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Abstract
Chronic total occlusions (CTO) are found commonly in patients with prior coronary artery bypass grafting (CABG). We 
sought to determine the effect of CABG on collateral robustness in patients with a CTO. Patients with a CTO diagnosed on 
coronary angiography between July 2010 and December 2019 were included in this study. Patients were classified as either 
CTO supplied by a functional graft, CTO supplied by collaterals from a non-grafted donor vessel (non-grafted) or a CTO 
supplied by collaterals from a grafted donor vessel (grafted). The degree of collateral robustness was determined by the Ren-
trop classification and collateral connection (CC) grade. Demographic, angiographic and clinical outcomes were recorded. 
A total of 2088 CTO lesions were identified, of which 878 (42.0%) were supplied by a functional graft, 994 (47.6%) CTOs 
were supplied by a non-grafted donor vessel and 216 (10.3%) CTOs were supplied by a grafted donor vessel. CTOs supplied 
by a grafted donor vessel had lower rates of robust collaterals (37.0% vs 83.0%, p < 0.0001) with less mature collaterals as 
determined by the Rentrop grade (p < 0.0001) and CC grade (p < 0.0001) as compared to CTOs supplied by a non-grafted 
donor vessel. In patients with a previous CABG, a grafted donor vessel results in less robust coronary collaterals with lower 
Rentrop and CC grade compared to an ungrafted donor vessel. This may be attributable to changes in coronary blood flow 
and shear stress, and may be a factor in the lower procedural success rates for CTO intervention in patients with prior CABG.
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Introduction

A coronary chronic total occlusion (CTO) is defined as the 
presence of TIMI 0 flow in a epicardial vessel present for 
3 months, appreciated angiographically as the presence of 
late filling of the occluded vessel by collaterals [1]. The true 
incidence of a CTO has varied widely in the published lit-
erature, with up to 90% in patients undergoing angiography 

with a history of prior coronary artery bypass grafting 
(CABG) [2], 15–30% in those without prior CABG [3] and 
6.6% in those presenting with an acute coronary syndrome 
[4].

Bypass grafting results in significant alterations in coro-
nary blood flow and consequently vascular shear stress in the 
native circulation distal to the graft [5]. As collateral recruit-
ment and maturation is exquisitely related to vascular shear 
stress [6], bypass grafting may affect the collateral circula-
tion. However, what impact the presence of a bypass graft, 
and consequent alterations in coronary blood flow have on 
coronary collaterals has not previously been assessed.

We sought to determine the effect of previous CABG on 
the coronary collateral circulation as determined by inva-
sive angiography. We also sought to determine the effect 
of graft type and location on collateral recruitment as well 
as demographic, clinical and angiographic differences in 
patients with a CTO.
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Methods

We reviewed all patients undergoing clinically indicated 
coronary angiography at a tertiary centre from July 2010 to 
December 2019. We identified patients who had a reported 
CTO through a commercially available reporting system on 
a local server (McKesson, Irving TX, USA). Patients pre-
senting with ST elevation myocardial infarction (STEMI) or 
those with only ipsilateral collaterals such as bridging col-
laterals, were excluded. Procedural characteristics, baseline 
medications, in-hospital course along with left ventricular 
function, and biochemical results were reviewed using elec-
tronic medical records. Mortality and last medical contact 
was determined through medical record linking systems. 
Left ventricular function was assessed by transthoracic echo-
cardiography, or if not performed, by ventriculography at the 
time of angiography.

Patients were divided into one of three groups based 
on the perfusion to the CTO (Fig. 1): CTO supplied by a 
functional graft, CTO supplied by collaterals from a non-
grafted donor vessel or a CTO supplied by collaterals from 
a grafted donor vessel. A functional graft was defined as an 
arterial or venous graft through which there was perfusion 

to the myocardium subtended by the CTO. In those patients 
with a CTO supplied by a non-grafted or grafted vessel, 
the presence and degree of collaterals was graded accord-
ing to the Rentrop classification [7]. Robust collaterals were 
defined as Rentrop grade 2 or 3, as has been done previ-
ously [8–11]. The Collateral Connection (CC) grade was 
also assessed [12] [Table 1]. The donor vessel was defined as 
the epicardial coronary artery from which collaterals arose. 
In cases where two vessels provided collaterals, the vessel 
from which the predominant collaterals arose was defined as 
the donor vessel. Stenosis in the donor vessel and graft was 
calculated using quantitative coronary angiography (QCA) 
(McKesson, Irving Tx, USA). In the setting of a grafted 
donor, this was assessed between the graft anastomosis 
and collaterals, thereby determining the degree of stenosis 
(and hence alteration to blood flow) impacting on the col-
laterals. Bypass grafts were recorded as left internal mam-
mary artery, right internal mammary artery, saphenous vein 
graft or radial arterial graft. All coronary angiograms were 
reviewed by UKA, AE and NM, with a subset of patients 
having two blinded senior clinicians assessing collateral 
robustness to ensure a high degree of interobserver correla-
tion. This methodology was chosen as previous studies have 

Fig. 1  Differing perfusion of a 
chronic total occlusion of the 
right coronary artery. A Diag-
nostic angiography identifying 
a CTO of the right coronary 
artery (RCA) (7-point star). B 
a patent SVG graft (chevron) 
anastomosed to the distal RCA 
(4-point star) perfusing the 
CTO in both anterograde and 
retrograde manner. C A patent 
SVG graft (chevron) anastomo-
sed to a diagonal artery (4-point 
star) perfusing the LAD in 
a retrograde manner which 
subsequently perfuses through 
septal collaterals (thin arrows) 
the occluded RCA (triangle). D 
Septal collaterals (thin arrows) 
from an ungrafted LAD supply-
ing the occluded RCA (triangle)
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shown very low rates of interobserver or intraobserver vari-
ability for Rentrop grading [12, 13].

Indication for angiography was defined as either emergent 
(unstable angina, non ST elevation myocardial infarction, 
ventricular arrhythmia or cardiac arrest not fulfilling criteria 
for STEMI) or non-emergent (stable angina or angina equiv-
alent symptoms). Left ventricular impairment was defined 
as left ventricular ejection fraction (LVEF) ≤ 50% while 
valvular heart disease was defined as moderate or severe 
mitral or aortic valve disease. Medications were defined as 
regular medications being taken by the patient at the time 
of angiography. Project approval by the local human ethics 
committee was obtained.

Continuous variables were presented as means ± standard 
deviation in those with normally distributed data or medians 
and interquartile ranges in those with non-normally distrib-
uted data. Categorical data was presented as percentages. 
Comparisons between groups were performed using Pear-
son’s chi square test for all categorical variables. Continuous 
variables were firstly assessed by the Shapiro–Wilk test to 
ascertain normality of distribution, after which a student 
t-test was used for data that was normally distributed or 

Mann–Whitney U test for non-normally distributed continu-
ous data. All tests were two-sided, and p < 0.05 was consid-
ered statistically significant. Analyses were performed using 
SPSS (version 24, IBM, New York, New York).

Results

A total of 2088 CTO lesions were included in the analy-
sis with 959 (45.9%) not having had a previous CABG. Of 
the 1129 lesions with a previous CABG, 870 (77.1%) had a 
functional graft perfusing the CTO while 216 (19.1%) had 
a grafted donor vessel and 35 (3.1%) had a CTO supplied 
by either an ungrafted vessel or vessel with an occluded 
graft. Consequently, 994 (47.6%) CTOs were supplied 
by an ungrafted vessel, 216 (10.3%) CTOs supplied by a 
grafted vessel and 878 (42.0%) supplied by a functional graft 
(Fig. 2).

Patients with a CTO supplied by a grafted donor were 
less likely to have a LAD CTO (7.9% vs 23.6% vs 49.8%, 
p < 0.0001) and a lower left ventricular ejection fraction 
(45% vs 55% vs 50%, p < 0.0001) compared with those with 

Table 1  Angiographic classification of coronary collaterals

Classification type Angiographic appearance

Rentrop classification [7]
 0 No filling of collaterals or recipient vessel
 I Filling of side branches of the recipient artery via collateral channels without visualisation of the 

epicardial artery
 II Partial filling of the epicardial artery via collateral channels
 III Complete filling of the recipient epicardial artery via collateral channels

Collateral Connection (CC) Grade [12]
 0 No continuous connection/collaterals between donor and recipient artery
 1 Continuous, threadlike connection/collaterals (diameter ≤ 0.3 mm)
 2 Continuous, small, side-branch-like size of the collaterals throughout its course (diameter ≥ 0.4 mm)

Fig. 2  Flow diagram of CTO 
lesions and their classifications
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a CTO supplied by an ungrafted donor or functional graft 
respectively. Patients with a CTO supplied by a functional 
graft were older (76.3 yrs vs 75.5 yrs vs 71.8 yrs, p < 0.0001) 
compared to those with a CTO supplied by a grafted donor 
or ungrafted donor respectively.

Table 2 shows the demographic and angiographic dif-
ferences between the CTO supplied by a grafted donor 
compared with the CTO supplied by an ungrafted donor. 
Those with a grafted donor were older (74.0 yrs vs 70.5 yrs, 
p < 0.0001) and more likely to have multiple CTOs (90.8% 
vs 27.4%, p < 0.0001). Those with a grafted donor vessel 
had a lower degree of stenosis in the donor vessel, proximal 
to the collaterals (37.1% vs 50.8%, p < 0.0001). CTOs sup-
plied by a grafted vessel had lower rates of robust collaterals 
(37.0% vs 83.0%, p < 0.0001) with less mature collaterals as 
determined by the Rentrop grade (p < 0.0001) and CC grade 
(p < 0.0001) (Fig. 3).

In CTOs supplied by a grafted donor, neither the graft 
type nor the site of anastomoses relative to the collaterals 
were associated with robustness of coronary collaterals. 
Similarly, there was no difference in the degree of stenosis 
in the donor vessel graft or donor vessel and robustness of 
coronary collaterals (Table 3).

Discussion

CTOs supplied by a grafted donor vessel have significantly 
poorer and less mature coronary collaterals as compared to 
those CTOs supplied by an ungrafted donor, irrespective 
of location of graft relative to collaterals, or type of graft. 
Previous studies have suggested that in patients undergoing 
CTO PCI, the presence of a prior CABG is associated with 
lower procedural success rates, higher risk of in-hospital 
mortality and higher complication rates [14, 15]. Histo-
pathological studies [16] have shown that the presence of a 
bypass graft to a CTO is associated with more calcification 
and severe negative remodelling, which can also be appreci-
ated angiographically following successful CTO PCI [17]. 
Whilst the degree of calcification is associated with lower 
CTO PCI success [18], poorer coronary collaterals are also 
associated with lower procedural success [19, 20], attribut-
able not only to the ability to utilise collaterals as a retro-
grade option for intervention, but also reflecting better distal 
opacification and hence vessel visualisation. The finding of 
poorer collaterals may be a factor in the lower success rates 
of CTO PCI in this cohort.

Extensive calcification occurs in both proximal and dis-
tal segments to the CTO, providing a histological explana-
tion for the clinical finding of more rapid progression of 
atherosclerosis in grafted coronary arteries [21, 22]. It has 
been postulated that blood stasis and lower shear stress 
resulting from competitive flow between the native vessel 

and the bypass graft may be the underlying mechanism 
of greater calcification [21, 23]. These alterations in flow 
and shear stress are also associated with poor collateral 
maturation. Coronary blood flow, particularly in the left 
coronary system is predominantly (> 60%) diastolic due to 
the effect of systolic myocardial compressive forces reduc-
ing coronary driving pressure and maximally increasing 
coronary vascular resistance [24]. However in certain 
situations, such as a non-dominant RCA, there is greater 
systolic flow owing to the thin walled right ventricle and 
low systolic intracavitatory pressure, resulting in lower 
vascular resistance. Similarly, in the setting of a dyskinetic 
or hypokinetic segment, graft and coronary systolic blood 
flow can significantly increase, thereby affecting endothe-
lial shear stress and the ability to recruit collaterals [24]. 
Furthermore, canine studies have suggested that, in the 
acute setting, diastolic flow through a LIMA anastomosed 
to the LAD is significantly lower than in the normal set-
ting [25]. Over time however, flow through the LIMA has 
a large diastolic component, characteristic of native coro-
nary artery flow [26–28], with modulation from predomi-
nantly systolic flow proximally, to predominantly diastolic 
in the distal segment to match coronary vascular resistance 
[29]. SVGs, however, act as passive conduits with diastolic 
flow throughout their length [29]. Diastolic flow velocity 
in a LIMA graft is greater and more sustained than in an 
SVG [30] and as a result wall shear stress is higher [29]. 
The radial artery as a conduit is more susceptible to spasm 
[31], which may reflect its relative muscular structure and 
endothelial and smooth muscle cell response to platelet 
activation [31]. These dynamic and varied perturbations to 
flow and shear stress likely impact on the ability to recruit 
and mature coronary collaterals.

Computational fluid dynamic modelling suggests that 
wall shear stress is significantly lower in bypass grafts com-
pared with native coronary flow, with resultant downstream 
reduction in shear stress in the native circulation [32]. In 
a doppler wire study [33], wall shear stress was greater in 
the LIMA as compared with the SVG, suggesting accel-
eration of atherosclerosis in the low flow state of a grafted 
coronary artery. This unfavourable low flow and decreased 
shear stress may also result in poorer collateral recruitment 
[6]. Although we did not detect any difference in robustness 
of collaterals in patients with an SVG graft compared with 
a LIMA graft, this requires further assessment with larger 
numbers. Similarly, the effect of the graft location relative 
to collaterals did not affect robustness of collaterals. In the 
setting of an occluded donor vessel, all flow will be in a 
single direction (either anterograde to normal flow, or ret-
rograde to normal flow in the setting of graft landing distal 
to collaterals). However, in the setting of native flow in the 
donor vessel, there may be areas of competitive flow, which 
is associated with unfavourable wall shear stress, endothelial 
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Table 2  Demographic and 
angiographic differences 
in CTO vessel supplied by 
bypassed vessel compared with 
non-bypassed vessel

Bold indicates the significant p value < 0.05
ACE-I angiotensin converting enzyme inhibitor, AMI acute myocardial infarction, ARB angiotensin II 
receptor blocker, BMI body mass index, CABG coronary artery bypass graft, CC collateral connection, 
CTO chronic total occlusion, kg kilogram, LAD left anterior descending artery, LCx left circumflex artery, 
LV left ventricular, LVEF left ventricular ejection fraction, m metre, n number, RCA  right coronary artery, 
yrs years

CTO supplied by grafted 
donor vessel
n = 216

CTO supplied by 
ungrafted donor vessel
n = 994

p-value

Age (yrs) 74.0 ± 11.1 70.5 ± 12.3  < 0.0001
Female sex (n) 31 (14.4%) 188 (18.9%) 0.11
BMI (kg/m2) 27.6 ± 5.1 27.8 ± 5.4 0.53
Previous AMI (n) 97 (48%) 320 (33.4%)  < 0.0001
Prior CABG (n) 216 (100%) 36 (3.6%)  < 0.0001
Emergent indication for angio (n) 129 (59.7%) 518 (52.1%) 0.04
Medications (n)
 Aspirin 157 (78.1%) 806 (85.1%)  < 0.05
 P2Y12 inhibitor 119 (59.5%) 560 (59.1%) 0.92
 Beta blockers 134 (67.3%) 664 (70.1%) 0.44
 ACE-I/ARB 99 (49.5%) 584 (61.7%)  < 0.001
 Nitrate 86 (43.0%) 197 (20.8%)  < 0.0001
 Statin 182 (91.9%) 791 (83.5%)  < 0.01

Number of CTOs (n)  < 0.0001
 1 20 (9.3%) 801 (80.5%)
 2 106 (49.1%) 176 (17.7%)
 3 90 (41.7%) 17 (9.7%)

CTO vessel (n)  < 0.0001
 LAD 17 (7.9%) 235 (23.6%)
 LCx 36 (16.7%) 209 (21.0%)
 RCA 163 (75.5%) 550 (55.3%)

LAD CTO (n) 17 (7.9%) 235 (23.6%)  < 0.0001
CTO vessel grafted (n) 153 (70.8%) 22 (2.2%)  < 0.0001
CTO of stented vessel (n) 9 (4.2%) 56 (5.6%) 0.39
Donor vessel (n)  < 0.0001
 LAD 158 (73.1%) 525 (52.8%)
 LCx 38 (17.6%) 258 (26.0%)
 RCA 20 (9.3%) 211 (21.2%)

Stenosis in donor vessel (%) 37.1 ± 23.6 50.8 ± 27.1  < 0.0001
Rentrop grade  < 0.0001
 0 or 1 136 (63%) 169 (17.0%)
 2 72 (33.3%) 606 (61.0%)
 3 8 (3.7%) 219 (22.0%)

Robust collaterals (n) 80 (37.0%) 825 (83.0%)  < 0.0001
CC grade  < 0.0001
 0 42 (19.4%) 61 (6.1%)
 1 108 (50.0%) 236 (23.7%)
 2 66 (30.6%) 697 (70.1%)

Valvular heart disease (n) 27 (12.5%) 114 (13.3%) 0.75
LV impairment (n) 129 (63.2%) 442 (46.4%)  < 0.0001
LVEF (%) 45 (35–55) 55 (40–60)  < 0.0001
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dysfunction and possible impairment of collateral recruit-
ment [34].

In a previous study [35] of 217 patients, previous CABG 
was associated with improved collaterals, with a signifi-
cantly lower rate of non-interventional collaterals compared 
with those patients who had not undergone prior CABG. 
Furthermore, they found no difference in patients with an 
occluded graft compared to those without prior grafts with 

respect to degree of collaterals. Despite more robust collater-
als, the presence of a previous CABG was associated with a 
significantly lower rate of successful CTO PCI, although no 
differences in complication rates. Whilst the authors of that 
study did not quantify how they classified ‘non-interven-
tional collaterals’, in the present study patients with a grafted 
donor vessel had a lower CC grade along with Rentrop grad-
ing compared to those without a grafted donor vessel. These 
differences may reflect a predilection to utilising an occluded 
graft itself for intervention to a native vessel CTO, thereby 
classifying a vessel as having ‘non-interventional collat-
erals’. Instead, the Rentrop classification which relates to 
contrast opacification of the occluded vessel removes any 
inherent bias in consideration of a collateral for intervention.

This is a single centre retrospective study which has 
limitations with respect to possible underlying bias, how-
ever the relatively large numbers allow hypothesis generat-
ing analysis of the data. The semi-quantitative method of 
collateral grading may have been influenced by degree of 
catheter engagement and duration of cine acquisition. How-
ever, robust collaterals are generally seen relatively early 
with a previous study suggesting that collaterals opacify the 
epicardial vessel in 20–30 frames [36], which in the set-
ting of a cine acquisition of 15 frames per second, does not 
require prolonged injections and acquisition compared to 
standard care. Only anatomical assessment of collaterals was 

Fig. 3  Degree of coronary collaterals perfusing a CTO from a grafted 
and ungrafted donor vessel

Table 3  Baseline and 
Angiographic differences in 
patients with a CTO supplied by 
a grafted donor with robust or 
poor coronary collaterals

CTO chronic total occlusion, LAD left anterior descending artery, LIMA left internal mammary artery, LCx 
left circumflex artery, LV left ventricular, RCA  right coronary artery, RIMA right internal mammary artery, 
SVG saphenous vein graft

Robust collaterals
n = 80

Poor collaterals
n = 136

p-value

CTO vessel (n) 0.47
 LAD 4 (5.0%) 13 (9.6%)
 LCx 13 (16.3%) 23 (16.9%)
 RCA 63 (78.8%) 100 (73.5%)

LAD CTO (n) 4 (5.0%) 13 (9.6%) 0.23
CTO of stented vessel (n) 2 (2.5%) 7 (5.1%) 0.36
Donor vessel (n) 0.74
 LAD 57 (71.3%) 101 (74.3%)
 LCx 14 (17.5%) 24 (17.6%)
 RCA 9 (11.3%) 11 (8.1%)

Stenosis in donor vessel graft (%) 10 (0–20) 5 (0–20) 0.92
Stenosis in donor vessel proximal to collaterals (%) 40 (20–50) 30 (22.5–50) 0.99
Graft type (n) 0.38
 LIMA/RIMA 52 (65.0%) 92 (67.6%)
 SVG/Radial 28 (35.0%) 44 (32.4%)

Graft anastomoses relative to collaterals (n) 0.75
 Proximal 53 (66.3%) 93 (68.4%)
 Distal 27 (33.8%) 43 (31.6%)

Valvular heart disease (n) 13 (16.3%) 14 (10.3%) 0.20
LV impairment 54 (71.1%) 75 (58.6%) 0.07
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included in the study, and therefore it is possible that col-
lateral perfusion through vessels not seen on angiography is 
possible. Future studies may benefit from other modalities of 
collateral flow assessment to determine the effect of bypass 
grafting on myocardial perfusion to a CTO [37]. However 
further assessment particularly to assess the impact of altera-
tions in wall shear stress and flow dynamics is required to 
determine the impact of collateral maturation in patients 
with previous CABG and an ungrafted CTO. Furthermore 
angiograms prior to CABG were not reviewed, and it is pos-
sible that some collaterals were pre-existing to the CABG. 
However, as collaterals are dynamic, with rapid regression 
and recruitment, the influence of flow alterations following 
grafting are likely to result in alterations in the angiographi-
cally appreciated collaterals, and hence more relevant for 
the current study. Finally, only 18% of patients in the study 
were females, and while this is consistent with real world 
data from international registries [38], sex specific effect of 
collateral robustness may need to be considered in future 
studies.

Conclusions

In patients with a previous CABG, a donor vessel which 
is supplied by a bypass graft results in less robust coro-
nary collaterals and less interventional coronary collater-
als. This may be a factor in the lower procedural success 
rates for CTO intervention in patients with prior CABG. 
Further research into the effect of alterations in coronary 
flow dynamics on collateral recruitment and maturation in 
the setting of CABG should be considered.
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