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Abstract 

Background: To assess the prognostic role of coronary collaterals in patients with type 2 diabetes mellitus (T2DM) 
after successful percutaneous coronary intervention (PCI) for chronic total occlusion (CTO).

Methods: Coronary collateralization was graded according to Rentrop scoring system in 198 type 2 diabetic patients 
and 335 non-diabetics with stable angina undergoing PCI for at least one CTO lesion. Left ventricular ejection fraction 
(LVEF) was determined and major adverse cardio-cerebral events (MACCE) were recorded during follow-up.

Results: Poor collateralization was more common in patients with T2DM than in non-diabetics (40% vs 29%, 
p = 0.008). At 13.5 ± 4.1 months, the rate of composite MACCE (17.3% vs 27.6%, p = 0.034) and repeat revasculariza-
tion (15.2% vs 25.5%, p = 0.026) was lower and the increase in LVEF (3.10% vs 1.80%, p = 0.024) was greater in patients 
with good collaterals than in those with poor collaterals for non-diabetic group. The associations were in the same 
direction for T2DM group (35% vs 44%; 30% vs 36%; 2.14% vs 1.65%, respectively) with a higher all-cause mortality 
in diabetic patients with poor collaterals (p = 0.034). Multivariable Cox proportional hazards analysis showed that 
coronary collateralization was an independent factor for time to MACCE (HR 2.155,95% CI 1.290–3.599, p = 0.003) 
and repeat revascularization (HR 2.326, 95% CI 1.357–3.986, p = 0.002) in non-diabetic patients, but did not enter the 
model in those with T2DM.

Conclusions: T2DM is associated with reduced coronary collateralization. The effects of the status of coronary collat-
eralization on long-term clinical outcomes and left ventricular function appear to be similar in size in type 2 diabetic 
patients and non-diabetics after successful recanalization of CTO.

Keywords: Chronic total occlusion, Diabetes mellitus, Coronary collateral circulation, Percutaneous coronary 
intervention, Prognosis
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Background
Chronic total occlusion (CTO) occurs in 5–10% of 
patients with significant coronary artery disease 
undergoing routine coronary angiography, which is 
more common in those with diabetes mellitus [1, 2]. 
Both randomized trials and observational studies 
have demonstrated that successful revascularization 
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of chronic totally occluded lesions accomplished by 
percutaneous coronary intervention (PCI) or coro-
nary artery bypass grafting is associated with a num-
ber of clinical benefits, such as anginal symptom 
relief, improved quality of life and ventricular func-
tion, and decreased mortality when compared to CTO 
patients whose recanalization was failed or those who 
received optimal medical treatment only [3–7]. There-
fore, revascularization is recommended as an initial 
therapeutic modality in patients with CTO by current 
guidelines [8]. Recently, with the improvement in dedi-
cated devices, technical strategies and interventional 
skills, the overall success rate of PCI for CTO (CTO-
PCI) has been dramatically increased [9].

Diabetes mellitus is regarded as a coronary heart dis-
ease risk equivalent and an important factor when plan-
ning treatment strategies for coronary artery disease as 
well as evaluating clinical outcomes after PCI [10, 11]. 
Patients with type 2 diabetes mellitus (T2DM) often have 
an elevated incidence of CTO (approximately 30–40% in 
the registry) [12, 13]. In the setting of complete coronary 
obstruction, blood supply to the distal myocardium is 
solely from collateral vessels. The formation and matu-
ration of coronary collateral circulation is an adaptive 
physiologic response, and well-formed collaterals may 
minimize infarcted area and improve ventricular function 
and survival compared with patients lacking a well-devel-
oped collateral network [14, 15]. However, the prognos-
tic role of collaterals in patients with coronary artery 
disease remains controversial. In myocardial infarction 
patients with acute coronary occlusion, previous stud-
ies yielded mixed results with some showing improved 
clinical outcomes in patients with angiographic evidence 
of collaterals [16–19] and others revealing either no dif-
ference [20–22] or worse outcomes [23]. In stable coro-
nary artery disease patients with CTO, while T2DM is 
strongly associated with reduced coronary collateral for-
mation [24–26], few published studies have focused on 
the impact of coronary collaterals on clinical prognosis, 
especially for those with T2DM after CTO-PCI [6].

Therefore, we conducted a prospective, observa-
tional study to examine the effect of coronary collat-
eralization on long-term clinical outcomes in type 2 
diabetic and non-diabetic patients with stable coro-
nary artery disease after successful CTO-PCI.

Methods
The protocol was approved by the Shanghai Jiao Tong 
University ethic committee and conducted in accord-
ance with the Declaration of Helsinki. All patients gave 
written informed consent.

Study population
A total of 779 consecutive patients with stable angina 
who were attempted to undergo CTO-PCI of at least 
one major epicardial coronary artery between January 
2016 and December 2018 were recruited from the data-
base of Shanghai Rui Jin Hospital PCI Outcome Program. 
This program utilizes clinical and angiographic informa-
tion for various cardiovascular diseases to estimate risk-
adjusted outcomes. Data on demographics, clinical and 
angiographic features, left ventricular function deter-
mined by two-dimensional echocardiography according 
to modified Simpson’s rule, and in-hospital management 
were collected retrospectively, whereas clinical outcomes 
during follow-up were identified prospectively.

For the purpose of this study, 98 patients were excluded 
because of a history of coronary artery bypass grafting 
(n = 56), renal failure requiring hemodialysis (n = 12), 
chronic heart failure with NYHA class III or IV (n = 17), 
pulmonary heart disease (n = 6) and malignant tumor 
or immune system disorders (n = 7), as these condi-
tions could influence collateral formation. Patients with 
type 1 diabetes (n = 6) were excluded by measurement 
of C-peptide level. In the 675 eligible patients, CTO-PCI 
was successful in 561 patients (83%). The main causes for 
failed procedure included impossibility of wire (n = 85) or 
balloon (n = 15) to cross the occluded segment and major 
complications (coronary dissection: n = 9; coronary per-
foration: n = 5). We also excluded additional 28 (5%) 
patients who were lost to follow up. Thus, the remaining 
533 patients were enrolled in the final analyses. Among 
them, 198 patients (37%) had T2DM and 335 (63%) were 
non-diabetics (Fig. 1).

CTO was defined as those occluded arteries with a 
documented duration of occlusion of at least 3  months 
with absolutely no flow through the lesion (TIMI grade 
0) [27]. Estimation of the duration of coronary occlu-
sion was based on the first onset of an abrupt worsening 
of existing angina, a history of myocardial infarction in 
the target vessel territory, or information obtained from 
a previous angiogram. Stable angina was diagnosed 
according to the criteria recommended by the American 
College of Cardiology/American Heart Association [28]. 
T2DM was defined as a fasting glucose level > 126 mg/dL 
or glycated hemoglobin A1c concentration greater than 
6.5% assessed at least once, or the current use of oral 
hypoglycemic agents or insulin [29].

Coronary intervention procedure
Coronary angiography and intervention were per-
formed with standard techniques using 6F or 7F guiding 
catheters via the radial or femoral approach and drug-
eluting stent implantation as the default strategy (> 95% 
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cases). Before the procedure, all patients received load-
ing dose of aspirin (300 mg/d) and clopidogrel (300 mg) 
or ticagrelor (180 mg). During the procedure, an intra-
venous bolus of heparin (70–100 IU/kg) was given, but 
the use of glycoprotein IIb/IIIa inhibitors was at the 
operator’s discretion. CTO-PCI was performed using 
contemporary techniques such as bilateral injection; 
specialized hydrophilic, tapered tip, and stiff wires; par-
allel wires; microcatheters; and retrograde approach. 
The choice of guidewires, balloons, and drug-eluting 
stent type was left to the discretion of the operators. 
After the procedure, clopidogrel (75  mg/day) or tica-
grelor (90  mg, twice daily) was prescribed for at least 
12  months, and aspirin (100  mg/day) was continued 

indefinitely. After discharge, all patients were encour-
aged to take guideline- recommended medications 
including statins, angiotensin-converting enzyme 
inhibitors and β-blockers unless contraindicated, and 
to receive repeat coronary angiography at 12  months 
during follow-up.

Technical success was defined as a residual ste-
nosis of < 20% and restoration of TIMI grade 3 flow. 
Procedural success was defined as technical success 
without death, myocardial infarction, or emergency 
coronary bypass grafting. Complete revasculariza-
tion was defined as restoration of TIMI grade 3 flow 
with residual stenosis < 20% in all three major coronary 
arteries and their branches (diameter ≥ 2.0 mm).

Fig. 1 Flowchart patient enrollment. CTO chronic total occlusion, T2DM type 2 diabetes mellitus
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Coronary collateral scoring
The degree of coronary collaterals supplying the distal 
aspect of a total occlusion from the contra-lateral vessel 
was graded according to Rentrop classification: 0 = no 
visible filling of any collateral channel; 1 = filling of side 
branches of the artery to be perfused by collateral ves-
sels without visualization of epicardial segment; 2 = par-
tially filling of the epicardial artery by collateral vessels; 
3 = complete filling of the epicardial artery by collateral 
vessels [30]. Patients were categorized into poor (grade 
0 or 1) or good (grade 2 or 3) coronary collateralization 
group. All angiograms were viewed by the two observers 
blinded to the other observers’ findings, and the agree-
ment of the assessment of coronary artery disease sever-
ity and collateral classification between the two observers 
was 98% and 97%, respectively [31]. Any difference in 
interpretation was resolved by a third reviewer. For those 
with more than one total coronary occlusion, the vessel 
with the highest collateral grade was chosen for analysis.

Study endpoints
The primary study endpoint was the occurrence of com-
posite major adverse cardio-cerebral events (MACCE) 
during follow-up, including all-cause death, cardiac 
death, non-fatal myocardial infarction, repeat revas-
cularization, and non-fatal stroke. All-cause death was 
defined as any post-procedure death, and the cause was 
considered cardiac unless a definite non-cardiac cause 
was established. Myocardial infarction was defined as 
recurrent symptoms with new electrocardiographic 
changes compatible with myocardial infarction or car-
diac marker level at least twice the upper limit of normal. 
Repeat revascularization defined as any revascularization 
of either the target or non-target vessels with PCI or cor-
onary artery bypass grafting was performed on patients 
with severe in-stent restenosis or new coronary lesions 
(luminal diameter narrowing > 70%). In-stent resteno-
sis was defined as recurrence of lumen diameter reduc-
tion > 50% within the stent or 5  mm proximal or distal 
segment adjacent to the stent at follow-up angiography 
[32]. Atherosclerotic lesion progression was diagnosed 
if one of the following criteria was met: (1) ≥ 20% diam-
eter reduction of a pre-existing stenosis > 50%; (2) ≥ 30% 
diameter reduction of a stenosis < 50%; (3) progression of 
any stenosis to total occlusion, or (4) development of a 
new stenosis > 50% in a previously normal segment [33]. 
The secondary study endpoint was the change in left 
ventricular ejection fraction (LVEF) determined by two-
dimensional echocardiography using modified Simpson’s 
method.

Statistical analysis
Continuous variables are expressed as mean ± stand-
ard deviation (SD) and categorical data as percentages. 
Two-side Student’s t test was used to compare continu-
ous variables, and Pearson Chi square statistics was used 
to compare categorical values. The rate of composite 
MACCE and repeat revascularization were compared 
by calculating risk ratio with 95% confidence intervals 
(CIs). Cumulative rate of individual and composite out-
comes was estimated using the Kaplan–Meier methods 
and compared with the log-rank test. Multivariable mod-
els were built by stepwise variable selection, and covari-
ates with p < 0.10 level on univariable analysis or clinically 
relevant were considered candidate variables. Adjusted 
hazard ratios were compared by Cox regression based 
on: age, gender, risk factors for coronary artery disease 
(current smoking, hypertension, hypercholesterolemia, 
and diabetes), extent of coronary artery disease (catego-
rized as 1-, 2-, or 3-vessel disease), collateral classifica-
tion, glomerular filtration rate, pre-procedural LVEF, and 
completeness of revascularization. A probability level 
of p < 0.05 was considered significant. All analyses were 
performed using the software package SPSS, version13 
(SPSS Inc, Chicago, IL, USA).

Results
Clinical and angiographic features
Compared with non-diabetic patients, those with T2DM 
were more males in gender distribution, and had higher 
percentage of hypertension, multivessel disease and 
poorer coronary collaterals, and lower LVEF (Table  1). 
Univariable regression analysis showed that presence of 
T2DM was the only determinant of poor coronary col-
lateralization (r = 0.114, p = 0.008).

During PCI procedure, a total of 560 CTO lesions were 
successfully recanalized with drug-eluting stent implan-
tation. There were no differences in location of CTO, 
stent number for CTO lesion and the rate of complete 
revascularization between patients with and without 
T2DM except that those with T2DM had higher propor-
tion of multivessel disease (p = 0.006) (Table 1).

Long‑term clinical outcomes
During a mean of 13.5 ± 4.1  months of follow-up, 8 
patients died (1.5%); 5 of them had cardiac death (good 
collaterals in 1 patient [0.3%] and poor collaterals in 4 
patients [2.2%], p = 0.026). and other 3 died of respiratory 
failure due to pulmonary infection (n = 1) or cerebrovas-
cular accidents (n = 2). All patients received coronary 
angiography during follow-up, and 125 (23.5%) of them 
underwent repeat revascularization because of severe in-
stent restenosis or new lesions and disease progression. 
Overall, the rate of composite MACCE (38% vs 19.4%, 
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p < 0.001) and repeat revascularization (32% vs 18.2%, 
p < 0.001) was higher in type 2 diabetic patients com-
pared to non-diabetics.

For non-diabetic patients, poor collateralization was 
associated with more in-stent restenosis (14.3% vs 6.3%, 
p = 0.018) and repeat revascularization (25.5% vs 15.2%, 
p = 0.026), leading to a higher rate of composite MACCE 
(27.6% vs 17.3%, p = 0.034). In contrast, for type 2 dia-
betic patients, the rate of composite MACCE, in-stent 
restenosis and repeat revascularization did not differ irre-
spective of collateral status, except for a higher all-cause 
mortality in those with poor collateralization (p = 0.034) 
(Table  2). Kaplan–Meier curve analysis revealed a clear 
difference in percent event-free from MACCE or repeat 
revascularization according to the presence or absence 
of T2DM or Rentrop class of coronary collateralization 
(Fig. 2).

Left ventricular function
Baseline LVEF was higher in patients with good col-
laterals than that in those with poor collateral for non-
diabetics but was similar between type 2 diabetic patients 
with good and poor collaterals. Successful CTO-PCI was 
associated with a mild increase in LVEF irrespective of 
the status of diabetes and coronary collateralization (all 
p < 0.001). The degree of increase in LVEF was signifi-
cantly greater in patients with good collaterals than in 
those with poor collaterals for non-diabetic group (3.10% 
vs 1.80%, p = 0.024) but did not differ between patients 
with good and poor collaterals for T2DM group (Table 3).

Multivariate analysis
Multivariable Cox proportional hazards regression 
analysis revealed that after adjusting for covariates with 
p < 0.10 level on univariable analysis (Table  4), includ-
ing age, gender, risk factors for coronary artery disease 
(current smoking, hypertension, hypercholesterolemia, 
and diabetes), extent of coronary artery disease (catego-
rized as 1-, 2-, or 3-vessel disease), collateral classifica-
tion, glomerular filtration rate, pre-procedural LVEF, and 
completeness of revascularization, T2DM but not the 
status of coronary collateralization was independent fac-
tors for time to MACCE (HR 1.633,95% CI 1.157–2.304, 
p = 0.005) and repeat revascularization (HR 1.515, 95% 
CI 1.046–2.192, p = 0.028) (Additional file  1: Table  S1). 
Further analysis showed that the status of coronary col-
lateralization was an independent factor for time to 
MACCE (HR 2.118, 95% CI 1.283–3.495, p = 0.003) and 
repeat revascularization (HR 2.278, 95% CI 1.343–3.864, 
p = 0.002) in non-diabetic patients, but it did not enter 

the model in those with T2DM (Fig. 3; Additional file 2: 
Table S2; Additional file 3: Table S3).

Discussion
The results of this prospective, observational study show 
that: (1) T2DM was associated with reduced coronary 
collateralization; (2) successful revascularization of CTO 
lesions slightly improved left ventricular function; (3) 
there was no distinction between T2DM and non-dia-
betic effects of collaterals on MACCE and repeat revas-
cularization after successful recanalization of CTO.

Notably, all patients in this study were specially 
selected as they received successful CTO-PCI and were 
encouraged to take guideline-recommended medications 
after the procedure. Our findings support the notion that 
T2DM represents an increased risk for CTO [2, 12, 13] 
and is a powerful independent factor for increased car-
diovascular mortality and repeat revascularization after 
CTO-PCI [10, 11]. Abundant evidence has demonstrated 
that T2DM exerts a detrimental effect on glucose and 
lipid metabolism and vascular endothelial function, lead-
ing to development and progression of coronary athero-
sclerosis and unfavorable clinical outcomes [34–37]. In 
this study, T2DM was the only independent risk factor 
for poor coronary collateralization, suggesting that pres-
ence of T2DM is correlated negatively with the develop-
ment of functional collateral arteries [24, 25], and may 
contribute partially to adverse prognosis of CTO patients 
[38]. Although presence of a chronic totally occluded 
lesion has been considered as a prerequisite for sponta-
neous collateral recruitment, the mechanism of collateral 
vessel growth is complex in situations where atheroscle-
rosis affects large conductance arteries [39], and even 
becomes more complicated by the presence of T2DM in 
which multiple biochemical and cellular components are 
involved [25, 40, 41].

Another finding of this study is that around one-year 
post successful CTO-PCI, although patients with good 
coronary collateralization experienced a significantly 
lower rate of composite MACCE and repeat revascu-
larization compared to those with poor collateraliza-
tion, and Kaplan–Meier curves revealed the cumulative 
survival free from repeat revascularization and MACCE 
was significantly different according to the Rentrop class 
of coronary collateralization, multivariable Cox pro-
portional hazards regression models revealed that the 
status of coronary collateralization was independently 
associated with long-term clinical outcomes only in 
non-diabetic patients but not in those with T2DM. The 
explanation for these observations is likely to be multi-
factorial. Although the rate of MACCE and repeat revas-
cularization was higher in T2DM group, there were more 
women, hypertension and multivessel vessel disease and 
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lower baseline LVEF as well as poorer collaterals in type 
2 diabetic patients. Numerous studies have shown that 
when the proximal part of a coronary artery is occluded, 
collateral circulation could, at least partially, supplies the 
downstream perfusion area via the arteriolar connection, 
thereby preventing or alleviating ischemia, and its extent 
is a primary determinant of the severity of myocardial 
damage (infarct size and/or left ventricular function) and 
mortality after transient or permanent coronary obstruc-
tion [14, 15]. However, blood supply of the well-devel-
oped collaterals may not fully substitute normal coronary 
flow [1, 42], and thus good collateral circulation for myo-
cardial protection is not sufficient. Importantly, good col-
laterals in majority of patients will be rapidly subside after 
successful recanalization of a CTO, as antegrade blood 
flow is re-established and resistance is increased in the 

collateral vessels [38, 42]. Kim et al. found that good col-
lateral circulation for myocardial protection only exists 
before recanalization forms an effective perfusion [43]. In 
addition, previous studies suggest that the occurrence of 
in-stent restenosis after successful CTO-PCI is not influ-
enced by coronary collateralization [32] or even elevated 
in patients with good collaterals [44]. These could lead to 
a similar or increased rate of repeat revascularization and 
overall MACCE in patients with good collaterals after 
successful CTO-PCI.

In this study, mean LVEF was slightly increased by 
2.50% during follow-up which is lower than that pre-
viously reported (4.44%) [45]. Although patients with 
T2DM did have lower LVEF at baseline, the response 
to CTO-PCI was similar to non-diabetics and similarly 
there was a trend to better response to LVEF in those 

Fig. 2 Kaplan-Meier curves. Percent event-free from MACCE and repeat revascularization in non-diabetic and type 2 diabetic patients a, b and in 
those with good and poor coronary collateral circulation c, d. MACCE major adverse cardio-cerebral events
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Fig. 3 Independent predictors of MACCE and repeat revascularization in all patients a, b, diabetic c, d and non-diabetic patients e, f on 
multivariable analysis. MACCE major adverse cardio-cerebral events, LVEF left ventricular ejection fraction
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with good coronary collaterals. Nevertheless, non-dia-
betic patients with good collateralization had a signifi-
cantly greater improvement in left ventricular function 
compared to those with poor collaterals. Collaterals are 
associated with improved LVEF (maintained viability 
to the CTO) and appear to be prognostically beneficial, 
although there were some trials that have demonstrated 
otherwise. The present study is confirmatory. It is also 
known that coronary collateralization is reduced in 
patients with T2DM [24, 25]. This may be due to more 
multivessel disease affecting donor artery perfusion 
pressure and also differences in biomarkers that stimu-
late collateral development in diabetics [39]. The reduc-
tion in target vessel revascularization may be related to 
improved viability in those with collaterals maintaining 
brisk flow as supply matches demand. Ripley et al. found 
that viable myocardium was present in 83% of patients 
with good collaterals versus 38% of those with poor col-
laterals [46]. Likewise, Choi et al. observed that increased 
angiographic collateral flow was associated with lower 
degree of late gadolinium enhancement transmurality 
after CTO recanalization, in contrast, poorly collateral-
ized myocardial segments would be less likely to recover 
function in comparison with well collateralized seg-
ments [47]. Compared with non-diabetics, type 2 dia-
betic patients had lower LVEF at baseline, and the change 
in LVEF was smaller and did not differ after successful 
CTO-PCI irrespective of collateral status. These findings 
are consistent with previous reports that myocardial and 
collateral function is more severely depressed in the dia-
betic setting [10, 11, 24, 25].

Study limitations
We recognize that there are several limitations in our 
study. First, a potential weakness of our study is the 
small sample size (especially the number of patients 
with T2DM was low). Both T2DM and non-diabetic 
groups seem to behave similarly and the magnitude of 
the effects observed in diabetics and non-diabetics was 
also similar in size. Therefore, no significant difference 
between patients with good collaterals and those with 
poor collaterals for T2DM group may be simply caused 
by under-powering. Second, the patient distribution is 
heterogeneous as about 80% of the patients were male. 
Third, the study is cross-sectional for the point of coro-
nary collateral and MACCE or improvement of LVEF 
investigation, thereby allowing us to detect association, 
not to formulate causal link. Fourth, the presence and 
degree of coronary collaterals were evaluated accord-
ing to the Rentrop scoring system. Although this angio-
graphic assessment of coronary collaterals is easily to be 
incorporated into the routine clinical practice, coronary 
collaterals may be more accurately assessed by collateral 

flow index with simultaneous measurement of aortic 
pressure and the distal pressure within the occluded seg-
ment of the culprit coronary artery [42]. In addition to 
the morphological evaluation, in diabetic patients with a 
well-known microvascular damage it would be essential 
to have a functional evaluation of the coronary ischemia. 
Finally, clinical follow-up was relatively short in dura-
tion, which may result in limited number of MACCE par-
ticularly for hard endpoints (e.g., death), and amount of 
viable myocardium or ischemia was not evaluated using 
functional tests, thus large-scale prospective randomized 
studies are required to further determine the impact of 
coronary collateral circulation on prognosis after suc-
cessful CTO-PCI.

Conclusions
The present study suggests that presence of T2DM is 
associated with reduced coronary collateralization. The 
effects of the status of coronary collateralization on long-
term clinical outcomes and left ventricular function 
appear to be similar in size in type 2 diabetic and non-
diabetic patients after successful recanalization of CTO. 
These findings may provide clinical insight into the man-
agement of patients with stable coronary artery disease.
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