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Study Highlights
•	 The	detection	of	ctDNA	using	ultra-low-pass	whole-genome	sequencing	carried	worse	prognosis	in	HCC	patients	under	
systemic	treatment.	Furthermore,	the	loss	of	the	long	arms	of	chromosomes	5	and	16	was	associated	with	worse	survival	
among	ctDNA-positive	patients	receiving	systemic	treatment.	Ultra-low-pass	whole-genome	sequencing	may	provide	a	
relevant	affordable	tool	to	improve	the	prediction	of	prognosis	in	HCC,	which	is	important	for	clinical	research	and	prac-
tice.
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INTRODUCTION

Hepatocellular	carcinoma	(HCC)	is	one	of	the	most	com-
mon	cancers	worldwide	with	an	unfavorable	prognosis,	par-
ticularly	for	patients	with	advanced	disease.	HCC	most	often	
develops	on	a	cirrhotic	liver,	primarily	due	to	viral	hepatitis,	
alcohol-related	liver	disease,	or	metabolic	liver	disease.1,2	Ac-
cording	to	the	Barcelona	Clinic	Liver	Cancer	(BCLC)	classifica-
tion,	patients	with	very	early	and	early	stages	(BCLC	0-A)	are	
the	best	candidates	for	ablative	therapies,	such	as	radiofre-
quency	ablation,	liver	resection,	or	liver	transplantation.3	In-
termediate	stage	HCC	(multinodular	liver-only	disease,	BCLC-
B)	is	usually	addressed	with	locoregional	treatments	when	

tumor	burden	 is	 low,	whereas	advanced	stages,	such	as	
BCLC-B	with	high	tumor	burden,	or	those	tumors	with	vascu-
lar	invasion	or	extrahepatic	spread	(BCLC-C)	deserve	systemic	
treatment.3	However,	within	a	specific	tumor	stage,	patients	
may	exhibit	different	prognosis	or	be	treated	with	different	
therapies.4,5

In	this	scenario	of	multiple	therapeutic	options,	clinical,	
laboratory	and	pathological	features	may	help	inform	clinical	
decision-making	by	providing	important	prognostic	informa-
tion.	Microvascular	invasion	or	satellite	nodules,	for	instance,	
may	establish	an	indication	for	ab initio liver	transplantation6	
or	adjuvant	immunotherapy.7	Serum	bilirubin	and	albumin,	
or	composite	scores	that	incorporate	them,	such	as	Child-
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Pugh	or	albumin-bilirubin	grade,	may	define	the	indication	
of	systemic	or	locoregional	therapies.3	Among	non-invasive	
tumor-derived	biomarkers,	only	serum	alpha-fetoprotein	
(AFP)	has	enough	high-level	supporting	evidence	to	be	used	
in	clinical	practice.	High	AFP	levels	may	contraindicate	liver	
transplantation8	or	define	the	indication	of	Ramucirumab,	a	
VEGFR-2	inhibitor.9	However,	AFP	has	limited	value,	as	only	a	
minority	of	patients	have	increased	levels	(10%	of	patients	at	
early	stages	have	AFP	>400	ng/dL	scaling	up	to	40%	in	ad-
vanced	stages).10,11	On	the	other	hand,	early	changes	in	AFP	
may	predict	the	benefit	of	systemic	agents	like	Ramucirum-
ab9	or	the	combination	of	Atezolizumab	plus	Bevacizumab.12

Thus,	there	is	a	clear	need	for	novel	biomarkers	that	may	
help	in	predicting	the	prognosis	and	monitoring	treatment	
response,	thereby	guiding	a	more	personalized	therapy.	Liq-
uid	biopsy	using	peripheral	blood	content	can	provide	infor-
mation	about	the	primary	tumor	in	a	non-invasive	manner.	
This	 is	because	tumors	shed	different	elements	 into	the	
blood,	including	tumor	nucleic	acids	(DNA	and	RNAs),	circu-
lating	tumor	cell,	and	exosomes,	which	carry	with	them	the	
molecular	and	genetic	fingerprint	of	each	patient’s	disease	
and	could	constitute	a	valid	alternative	to	traditional	biopsy	
for	diagnosis,	stratification,	and	treatment	response.13

The	analysis	of	cell-free	DNA	(cfDNA)	in	plasma	provides	an	
opportunity	for	minimally	invasive	tumor	profiling	since	a	
fraction	of	plasma	cfDNA	in	cancer	patients	is	tumor-derived	
(circulating	tumor	DNA	[ctDNA]).14	When	looking	for	single	
nucleotide	variations	(SNV)	or	small	indel	in	tumors	or	ctDNA,	
the	use	of	next-generation	sequencing	(NGS)	panel	assay	
with	very	high	sequencing	depth	(5,000–12,000X)	is	needed,	
especially	to	confidently	detect	SNV	belonging	to	low	abun-
dance	clones.15	Instead,	for	large	structural	variations,	ctDNA	
fraction	calculation,	and	CNA	inference,	performing	whole-
genome	sequencing	(WGS)	is	more	suitable	than	targeted	
panels,	due	to	the	higher	breadth	of	coverage	(percentage	of	
target	bases	that	are	sequenced).	Since	HCC	has	no	known	
targetable	mutations,	the	utility	of	NGS	panels	 in	clinical	
practice	is	limited.	On	the	other	hand,	the	majority	of	HCCs	
exhibit	high	chromosomal	instability.	This	characteristic	may	
have	prognostic	 implications	and	has	been	studied	using	
WGS	in	tumor	tissue.16	CNAs	are	significant	subclasses	of	so-
matic	mutations.	They	involve	amplifications	or	deletions	of	
large	chromosomal	regions,	resulting	in	the	overexpression	
of	oncogenes	or	the	loss	of	tumor	suppressor	genes,	thereby	
promoting	carcinogenesis.17	Recently,	WGS	has	been	applied	

to	study	large	structural	variations	and	copy	number	altera-
tions	(CNA)	in	ctDNA.	As	an	illustration,	cfDNA	WGS	(with	an	
approximate	sequencing	depth	of	five	times	the	whole	ge-
nome,	or	5×)	has	shown	promise	in	identifying	clinically	sig-
nificant	tumor	genomic	alterations.18,19	However,	conducting	
WGS	at	this	depth	entails	substantial	sequencing	costs,	which	
may	render	this	approach	less	viable	for	routine	clinical	prac-
tice.	Several	studies	have	successfully	employed	low-pass	
whole-genome	sequencing	(LP-WGS)	instead,	which	uses	a	
lower	depth	coverage	and	cost.	However,	even	with	1.5×	
depth	coverage,	the	cost	of	this	approach	remains	prohibi-
tive	for	routine	clinical	practice.20	To	overcome	this	limitation,	
ultra-low-pass	whole-genome	sequencing	 (ULP-WGS)	
(≤0.5×)	has	emerged	as	a	low-cost	promising	alternative	to	
estimate	ctDNA	and	tumor	CNAs.20

It	has	recently	been	reported	that	CNAs	and	ctDNA	fraction	
correlate	with	tumor	burden,	progression-free	survival	(PFS),	
and	overall	survival	(OS)	in	early	HCC	patients	receiving	radi-
cal	treatments	(surgery	and	radiofrequency	ablation).	Impor-
tantly,	when	WGS	(5x	depth)	was	used,	similar	patterns	of	
CNAs	were	observed	between	plasma	ctDNA	and	tumor	tis-
sue.18,19	Similar	results	were	reported	in	patients	with	ad-
vanced	HCC	who	underwent	transarterial	chemoemboliza-
tion	(TACE)	with	an	average	deep	coverage	of	3x.21	Still,	the	
validity	of	LP-WGS	or	ULP-WGS,	which	could	be	affordable	
and	reliable	prognostic	tools	in	patients	with	HCC,	remains	
unexplored.	
In	the	present	study,	we	aimed	to	test	the	clinical	impact	of	

using	ctDNA	and	CNA	detection	by	ULP-WGS	of	plasma	cfD-
NA	as	a	blood-based	biomarker	to	identify	patients	with	HCC	
who	carry	a	worse	prognosis,	 including	patients	with	ad-
vanced	HCC	undergoing	systemic	treatment.	

MATERIALS AND METHODS

Study design

Blood	samples	were	prospectively	and	retrospectively	col-
lected	from	patients	with	a	diagnosis	of	HCC	and	patients	
with	cirrhosis	without	HCC	at	the	Liver	Unit	of	Clinica	Univer-
sidad	de	Navarra	between	2017	and	2022.	Samples	of	HCC	
patients	were	prospectivelly	collected	between	November	
2021	and	November	2022.	Samples	from	cirrhotic	controls	
were	obtained	retrospectively	between	2017	and	2022.	
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Among	these	samples,	two	belonged	to	patients	with	HCC	
who	underwent	liver	transplantation,	and	three	were	from	
patients	with	cirrhosis	without	HCC.	Informed	consent	from	
the	HCC	patient	group	was	obtained	before	treatment,	which	
included	surgery	(liver	transplantation	and	resection),	locore-
gional	therapies	(transarterial	radioembolization	and	ablative	
therapies),	and	systemic	treatments	(sorafenib	and	immuno-
therapy).	Patients	with	cirrhosis	without	HCC	provided	in-
formed	consent	during	a	regular	follow-up	visit.	This	study	
was	approved	by	the	Research	Ethics	Committee	of	the	Uni-
versidad	de	Navarra.	Samples	and	data	from	patients	includ-
ed	in	the	study	were	provided	by	the	Biobank	of	the	Univer-
sity	of	Navarra	and	were	processed	 following	standard	
operating	procedures	approved	by	the	Ethical	and	Scientific	
Committees.	All	patients	underwent	clinical	management	
and	follow-up	in	the	HPB	Oncology	Area	of	Clínica	Universi-
dad	de	Navarra.	

Blood sample processing and cfDNA extraction

Whole	blood	samples	(10	mL)	were	collected	in	EDTA	(BD	
Biosciences,	San	Jose,	CA,	USA)	and	centrifuged	at	room	tem-
perature	(2,000×g	for	10	minutes).	Isolated	plasma	was	cen-
trifuged	a	second	time	at	room	temperature	(2,500×g	for	10	
minutes)	in	LoBind	Eppendorf	tubes	to	remove	residual	cells.	
Purified	plasma	was	frozen	at	–80˚C	until	cfDNA	isolation.	
Purified	plasma	was	thawed	on	ice,	followed	by	a	short	cen-
trifugation	at	4˚C	(11,000×g	for	15	minutes).	cfDNA	was	ex-
tracted	using	the	QIAamp	Circulating	Nucleic	Acid	kit	(Qia-
gen,	Hilden,	Germany).	Extracted	cfDNA	concentration	was	
measured	using	the	Qubit	dsDNA	High-Sensitivity	assay	
(Thermo-Fisher,	Waltham,	MA,	USA).	Extracted	cfDNA	was	
stored	in	LoBind	Eppendorf	tubes	at	–80°C	until	further	anal-
ysis.	

Library preparation and ultra-low pass whole-
genome sequencing

Library	construction	of	cfDNA	was	performed	using	the	
NEBNext	Ultra	II	DNA	Library	Prep	Kit	(NEB)	according	to	the	
manufacturer’s	instructions.	A	total	of	2.5	ng	of	cfDNA	input	
was	used	for	ULP-WGS.	Sequencing	libraries	were	pooled	
and	sequenced	with	a	NextSeq2000	(Illumina)	using	100	bp	
paired-end	runs	with	an	average	coverage	of	0.3×.

Data analysis

Fastq	files	from	the	sequencing	platform	were	quality	fil-
tered	with	TrimGalore,	and	sequences	shorter	than	50	bp	
were	removed.	Then,	sequences	are	aligned	with	Bowtie2	
using	the	hg19	database.	Bam	files	were	sorted	and	indexed	
with	Samtools.	Finally,	duplicates	were	tagged	using	Mark-
Duplicates	feature	from	Picard	tools.	Following	the	prepro-
cessing,	data	were	analyzed	using	ichorCNA	package	accord-
ing	to	the	workflow	proposed	by	their	developers.	To	identify	
large-scale	CNAs	and	aneuploidies,	we	used	the	software	
package	ichorCNA.	IchorCNA	uses	a	Hidden	Markov	Model	to	
predict	the	segments	of	CNAs	and	to	estimate	the	ctDNA	
fraction	from	ULP-WGS	of	cfDNA.14	The	workflow	consists	of	
three	steps:	(1)	computing	read	coverage,	(2)	data	normaliza-
tion,	and	(3)	CNA	prediction	and	estimation	of	ctDNA	frac-
tion.	The	analysis	proceeded	with	a	series	of	steps	aimed	at	
enhancing	the	accuracy	of	the	results.	Initially,	guanine-cyto-
sine	content	and	mappability	bias	correction,	depth-based	
local	copy	number	estimations,	and	the	estimation	of	tumor	
fraction	based	on	copy	number	were	carried	out	using	the	
ichorCNA	tool.	Local	read	depth	was	corrected,	considering	
guanine-cytosine	bias	and	identifying	regions	with	low	map-
pability.	Additionally,	artifacts	were	eliminated	by	comparing	
the	data	to	ichorCNA’s	integrated	healthy	control	reference.	
The	CNAs	were	predicted	with	specific	parameters	tailored	
to	the	sample	type,	including	the	recommended	low	tumor	
fraction	parameters	for	cfDNA	samples	and	the	default	pa-
rameters	for	tumor	and	germline	samples.	Subsequently,	
ichorCNA	utilized	these	binned,	bias-corrected	copy	number	
values	to	create	a	two-component	model,	distinguishing	be-
tween	tumor-derived	and	non-tumor-derived	fragments.	
From	this	model,	the	fraction	of	reads	originating	from	the	
tumor,	referred	to	as	the	tumor	fraction,	was	derived.14

Statistical analysis

The	patients	were	categorized	into	two	groups	(positive	or	
negative)	based	on	the	presence	or	absence	of	detectable	
ctDNA.	This	binary	predictor	variable	was	tested	for	associa-
tion	with	clinical	and	demographic	features	using	the	Fisher’s	
exact	or	chi-square	tests	and	t-test	as	appropriate.	Categori-
cal	variables	were	reported	as	frequencies	and	percentages,	
and	continuous	variables	were	reported	as	medians,	ranges,	
or	interquartile	range.	OS	and	PFS	were	estimated	by	the	Ka-
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plan–Meier	method.	The	association	between	OS	with	ctDNA	
positivity	was	tested	using	the	log-rank	test.	Cox	proportion-
al	hazards	models	were	used	to	assess	the	association	of	ctD-
NA	with	other	prognostic	factors	in	the	group	of	patients	re-
ceiving	systemic	treatment.	All	P-values	were	two-sided;	a	P-
value	<0.05	was	considered	statistically	 significant.	All	
analyses	were	performed	using	SPSS	25.0	(IBM	Co.,	Armonk,	
NY,	USA).	

RESULTS 

Patient characteristics

Blood	samples	were	obtained	from	73	patients	with	HCC.	
Patients	most	frequently	had	non-viral	etiology	(65.8%)	and	
were	in	Child-Pugh	class	A	(76.8%)	(Table	1).	Half	of	the	pa-
tients	were	in	very	early	or	early	BCLC	stage,	and	42%	re-
ceived	systemic	therapy	that	was	mostly	sorafenib.	The	me-
dian	follow-up	period	was	37.38	months	(range	0.5–65.6	
months),	and	25	patients	(34.2%)	had	died	at	the	time	of	
analysis.	As	control	group,	blood	samples	were	also	obtained	
from	41	patients	with	cirrhosis	without	HCC	or	another	ma-
lignancy.	Most	patients	had	non-viral	etiology	(75.6%)	and	
were	in	Child-Pugh	class	B	(70.7%).	None	of	these	patients	
developed	malignancy	during	a	median	follow-up	period	of	
22.47	months	(range	1	to	58.4	months)	(Table	2).	

Circulating tumor DNA is detected by ULP-WGS 
in HCC patients but not in cirrhotic patients

The	median	cfDNA	concentration	was	33.7	ng/mL	(range	
6.05–495)	in	the	HCC	cohort	and	31.95	ng/mL	(range	17–345)	
in	the	cohort	of	patients	with	cirrhosis.	ctDNA	was	detected	
in	22	of	73	patients	with	HCC	(30.1%),	and	the	median	per-
cent	of	ctDNA	fraction	was	27%	(range	14–70%).	Among	pa-
tients	receiving	systemic	treatment,	ctDNA	was	detected	in	
18	of	31	patients	(58.1%).	Using	ULP-WGS,	we	did	not	detect	
ctDNA	in	any	of	the	patients	in	the	cirrhotic	cohort.	

Detection of ctDNA is associated with clinical 
features and outcomes in HCC patients

We,	therefore,	analyzed	the	association	between	the	pres-
ence	of	ctDNA	with	baseline	clinical	and	laboratory	features	

Table 1. Characteristics	of	HCC	patients

Variable Value
Number	of	patients 73
Male	sex 66	(90.4)
Age,	years	 65.10	(59.81–70.38)
Etiology  
Alcoholic 30	(41.1)
HCV 19	(26.0)
HBV 6	(8.2)
MAFLD 15	(20.5)
Cryptogenic 1	(1.4)
Hemochromatosis 2	(2.7)

Child-Pugh	class  
A/5 18	(24.7)
A/6 38	(52.1)
B/7 9	(12.3)
Other 8	(10.9)

ALBI	grade  
1 30	(41.1)
2 42	(57.5)
3 1	(1.4)

BCLC	stage  
0/A 37	(50.7)
B/C 36	(49.3)

Macrovascular	invasion 14	(19.2)
Extrahepatic	spread 14	(19.2)
Bilobar	involvement 25	(34.2)
Treatments  
Hepatectomy	or	liver	transplantation 37	(50.7)
Locoregional	treatment 5	(6.8)
Systemic	treatment 31	(42.5)
∙	Sorafenib 20	(27.4)
∙	Anti-PD1 5	(6.8)
∙	Anti-PD1+Anti-CTLA4 2	(2.74)
∙	Anti-PD-L1+Anti-VEGF 2	(2.74)
∙	Anti-PD-L1	 1	(1.37)
∙	Anti-CTLA4 1	(1.37)

AFP  
<20	ng/mL 44	(60.3)
≥20	ng/mL 29	(39.7)

Values	are	presented	as	number	only,	number	 (%),	or	median	
(interquartile	range).
HCC,	hepatocellular	 carcinoma;	HCV,	hepatitis	C	virus;	HBV,	
hepatitis	B	virus;	MAFLD,	metabolic	dysfunction-associated	fatty	
liver	disease;	ALBI,	albumin-bilirubin;	BCLC,	Barcelona	Clinic	
Liver	Cancer;	Anti-PD1,	anti-programmed	cell	death	protein	1;	
Anti-CTLA4,	cytotoxic	T	 lymphocyte-associated	antigen	4;	Anti-
PD-L1,	anti-programmed	death-ligand	1;	Anti-VEGF,	anti-vascular	
endothelial	growth	factor.
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(Table	3).	The	patients	who	tested	positive	for	ctDNA	more	
frequently	had	advanced	HCC,	 including	BCLC	B/C	stage,	
macrovascular	invasion,	extrahepatic	spread,	larger	tumor	
size,	and	high	levels	of	AFP	(≥20	ng/mL),	compared	to	those	
who	tested	negative	(P<0.05).	There	were	no	significant	dif-
ferences	in	age,	sex,	etiology	(viral	vs.	non-viral),	tumor	num-
ber,	and	degree	of	 involvement	(bilobar	vs.	unilobar)	be-
tween	patients	with	and	without	detectable	ctDNA.	
Patients	were	followed	for	a	median	of	37.4	months	(range	

0.53–65.64	months).	Among	patients	receiving	systemic	
treatment,	the	detection	of	ctDNA	was	associated	with	inferi-
or	OS	(Fig.	1).	Median	OS	was	not	reached	in	the	ctDNA-nega-
tive	group,	while	it	was	13.9	months	(95%	confidence	interval	
[CI]	6.46–21.46)	in	the	ctDNA-positive	group	(P=0.01).	PFS	
was	also	numerically	lower	for	patients	with	detectable	ctD-
NA,	but	 the	difference	was	not	 statistically	 significant	
(P=0.119).	Median	PFS	was	8.7	months	(95%	CI	2.21–15.26)	in	
the	ctDNA-negative	group	and	4.2	months	(95%CI	2.67–5.80)	
in	the	ctDNA-positive	group.	
The	four	patients	in	the	ctDNA-positive	group,	who	did	not	

receive	systemic	treatment	due	to	being	candidates	to	sur-
gery	or	loco-regional	therapy,	were	alive	and	free	from	re-

lapse	at	the	end	of	follow-up.	Two	of	them	were	treated	with	
hepatectomy	(BCLC-A	stage	and	BCLC-0	stage),	and	the	other	
two	were	treated	with	radioembolization	(BCLC-A	stage	and	
BCLC-B	stage).	
After	adjusting	for	factors	such	as	macrovascular	invasion,	

extrahepatic	spread,	tumor	size	≥5	cm,	AFP	≥20	ng/mL,	and	
type	of	treatment	(sorafenib	vs.	immunotherapy),	a	multivari-
able	Cox	proportional	hazard	regression	analysis	revealed	a	
significant	association	between	the	presence	of	ctDNA	and	
OS	in	patients	with	HCC	receiving	systemic	treatments.	The	
hazard	ratio	(HR)	was	7.69	(95%	CI,	2.09–28.27).	HRs	for	mac-
rovascular	invasion,	extrahepatic	spread,	tumor	size	≥5	cm,	
AFP	≥20	ng/mL,	and	treatment	with	sorafenib	were	1.84	
(95%	CI,	0.67–5.02),	0.35	(95%	CI,	0.09–1.24),	1.12	(95%	CI,	
0.33–3.83),	1.61	(95%	CI,	0.38–6.77),	and	4.92	(95%	CI,	1.54–
15.67),	respectively.	Treatment	with	 immunotherapy	was	
protective	(HR	0.20;	95%	CI	0.06–0.64)	(Supplementary	Table	
1).
The	percentage	of	ctDNA	among	the	ctDNA-positive	pa-

tients	was	not	associated	to	OS,	but	the	sample	size	was	low	
(P=0.142),	with	a	median	survival	of	13.37	months	(95%	CI,	
9.45–17.28)	for	those	with	high	ctDNA	fraction	compared to	
21.61	months	(95%	CI,	7.41–35.82)	for	those	with	low	ctDNA	
fraction.	
In	a	subgroup	analysis	based	on	the	BCLC	stage,	a	non-sig-

nificant	trend	towards	worse	OS	in	the	presence	of	ctDNA	
was	observed	in	the	more	advanced	stages.	No	BCLC-0	pa-
tient	and	only	two	BCLC-A	patients	had	died	at	the	end	of	fol-
low-up.	Among	14	BCLC-B	patients	(six	ctDNA-positive),	the	
median	overall	survival	was	not	reached	in	the	ctDNA-nega-
tive	group	and	was	13.9	months	in	the	ctDNA-positive	group	
(P=0.184).	Among	22	BCLC-C	patients	(13	ctDNA-positive),	
the	median	overall	survival	was	40.1	months	in	the	ctDNA-
negative	group	and	16.3	months	in	the	ctDNA-positive	group	
(P=0.148).

Identification of genetic features of HCC using 
ULP-WGS

ULP-WGS	data	analysis	showed	CNAs	at	different	chromo-
somal	loci.	According	to	the	previously	described	structural	
genomic	variations	in	HCC	sequencing,22	certain	chromo-
somal	alteration	patterns	were	commonly	found	in	patients	
with	HCC.	The	most	frequent	chromosomal	arm	gains	were	
1q	(63.6%),	8q	(59.1%),	7q	(27.2%),	and	5p	(22.7%),	and	the	

Table 2. Characteristics	of	cirrhotic	patients 

Variable Value

Number	of	patients 41

Male	sex 33	(80.5)

Age,	years	 58.86	(55.43–63.10)

Etiology

Alcoholic 20	(48.8)

HCV 7	(17.1)

HBV 3	(7.3)

MAFLD 4	(9.8)

Cryptogenic 2(4.9)

Autoimmune 5	(12.2)

Child-Pugh	class

A 7	(17.1)

B 29	(70.7)

C 5	(12.2)

MELD	 15	(12–18)

Values	are	presented	as	number	only,	number	 (%),	or	median	
(interquartile	range).
HCV,	hepatitis	C	virus;	HBV,	hepatitis	B	virus;	MAFLD,	metabolic	
dysfunction-associated	fatty	liver	disease;	MELD,	Model	for End-
Stage	Liver	Disease.
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most	frequent	chromosomal	arm	losses	were	8p	(54.5%),	4q	
(45.4%),	13q	(45.4%),	16q	(40.9%),	and	5q	(36.3%)	(Fig.	2A).	
The	frequency	of	CNA	per	patient	was	highly	variable,	and	a	
minority	of	patients’	ctDNA	had	only	one	chromosomal	arm	

affected.	While	22.7%	of	patients	had	only	one	gain,	another	
22.7%	had	more	than	seven	gains	(Fig.	2B).	 In	the	case	of	
losses,	9.1%	of	patients	had	one	loss,	while	50%	had	more	
than	seven	losses	(Fig.	2C).	Considering	either	gains	and	loss-

Table 3. Association	between	ctDNA	detection	and	clinical	features	in	patients	with	HCC

Clinical features Positive ctDNA Negative ctDNA P-value

Number	of	patients 22 51

Age,	years	 63.68	(59.45-71.11) 65.6	(59.9-69.77) 0.491

Male 20	(90.90) 46	(90.19) 1

Etiology 0.802

Viral	etiology 8	(36.36) 17	(33.33)

Non-viral	etiology 14	(63.63) 34	(66.67)

BCLC	stage 0.000*

0/A 3	(13.63) 34	(66.67)

B/C 19	(86.36) 17	(33.33)

Macrovascular	invasion 0.023*

Yes 8	(36.36) 6	(11.76)

No 14	(63.63) 45	(88.23)

Extrahepatic	spread 0.000*

Yes 10	(45.45) 4	(7.84)

No 12	(54.54) 47	(92.15)

Bilobar	involvement 0.062

Yes 11	(50) 14	(27.45)

No 11	(50) 37	(72.54)

Tumor	number 0.179

<3 11	(50) 34	(66.66)

≥3	 11	(50) 17	(33.33)

Tumor	size 0.000*

<5	cm 10	(45.45) 46	(90.19)

≥5	cm 12	(54.54) 5	(9.80)

AFP 0.000*

≥20	ng/mL 16	(72.72) 9	(17.64)

<20	ng/mL 6	(27.27) 42	(82.35)

Treatments 0.000*

Surgical 2	(9.09) 35	(68.62)

Locoregional 2	(9.09) 3	(5.88)

Systemic 18	(81.81) 13	(25.49)

Systemic	treatment 0.718

Sorafenib 11	(61.11) 9	(69.23)

Immunotherapy 7	(38.88)	 4	(30.76)

Values	are	presented	as	number	only,	median	(interquartile	range),	or	number	(%).
HCC,	hepatocellular	carcinoma;	ctDNA,	circulating	tumor	DNA;	BCLC,	Barcelona	Clinic	Liver	Cancer;	AF,	alpha-fetoprotein.	
*Statistical	significance,	P<0.05.
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es,	only	18.2%	of	patients	had	only	one	gain	or	loss,	while	
59.1%	had	more	than	seven	chromosomal	arm	gains	or	losses	
(Fig.	2D).		
In	ctDNA-positive	patients,	more	than	seven	CNA	(either	

gains	or	losses)	was	associated	with	inferior	OS.	Median	OS	
was	54.6	months	(95%	CI	21.06–88.21)	in	the	less	than	seven	
CNA	group,	and	10.5	months	(95%	CI	3.28–17.80)	in	the	more	
than	seven	CNA	group	(P=0.006).
There	was	no	difference	in	the	OS	of	patients	with	gain	of	

1q,	8q,	7q,	or	5p	compared	to	those	without	a	corresponding	
chromosomal-arm	gain.	Among	the	patients	under	systemic	
treatment	with	positive	ctDNA,	those	with	loss	of	5q	and	16q	
exhibited	a	significantly	worse	OS	compared	to	those	with-
out	a	corresponding	chromosomal-arm	loss	(both	P<0.05).	
The	median	OS	was	10.38	months	(95%	CI,	0–22.91)	with	5q	
loss	and	21.61	months	(95%	CI,	10.09–33.13)	without	the	loss	
(Fig.	3A).	The	median	OS	was	5.97	months	(95%	CI,	0.98–
10.97)	with	16q	loss	and	21.61	months	(95%	CI,	7.41–35.82)	
without	it	(Fig.	3B).	
A	significant	association	was	found	between	5q	loss	and	

OS	after	adjusting	for	AFP	≥20	ng/mL,	macrovascular	inva-
sion,	tumor	size	≥5	cm,	and	extrahepatic	spread.	HR	for	5q	
loss	was	8.92	(95%	CI,	1.79–44.38).	HRs	for	AFP	≥20	ng/mL,	
macrovascular	invasion,	tumor	size	≥5	cm,	and	extrahepatic	
spread	were	0.98	(95%	CI,	0.17–5.70),	0.51	(95%	CI,	0.14–1.80),	

2.52	(95%	CI,	0.55–11.40),	and	0.30	(95%	CI,	0.06–1.43),	re-
spectively	(Supplementary	Table	2).
Moreover,	an	independent	association	was	observed	be-

tween	16q	loss	and	the	OS,	after	adjusting	for	variables	such	
as	AFP	≥20	ng/ml,	macrovascular	invasion,	tumor	size	≥5	cm,	
and	extrahepatic	spread.	HR	for	16q	loss	was	5.29	(95%	CI,	
1.24–22.50).	HRs	for	AFP	≥20	ng/mL,	macrovascular	invasion,	
tumor	size	≥5	cm,	and	extrahepatic	spread	were	0.39	(95%	
CI,	0.06–2.47),	1.31	(95%	CI,	0.32–5.33),	2.30	(95%	CI,	0.49–
10.84),	and	0.43	(95%	CI,	0.07–2.49),	respectively	(Supplemen-
tary	Table	3).

DISCUSSION

Based	on	our	results,	detectable	ctDNA	serves	as	a	mini-
mally	invasive	biomarker	indicating	a	worse	prognosis	in	pa-
tients	with	HCC	undergoing	systemic	therapy,	independent	
of	clinicopathologic	characteristics	and	type	of	systemic	
treatment.	Patients	with	detectable	ctDNA	were	more	likely	
to	exhibit	unfavorable	biological	tumor	features,	including	
AFP	≥20	ng/mL,	macrovascular	invasion,	tumor	size	≥5	cm,	
type	of	systemic	treatment,	and	extrahepatic	spread.
Our	results	are	supported	by	recent	studies	that	demon-

strated	the	association	of	ctDNA	detected	by	ULP-WGS	with	

Figure 1.	Overall	survival	according	to	ctDNA	detection	using	ultra-low	pass	whole	genome	sequencing	in	patients	with	HCC	under	systemic	
treatment.	Survival	curve	of	patients	undergoing	systemic	treatment	according	to	the	presence	or	absence	of	ctDNA.	LogRank	test	was	used	
for	analyzing	the	median	survival	differences.	Tick	marks	indicate	censored	data.	ctDNA,	circulating	tumor	DNA.	ctDNA,	circulating	tumor	DNA;	
HCC,	hepatocellular	carcinoma.
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poor	OS	in	various	cancer	types,	including	metastatic	squa-
mous	non–small	cell	lung	cancer,23	Ewing	sarcoma,	and	os-
teosarcoma,24	metastatic	castration-resistant	prostate	can-
cer,25	 		cervix	cancer,26	and	metastatic	triple-negative	breast	
cancer.27	Our	study	is	the	first	to	show	the	same	phenome-
non	in	advanced	HCC	patients.	The	identification	of	ctDNA	is	
a	biomarker	for	tumor	aggressiveness	and	may	allow	more	
accurate	risk	stratification,	treatment	planning,	and	surveil-
lance.
ULP-WGS	presents	several	advantages.	Among	them,	easy	

processing,	low	cost,	and	rapid	readout	standout	as	the	most	
relevant	advantages	for	routine	clinical	practice.	If	confirmed	

in	larger	series,	ULP-WGS	could	help	in	prognostic	assess-
ment.	Tumor	staging	with	clinical	and	imaging	features	allow	
allocating	patients	in	groups	with	different	prognosis.3	AFP	
and	AFP-L3%	can	identify	a	group	of	patients	with	worse	
prognosis	across	stages.28	However,	accurate	individual	prog-
nostication	is	still	an	unmet	need	in	HCC.	Contrary	to	AFP	
measurement,	ULP-WGS	is	not	focused	on	a	specific	type	of	
genetic	alteration.	It	can	identify	and	group	various	genetic	
alterations,	contributing	to	a	reduction	in	result	variability.	
Notably,	detecting	ctDNA	and	CNAs	with	this	approach	pos-
sesses	a	distinctive	capacity	to	encapsulate	comprehensive	
somatic	information	about	HCC.	This	unique	attribute	may	

Figure 2.	Distribution	of	large	copy	number	alterations	along	the	whole	genome	and	the	cohort.	(A)	Diagram	showing	the	relative	length	of	
each	chromosome	arm	in	the	human	genome	(gray	rounded	shaped	vertical	symbols)	with,	besides,	the	number	of	patients	with	either	gains	
(blue)	and	losses	(green)	in	each	chromosome	arm.	(B)	Percentage	of	patients	with	a	specific	number	of	concomitant	CNAs	gains	in	different	
arms.	(C)	Percentage	of	patients	with	a	specific	number	of	concomitant	CNAs	losses	in	different	arms.	(D)	Percentage	of	patients	with	a	specific	
number	of	concomitant	CNAs	losses	in	different	arms.	CNA,	copy	number	alterations.
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overcome	those	challenges	related	to	tumor	heterogeneity.	
Tissue	biomarkers,	such	as	Heat	Shock	Protein	70,	can	offer	
diagnostic	and	prognostic	utility.29,30	However,	accessing	this	
information	requires	biopsies	or	surgical	specimens,	which	
come	with	inherent	risks.	ULP-WGS	could	also	potentially	
help	in	monitoring	the	response	to	treatment	and	provide	a	
dynamic	picture	of	the	disease	course.	
Limitations	of	ULP-WGS	include	its	lower	sensitivity	and	the	

need	of	a	relatively	high	tumor	burden	for	effective	detec-
tion	of	ctDNA	and	CNAs,	as	shown	by	the	poor	performance	
in	BCLC	0/A	patients.	In	such	earlier	stages	or	for	the	detec-

tion	of	minimal	residual	disease,	more	sensitive	methods	
would	be	needed,	such	as	the	detection	of	tumor-derived	
SNV	using	Droplet	Digital	PCR	or	deep-targeted	sequencing.	
20	Studies	in	prostate	cancer	have	also	shown	that	ctDNA	was	
not	detected	in	patients	with	local	vs.	metastatic	disease.25,31	
The	potential	mechanisms	include	reduced	necrosis	and	vas-
cularization	of	localized	small	tumors	with	diminished	prolif-
erative	rate.31,32	Understanding	the	strengths	and	limitations	
of	ULP-WGS	underscores	the	importance	of	tailoring	the	ap-
proach	to	the	specific	clinical	context	and	disease	stage	for	
optimal	utility.
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The	utility	of	detecting	ctDNA	using	cfDNA	WGS	in	patients	
with	HCC	has	been	reported	in	a	cohort	of	117	subjects	with	
early	tumors	receiving	surgery	or	radiofrequency	ablation.19	

In	this	cohort,	the	sequencing	depth	coverage	of	the	WGS	
was	relatively	high	(5×).	Higher	levels	of	ctDNA	were	associ-
ated	with	poor	recurrence-free	and	OS.	The	most	frequent	
CNAs	included	gains	in	20p,	8q,	1q,	and	20q,	as	well	as	losses	
in	17p,	4q,	19p,	and	16q.19	In	another	cohort	of	34	HCC	pa-
tients	undergoing	surgery,	ctDNA	detected	by	WGS	(with	a	
deep	coverage	of	5×)	had	prognostic	value.18	Similar	findings	
were	observed	in	a	longitudinal	cohort	of	64	subjects	with	
advanced	HCC	receiving	TACE.	 In	this	cohort,	the	average	
depth	of	sequencing	coverage	was	3x.	Notably,	they	found	
that	the	changes	in	ctDNA	during	TACE	treatment	correlated	
with	tumor	burden	and	had	predictive	value	for	treatment	
response	and	prognosis.	The	most	common	CNAs	were	gains	
in	the	regions	of	chromosomes	1q,	6p,	8q,	20q,	and	20q	
along	with	 losses	 in	chromosomes	4q,	13q,	8p,	16q,	and	
17p.21

In	the	present	study,	we	discovered	various	genomic	fea-
tures	in	ctDNA	that	were	prognostically	relevant,	including	
the	detection	of	CNAs	at	different	chromosomal	loci	in	HCC.	
Among	patients	with	detectable	ctDNA	undergoing	systemic	
therapy,	the	loss	or	deletion	of	5q	and	16q	emerged	as	inde-
pendent	biomarkers	predicting	worse	survival,	regardless	of	
other	clinicopathologic	features	usually	associated	with	bad	
prognosis,	such	as	high	AFP,	macrovascular	invasion,	or	extra-
hepatic	spread.	Furthermore,	most	patients	exhibited	more	
than	seven	concurrent	CNAs,	indicating	a	high	chromosomal	
instability	and	molecular	heterogeneity,	which	ultimately	
lead	to	disease	progression.
In	our	study,	the	most	frequent	losses	were	8p,	4p,	13q,	

16q,	and	5q,	all	reported	as	frequent	in	HCC,	in	large	cohort	
studies	involving	the	WGS	of	tumor	samples.33	The	loss	of	5q	
and	16q	chromosome	arms	was	observed	in	a	group	of	pa-
tients	with	poor	survival.	The	 loss	at	5q	was	reported	 in	
HCC.16,34,35	Notably,	the	genomic	loci	of	5q13.2	encompass	
cancer	related	genes,	including	GTF2H2,	NAIP,	and	OCLN.34	In	
a	previous	study	involving	29	HCC	patients,	the	loss	of	5q	was	
observed	in	the	tissue	of	nine	patients	(31%).	Multivariate	
analysis	revealed	that	allelic	loss	on	chromosome	5q34	band	
served	as	an	independent	prognostic	factor	for	poor	surviv-
al.16	On	the	order	hand,	the	long	arm	of	chromosome	16	car-
ries	the	epithelial	cadherin	(E-cadherin)	gene,	a	finding	sup-
ported	by	previous	studies	in	HCC.17,36,37	E-cadherin	is	a	cell	

adhesion	protein	implicated	as	an	invasion	and	metastasis	
suppressor.	A	meta-analysis	involving	2,439	patients	demon-
strated	that	reduced	expression	of	E-cadherin	correlated	with	
a	poor	prognosis	in	HCC.	It	is	also	associated	with	metastasis,	
vascular	invasion,	advanced	differentiation	grade,	and	ad-
vanced	disease	stage.36	
The	three	most	frequent	losses	at	chromosomes	8p,	4p,	

and	13q	were	not	associated	with	survival.	Chromosome	8p	
harbors	a	cluster	of	six	genes,	including	DLC1,	CCDC25,	ELP3,	
PROSC,	SH2D4A,	and	SORBS3,	all	of	which	are	tumor	suppres-
sor	genes.33	Also,	the	inhibitor	of	growth	family	member	2	
(ING2)	is	a	tumor	suppressor	gene	located	on	chromosome	
4q.17,22	Frequent	allelic	losses	at	chromosome	13q	have	been	
observed	in	HCC.33	The	retinoblastoma	gene	(RB1),	located	in	
this	chromosome,	is	believed	to	play	a	role	in	HCC.38

In	our	cohort,	the	most	frequent	gains	were	1q,	8q,	7q,	and	
5p.	These	amplifications	encompass	well-known	driver	onco-
genes,	including	MCL1	(1q21.3),	MET	(7q31.2),	MYC	(8q24.21),	
and	TERT	(5p15.33).22	
CNAs	are	important	subclasses	of	somatic	mutations,	with	

aberrant	chromosomal	regions	of	amplifications	or	deletions	
commonly	associated	with	overexpressed	oncogenes	or	the	
loss	of	tumor	suppressor	genes.	CNAs	are	a	hallmark	of	hu-
man	cancer	and	are	believed	to	contribute	to	carcinogenesis,	
tumor	progression,	and	the	development	of	therapy	resis-
tance.39,40	In	a	previous	study	involving	patients	with	meta-
static	prostate	and	breast	cancer,	tumor-derived	CNAs	were	
detected	in	ctDNA	using	ULP-WGS,	and	these	were	found	to	
be	concordant	with	those	observed	in	the	corresponding	tu-
mor	tissue.14

Our	study	has	some	limitations.	First,	the	technique	used	to	
assess	ctDNA	and	CNAs	exhibited	low	sensitivity,	particularly	
in	patients	at	early	stages.	Moreover,	the	retrospective	nature	
of	the	study	raises	concerns	about	potential	bias.	Another	
limitation	include	the	heterogeneity	of	treatments:	the	ma-
jority	of	patients	received	sorafenib	and	the	patients	treated	
with	 immunotherapy	received	different	regimes.	Conse-
quently,	a	validation	cohort	with	a	larger	sample	size	and	
consecutive	blood	samples,	ideally	involving	patients	under-
going	first-line	systemic	treatments	such	as	combination	
therapies	of	Atezolizumab-Bevacizumab	or	Durvalumab-
Tremelimumab,	would	be	highly	valuable.
In	summary,	our	study	explores	the	utility	of	using	ULP-

WGS	of	cfDNA	to	detect	the	presence	of	ctDNA	and	CNAs	in	
HCC.	Our	findings	demonstrate	that	the	detection	of	ctDNA	
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and	CNAs	can	provide	clinically	relevant	information	regard-
ing	HCC	prognosis.	The	assessment	of	ctDNA	and	CNAs	has	
the	potential	to	serve	as	a	prognostic	biomarker	in	advanced	
HCC,	to	help	provide	better	information	about	unique	ge-
nomic	features,	tumor	progression,	drug	resistance,	and	nov-
el	therapeutic	targets.	
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