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Abstract
Background: Predictors	 of	 prognosis	 in	 patients	 with	 coronary	 chronic	 total	
occlusion	(CTO)	undergoing	elective	percutaneous	coronary	intervention	(PCI)	
have	remained	lacking.	Lipidomic	profiling	enables	researchers	to	associate	lipid	
species	with	disease	progression	and	may	improve	the	prediction	of	cardiovascu-
lar	events.
Methods: In	the	present	study,	781	lipids	were	measured	by	targeted	lipidomic	
profiling	in	350	individuals	(50	healthy	controls,	50	patients	with	coronary	artery	
disease	and	250	patients	with	CTO).	L1-	regularized	logistic	regression	was	used	
to	identify	lipid	species	associated	with	adverse	cardiovascular	events	and	create	
predicting	models,	which	were	verified	by	10-	fold	cross-	validation	(200	repeats).	
Comparisons	were	made	between	a	traditional	model	constructed	with	clinical	
characteristics	alone	and	a	combined	model	built	with	both	lipidomic	data	and	
traditional	factors.
Results: Twenty-	four	 lipid	 species	 were	 dysregulated	 exclusively	 in	 patients	
with	 CTO,	 most	 of	 which	 belonged	 to	 sphingomyelin	 (SM)	 and	 triacylglycerol	
(TAG).	Compared	with	traditional	risk	factors,	new	model	combining	lipids	and	
traditional	factors	had	significantly	improved	performance	in	predicting	adverse	
cardiovascular	events	in	CTO	patients	after	PCI	(area	under	the	curve,	0.870	vs.	
0.726,	p	<	.05;	Akaike	information	criterion,	129	versus	156;	net	reclassification	
improvement,	 0.312,	 p	<	.001;	 integrated	 discrimination	 improvement,	 0.244,	
p	<	.001).	Nomogram	was	built	based	on	the	incorporated	model	and	proved	ef-
ficient	by	Kaplan–	Meier	method.
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1 	 | 	 BACKGROUND

Coronary	 artery	 chronic	 total	 occlusion	 (CTO)	 is	 most	
technically	challenging	 for	percutaneous	coronary	 inter-
vention	(PCI).	The	underlying	mechanisms	of	coronary	ar-
tery	to	go	beyond	stenosis	to	total	occlusion	have	not	been	
fully	explained	by	traditional	risk	factors.	Innovations	of	
techniques	and	equipment	have	improved	the	success	rate	
of	revascularization;	however,	patients	are	still	at	undisre-
gardable	risk	of	adverse	cardiovascular	events	after	PCI.1,2	
Identification	of	biomarkers	predictive	of	 long-	term	out-
comes	in	CTO	patients	following	PCI	has	drawn	intense	
interest.

Lipid	metabolism	plays	a	major	role	in	the	aetiology	
and	progression	of	coronary	plaques.	Well-	known	lipid-	
associated	 parameters,	 such	 as	 low-	density	 lipoprotein	
cholesterol	(LDL-	C)	and	triglyceride	(TG),	explain	only	
a	 small	 portion	 of	 cardiometabolic	 risk.	 In	 recent	 de-
cades,	 the	advent	of	 lipidomics	provides	detailed	 infor-
mation	of	lipid	species,	which	could	not	be	revealed	by	
traditional	lipid	tests.3–	5	Lipidomic	analysis	proves	to	be	
a	 promising	 method	 to	 identify	 and	 quantify	 potential	
biomarkers	 that	 could	 help	 to	 understand	 the	 disease	
process	 and	 develop	 models	 assisting	 in	 diagnosis	 and	
risk	stratification.6–	9

Herein,	we	measured	 lipidome	changes	 in	350	 indi-
viduals	 including	 50	 healthy	 controls,	 50	 patients	 with	
coronary	 artery	 disease	 (CAD)	 and	 250	 patients	 with	
CTO.	All	patients	with	CTO	underwent	elective	percu-
taneous	revascularization	of	at	least	one	totally	occluded	
lesion	 and	 were	 followed	 up	 with	 a	 median	 period	 of	
19	months.	Given	lipidomic	analysis	provided	more	de-
tailed	 lipid	profiles,	we	hypothesized	 that	specific	 lipid	
species	would	be	revealed	participating	in	the	aetiology	
of	CTO.	Combination	of	lipidomic	information	and	clin-
ical	outcomes	would	identify	lipids	associated	with	car-
diovascular	events	and	develop	lipidomic-	based	clinical	
models	to	stratify	long-	term	risks	in	CTO	patients	after	
PCI.

2 	 | 	 METHODS AND MATERIALS

2.1	 |	 Population

A	 total	 of	 350	 participants	 were	 recruited	 in	 Zhongshan	
Hospital,	Fudan	University,	 from	2017	to	2019,	 including	
50	 healthy	 controls	 without	 coronary	 stenosis	 confirmed	
by	coronary	computed	tomography	angiography	or	angio-
gram,	50	patients	with	at	least	one	coronary	stenosis	>50%	
but	no	CTO,	and	250	patients	had	at	least	one	CTO	success-
fully	 revascularized	 through	 PCI	 during	 the	 index	 hospi-
talization.	This	study	was	proved	by	the	Ethical	Committee	
of	Zhongshan	Hospital	(ethical	code	B2016-	018).	Informed	
consent	was	obtained	from	all	subjects,	and	the	study	was	
conducted	in	accordance	with	the	Declaration	of	Helsinki.

2.2	 |	 Study definitions and endpoints

CTO	 is	 defined	 as	 a	 coronary	 occlusion	 with	 absent	 an-
tegrade	 flow	 through	 the	 lesion	 (TIMI	 [Thrombolysis	 in	
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Conclusions: Lipidomic	profiling	revealed	lipid	species	which	may	participate	
in	the	formation	of	CTO	and	could	contribute	to	the	risk	stratification	in	CTO	
patients	undergoing	PCI.
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key points
1.	This	 study	 revealed	 lipid	 species	 exclusively	

dysregulated	in	patients	with	coronary	chronic	
total	occlusion,	which	mainly	belongs	to	sphin-
gomyelin	and	triacylglycerol.

2.	This	 is	 the	 pioneer	 research	 to	 investigate	 the	
prognostic	 implications	 of	 lipidomic	 profiles	 in	
patients	with	coronary	chronic	total	occlusion	and	
identified	prognostically	significant	lipid	species.

3.	A	clinical-	lipidomic	predicting	model	was	built	
with	 substantially	 improved	 performance	 in	
stratifying	 high-	risk	 patients	 with	 coronary	
total	 occlusion	 after	 percutaneous	 coronary	
intervention.



   | 3 of 12ZHOU et al.

Myocardial	 Infarction]	 grade	 0	 flow)	 with	 a	 presumed	 or	
documented	duration	of	≥3	months.10	The	primary	endpoint	
is	a	composite	of	all-	cause	death,	myocardial	infarction	and	
unplanned	revascularization	[major	adverse	cardiovascular	
events	(MACEs)].	Patients	with	CTO	undergoing	PCI	were	
followed	up	by	telephone	review	or	clinic	visit	with	a	me-
dian	period	of	19	months	[interquartile	range	(IQR),	16–	22].

2.3	 |	 Sample collection and lipid 
measurement

Venous	 blood	 samples	 were	 routinely	 taken	 on	 admis-
sion	 prior	 to	 the	 angiography,	 stored	 at	 4°C	 and	 then	
transferred	to	the	laboratory	for	further	analysis	within	
4 h	after	collection.	Plasma	was	prepared	by	centrifuga-
tion	(1500	g,	15	min,	4°C)	and	stored	at	−80°C.	Group	in-
formation	was	blinded	to	researchers	carrying	out	lipid	
extraction	 and	 analysis.	 20	μl	 plasma	 was	 spiked	 with	
9  μl	 internal	 standard	 cocktails	 (Avanti	 Lipids	 Polar,	
coefficient	 of	 variation	 <10%,	 details	 were	 provided	 in	
Supplementary	Materials)	and	350	μl	pre-	cooled	isopro-
panol	 (−20°C).	The	mixture	was	vortexed,	 let	on	stand	
at	 room	temperature	 for	10 min	and	 then	 incubated	at	
−20°C	overnight.	After	vigorous	shaking	and	centrifuged	
at	12,000	rpm	for	20	min,	supernatant	in	the	upper	layer	
was	extracted	to	a	new	tube	and	centrifuged	at	10,500	g	
for	10 min.	Supernatant	was	transferred	to	a	glass	tube	
for	further	analysis.

The	 normal-	phase	 liquid	 chromatography	 coupled	
Triple-	Quadrupole	 mass	 spectrometer	 (QTRAP	 5500,	
SCIEX)	was	used	 for	 lipid	extraction.	Both	negative	and	
positive	electrospray	ionization	modes	were	used.	The	Q-	
Trap	 was	 operated	 to	 scan	 precursor/product	 ion	 pairs.	
Each	test	was	repeated	thrice.	Peak	area	of	each	pair	was	
processed	with	MultiQuant™	software	(AB	Sciex)	for	fur-
ther	 quantification.	 Additional	 parameters,	 as	 reported	
previously,11	 are	 provided	 in	 Supplementary	 Materials.	
781	lipid	species	were	measured	in	the	following	classes:	
cholesterol	 (Cho),	 cholesterol	 ester	 (CE),	 phosphatidyl-
choline	 (PC),	 lysophosphatidylcholine	 (LPC),	 phospha-
tidylethanolamine	 (PE),	 alkylphosphatidylethanolamine	
[PE(O)],	 alkenylphosphatidylethanolamine	 [PE(P)],	 lys-
ophosphatidylethanolamine	 (LPE),	 phosphatidylglycerol	
(PG),	 phosphatidylinositol	 (PI),	 lysophosphatidylinositol	
(LPI),	phosphatidylserine	(PS),	ceramide	(Cer),	GM3	gan-
glioside,	sphingosine	(Sph),	sphingomyelin	(SM),	diacyl-
glycerol	(DAG)	and	triacylglycerol	(TAG).

In	order	 to	validate	 the	methods	and	ensure	stability,	
quality	 control	 (QC)	 procedures	 were	 employed,	 that	 is,	
20	μl	 aliquots	 of	 QC	 samples	 were	 prepared	 by	 pooling	
identical	volumes	of	the	individual	plasma	samples.	Eight	

pooled	QC	samples	were	evenly	distributed	and	measured	
during	each	analysis	to	evaluate	the	relative	standard	devi-
ation	(RSD).	Variables	with	RSD	over	20%	were	excluded.	
The	peak	height	for	internal	standards	was	monitored	to	
certify	stability.

2.4	 |	 Statistical analysis

Lipid	species	with	over	50%	missing	values	were	excluded,	
and	699	lipids	were	left	for	further	analysis.	We	conducted	
analysis	using	both	normalized	and	original	lipid	concen-
trations.	Since	the	results	were	almost	the	same,	we	pre-
sented	 the	 results	 derived	 from	 the	 original	 data,	 which	
would	be	easier	to	understand.	Categorical	variables	were	
summarized	as	numbers	and	percentages	per	group,	and	
continuous	variables	as	mean	±	SD	or	median	with	IQRs.	
Comparisons	 between	 categorical	 variables	 were	 made	
by	 the	 Chi-	squared	 test,	 whereas	 continuous	 variables	
were	compared	by	t	test	(normally	distributed)	or	Mann–	
Whitney	 U	 test	 (non-	normally	 distributed),	 accordingly.	
The	 p	 values	 (two-	sided)	 were	 corrected	 for	 multiple	
comparisons	 using	 the	 Benjamini–	Hochberg	 method.12	
Statistical	significance	was	defined	as	a	corrected	p	value	
of	<.05.	Volcano	map	showed	the	specifically	elevated/de-
creased	lipids	in	CTO	patients.

The	 Least	 Absolute	 Shrinkage	 and	 Selection	 Operator	
(LASSO)	approach13	was	used	to	identify	lipid	species	asso-
ciated	with	clinical	endpoints	and	create	predicting	models,	
which	were	verified	by	10-	fold	cross-	validation	(200	repeats).	
Lipid	species	were	then	ranked	by	the	frequency	of	 inclu-
sion.	Top	15	lipids	and	putative	traditional	risk	factors	were	
further	filtrated	by	stepwise	approach	in	logistic	regression.	
Predictive	performance	of	each	model	was	assessed	by	area	
under	 the	 receiver	 operating	 characteristic	 curve	 (AUC),	
Akaike	information	criterion	(AIC),	net	reclassification	im-
provement	 (NRI),	 integrated	 discrimination	 improvement	
(IDI)	and	Brier	Score.	The	model's	calibration	was	evaluated	
by	 calibration	 plots	 predicting	 the	 probability	 of	 MACEs	
versus	observed	probability.	AUC	and	calibration	plots	were	
internally	validated	by	bootstrap	process	(1000	resampling).	
Decision	 curve	 analysis	 (DCA)	 was	 conducted	 evaluating	
the	 net	 clinical	 benefits	 of	 predicting	 models.	 Nomogram	
was	built	from	the	model	including	both	lipid	species	and	
traditional	factors.	Individual	risk	scores	were	obtained	by	
applying	 the	 nomogram	 in	 the	 cohort.	 The	 median	 risk	
score	as	well	as	the	cut-	off	score	calculated	using	X-	tile	soft-
ware	(version	3.6.1;	Yale	University),14	respectively,	was	set	
as	the	threshold	stratifying	patients	into	low-	risk	and	high-	
risk	groups.	Kaplan–	Meier	survival	analysis	was	used	to	as-
sess	 the	 risk	of	MACEs	 in	different	groups.	All	data	were	
analysed	with	R	software	(version	4.0.2).
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3 	 | 	 RESULTS

3.1	 |	 Baseline characteristics

The	demographics	and	clinical	characteristics	of	the	study	
population	are	shown	in	Table 1.	Compared	with	healthy	
controls,	 in	 brief,	 patients	 with	 CAD/CTO	 were	 older,	
more	 frequently	 encountered	 with	 hypertension,	 diabe-
tes,	smoking	and	dyslipidaemia	and	had	higher	levels	of	
body	 mass	 index	 (BMI),	 high-	sensitivity	 C-	reactive	 pro-
tein	 (hs-	CRP),	uric	acid	and	decreased	ejection	 fraction.	
In	 patients	 with	 CTO,	 43.6%	 were	 male	 with	 a	 median	
age	of	61	years.	18.4%	had	old	myocardial	 infarction	and	
36.0%	had	prior	PCI.	The	long-	term	clinical	endpoints	in	
CTO	patients	after	PCI	are	displayed	in	Table 2.	In	median	

duration	of	19-	month	follow-	up,	the	incidence	of	MACEs	
(composed	of	death,	MI	and	ischemia-	driven	revasculari-
zation)	was	12%.

3.2	 |	 Lipidomic profiles of patients 
with CTO

Total	 781	 lipid	 elements	 in	 the	 plasma	 were	 measured,	
and	699	were	left	for	analysis	excluding	those	with	>50%	
missing	values.	Compared	with	healthy	controls	and	pa-
tients	with	CAD,	24	lipid	species	specifically	changed	in	
CTO	patients.	Six	of	12	(50.0%)	SM	and	one	CE	(0.5%)	was	
declined.	The	elevated	lipids	included	one	PE(O)	(0.5%),	
one	Cer	(50.0%),	two	DAG	(5.6%)	and	13	TAG	(3.1%).	The	

T A B L E  1 	 Baseline	demographics	and	clinical	characteristics

Healthy controls 
(n = 50) CAD (n = 50) CTO (n = 250) p value

Age	(years) 50.0	(39.0–	68.7) 67.5	(62.0–	74.8) 61.0	(52.3–	70.0) <.001

Male 21	(42.0%) 37	(74.0%) 218	(87.2%) <.001

Hypertension 18	(36.0%) 30	(60.0%) 172	(68.8%) <.001

Diabetes	mellitus 11	(22.0%) 17	(34.0%) 85	(34.0%) <.001

Smoking	history 6	(12.0%) 20	(40.0%) 112	(22.4%) <.001

OMI 0	(0%) 8	(16.0%) 46	(18.4%) .004

Prior	PCI 0	(0%) 11	(22.0%) 90	(36.0%) <.001

BMI	(kg/㎡) 22.4	(20.2–	25.0) 24.8	(22.0–	27.4) 25.0	(23.2–	26.9) <.001

Laboratory	and	auxiliary	examinations

Creatinine	(mg/dl) 67	(61–	76) 84	(74–	95) 80	(70–	91) <.001

hs-	CRP	(mg/L) 0.6	(0.2–	0.9) 1.2	(0.5–	3.1) 1.2	(0.5–	3.8) <.01

White	Blood	Cell	Count	
(×109/L)

6.33	(5.08–	7.22) 5.96	(5.18–	7.58) 6.54	(5.46–	7.64) .160

Platelet	(×109/L) 231	(185–	258) 201	(176–	232) 205	(168–	248) .054

Haemoglobin	(g/L) 131	(124–	148) 136	(129–	145) 138	(128–	148) .310

NT-	proBNP	(pg/ml) 36.2	(23.1–	70.3) 152.0	(56.9–	309.8) 151.8	(69.7–	414.0) <.001

Cardiac	troponin	T	(ng/ml) 0.003	(0.002–	0.005) 0.016	(0.014–	0.021) 0.012	(0.008–	0.021) <.001

Total	cholesterol	(mmol/L) 4.35	(3.67–	4.78) 3.52	(3.04–	3.91) 3.41	(2.96–	3.98) <.001

Low-	density	lipoprotein	
(mmol/L)

1.19	(1.00–	1.49) 1.47	(1.15–	2.24) 1.55	(1.22–	2.09) <.001

Triglyceride	(mmol/L) 1.09	(0.88–	1.71) 1.57	(1.21–	2.29) 1.58	(1.09–	2.49) .001

High-	density	lipoprotein	
(mmol/L)

2.44	(1.88–	2.96) 1.08	(0.91–	1.24) 0.98	(0.85–	1.18) <.001

Lp(a)	(mg/L) 79	(30–	115) 139	(75–	278) 147	(60–	472) <.001

HbA1c	(%) 5.4	(5.1–	5.7) 6.1	(5.7–	6.8) 6.0	(5.5–	6.8) <.001

Uric	acid	(μmol/L) 306	(252–	355) 371	(304–	430) 356	(289–	419) <.001

Ejection	fraction	(%) 68	(65–	70) 64	(60–	67) 61	(53–	66) <.001

Use	of	statins 7	(14.0%) 48	(96.0%) 244	(97.6%) <.001

Note:	Data	are	shown	as	median(interquartile	range),	n	(%)	or	mean	±	SD.
Abbreviations:	BMI,	body	mass	index;	CAD,	coronary	artery	disease;	CTO,	chronic	total	occlusion;	hs-	CRP,	high-	sensitivity	C-	reactive	protein;	Lp(a),	
lipoprotein	(a);	NT-	proBNP,	N-	terminal	pro-	B-	type	natriuretic	peptide;	OMI,	old	myocardial	infarction;	PCI,	percutaneous	coronary	intervention.
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concentrations	 of	 these	 lipids	 among	 three	 groups	 were	
displayed	in	heatmap	(Figure 1),	and	fold	change	among	
groups	is	shown	in	Figure 2.

We	compared	lipidomic	profiles	in	subgroups	to	assess	
the	association	between	lipid	elements	and	clinical	char-
acteristics	 (age,	 sex,	 diabetes	 and	 hypertension)	 (Online	
Table 1	to	Online	Table	4).	We	found	that	compared	with	
healthy	controls,	SM(16:0)	and	SM(24:1)	were	universally	
declined	 in	 each	 subgroup	 of	 CTO	 patients.	 In	 patients	
≤65	years,	11	 lipid	species	 in	TAG	were	significantly	ele-
vated,	while	 in	patients	older	 than	65	years,	no	 relation-
ship	 was	 found	 between	 TAG	 and	 CTO.	 Similar	 result	
was	 revealed	 regarding	 sex,	 that	 is,	 TAG56:9-	FA18:3,	
TAG56:9-	FA20:4	 and	 TAG56:9-	FA20:5	 were	 elevated	 in	
male	CTO	patients	but	TAG	did	not	significantly	change	
in	female	patients.	Compared	with	CTO	patients	without	
diabetes,	diabetic	patients	had	slightly	more	kinds	of	dys-
regulated	 lipids	 [PC(18:0/18:0),	 CE(22:5)	 and	 SM(26:0)].	
However,	patients	with	hypertension	had	7	 lipid	 species	
substantially	changed	in	contrast	to	3	in	nonhypertensive	
patients,	 among	 which	 Cer(14:0),	 SM(26:0),	 SM(26:1),	
TAG56:9-	FA18:3	 and	 TAG56:9-	FA20:5	 were	 specifically	
elevated	or	declined	in	the	hypertensive	group.

3.3	 |	 Association of lipids with 
clinical outcomes

In	 order	 to	 identify	 lipids	 correlated	 with	 cardiovascu-
lar	 events,	 we	 conducted	 10-	fold-	validation	 verified	 L1-	
regularized	 logistic	 regression	 analysis	 of	 each	 individual	
species	for	200	times.	The	lipid	species	were	ranked	by	the	fre-
quency	of	inclusion	into	the	models	(shown	in	Online	Table	
5).	The	proportion	of	lipid	classes/subclasses	included	in	re-
gression	models	were	as	follows:	TAG	(21.4%),	DAG	(19.0%),	
PC	(14.2%),	PE(P)	(9.5%),	CE	(9.5%),	PE(O)	(7.1%),	PE	(4.8%).	
These	 lipid	species	were	 fitted	 into	Kyoto	Encyclopedia	of	
Genes	and	Genomes	(KEGG)	database,	which	revealed	that	
glycerophospholipid	metabolism	was	the	key	altered	meta-
bolic	pathways	(impact = 0.11,	p = .044).

We	 also	 investigated	 whether	 lipid	 patterns,	 that	 is,	
numbers	of	carbon	atom	or	double	bonds	in	lipid	classes/
subclasses,	were	associated	with	MACEs	(Figure 3).	The	
colour	of	each	circle	depicts	 the	strength	and	direction	
(positive	or	negative)	of	the	given	associations.	The	size	
of	the	circle	indicates	the	level	of	statistical	significance.	
It	seemed	that	most	LPC	tended	to	correlate	with	higher	
risk	of	cardiovascular	events.	As	for	TAG,	only	those	with	
lower	carbon	atom	numbers	and	double-	bond	numbers	
tended	to	be	significantly	associated	with	elevated	risk.

3.4	 |	 Model development to predict long- 
term cardiovascular risks

Clinical	 features	 between	 CTO	 patients	 with	 and	 without	
MACEs	are	shown	in	Table 3.	There	was	no	difference	regard-
ing	procedural	characteristics	including	Syntax	score,	num-
ber	of	treated	vessels	and	stent	length.	Based	on	previously	
published	results15	in	our	centre,	20	candidates	of	traditional	
risk	factors	were	filtrated	by	a	stepwise	approach	in	logistic	
regression.	The	covariates	used	in	the	analysis	were	continu-
ous	measures	of	age	(per	5	years	increase),	BMI,	LDL,	HDL,	
TG,	 Lp(a),	 creatine,	 white	 blood	 cell	 count,	 haemoglobin,	
platelet	count,	stent	 length,	 target	vessel	numbers,	ejection	
fraction,	and	the	categorical	measures	of	PCI	or	MI	history,	
hypertension,	diabetes,	smoking,	sex	and	in-	stent	CTO.	Only	
hypertension	and	in-	stent	CTO	were	independently	related	
to	MACEs	and	built	as	the	traditional	model.	Top	15	most	
frequently	 included	 lipid	 species	 shown	 in	 Online	 Table	 5	
were	added	to	the	traditional	model,	and	a	stepwise	approach	
was	 conducted	 again	 for	 filtrating	 lipids	 independently	 as-
sociated	 with	 MACEs.	 Finally,	 the	 combined	 model	 was	
constructed	consisting	of	hypertension,	in-	stent	CTO	and	6	
lipid	 species:	 LPC(20:2),	 PE(P-	18:0/16:0),	 DAG(18:1/18:1),	
TAG44:3-	FA18:2,	PE(O-	18:0/16:1)	and	PC(20:0/20:4).

In	 order	 to	 confirm	 whether	 lipidomic	 information	
would	 help	 to	 improve	 the	 performance	 of	 predicting	
models,	we	calculated	AUC,	AIC,	NRI,	IDI	and	Brier	score	
(Table 4).	The	addition	of	the	6	lipid	species	to	the	tradi-
tional	model	led	to	an	increase	in	AUC	from	0.726	to	0.870,	
declined	AIC	 from	156	 to	129,	Brier	 score	 from	10.5%	 to	
7.6%	with	a	NRI	of	0.312	and	IDI	of	0.244.	Receiver	operat-
ing	characteristic	curve	is	shown	in	Figure 4A,	which	con-
firmed	that	 the	combined	model	had	better	performance	
in	 discrimination.	 On	 the	 calibration	 plot	 (Figure  4B),	
predicted	 probabilities	 were	 similar	 between	 models	 at	
low	risks.	The	combined	model	was	closer	to	the	observed	
probabilities	 at	 intermediate	 risk,	 but	 deviated	 when	
higher	probabilities	were	predicted.	DCA	was	performed	to	
compare	the	net	benefit	between	the	traditional	and	com-
bined	models	for	predicting	prognosis	(Figure 4C),	which	
confirmed	better	clinical	benefit	of	the	combined	model.

T A B L E  2 	 Clinical	outcomes	in	patients	with	CTO

n = 250 
patients

Death 1	(0.4%)

MI 2	(0.8%)

Unplanned	revascularization 27	(10.8%)

MACEsa 30	(12.0%)

Note:	Data	are	shown	as	n	(%).
Abbreviations:	CTO,	chronic	total	occlusion;	MACEs,	major	adverse	
cardiovascular	events;	MI,	myocardial	infraction.
aMACEs	were	a	composite	of	death,	MI	and	unplanned	revascularization.
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3.5	 |	 Development of the nomogram

A	 nomogram	 was	 computed	 based	 on	 the	 combined	
model	 we	 constructed	 in	 the	 former	 context	 (Figure  5).	
Patients	were	divided	into	high/low-	risk	groups	based	on	
the	total	risk	scores	calculated	by	the	nomogram	model.	
The	median	 risk	 score	and	 the	optimal	cut-	off	 score	de-
rived	 from	X-	tile	software	were	used	as	 the	 threshold	of	
classification,	respectively.	Survival	curves	were	plotted	to	
compare	the	incidence	of	MACEs	in	different	risk	groups	
using	the	Kaplan–	Meier	method,	and	the	results	showed	
the	nomogram	had	satisfactory	discriminatory	ability	for	
cardiovascular	risks	in	CTO	patients	(p	<	.01,	Figure 6).

4 	 | 	 DISCUSSION

While	the	development	of	CAD	has	been	associated	with	
traditional	risk	factors,	including	LDL	and	TG,	the	role	of	
lipid	elements	in	the	aetiology	of	CTO	remains	less	under-
stood.	The	advent	of	lipidomic	analysis	provides	detailed	
information	 of	 lipid	 metabolism	 with	 an	 unprecedented	

coverage,	 which	 enhances	 our	 understanding	 and	 man-
agement	of	 cardiovascular	diseases.6,16,17	However,	most	
studies	 have	 focused	 on	 stable	 CAD	 or	 acute	 coronary	
syndrome,	lipid	metabolic	information	of	CTO	patients	is	
lacking.	Besides,	there	has	not	been	a	satisfactory	model	to	
predict	the	prognosis	of	CTO	patients	after	PCI.	Since	the	
recanalization	of	a	 totally	occluded	vessel	 requires	great	
consumption	of	time	and	finance,	it	would	be	necessary	to	
find	a	method	effectively	stratify	cardiovascular	risks	and	
guide	clinical	practice.

In	the	present	study,	we	qualitatively	and	quantitatively	
measured	 plasma	 lipidomic	 profiles	 and	 identified	 lipid	
species	 exclusively	 dysregulated	 in	 patients	 with	 CTO,	
which	could	be	involved	in	the	process	of	total	occlusion.	
We	also	integrated	clinical	outcomes	and	lipidomic	data	to	
build	a	combined	model	consisting	of	both	traditional	risk	
factors	and	lipid	species,	which	demonstrated	better	perfor-
mance	in	predicting	long-	term	cardiovascular	risks	in	CTO	
patients	accepting	PCI.	Moreover,	a	nomogram	was	devel-
oped	and	proved	to	be	efficient	for	clinical	application.

CTO	 and	 CAD	 share	 common	 pathological	 process;	
nevertheless,	 the	 underlying	 mechanism	 of	 coronary	

F I G U R E  1  Heatmap	of	exclusively	changed	lipid	species	in	CTO	patients.	The	heatmap	describes	the	24	lipid	elements	exclusively	
changed	in	CTO	patients.	The	concentration	of	lipids	increased	from	blue	(low)	to	red	(high).	CTO,	chronic	total	occlusion
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artery	 progressing	 from	 stenosis	 to	 complete	 obstruc-
tion	has	not	been	fully	clarified.	Therefore,	we	recruited	
healthy	controls,	CAD	and	CTO	patients	so	that	we	could	
find	 out	 lipid	 elements	 which	 were	 uniquely	 altered	 in	
CTO.	 Compared	 with	 healthy	 controls,	 clinical	 risk	 fac-
tors	were	markedly	more	prevalent	in	patients	from	both	
diseased	groups,	but	demographic	characteristics	between	
CAD	and	CTO	patients	were	pretty	much	comparable.	In	
some	ways,	this	confirmed	the	lipids	exclusively	changed	
in	CTO	patients	were	not	solely	attributed	to	the	discrep-
ancy	in	baseline	features,	but	independent	pathogenic	fac-
tors	on	their	own.

There	 were	 24	 lipid	 species	 significantly	 and	 specif-
ically	 dysregulated	 in	 CTO	 patients,	 with	 SM	 being	 the	
most	profoundly	declined	lipid	and	TAG	the	most	notably	
elevated	classes.	It	was	reported	that	low	levels	of	SM	were	
associated	with	the	incidence	of	coronary	atherosclerosis	
and	the	degree	of	decreased	SM	was	related	to	the	severity	

of	 CAD.18	 Besides,	 SM	 was	 a	 substantial	 component	 of	
HDL.	SM	in	HDL	was	demonstrated	to	have	the	strongest	
association	 with	 CAD	 among	 all	 HDL-	related	 parame-
ters	 and	 the	 only	 HDL-	related	 parameter	 independently	
correlated	with	the	number	of	coronary	stenoses.19	It	has	
been	proposed	that	the	development	of	CAD	extends	be-
yond	the	routinely	measured	levels	of	HDL	and	the	distur-
bance	with	particles	was	fundamental	to	the	development	
of	disease.20,21	The	reduced	SM	in	HDL	could	impair	the	
stability	of	HDL	particles	resulting	in	the	disruption	of	re-
verse	cholesterol	transport	and	in	part,	at	 least,	enhance	
the	 progression	 of	 disease.22	 In	 this	 study,	TAG	 was	 the	
most	 remarkably	 elevated	 lipid	 class	 in	 CTO	 patients.	
TAG	has	been	implied	to	be	associated	with	a	high	risk	of	
CAD.23	In	conform	to	previous	publications,	a	subgroup	of	
TAG	with	lower	carbon	atom	and	double-	bond	numbers	
(i.e.	short-	chained,	saturated	or	monosaturated)	was	more	
significantly	related	to	increased	cardiovascular	risks.24,25	

F I G U R E  2  Fold	change	of	exclusively	altered	lipid	species	in	CTO.	Fold	change	and	statistical	significance	of	lipid	species	exclusively	
altered	in	CTO	patients	were	displayed.	P	values	were	corrected	using	the	Benjamini–	Hochberg	method.	CAD,	coronary	artery	disease;	
CTO,	chronic	total	occlusion



8 of 12 |   ZHOU et al.

TAG	was	most	abundant	 in	very-	low-	density	 lipoprotein	
(VLDL)	 at	 fasting	 condition	 and	 in	 chylomicron	 post-
prandially.26	 Rather	 than	 elevated	 LDL,	 triglyceride-	rich	
lipoproteins	(TGRL)	now	become	a	ubiquitous	pattern	of	
lipid	 abnormality	 in	 many	 patients	 with	 atherosclerosis.	
Accumulation	of	remnants	from	chylomicron	and	VLDL	
was	demonstrated	to	be	involved	in	plaque	formation	and	
progression.27	Our	results	provided	more	evidence	for	the	
cardiovascular	risks	attributed	to	TGRL	and	justify	the	de-
velopment	of	TGRL-	lowering	therapies	to	manage	athero-
sclerotic	disease.28,29

We	 also	 compared	 the	 lipid	 profiles	 in	 subgroups	 of	
CTO	patients	with	healthy	controls.	As	shown	in	Online	
Tables 1–	4,	we	found	out	some	clinical	phenotype-	related	
lipidomic	patterns.	In	this	cohort,	patients	≤65	years	and	
males	were	more	likely	to	have	dysregulated	TAG.	In	gen-
eral,	younger	patients	were	at	relatively	low	risk	of	CAD.	
As	mentioned	above,	the	elevation	of	certain	TAG	could	
cause	 superimposed	 risk	 of	 atherosclerosis	 in	 addition	

to	 traditional	detrimental	 factors.	 In	 the	meanwhile,	 the	
higher	risk	of	cardiovascular	events	in	male	patients	may	
be	at	least	partially	due	to	the	harmful	role	of	TAG.	Patients	
with	hypertension	and	diabetes	 tend	to	have	more	 types	
of	dysregulated	lipid	species.	We	could	not	verify	whether	
these	alternations	occurred	as	 the	cause	or	consequence	
of	clinical	features,	which	requires	further	research.

Lipidomic	 analysis	 provides	 detailed	 information	 of	
lipid	 metabolites,	 most	 of	 which	 are	 end	 products	 and	
more	 closely	 related	 to	 clinical	 conditions.6,30	 In	 this	
study,	 it	 is	 implied	 6	 lipid	 species,	 that	 is,	 LPC(20:2),	
PE(P-	18:0/16:0),	DAG(18:1/18:1),	TAG44:3-	FA18:2,	PE(O-	
18:0/16:1)	 and	 PC(20:0/20:4),	 were	 independent	 predic-
tors	of	MACEs	after	adjustment	to	traditional	factors.	We	
put	these	lipids	into	KEGG	database	and	revealed	that	the	
most	profoundly	dysregulated	pathway	was	glycerophos-
pholipid	metabolism.	Most	glycerophosphates	with	long-	
chain	saturated	fatty	acids	tend	to	be	positively	associated	
increased	risk	of	atherosclerosis,31	which	could	result	 in	

F I G U R E  3  Association	of	cardiovascular	risks	and	total	number	of	carbon	atoms	and	double	bonds	of	various	lipid	classes.	Individual	
lipid	species	are	depicted	by	filled	circles	and	arranged	by	lipid	class	in	9	panels	according	to	the	number	of	total	carbon	atoms	(x	axes)	and	
number	of	double	bonds	(y	axes).	Circle	colour	indicates	the	magnitude	of	odds	ratio	(OR),	and	circle	size	corresponds	to	the	significance	
level.	The	endpoint	is	a	composite	of	death,	MI	and	unplanned	revascularization.	The	logistic	regression	model	is	adjusted	for	hypertension	
and	in-	stent	CTO
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HDL	surface	rigidity	and	affect	the	uptake	of	cholesterol	
from	peripheral	tissues.32	It	has	been	implied	that	glycer-
ophospholipids	were	associated	with	immunometabolism	

and	chronic	low-	grade	inflammation,33,34	which	were	pre-
disposing	 factors	 of	 endothelial	 dysfunction	 and	 plaque	
disruption.	Hence,	lipid	species	could	be	the	link	among	

Patients with 
MACEs (n = 27)

Patients without 
MACEs (n = 223)

p 
value

Age	(years) 62.0	(52.8–	69.2) 61.3	(53.0–	68.8) .256

Male 24	(88.9%) 194	(87.0%) .781

Hypertension 22	(81.5%) 150	(67.2%) .112

Diabetes	mellitus 4	(14.8%) 81	(36.3%) .011

Smoking	history 10	(37.0%) 102	(45.7%) .390

OMI 6	(22.2%) 40	(17.9%) .587

Prior	PCI 12	(44.4%) 78	(35.0%) .333

Syntax	score 21.5	(14.1–	33.1) 20.5	(15.0–	25.5) .917

Stent	length	(mm) 75.0	(57.5–	109.3) 76.0	(58.8–	108.0) .445

Number	of	treated	vessels

1 15	(55.6) 129	(57.8) .820

2 12	(44.4) 73	(32.7) .225

3 0	(0.0) 21	(9.4) <.001

Creatinine	(mg/dl) 80	(71–	96) 83	(70–	97) .213

hs-	CRP	(mg/L) 0.9	(0.3–	2.5) 1.2	(0.6–	3.85) .534

White	blood	cell	count	
(×109/L)

6.09	(4.80–	7.75) 6.45	(5.51–	7.60) .369

Platelet	(×109/L) 198	(149–	255) 216	(168–	254) .547

Haemoglobin	(g/L) 141	(136–	145) 135	(121–	144) .541

NT-	proBNP	(pg/ml) 95.5	(60.0–	184.5) 184.5	(88.4–	477.8) .045

Cardiac	troponin	T	(ng/ml) 0.009	(0.007–	0.014) 0.011	(0.007–	0.018) .007

Total	cholesterol	(mmol/L) 3.45	(3.17–	4.18) 3.23	(2.87–	3.96) .726

Low-	density	lipoprotein	
(mmol/L)

1.50	(0.86–	2.26) 1.51	(1.13–	2.06) .487

Triglyceride	(mmol/L) 2.13	(1.45–	3.19) 1.47	(1.05–	2.01) .167

High-	density	lipoprotein	
(mmol/L)

0.96	(0.85–	1.05) 0.96	(0.84–	1.23) .817

Lp(a)	(mg/L) 241	(95–	605) 183	(73–	594) .586

Ejection	fraction	(%) 60	(51–	66) 61	(54–	67) .947

Note:	Data	are	shown	as	median(interquartile	range),	n	(%)	or	mean	±	SD.
Abbreviations:	CTO,	chronic	total	occlusion;	hs-	CRP,	high-	sensitivity	C-	reactive	protein;	Lp(a),	
lipoprotein	(a);	NT-	proBNP,	N-	terminal	pro-	B-	type	natriuretic	peptide;	OMI,	old	myocardial	infarction;	
PCI,	percutaneous	coronary	intervention.

T A B L E  3 	 Clinical	characteristics	in	
CTO	patients

T A B L E  4 	 Performance	of	models	predicting	MACEs

AUC AIC NRI IDI Brier score

Traditional	modela 0.726	(0.623–	0.782) 156 —	 —	 10.5%	(7.5–	13.6%)

Combined	modelb 0.870	(0.773–	0.945) 129 0.312	(0.098–	0.634) 0.244	(0.152–	0.337) 7.6%	(5.1–	10.1%)

p	value <.05 —	 <.001 <.001 <.01

Abbreviations:	AIC,	akaike	information	criterion;	AUC,	area	under	the	curve;	IDI,	integrated	discrimination	improvement;	NRI,	net	reclassification	
improvement.
aComprised	of	hypertension	and	intra-	stent	total	occlusion.
bComprised	of	hypertension,	intra-	stent	total	occlusion,	LPC(20:2),	PE(P-	18:0/16:0),	DAG(18:1/18:1),	TAG44:3-	FA18:2,	PE(O-	18:0/16:1)	and	PC(20:0/20:4).
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atherosclerosis,	 inflammation	 and	 acute	 cardiovascular	
events.	 Lipidomic	 analysis	 identified	 lipid	 elements	 re-
lated	 to	 increased	 risk	 of	 MACEs,	 implying	 structural	
features	 within	 lipid	 species,	 independent	 of	 traditional	
lipid-	associated	 parameters,	 played	 an	 important	 role	 in	
the	homeostasis	of	artery	plaques.

The	success	rate	of	recanalizing	a	totally	occluded	cor-
onary	artery	has	been	dramatically	improved	in	the	past	
decades.	 Yet,	 the	 incidence	 of	 MACEs	 in	 the	 long	 term	
after	 PCI	 could	 not	 be	 overlooked.	 There	 has	 not	 been	
a	 generally	 accepted	 model	 to	 identify	 CTO	 patients	 at	
high	 risk	 of	 MACEs	 and	 ameliorate	 treatments	 accord-
ingly.	 Lipidomic	 profiling	 has	 been	 proven	 a	 novel	 and	
effective	 method	 to	 discover	 biomarkers	 and	 build	 pre-
dicting	 models.17,25,35,36	 We	 used	 L1-	regularized	 logistic	
regression	 to	 identify	 prognostically	 relevant	 lipids	 and	
a	 stepwise	approach	 to	 filtrate	presumed	 traditional	 fac-
tors.	 Incorporating	 lipidomic	 statistics	 and	 clinical	 data,	

we	constructed	a	combined	model	with	notably	improved	
ability	of	discrimination,	better	calibration	and	more	net	
clinical	 benefits.	 Furthermore,	 we	 computed	 a	 nomo-
gram	 on	 the	 basis	 of	 the	 combined	 model.	 Confirmed	
by	 Kaplan–	Meier	 survival	 analysis,	 our	 nomogram	 per-
formed	 well	 in	 identifying	 CTO	 patients	 at	 high	 risk	 of	
MACEs	 after	 PCI	 and	 had	 the	 potential	 to	 assist	 in	 risk	
stratification	and	clinical	decision-	making.

This	study	has	several	strengths.	First,	to	our	knowl-
edge,	this	is	the	pioneer	research	to	investigate	the	prog-
nostic	implications	of	lipidomic	profiles	in	CTO	patients.	
Second,	we	included	not	only	controls	and	CTO	patients,	
but	 also	 participants	 with	 CAD,	 which	 permitted	 us	 to	
identify	 risk	 factors	 that	 were	 exclusively	 changed	 in	
CTO.	Besides,	we	revealed	lipid	species	possibly	involved	
in	the	aetiology	of	CTO	and	those	correlated	with	long-	
term	 cardiovascular	 risks,	 which	 extended	 our	 under-
standing	of	the	onset	and	progress	of	the	disease.	Some	

F I G U R E  4  Performance	of	the	predicting	models.	(A)	The	receiver	operating	characteristic	curve	of	the	traditional	and	combined	
models.	AUC	was	significantly	improved	in	the	combined	model	(from	0.726	to	0.870,	p	<	.05).	(B)	The	calibration	curve	of	the	traditional	
and	combined	models.	Perfect	prediction	is	shown	by	the	diagonal	black	dashed	line.	The	combined	model	was	closer	to	the	observed	
probabilities	indicating	better	calibration.	(C)	The	decision	curve	analysis	of	the	traditional	and	combined	models.	The	grey	is	the	
presumption	that	all	patients	suffered	from	MACEs,	while	the	black	represents	the	presumption	that	none	of	the	patients	suffered	from	
MACEs.	The	combined	model	brought	better	clinical	benefit	over	most	of	the	risk	thresholds.	AUC,	area	under	the	receiver	operating	
characteristic	curve;	MACEs,	major	adverse	cardiovascular	events

F I G U R E  5  Nomogram	for	predicting	
the	risk	of	MACEs.	Nomogram	for	
predicting	the	risk	of	MACEs	is	developed	
with	the	incorporation	of	traditional	risk	
factors	and	lipid	species.	Each	score	was	
calculated	to	assess	the	variable.	The	
total	points	were	summed	to	predict	the	
probability	of	MACEs.	MACEs,	major	
adverse	cardiovascular	events
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limitations	 of	 this	 study	 deserve	 to	 be	 acknowledged.	
This	 is	 a	 single-	centred	 retrospective	 study	 with	 rela-
tively	 a	 small	 sample	 size.	 Although	 we	 implemented	
internal	 validation,	 multi-	centred	 and	 externally	 vali-
dated	 researches	 are	 needed	 to	 draw	 more	 persuasive	
conclusions.	In	this	study,	we	used	a	targeted	approach	
and	measured	781	 lipids.	Although	 the	 range	of	detec-
tion	was	already	relatively	wide	among	analogous	stud-
ies,	this	was	not	a	complete	coverage	of	lipidome	which	
could	miss	some	of	the	potential	biomarkers.	At	last,	the	
median	interval	of	follow-	up	was	19	months	and	the	in-
cidence	of	MACEs	was	comparatively	low	in	the	cohort.	
This	 limits	the	utility	of	our	model	 in	patients	with	re-
markably	 high	 risks	 (e.g.	 above	 60%).	 Studies	 in	 larger	
scale	with	higher	cardiovascular	risks	and	longer	dura-
tion	are	pended	to	complement	the	predicting	model	and	
prognostic	implications.

5 	 | 	 CONCLUSION

Our	study	highlights	the	value	of	lipidomic	profiling	in	re-
vealing	novel	biomarkers	for	the	pathogenesis	and	prog-
nosis	of	CTO.	Circulating	lipid	elements	could	be	used	to	
improve	risk	stratification	in	CTO	patients	following	PCI	
and	also	be	promising	targets	for	the	treatment	of	athero-
sclerotic	disease.
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