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Abstract 

Background The atherogenic index of plasma (AIP) is considered an independent risk factor for coronary artery dis-
ease (CAD). The present study investigated whether AIP correlates with the formation of coronary collateral circulation 
(CCC) in CAD patients with chronic total occlusion (CTO).

Methods This retrospective study included 1093 CAD patients with CTO confirmed by coronary angiography 
from January 2020 to December 2020 at Beijing Anzhen Hospital. Based on the Rentrop scoring system, the patients 
were divided into the good CCC group and the poor CCC group. AIP was calculated by log (triglyceride/high-density 
lipoprotein cholesterol). Meanwhile, the study population was further divided into four groups according to the quar-
tiles of AIP.

Results Patients in the poor CCC group exhibited significantly higher AIP compared to those in the good CCC group 
(0.31 ± 0.27 vs. 0.14 ± 0.24, p < 0.001). Multivariate logistic regression analysis revealed an independent association 
between AIP and poor CCC, regardless of whether AIP was treated as a continuous or categorical variable (p < 0.001), 
after adjusting for confounding factors. Besides, this association remained consistent across most subgroups. The 
incorporation of AIP into the baseline model significantly enhanced the accuracy of identifying poor CCC [area 
under the curve (AUC): baseline model, 0.661 vs. baseline model + AIP, 0.721, p for comparison < 0.001].

Conclusions Elevated AIP is independently associated with an increased risk of poor CCC in CAD patients with CTO, 
and AIP may improve the ability to identify poor CCC in clinical practice.

Keywords Atherogenic index of plasma, Coronary artery disease, Chronic total occlusion, Coronary collateral 
circulation, Triglyceride, High-density lipoprotein cholesterol

Introduction
Coronary artery disease (CAD) is a major contribu-
tor to the global burden of disease and remains one of 
the leading causes of mortality. Statistics indicate that 
around 9.44 million people globally succumbed to CAD 
in 2021, presenting a considerable public health and 
socioeconomic challenge [1]. Advancements in treat-
ment technology have significantly reduced mortality 
and improved long-term outcomes in patients with CAD 
through revascularization such as percutaneous coronary 
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intervention (PCI) and coronary artery bypass grafting 
(CABG). Nonetheless, many patients experience incom-
plete revascularization or fall into the category of “no-
option” individuals, characterized by being ineligible for 
PCI or CABG with persistent angina symptoms despite 
optimal medical therapy, resulting in a significantly com-
promised quality of life [2]. Challenges in achieving com-
plete revascularization among patients with refractory 
angina primarily stem from advanced age, comorbidities, 
chronic total occlusion (CTO), multivessel disease, dif-
fuse lesions, and low ejection fraction [3].

CTO represents the ultimate obstacle to current inter-
ventional therapies. Previous studies have shown that 
CTO-PCI carries a lower success rate and higher com-
plication rate compared to non-CTO PCI. Additionally, 
CTO-PCI has not demonstrated a significant benefit in 
reducing major adverse cardiovascular events (MACE) 
compared with optimal medical therapy [4, 5]. The guide-
lines for coronary artery revascularization have down-
graded the recommendation for CTO-PCI from class IIa 
to class IIb due to insufficient strong clinical evidence [6]. 
Hence, there is a necessity to investigate other therapeu-
tic modalities for this population.

Coronary collateral circulation (CCC) serves as an 
anastomotic branch connecting the epicardial coro-
nary arteries, offering an alternative blood supply to the 
ischemic myocardium through collateral vessel remod-
eling and dilatation in the presence of epicardial coro-
nary artery stenosis [7]. Extensive evidence indicates that 
well-developed CCC exerts a protective effect, leading to 
reduced myocardial infarct size, decreased formation of 
ventricular aneurysms, and improved survival rates com-
pared to poor CCC [8, 9]. Hence, the formation of well-
developed CCC may emerge as a promising therapeutic 
strategy for patients with CTO.

Various factors can affect the formation of CCC, yet 
there exists no reliable clinical indicator to assess its 
degree of development. Previous studies have demon-
strated a close association between poor CCC and dis-
orders of glucose and lipid metabolism [10, 11]. The 
atherogenic index of plasma (AIP), calculated based on 
triglyceride (TG) and high-density lipoprotein choles-
terol (HDL-C), is an effective surrogate marker for the 
assessment of lipid-related risk and atherosclerosis [12, 
13]. Besides, AIP serves as an independent risk factor for 
hypertension, type 2 diabetes mellitus (T2DM), meta-
bolic syndrome (MetS), CAD, and cardiovascular (CV) 
events [14–16], and has also been found to be closely 
related to the progression of CTO [17, 18]. To date, no 
study has explored the correlation between AIP and CCC 
in CAD patients with CTO. Therefore, the present study 
aims to fill this knowledge gap and examine its potential 
mechanism, thereby providing a convenient indicator for 

the clinical assessment of CCC, which holds great practi-
cal implications.

Methods
Study population
This is a single-center, observational, and retrospective 
study. A total of 1513 patients diagnosed with CAD and 
presenting CTO in more than one major branch of the 
coronary artery were included in this study, with con-
firmation by coronary angiography at Beijing Anzhen 
Hospital from January 2020 to December 2020. CTO 
refers to 100% stenosis with thrombolysis in myocar-
dial infarction (TIMI) grade 0 flow for more than three 
months [19]. The exclusion criteria were as follows: (1) 
missing baseline data; (2) previous history of CABG; (3) 
suspicious familial hypertriglyceridemia; (4) type 1 dia-
betes mellitus; (5) acute infectious diseases; (6) tumor 
or immune system disease; (7) New York Heart Asso-
ciation (NYHA) class III-IV, or left ventricular ejection 
fraction (LVEF) < 30%; and (8) severe hepatic and renal 
insufficiency. Finally, 1093 CAD patients with CTO were 
enrolled in the present analysis, as depicted in Fig. 1. The 
study was approved by the Ethics Committee of Beijing 
Anzhen Hospital and strictly followed the Declaration of 
Helsinki. The Ethics Committee of Beijing Anzhen Hos-
pital, Capital Medical University waived the requirement 
for informed consent due to the retrospective nature 
of the study. All patients’ identity information has been 
removed.

Data collection and definitions
Basic clinical information, including age, sex, body mass 
index (BMI), smoking history, medical history, laboratory 
measurements, and angiographic results, was collected 
from the medical record management system of Beijing 
Anzhen Hospital. LVEF was determined using Doppler 
echocardiography by experienced echocardiographers at 
admission. The following laboratory measurements were 
determined by standard techniques in the central labo-
ratory of Beijing Anzhen Hospital, using blood samples 
extracted after fasting for more than 8 h: high-sensitivity 
C-reactive protein (hs-CRP), creatinine, urea, uric acid, 
fasting blood glucose (FBG), glycosylated albumin (GA), 
glycosylated hemoglobin A1c (HbA1c), TG, total choles-
terol (TC), low-density lipoprotein cholesterol (LDL-C), 
and HDL-C. AIP was calculated as follows: AIP = log (TG 
[mmol/L]/HDL-C [mmol/L]) [12]. Non-HDL-C was cal-
culated as follows: non-HDL-C = TC (mmol/L) – HDL-C 
(mmol/L). Castelli’s risk index (CRI) was calculated as 
follows: CRI-I = TC (mmol/L)/HDL-C (mmol/L). CRI-
II = LDL-C (mmol/L)/HDL-C (mmol/L) [20].

Hypertension was defined as a previous diagnosis of 
hypertension or use of antihypertensive medication, or a 



Page 3 of 14Dong et al. BMC Cardiovascular Disorders          (2024) 24:360  

new diagnosis of hypertension after admission based on 
the following criteria: repeated office systolic blood pres-
sure (SBP) ≥ 140  mmHg and/or diastolic blood pressure 
(DBP) ≥ 90 mmHg [21]. T2DM was defined as a previous 
diagnosis of T2DM or use of glucose-lowering medica-
tion, or a new diagnosis of T2DM after admission based 
on the following criteria: (1) FBG ≥ 7.0 mmol/L (126 mg/
dL); (2) 2-h blood glucose ≥ 11.1  mmol/L (200  mg/
dL) during 75 g oral glucose tolerance test (OGTT); (3) 
HbA1c ≥ 6.5% (48 mmol/mol); and (4) classic symptoms 
of hyperglycemia or hyperglycemic crisis, a random 
blood glucose ≥ 11.1  mmol/L (200  mg/dL) [22]. Dyslipi-
demia was defined as a previous diagnosis of dyslipidemia 
or use of lipid-lowering medication, or a new diagnosis 
of dyslipidemia after admission based on the following 

criteria: (1) TC ≥ 5.2  mmol/L, (2) HDL-C < 1.0  mmol/L, 
(3) LDL-C ≥ 3.4 mmol/L, and (4) TG ≥ 1.7 mmol/L [23].

Procedure and evaluation of coronary collateral circulation
CCC in CTO was assessed by coronary angiography 
performed in the selected population via the radial or 
femoral artery with 6F or 7F angiography catheters. The 
procedure results were interpreted and recorded by at 
least two professional and independent interventional 
cardiologists who were unaware of the purpose of this 
study. CCC was graded according to the Rentrop scoring 
system as follows: Rentrop grade 0, no visible collateral 
circulation filling; Rentrop grade 1, collateral circulation 
filling of branches of the vessel to be dilated but the epi-
cardial segment was not visible; Rentrop grade 2, partial 

Fig. 1 Flow chart for the enrollment of the study population. CAD, coronary artery disease; CTO, chronic total occlusion; CABG, coronary artery 
bypass grafting; NYHA, New York Heart Association; LVEF, left ventricular ejection fraction; CCC, coronary collateral circulation; AIP, atherogenic index 
of plasma
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collateral circulation filling of the epicardial segment of 
the vessel to be dilated; Rentrop grade 3, complete col-
lateral circulation filling of the epicardial segment of 
the vessel to be dilated [24]. The collateral vessel with 
the highest Rentrop grade was used for the final analy-
sis when patients had more than one collateral vessel. 
Moreover, patients were further divided into the good 
CCC group (Rentrop grade 2–3) and the poor CCC 
group (Rentrop grade 0–1) based on the Rentrop scoring 
system.

Statistical analysis
Continuous variables with a normal distribution were 
presented as the mean ± standard deviation (SD), and 
the independent sample t-test was used for compari-
sons between the groups. Medians with interquartile 
ranges (IQR) were used for continuous variables that did 
not conform to a normal distribution, and the Mann–
Whitney U test was used for comparisons between the 
groups. Categorical variables were expressed as frequen-
cies (percentages), and comparisons between the groups 
were performed by Pearson’s chi-squared test. The cor-
relation between the AIP and cardiovascular risk factors 
was evaluated using either the Pearson correlation test 
or Spearman’s rank sum test. Univariate logistic regres-
sion analysis was applied to identify risk factors that 
affected CCC in CAD patients with CTO. Variables with 
significant differences in the univariate analysis or clini-
cal significance were included in the multivariate logistic 
regression analysis to further assess whether AIP was an 
independent risk factor for poor CCC. The results were 
displayed as the odds ratio (OR) with 95% confidence 
interval (CI).

To control for the influence of confounding factors on 
the results of this study, three models were constructed 
to evaluate the correlation between AIP and CCC. 
Model 1 was adjusted for age, sex, BMI, current smok-
ing, hypertension, T2DM, and dyslipidemia; Model 2 was 
adjusted for variables of model 1 and hs-CRP, creatinine, 
uric acid, FBG, HbA1c, TC, LDL-C, and LVEF; Model 3 
was adjusted for variables of model 2 and the number of 
lesions and vessels with CTO. Besides, AIP was presented 
as a continuous or categorical variable to validate the 
independent association between AIP and poor CCC in 
each model. The restricted cubic spline (RCS) curve was 
constructed to illustrate the linear or non-linear relation-
ship between AIP and poor CCC with the adjustment of 
Model 3. Receiver operating characteristic (ROC) curves 
with DeLong’s test were used to calculate the area under 
the curve (AUC) and the optimal cut-off value to fur-
ther evaluate the incremental effect of AIP on discrimi-
nation capacity beyond the baseline model, including 
age, sex, BMI, current smoking, hypertension, T2DM, 

dyslipidemia, hs-CRP, creatinine, uric acid, FBG, HbA1c, 
LVEF, number of lesions, and vessel with CTO. Mean-
while, the net reclassification improvement (NRI) and 
integrated discrimination improvement (IDI) were tested 
to explore the discrimination capacity of AIP for identify-
ing poor CCC. Furthermore, subgroup analysis was per-
formed to investigate whether the evaluation value of the 
AIP for poor CCC was consistent across subgroups.

All statistical analyses were conducted using SPSS 26.0 
(IBM Corporation, IL, USA) and R Programming Lan-
guage 4.2.1 (Vienna, Austria). All p-values were two-
tailed, and a p-value < 0.05 was considered statistically 
significant.

Results
Baseline characteristics
The final analysis enrolled 1093 participants with a mean 
age of 58.8 ± 10.2 years, of which 936 (85.6%) were male. 
Based on the Rentrop scoring system, patients were 
divided into the good CCC group (Rentrop grade 2–3, 
n = 775) and the poor CCC group (Rentrop grade 0–1, 
n = 318). The baseline characteristics of the demograph-
ics, medical history, laboratory measurements, and 
angiographic results are shown in Table  1. Compared 
with the good CCC group, the poor CCC group had a 
higher level of AIP (0.31 ± 0.27 vs. 0.14 ± 0.24, p < 0.001). 
In addition, the poor CCC group had a higher propor-
tion of individuals with high BMI and dyslipidemia than 
the good CCC group. Despite the lack of significant dif-
ferences, the poor CCC group had more current smokers 
and more patients with T2DM and three-vessel disease 
compared with the good CCC group. In terms of labo-
ratory measurements, patients in the poor CCC group 
had higher levels of hs-CRP, uric acid, FBG, HbA1c, TG, 
TC, LDL-C, and non-HDL-C, but lower levels of HDL-C 
compared to those in the good CCC group. Besides, the 
left anterior descending artery (LAD) with CTO tended 
to form poor CCC. There were no significant differences 
in other characteristics between the two groups.

Meanwhile, patients were divided into four groups 
according to the quartiles of AIP: Q1 group (AIP < 0.01, 
n = 278), Q2 group (0.01 ≤ AIP < 0.18, n = 267), Q3 group 
(0.18 ≤ AIP < 0.36, n = 276), and Q4 group (AIP ≥ 0.36, 
n = 272). The baseline characteristics of the total popu-
lation stratified by the quartiles of AIP are shown in 
Table 2. Patients with higher levels of AIP tended to be 
younger, have higher BMI, and exhibit a greater preva-
lence of dyslipidemia. Moreover, the levels of hs-CRP, 
creatinine, urea, uric acid, FBG, HbA1c, TG, TC, LDL-
C, and non-HDL-C in the higher AIP group were sig-
nificantly increased, while the level of HDL-C was 
significantly decreased compared with those in the lower 
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AIP group. Other characteristics between the two groups 
were not significantly different.

Correlation between AIP and cardiovascular risk factors
Correlation analysis demonstrated that AIP was related 
to various cardiovascular risk factors. As shown in 
Table 3, AIP had positive associations with males, BMI, 
current smoking, T2DM, dyslipidemia, hs-CRP, cre-
atinine, uric acid, FBG, HbA1c, TG, TC, LDL-C, and 

non-HDL-C, while negative associations with age and 
HDL-C (all p < 0.05).

Association between AIP and coronary collateral 
circulation
Figure  2a was performed to compare the difference in 
AIP between the poor CCC group and the good CCC 
group. It showed that AIP was significantly higher in 
the poor CCC group than those in the good CCC group 
(p < 0.001). Furthermore, we found that the prevalence 

Table 1 Baseline characteristics of the total population stratified by CCC group

CCC  Coronary collateral circulation, BMI Body mass index, T2DM Type 2 diabetes mellitus, hs-CRP High-sensitivity C-reactive protein, FBG Fasting blood glucose, 
GA Glycated albumin, HbA1c Glycosylated hemoglobin A1c, TG Triglyceride, TC Total cholesterol, LDL-C Low-density lipoprotein cholesterol, HDL-C High-density 
lipoprotein cholesterol, AIP Atherogenic index of plasma, LVEF Left ventricular ejection fraction, CTO Chronic total occlusion, LAD Left anterior descending artery, LCX 
Left circumflex artery, RCA  Right coronary artery

Characteristics Total population
(n = 1093)

Good CCC group 
(Rentrop grade 2–3)
(n = 775)

Poor CCC group 
(Rentrop grade 0–1)
(n = 318)

p value

Demographics
 Age, years 58.8 ± 10.2 59.1 ± 10.2 58.0 ± 10.1 0.100

 Male 936 (85.6%) 666 (85.9%) 270 (84.9%) 0.729

 BMI, kg/m2 26.36 ± 3.30 26.23 ± 3.32 26.70 ± 3.21 0.032

 Current Smoking 597 (54.6%) 409 (52.8%) 188 (59.1%) 0.065

Medical history
 Hypertension 734 (67.2%) 528 (68.1%) 206 (64.8%) 0.317

 T2DM 463 (42.4%) 316 (40.8%) 147 (46.2%) 0.112

 Dyslipidemia 900 (82.3%) 620 (80.0%) 280 (88.1%) 0.002

Laboratory measurements
 hs-CRP, mg/L 1.02 (0.52, 2.63) 0.97 (0.48, 2.37) 1.12 (0.68, 3.14) 0.002

 Creatinine, mmol/L 78.34 ± 19.61 77.98 ± 18.89 79.22 ± 21.28 0.342

 Urea, mmol/L 5.59 ± 1.83 5.52 ± 1.80 5.75 ± 1.90 0.057

 Uric acid, mmol/L 355.54 ± 94.99 349.57 ± 93.32 370.11 ± 97.56 0.001

 FBG, mmol/L 5.88 (5.11, 7.24) 5.75 (5.06, 7.00) 6.22 (5.22, 8.10)  < 0.001

 GA, % 14.39 (12.96, 17.16) 14.37 (13.00, 16.80) 14.47 (12.91, 17.93) 0.455

 HbA1c, % 6.10 (5.70, 6.90) 6.10 (5.70, 6.75) 6.20 (5.80, 7.38) 0.001

 TG, mmol/L 1.5 (1.1, 2.1) 1.4 (1.1, 1.8) 2.1 (1.3, 2.8)  < 0.001

 TC, mmol/L 3.92 ± 0.99 3.83 ± 0.94 4.14 ± 1.07  < 0.001

 LDL-C, mmol/L 2.27 ± 0.88 2.22 ± 0.85 2.39 ± 0.95 0.004

 HDL-C, mmol/L 1.04 ± 0.25 1.06 ± 0.25 0.99 ± 0.24  < 0.001

 Non-HDL-C, mmol/L 2.88 ± 0.97 2.77 ± 0.91 3.14 ± 1.06  < 0.001

 AIP 0.19 ± 0.26 0.14 ± 0.24 0.31 ± 0.27  < 0.001

 LVEF, % 59 ± 8 59 ± 8 59 ± 8 0.389

Angiographic results
 Number of lesions 0.912

  One-vessel disease 154 (14.1%) 111 (14.3%) 43 (13.5%) 0.803

  Two-vessel disease 313 (28.6%) 223 (28.8%) 90 (28.3%) 0.934

  Three-vessel disease 626 (57.3%) 441 (56.9%) 185 (58.2%) 0.750

 Vessels with CTO 0.078

  LAD 373 (34.1%) 249 (32.1%) 124 (39.0%) 0.035

  LCX 192 (17.6%) 137 (17.7%) 55 (17.3%) 0.950

  RCA 528 (48.3%) 389 (50.2%) 139 (43.7%) 0.060
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of poor CCC was significantly higher in the higher AIP 
group. The percentages of poor CCC according to the 
quartiles of AIP were 16.5%, 18.7%, 28.3%, and 52.9%, 
respectively (p < 0.001), which increased stepwise from 
the lowest AIP quartile to the highest quartile (Fig. 2b).

Multivariate logistic regression analysis showed that 
AIP was an independent risk factor for poor CCC, 
regardless of whether AIP was a continuous or cate-
gorical variable (Table 4). When AIP was considered a 
continuous variable, each 1-unit higher AIP was inde-
pendently associated with an elevated risk of poor CCC 
after adjustment with different models (all p < 0.001). 

When AIP was considered a categorical variable, 
an increasing risk for poor CCC was observed with 
increasing AIP after adjusting for different models (all p 
for trend < 0.001). Moreover, the risk of poor CCC was 
significantly increased in the Q3 group and Q4 group 
compared with the Q1 group (all p < 0.05), but not in 
the Q2 group (Table 4).

Subsequently, the RCS curve revealed a non-lin-
ear relationship between AIP and poor CCC with the 
adjustment of Model 3. The risk of poor CCC was rela-
tively flat until approximately 0.18 of AIP, beyond which 
it exhibited a rapid increase (p for non-linear = 0.003, p 
for overall < 0.001) (Fig. 3).

Table 2 Baseline characteristics of the total population stratified by the quartiles of AIP

All abbreviations are as in Table 1

Characteristics Total population
(n = 1093)

Q1 group
(n = 278)

Q2 group
(n = 267)

Q3 group
(n = 276)

Q4 group
(n = 272)

p value

Demographics
 Age, years 58.8 ± 10.2 61.3 ± 9.3 59.4 ± 9.7 57.8 ± 10.3 56.5 ± 10.8  < 0.001

 Male 936 (85.6%) 228 (82.0%) 231 (86.5%) 234 (84.8%) 243 (89.3%) 0.097

 BMI, kg/m2 26.36 ± 3.30 25.29 ± 3.47 26.12 ± 2.74 26.78 ± 3.44 27.29 ± 3.14  < 0.001

 Current Smoking 597 (54.6%) 139 (50.0%) 139 (52.1%) 154 (55.8%) 165 (60.7%) 0.064

Medical history
 Hypertension 734 (67.2%) 176 (63.3%) 188 (70.4%) 182 (65.9%) 188 (69.1%) 0.283

 T2DM 463 (42.4%) 100 (36.0%) 115 (43.1%) 126 (45.7%) 122 (44.9%) 0.085

 Dyslipidemia 900 (82.3%) 167 (60.1%) 194 (72.7%) 268 (97.1%) 271 (99.6%)  < 0.001

Laboratory measurements
 hs-CRP, mg/L 1.02 (0.52, 2.63) 0.77 (0.42, 1.86) 0.89 (0.51, 2.08) 1.12 (0.60, 3.02) 1.29 (0.75, 3.31)  < 0.001

 Creatinine, mmol/L 78.34 ± 19.61 75.20 ± 16.76 77.41 ± 18.50 78.64 ± 19.18 ± 82.16 ± 22.97  < 0.001

 Urea, mmol/L 5.59 ± 1.83 5.56 ± 1.71 5.45 ± 1.69 5.41 ± 1.49 5.94 ± 2.29 0.003

 Uric acid, mmol/L 355.54 ± 94.99 320.24 ± 81.43 348.32 ± 88.61 355.67 ± 91.17 398.58 ± 101.24  < 0.001

 FBG, mmol/L 5.88 (5.11, 7.24) 5.57 (5.00, 6.58) 5.75 (5.11, 6.94) 6.30 (5.12, 7.88) 6.06 (5.21, 7.70)  < 0.001

 GA, % 14.39 (12.96, 17.16) 14.50 (13.23, 16.51) 14.40 (12.96, 16.99) 14.28 (12.90, 17.78) 14.30 (12.75, 17.44) 0.834

 HbA1c, % 6.10 (5.70, 6.90) 5.90 (5.60, 6.60) 6.10 (5.70, 7.00) 6.20 (5.70, 6.90) 6.20 (5.80, 7.20)  < 0.001

 TG, mmol/L 1.76 ± 0.91 0.94 ± 0.23 1.36 ± 0.26 1.79 ± 0.35 2.96 ± 0.89  < 0.001

 TC, mmol/L 3.92 ± 0.99 3.73 ± 0.92 3.82 ± 0.96 3.92 ± 0.96 4.20 ± 1.07  < 0.001

 LDL-C, mmol/L 2.27 ± 0.88 2.11 ± 0.83 2.25 ± 0.88 2.32 ± 0.85 2.38 ± 0.95 0.002

 HDL-C, mmol/L 1.04 ± 0.25 1.26 ± 0.25 1.08 ± 0.18 0.97 ± 0.18 0.85 ± 0.15  < 0.001

 Non-HDL-C, mmol/L 2.88 ± 0.97 2.47 ± 0.86 2.74 ± 0.88 2.95 ± 0.89 3.36 ± 1.02  < 0.001

 AIP 0.19 ± 0.26 -0.13 ± 0.12 0.10 ± 0.05 0.27 ± 0.05 0.53 ± 0.13  < 0.001

 LVEF, % 59 ± 8 60 ± 7 59 ± 9 59 ± 8 59 ± 8 0.584

Angiographic results
 Number of lesions 0.376

  One-vessel disease 154 (14.1%) 39 (14.0%) 45 (16.9%) 36 (13.0%) 34 (12.5%) 0.475

  Two-vessel disease 313 (28.6%) 83 (29.9%) 82 (30.7%) 80 (29.0%) 68 (25.0%) 0.468

  Three-vessel disease 626 (57.3%) 156 (56.1%) 140 (52.4%) 160 (58.0%) 170 (62.5%) 0.122

 Vessels with CTO 0.291

  LAD 373 (34.1%) 99 (35.6%) 99 (37.1%) 88 (31.9%) 87 (32.0%) 0.479

  LCX 192 (17.6%) 43 (15.5%) 54 (20.2%) 53 (19.2%) 42 (15.4%) 0.320

  RCA 528 (48.3%) 136 (48.9%) 114 (42.7%) 135 (48.9%) 143 (52.6%) 0.143
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Incremental effect of AIP on coronary collateral circulation
The ROC curve showed that the optimal cut-off value 
of AIP for identifying poor CCC was 0.26, with a sen-
sitivity of 61.6% and a specificity of 70.7%. The AUC 
of AIP for identifying poor CCC was 0.689 (95% CI 
0.653–0.725, p < 0.001) (Fig. 4a). As shown in Fig. 4b and 
Table  5, incorporating AIP into the baseline model had 
the most significant incremental effect for assessing the 
status of CCC compared with other indicators (AUC: 
baseline model, 0.661 vs. baseline model + AIP, 0.721, p 

for comparison < 0.001). In addition, IDI and NRI dem-
onstrated that the inclusion of AIP compared with other 
indicators had the maximum enhancement to identify 
poor CCC based on the baseline model, with an NRI of 
0.455 and an IDI of 0.063 (all p < 0.001) (Table 5).

Subgroup analysis
Subgroup analysis of the total population was performed 
according to age (< 65 or ≥ 65  years), sex (female or 
male), BMI (< 24 or ≥ 24  kg/m2), current smoking (yes 
or no), hypertension (with or without), dyslipidemia 
(with or without), T2DM (with or without), LDL-C (< 1.8 
or ≥ 1.8  mmol/L), and HbA1c (< 6.5% or ≥ 6.5%) to fur-
ther verify the utility of AIP for identifying poor CCC 
in different subgroups. In subgroups, excluding those 
without dyslipidemia, an increased AIP (per 1 unit) was 
consistently associated with poor CCC after adjusting for 
confounders with Model 3 (all p < 0.05) (Fig. 5). Further-
more, age and dyslipidemia were found to have interac-
tions with AIP (all p for interaction < 0.05) (Fig. 5).

Discussion
To the best of our knowledge, the present study is the first 
to investigate the association between AIP and CCC in 
CAD patients with CTO. Based on our analyses, we have 
the following main findings: (1) Patients with a higher 
AIP had a significantly higher incidence of poor CCC 
than those with a lower AIP. (2) AIP was independently 
associated with poor CCC, regardless of whether AIP 
was a continuous or categorical variable. (3) The inclu-
sion of AIP in the baseline model improved the ability 
to identify the risk of poor CCC. (4) AIP was associated 
with various cardiovascular risk factors, and there was a 
non-linear relationship between AIP and poor CCC. In 

Table 3 Correlation between AIP and cardiovascular risk factors

All abbreviations are as in Table 1

Variable Correlation coefficient p value

Age -0.177  < 0.001

Male 0.065 0.033

BMI 0.233  < 0.001

Current smoking 0.088 0.004

Hypertension 0.037 0.218

T2DM 0.076 0.012

Dyslipidemia 0.441  < 0.001

hs-CRP 0.197  < 0.001

Creatinine 0.143  < 0.001

Uric acid 0.312  < 0.001

FBG 0.149  < 0.001

HbA1c 0.156  < 0.001

TG 0.891  < 0.001

TC 0.178  < 0.001

LDL-C 0.107  < 0.001

HDL-C -0.663  < 0.001

Non-HDL-C 0.352  < 0.001

LVEF 0.006 0.836

Fig. 2 Association between AIP and CCC. a comparison of AIP between the good CCC group and poor CCC group; b prevalence of poor CCC 
according to the quartiles of AIP AIP, atherogenic index of plasma; CCC, coronary collateral circulation



Page 8 of 14Dong et al. BMC Cardiovascular Disorders          (2024) 24:360 

conclusion, AIP may be a potentially reliable alternative 
indicator for the early identification of poor CCC in CAD 
patients with CTO.

As anastomotic branches between epicardial coronary 
arteries, CCC normally only contain a small amount of 

blood due to their small diameter and high blood flow 
resistance. However, in severe epicardial coronary artery 
stenosis, especially in the case of CTO lesions, factors 
such as myocardial hypoxia and shear stress increase in 
the blood supply area of narrow coronary arteries, the 
original collateral branch can be transformed from a 
nonfunctional anastomotic branch to a functional anas-
tomotic branch by expanding the diameter and thicken-
ing the wall [25]. Fulton et  al. found that the caliber of 
CCC in non-CAD patients ranged from 10–200  μm, 
whereas the caliber of CCC in CAD patients could be 
enlarged to 100–800 μm [26]. In addition to pre-existing 
collateral branches, new collateral branches can form 
through two main mechanisms: arteriogenesis and angi-
ogenesis. In humans, the formation of CCC is primarily 
driven by arteriogenesis during initial occlusion, with the 
dual effects of arteriogenesis and angiogenesis observed 
only after repeated occlusive episodes [27]. The forma-
tion of CCC is a characteristic manifestation of CTO 
lesions. Previous studies have shown that the incidence 
of functional anastomotic branches may increase from 
9% in normal hearts to 95% in CTO lesions [25].

The formation of CCC can prevent or reduce ischemic 
myocardial necrosis, and ideally well-developed CCC can 
even maintain normal myocardial function in the area 
supplied by narrowed coronary arteries [27]. It is even 
considered an important indicator affecting the prognosis 
of patients with CAD. A meta-analysis of 12 independent 
studies evaluated the impact of CCC on all-cause death 
in patients with stable or acute CAD. They found that 
the mortality in the good CCC group was significantly 
lower than that in the poor CCC group, suggesting that 
good CCC is closely associated with improved prognosis 
[8]. Therefore, urgent research is needed to investigate 
the risk factors affecting the formation of CCC. Previ-
ous studies have shown that the inflammatory response 
and its related mediators can have adverse effects on the 
formation of CCC [28]. Under inflammatory conditions, 
the bioavailability and production of nitric oxide are 
impaired, leading to endothelial dysfunction and dimin-
ishing its role in promoting angiogenesis. There is also 
evidence suggesting that poor CCC is associated with 
insulin resistance, diabetes, dyslipidemia, and MetS [29].

AIP is the logarithm of the molar ratio of TG to HDL-
C. It is considered a simple indicator for assessing athero-
sclerosis and is utilized in the evaluation of lipid-driven 
inflammatory states [12]. A cross-sectional study in 
Iran found that AIP was correlated with waist circum-
ference, BMI, blood pressure, HDL-C, LDL-C, TG, TC, 
FBG, and physical activity, which is similar to our find-
ings, suggesting that AIP could be used as a routine 
monitoring indicator for cardiovascular disease (CVD) 
risk factors [30]. In addition, numerous studies have 

Table 4 Predictive value of AIP for poor CCC in different models

Model 1: adjusted for age, male, BMI, current smoking, hypertension, T2DM, and 
dyslipidemia

Model 2: adjusted for variables in Model 1 and hs-CRP, creatinine, uric acid, FBG, 
HbA1c, TC, LDL-C, and LVEF

Model 3: adjusted for variables in Model 2 and number of lesions and vessels 
with CTO
a The HR was examined regarding the Q1 group as a reference
b The HR was examined by per 1-unit increase of AIP

OR Odds ratio, CI Confidence interval, ref reference, other abbreviations are as in 
Table 1

OR 95% CI p value p for trend

Crude model
 AIP as a categorical 
 variablea

 < 0.001

  Q1 ref ref ref

  Q2 1.16 0.75–1.81 0.504

  Q3 1.99 1.32–3.01 0.001

  Q4 5.67 3.85–8.50  < 0.001

 AIP as a continuous 
 variableb

15.07 8.66–26.69  < 0.001

Model 1
 AIP as a categorical 
 variablea

 < 0.001

  Q1 ref ref ref

  Q2 1.20 0.77–1.89 0.421

  Q3 2.07 1.33–3.29 0.002

  Q4 6.09 3.92–9.64  < 0.001

 AIP as a continuous 
 variableb

17.61 9.38–33.80  < 0.001

Model 2
 AIP as a categorical 
 variablea

 < 0.001

  Q1 ref ref ref

  Q2 1.11 0.70–1.76 0.662

  Q3 1.71 1.07–2.75 0.025

  Q4 4.41 2.75–7.15  < 0.001

 AIP as a continuous 
 variableb

10.11 5.09–20.51  < 0.001

Model 3
 AIP as a categorical 
 variablea

 < 0.001

  Q1 ref ref ref

  Q2 1.08 0.68–1.72 0.742

  Q3 1.71 1.07–2.75 0.026

  Q4 4.47 2.79–7.28  < 0.001

 AIP as a continuous 
 variableb

10.42 5.21–21.31  < 0.001
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confirmed the significant association of AIP with the 
occurrence, development, and prognosis of CAD. Wu 
et  al. conducted a meta-analysis showing that a higher 

AIP may be independently correlated with a higher inci-
dence of CAD [15]. According to Kim et al., AIP serves 
as a useful tool for identifying patients at a high risk of 

Fig. 3 RCS curve for the association of AIP with CCC. The green solid line represents the OR, and the green dashed line represents the 95% CI. The 
RCS analysis was performed by using Model 3 (adjusted for age, male, BMI, current smoking, hypertension, T2DM, dyslipidemia, hs-CRP, creatinine, 
uric acid, FBG, HbA1c, TC, LDL-C, LVEF, number of lesions and vessels with CTO). The OR was examined by per 1-unit increase of AIP. AIP, atherogenic 
index of plasma; CCC, coronary collateral circulation; OR, odds ratio; CI, confidence interval; other abbreviations are as in Table 1.

Fig. 4 ROC curves evaluating diagnostic performance of AIP and other indicators for poor CCC. a the ROC curve of AIP for poor CCC; b 
the discriminative value of different models for evaluating CCC using ROC curve. The baseline model included age, male, BMI, current 
smoking, hypertension, T2DM, dyslipidemia, hs-CRP, creatinine, uric acid, FBG, HbA1c, LVEF, number of lesions, and vessels with CTO. AUC, area 
under the curve; AIP, atherogenic index of plasma; CRI, Castelli’s risk index; other abbreviations are as in Table 1
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CV events. Their study showed that patients with higher 
AIP were at greater risk of future CV events and demon-
strated the superiority of AIP over either TG or HDL-C 
alone [16]. Zheng et al. demonstrated that AIP could be 
used as an effective predictor of poor prognosis in non-
diabetic patients with CAD after PCI [31]. A retrospec-
tive study by Qin et  al., which included 2356 patients 
with T2DM who underwent PCI, revealed that patients 
with a higher AIP were significantly more likely to expe-
rience adverse CV events during 4  years of follow-up. 
Even after adjusting for confounding variables, the inde-
pendent association between AIP and adverse CV events 
remained [32]. Additionally, Wang et  al. further inves-
tigated the prognostic value of AIP in the population 
with LDL-C < 1.8  mmol/L. They exhibited that elevated 
AIP was significantly associated with an increased risk 
of major adverse cardiovascular and cerebrovascular 
events (MACCE) in acute coronary syndrome (ACS) 
patients undergoing PCI, despite having LDL-C levels 
well-controlled [33]. Furthermore, Zhu et  al. confirmed 
the independent association between AIP and the risk 
of in-stent restenosis (ISR) in patients with ACS, espe-
cially in the LDL-C < 1.8  mmol/L subgroup [34]. The 
study by Süleymanoğlu M, et al. also showed that the AIP 
was independently associated with no-reflow in STEMI 
patients after primary PCI, superior to traditional lipid 
profiles [35]. However, there is limited research explor-
ing the value of AIP in patients with CTO. Guelker et al. 
reported that AIP was related to the J-CTO score (rep-
resenting the complexity of CTO), potentially helping to 
improve procedural planning and quality of intervention 
[17]. Another study suggested that AIP was significantly 
higher in the CTO group compared with the non-CTO 
group. AIP was an independent risk factor for CTO and 
demonstrated predictive capability for both the presence 
and severity of CTO [18].

Given the importance of CCC in patients with CTO [9] 
and the value of AIP in patients with CAD, we extended 
previous studies and explored the relationship between 
AIP and CCC in CAD patients with CTO for the first 
time. We found that an elevated AIP was an independ-
ent risk factor for an increased risk of poor CCC in 
CAD patients with CTO. Interestingly, the relation-
ship between AIP and poor CCC in such a population is 
non-linear. There appears to be no positive correlation 
between AIP and poor CCC when AIP is below 0.18. 
One potential explanation is that HDL-C has a protective 
effect, whereas TG has an atherogenic effect, so if AIP 
is below the threshold, it indicates higher HDL-C and/
or lower TG, which is not a sufficient risk for develop-
ing poor CCC. This could explain the absence of a sig-
nificant association with poor CCC in the Q2 group, 
while such an association was notable in the Q3 and Q4 
groups. Additionally, AIP was added to the established 
baseline model for analysis, revealing that its inclusion 
may improve the ability to identify poor CCC, which was 
superior to the addition of the other atherosclerotic lipid 
profile. However, the addition of LDL-C to the baseline 
model had no incremental effect, probably because of the 
bias caused by the use of lipid-lowering drugs. To fur-
ther confirm the reliability and stability of this study, the 
subgroup analysis was conducted, showing that the AIP 
lacked good predictive value in patients without dyslipi-
demia. This may be attributed to the smaller sample size 
within this subgroup, coupled with the possibility that 
AIP in this subgroup was very low, failing to meet the 
cut-off value of AIP for identifying poor CCC.

The underlying mechanism between high AIP and poor 
CCC has not been fully elucidated. A possible mecha-
nism is that AIP reflects disturbances in lipid metabo-
lism, which impact the formation of CCC. AIP is derived 
from TG and HDL-C. Previous studies have shown that 

Table 5 Incremental effect of AIP and other indicators for identifying poor CCC 

The baseline model included age, male, BMI, current smoking, hypertension, T2DM, dyslipidemia, hs-CRP, creatinine, uric acid, FBG, HbA1c, LVEF, number of lesions, 
and vessels with CTO

AUC  Area under the curve, CI Confidence interval, NRI Net reclassification improvement, IDI Integrated discrimination improvement, Ref Reference, CRI Castelli’s risk 
index, other abbreviations are as in Table 1

AUC 95% CI p value NRI 95% CI p value IDI 95% CI p value

Baseline model 0.661 0.626–0.697 Ref Ref Ref Ref Ref Ref Ref

 + AIP 0.721 0.687–0.755  < 0.001 0.455 0.328 ~ 0.582  < 0.001 0.063 0.047 ~ 0.079  < 0.001

 + TC 0.678 0.644–0.713 0.039 0.159 0.029 ~ 0.289 0.016 0.013 0.005 ~ 0.020  < 0.001

 + HDL-C 0.670 0.635–0.706 0.142 0.076 -0.054 ~ 0.205 0.254 0.005 0.001 ~ 0.010 0.021

 + LDL-C 0.667 0.632–0.702 0.271 0.127 -0.003 ~ 0.256 0.056 0.004 -0.001 ~ 0.007 0.061

 + Non-HDL-C 0.685 0.651–0.720 0.013 0.252 0.123 ~ 0.382  < 0.001 0.018 0.009 ~ 0.026  < 0.001

 + CRI-I 0.697 0.662–0.731 0.001 0.281 0.152 ~ 0.410  < 0.001 0.029 0.017 ~ 0.040  < 0.001

 + CRI-II 0.676 0.641–0.711 0.046 0.194 0.065 ~ 0.324 0.003 0.011 0.004 ~ 0.018 0.003
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TG and HDL-C are independent predictors of poor CCC 
[10, 36]. TG is involved in the pro-inflammatory, pro-
coagulant, and pro-apoptotic pathways that are crucial 
for atherosclerosis [37]. HDL-C can promote cholesterol 
efflux, inhibit vascular inflammation or oxidative stress, 
reduce thrombosis, and improve endothelial cell func-
tion [38]. Hypertriglyceridemia can activate cholesteryl 
ester transfer protein (CETP). CETP transfers TG from 
apolipoprotein B lipoprotein particles to HDL-C through 
TG exchange of cholesterol esters, resulting in a decrease 
in HDL-C levels and an increase in LDL-C and very 
low-density lipoprotein cholesterol (VLDL-C) levels in 
plasma [39]. High cholesterol and LDL-C levels lead to 

subendothelial lipid deposition, macrophage foam cell 
formation, plaque progression, vascular endothelial cell 
dysfunction, and impaired collateral vessel formation 
[40]. In addition, triglyceride-rich lipoprotein (TRL) and 
apolipoprotein B lipoprotein particles in patients with 
high TG levels easily form small and dense low-density 
lipoprotein cholesterol (sdLDL-C) through hepatic 
metabolism mediated by apolipoprotein C (APO-C) III 
[41]. SdLDL-C is considered the most atherogenic lipid 
index [42]. It has been shown that sdLDL-C penetrates 
the vascular endothelium more than LDL-C and stimu-
lates vascular endothelial cells to secrete inflammatory 
mediators and adhesion molecules, resulting in vascular 

Fig. 5 Subgroup analysis for the impact of AIP on CCC. The yellow vertical solid line represents the HR value of 1. The subgroup analysis 
was performed by using Model 3 (adjusted for age, male, BMI, current smoking, hypertension, T2DM, dyslipidemia, hs-CRP, creatinine, uric acid, FBG, 
HbA1c, TC, LDL-C, LVEF, number of lesions and vessels with CTO). AIP, atherogenic index of plasma; CCC, coronary collateral circulation; OR, odds 
ratio; CI, confidence interval; BMI, body mass index; T2DM, type 2 diabetes mellitus; LDL-C, low density lipoprotein cholesterol; HbA1c, glycosylated 
hemoglobin A1c
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endothelial cell dysfunction [43]. A recent study found 
that AIP could serve as a substitute indicator of sdLDL-
C and showed a significant negative correlation with 
the molecular diameter of LDL-C [44]. All of the above 
mechanisms between AIP and the formation of CCC 
need to be further confirmed.

In summary, AIP, as a comprehensive lipid index, can 
provide important information about the formation of 
CCC in patients with CTO. AIP can be used for early risk 
stratification of CTO patients, helping to identify high-
risk patients with poor CCC, and guiding more proactive, 
comprehensive, and personalized treatment for these 
patients.

Limitations
There are some limitations in this study. First, as a ret-
rospective observational study, it could not prove the 
causal relationship between AIP and CCC in patients 
with CTO. Besides, there were many factors that affected 
AIP and CCC, and although we made extensive adjust-
ments for possible confounders, we could not completely 
avoid confounding bias. Second, the patients included in 
this study were all from the same center, rendering una-
voidable the presence of selection bias. Third, AIP was 
greatly affected by the levels of TG and HDL-C; however, 
adjustments were not made for the use, type, or dosage of 
lipid-lowering drugs, potentially introducing bias into the 
findings. Finally, the assessment of CCC did not employ 
the gold standard collateral flow index (CFI); instead, 
solely relying on the Rentrop scoring system was used. 
Future prospective, multicenter, large-scale studies are 
needed to determine the association between AIP and 
CCC.

Conclusions
Elevated AIP is independently associated with an 
increased risk of poor CCC in CAD patients with CTO, 
and may improve the ability to identify poor CCC in 
clinical practice. Consequently, AIP can be considered 
a reliable surrogate for the assessment of CCC. A high 
AIP may serve as a reminder to clinicians that CCC in 
patients with CTO is likely to be poorly developed and 
insufficient to provide compensatory protection to the 
ischemic myocardium.
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