA	released	by	tumor	was	
limited (Figure 4B). Considering the size of tumor varied among patients, 
the	serum	biomarkers	were	also	analyzed.	Both	CEA	and	CA	19-	9	were	
positively	correlated	with	cfDNA	concentration	(r = 0.3278 and r = 0.3992, 
respectively),	whereas	CA	125	was	not	correlated	(Figure	4C–	E).

3.4  |  Monitoring treatment response using tumor 
mutations in cfDNA

Patient	 CRC2-	39	 underwent	 surgery	 and	 a	 KRAS	 exon	 4	muta-
tion was detected in the tissue. Then he received three cycles of 

F I G U R E  2 Tumor	mutations	detected	
by	NGS	and	MALDI-	TOF	in	cfDNA.	(A)	A	
heatmap showing the tumor mutations 
detected	by	NGS	and	MALDI-	TOF.	14	
types	of	mutations	were	analyzed	in	60	
patients.	(B)	The	performance	of	NGS	
and	MALDI-	TOF	in	detecting	mutations.	
Sensitivity,	specificity,	PPV	and	NPV	were	
evaluated	according	to	the	true	cfDNA	
results. (C) The concordance between 
NGS	and	MALDI-	TOF	in	detecting	
mutations. The 840 reportable results 
were divided into two groups according to 
the	true	cfDNA	results
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CapeOX	since	September	2017	(Figure	5A	and	Table	S6).	A	rapid	
increase	 of	 mutant	 allele	 frequency	 (KRAS	 K117N	 and	 PIK3CA	
E545K) during treatment indicated regimen failure, which was 

also confirmed by an observation of progressive disease by CT. 
Subsequently, seven cycles of bevacizumab + FOLFIRI were 
carried out. The gradually decreased allele frequency and an 

Characteristic All (n = 60)

cfDNA

pPositive (n = 29)
Negative 
(n = 31)

Age	(years)

Median (IQR) 59.5	(51.3–	66.8) 59.0	(51.0–	65.5) 60.0	(52.0–	69.0) 0.5489

Sex

Male, n (%) 44 (73.3) 16	(55.2) 28 (90.3) 0.0031

Female, n (%) 16	(26.7) 13 (44.8) 3 (9.7)

Primary site

Lefta ,	n (%) 49 (81.7) 22 (75.9) 27 (87.1) 0.3271

Rightb ,	n (%) 11 (18.3) 7 (24.1) 4 (12.9)

Metastatic sites

Liverc ,	n (%) 30 (50.0) 13 (44.8) 17 (54.8) 0.0385

Lungd ,	n (%) 2 (3.3) 0 (0.0) 2	(6.5)

Bothe ,	n (%) 9 (15.0) 8	(27.6) 1 (3.2)

Othersf ,	n (%) 19 (31.7) 8	(27.6) 11 (35.5)

Tissue	ARMS

Positive, n (%) 28	(46.7) 24 (82.8) 4 (12.9) <0.0001

Negative,	n (%) 32 (53.3) 5 (17.2) 27 (87.1)

Tumor load

P0M0g ,	n (%) 24 (40) 14 (48.3) 10 (32.2) 0.1439

P1M0h ,	n (%) 33 (55) 15 (51.7) 18 (58.1)

P1M1i ,	n (%) 3 (5) 0 (0.0) 3 (9.7)

CEA	(ng/ml)

Median (IQR) 48.2 (8.5– 270.1) 95.7 (19.7– 288.1) 21.0	(6.3–	224.4) 0.1253

<5, n (%) 9 (15.0) 2	(6.9) 7	(22.6) 0.1478

≥5,	n (%) 51 (85.0) 27 (93.1) 24 (77.4)

CA	19-	9	(U/ml)

Median (IQR) 38.4	(12.2–	762.1) 207.8	(12.6–	7788.5) 28.0 (11.5– 89.9) 0.0146

<37, n (%) 29 (48.3) 9 (31.0) 20	(64.5) 0.0115

≥37,	n (%) 31 (51.7) 20	(69.0) 11 (35.5)

CA	125	(U/ml)

Median (IQR) 20.6	(10.6–	43.0) 24.4 (14.7– 43.1) 16.2	(9.9–	43.1) 0.1644

<35, n (%) 41	(68.3) 19	(65.5) 22 (71.0) 0.7828

≥35,	n (%) 19 (31.7) 10 (34.5) 9 (29.0)

Abbreviations:	CA	125,	carbohydrate	antigen	125;	CA	19-	9,	carbohydrate	antigen	19-	9;	CEA,	
carcinoembryonic antigen; IQR, interquartile range; n, number of patients.
aTumors arising from the splenic flexure, descending, sigmoid, or rectosigmoid colon.
bTumors arising from the cecum, ascending, hepatic flexure, or transverse colon.
cLiver only with or without lymph node.
dLung only with or without lymph node.
eBoth liver and lung with or without lymph node.
fPelvis, peritoneum, bone, breast, omentum or abdominal.
gNeither	primary	nor	metastatic	lesions	resected	at	blood	sampling.
hPrimary lesion resected, metastatic lesions not resected at blood sampling.
iBoth primary and metastatic lesions resected at blood sampling.

TA B L E  1 Clinical	characteristics	of	
patients enrolled
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observation of stable disease by CT scan showed the effective-
ness of new therapeutic regimen.

Patient	CRC2-	23	was	diagnosed	as	colon	cancer	with	 liver	me-
tastasis.	A	KRAS	 exon	4	mutation	was	 identified	 in	 tissue	 biopsy.	
Four	cycles	of	mFOLFOX6	were	administered	since	November	2017	
and	a	decrease	of	mutant	allele	 frequency	 (KRAS	A146T)	was	ob-
served	(Figure	5B	and	Table	S6).	After	stable	disease	was	confirmed	

by CT scan, the primary tumor and liver metastasis were removed. 
After	 surgery,	 plasma	 KRAS	 A146T	 mutation	 was	 undetectable.	
Although	the	patient	received	subsequent	adjuvant	chemotherapy,	
a	fluctuation	of	the	tumor	mutations	in	cfDNA	occurred	and	imaging	
showed liver relapse and lung progression in May 2017.

Patient	 CRC2-	25	 underwent	 colonoscopy	 in	 November	 2017,	
which showed colon malignant tumor. Positron emission tomography/

F I G U R E  3 Tumor	mutations	in	
plasma	cfDNA	and	tissue.	(A)	A	heatmap	
showing the tumor mutations in plasma 
cfDNA	and	tissue.	6	reportable	types	
of	mutations	in	60	patients	were	listed.	
(B)	The	concordance	rate	of	cfDNA	with	
tissue on the detection of mutations. (C) 
Distributions of tumor mutations. Various 
types of mutations were detected in 
tissues	according	to	the	TCGA	database,	
from	the	patients	and	in	cfDNA	from	the	
patients

F I G U R E  4 Clinical	variables	and	
cfDNA-	related	variables.	(A)	The	allele	
frequency	of	cfDNA	mutation	in	tissue	
mutation-	positive	patients.	(B)	The	cfDNA	
concentration in patients. The correlations 
of	CEA	(C),	CA19-	9	(D)	and	CA	125	(E)	
with	cfDNA	concentration	were	analyzed,	
respectively
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CT suggested multiple liver metastases and implantation metastases 
at	the	abdomen.	A	KRAS	exon	3	mutation	was	detected	in	the	sur-
gical	 sample.	The	mutant	allele	 frequency	 (KRAS	Q61R)	 increased	
during	mFOLFOX6	 treatment	 and	 a	 CT	 scan	 showed	 progression	
of	liver	metastases	by	the	end	of	four-	cycle	mFOLFOX6	treatment	
(Figure	5C	and	Table	S6).	However,	allele	 frequency	reduced	after	
another 4 cycles of bevacizumab + FOLFIRI and CT scan suggested 
stable disease. However, subsequent 3 cycles of treatments ended 
up with a rise of allele frequency and CT images indicating progres-
sive disease.

4  |  DISCUSSION

The effectiveness of targeted drugs is raising the awareness about 
the importance of molecular typing of tumor.6,9 Considering the 
tumor accumulate mutations all the time, the demand of molecular 
typing is always urgent during cancer management. Liquid biopsy, 
especially	 ctDNA	analysis,	meets	 the	 real-	time	examining	 require-
ment and attracts the attention of clinicians.10,12 Several platforms 
and assays have been developed to analyze tumor mutations in 

cfDNA.18	Among	these	platforms,	NGS	and	MALDI-	TOF	offer	cost-	
effective	broad-	coverage	profiling.

In this prospective study, we compared two commer-
cially	 available	 assays,	 amplicon-	based	 Firefly	 CRC	 panel	 and	
UltraSEEK Panel, on corresponding measuring systems, Illumina 
NGS	 and	 Agena	 MALDI-	TOF,	 in	 detecting	 tumor	 mutations	 in	
cfDNA	 from	mCRC	patients.	Although	 the	overall	 concordance	
rate	was	high,	the	MALDI-	TOF	assay	showed	its	shortage	in	ac-
curately detecting the complicated hotspots and newly discov-
ered	mutations	(Figure	2).	NGS	interrogates	more	targets	(>200 
hotspots)	 within	 one	 assay	 than	 MALDI-	TOF.	 The	 commercial	
NGS	assay	reports	the	exact	nucleotide	sequence	with	high	sen-
sitivity (~0.2%)	and	accuracy.	However,	MALDI-	TOF	reports	only	
the existence of a mutation signal and the capacity to distinguish 
the	 signal	 from	 noise	 is	 limited.	 The	 commercial	 MALDI-	TOF	
assay has to amplify the mutation signal in addition, raising strict 
requirements for primer design. This may explain the limitation 
the	MALDI-	TOF	assay	suffered	in	this	study.	ddPCR	considered	
as gold standard, is useful for detection of specific known vari-
ants, at very low level (~0.1%), mainly for validation and serial 
monitoring (Table 2).

F I G U R E  5 Follow-	up	of	patients	receiving	continuous	treatments.	Mutation	allele	frequencies	and	CEA	in	cfDNA	mutation-	positive	
patients,	CRC2-	39	(A),	patient	CRC2-	23	(B)	and	patient	CRC2-	25	(C),	were	recorded	during	treatments,	respectively

TA B L E  2 Advantages	and	disadvantages	of	the	three	platforms

Platform Advantage Disadvantage

NGS • Multiplex (>200 hotspots in one assay)
• Higher sensitivity (~0.2%) and accuracy

•	 Long	turn-	around-	time	(at	least	3	days)
• Complex procedure
• Various data analysis pipelines among labs

MALDI-	TOF • Multiplex (100– 200 hotspots in one assay)
•	 Medium	turn-	around-	time	(2d)

• Limited capacity to distinguish the signal from noise
• Low accuracy

ddPCR •	 Short	turn-	around-	time	(4	h-	1	day)
• Highest sensitivity (~0.1%) and accuracy
• Gold standard

• Limited amount of target mutations per assay
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Since	 the	 tumor	 releases	 its	DNA	 into	plasma,	 cfDNA	may	 re-
flect	 the	 mutational	 status	 of	 tumor	 tissue.	 At	 single-	reportable-	
result	level,	cfDNA	and	tissue	had	a	high	concordance	rate	(Figure	3).	
Considering	the	purpose	of	cfDNA	analysis	is	to	report	the	positive	
incidence	of	tumor	mutation,	the	concordance	rate	at	single-	patient	
level	was	also	analyzed	in	tissue-	positive	patients.	23	of	28	patients	
were	also	cfDNA-	positive,	with	a	concordance	rate	of	82.1%,	sug-
gesting	 that	cfDNA	 is	a	promising	source	 to	monitor	 tumor	muta-
tions in cancer management of mCRC. Moreover, the comparison 
with	 TCGA	 database	 indicates	 that,	 for	 both	 cfDNA	 and	 tissue,	
broad-	coverage	profiling	 is	a	better	option	 in	characterizing	tumor	
mutation status (Figure 3). These findings are consistent with pre-
vious	works	on	non-	small-	cell	 lung	cancer	 (NSCLC),	extending	 the	
knowledge	on	cfDNA.16,17

cfDNA-	related	variables	showed	potential	values	in	monitoring	
tumor progression of mCRC. The allele frequencies of tumor muta-
tions significantly reduced in patients without primary tumor bur-
den	 (Figure	4).	 Previous	 studies	 on	NSCLC	 suggested	 that	 ctDNA	
detection can be utilized in monitoring treatment response.19 In this 
study, allele frequencies of tumor mutations also responded to treat-
ment and acted earlier than serum biomarker (Figure 5). Besides, the 
plasma	cfDNA	concentration	had	weak	association	with	serum	bio-
marker,	showing	additional	potential	 in	clinical	application.	A	com-
bination	of	allele	frequency	and	cfDNA	concentration	is	worthy	of	
further studies.
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