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 Abstract: Coronary collateral vessels supply blood to areas of myocardium at risk after arterial occlusion. 

Flow through these channels is driven by a pressure gradient between the donor and occluded artery. 

Concomitant with increased collateral flow is an increase in shear force, a potent stimulus for collateral 

development (arteriogenesis). Arteriogenesis is self-limiting, often ceasing prematurely when the pressure 

gradient is reduced by the expanding lumen of the collateral vessel. After the collateral has reached its self-

limited maximal conductance, the only way to drive further increases is to re-establish the pressure gradient. 

During exercise, the myocardial oxygen demand is increased, subsequently increasing coronary flow. 

Therefore, exercise may represent a means of driving augmenting arteriogenesis in patients with stable coronary 

artery disease. Studies investigating the ability of exercise to drive collateral development in humans are 

inconsistent. However, these inconsistencies may be due to the heterogeneity of assessment methods used to 

quantify change. This article summarises current evidence pertaining to the role of exercise in the development 

of coronary collaterals, highlighting areas of future research. 
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1. INTRODUCTION 

 Coronary collateral vessels are pre-existing 

anastomotic pathways interconnecting epicardial coronary 

arteries(1). The ability of these vessels to connect proximal 

and distal portions of the same artery (antegrade), or 

divergent adjacent vessels (retrograde) can provide an 

alternative blood supply to areas of the myocardium 

inadequately perfused by their native artery (figure 1). 

Whilst these collaterals reduce the ischaemic burden, they 

are seldom sufficient to completely overcome ischaemia in 

patients with stable coronary artery disease (CAD), 

particularly during exercise(2). Furthermore, in the acute 

setting, the presence of collaterals is associated with an 

improved rate of survival following myocardial 

infarction(3). The development of collaterals is therefore an 

important protective process in patients with cardiovascular 

disease. However, the processes underpinning the 

development of coronary collaterals is complex, and the 

extent of development varies widely amongst individuals in 

clinical practice. In this review, we evaluate the current 

evidence regarding the development of coronary collaterals 

with a particular focus on the potential role of exercise. 
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Figure 1: Angiography images of a patient with a chronic 

total occlusion (CTO) of the left anterior descending artery 

(LAD). A: contrast injected into the left coronary artery 

demonstrates a severe stenosis in the proximal part of the 

LAD, contrast flow stops abruptly at the point of complete 

occlusion in the mid-LAD. B: contrast injected into the right 

coronary demonstrating retrograde filling of the LAD via 

multiple collateral channels, both septal (i) as well as 

epicardial (ii, iii) channels can be identified. C: contrast 

injected into the left coronary artery after successful 

revascularisation of the LAD. Two stents have been 

implanted (one in the proximal LAD and a second at the site 

of the occlusion). 

2. METHODS 

 We performed a literature search of online 

databases (PubMed & Science Direct) using the Boolean 

search term “Collateral” “Coronary collateral” “Collateral 

artery” AND “Exercise”. The returned articles were 

reviewed first by title, then abstract and finally full text, 

before ‘snowballing’ was used to find further relevant 

articles from reference lists. 
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3.0 REVIEW OF THE LITERATURE 

Post mortem studies have been used to demonstrate 

the presence of coronary collaterals even in individuals with 

healthy hearts(4), most likely related to remnants of the 

embryonic vascular network(1). In the presence of 

obstructive CAD, the extent of collateral development is 

related to both the severity and duration of obstruction. A 

more extensive network / larger calibre collateral vessels are 

evident in patients who have a longer history of angina. 

Interestingly, coronary collateral blood vessels are evident in 

63% of hearts with significant CAD as opposed to 95% of 

hearts with a completely occluded coronary artery(5)
,
(6). 

 

Human coronary arteries are not end arteries, they are 

instead interconnected by a network of pre-existing arteriolar 

anastomosis(7). Blood within this system, will flow from an 

area of high, to an area of low pressure, traveling across the 

path of least resistance. If the main coronary arteries are 

patent, then they indeed represent the most efficient path for 

coronary flow, and little flow will likely pass through the 

anastomosis. However, if the coronary arteries become 

stenotic and ultimately occluded, the pressure in the vessel 

distal to the occlusion will become significantly lower than 

that in the proximal portion. This pressure gradient will drive 

flow via the native collateral circuit (Ohm’s Law). 

 

 

 

Increasing flow through these arterioles augments the 

physical forces acting upon the vessel wall (fluid shear stress 

(FSS))(8,9). This enhanced physical stimuli causes the 

intimal endothelial layer of the collateral arteriole to 

becomes activated, initiating a process of gene expression 

that results in cellular proliferation and structural 

remodelling of the vessel(10,11). Once the endothelium is 

activated the vessel passes through four stages of vascular 

remodelling, including an increase in vascular permeability, 

digestion of extracellular scaffolding, reconstruction of the 

smooth muscle cell (SMC) coat along with production of a 

larger vascular scaffolding, and pruning of additional 

collateral vessels(12). Over the course of one week, 

arterioles of between 30–50 µm in diameter(13), ensheathed 

in one to two layers of SMC’s(14) can develop into an 

arterial structures up to 20-fold larger and more robust than 

their previous formation(15). These vessels become capable 

of supporting demonstrably greater levels of blood flow, 

with some researchers reporting a 25-fold increase above 

baseline levels(13). This mechanism by which pre-existing 

collateral vessels mature into more substantial connections 

has been termed arteriogenesis(16). 

Under pathologically occlusive conditions, coronary 

collateral vessels typically  demonstrate compensatory 

maturation sufficient enough to provide only 30-40% of the 

flow supplied by the artery they bypass(12). This is due to 

the impact that arteriogenesis has on the collateral pressure 

gradient. As the collateral vessel matures, its luminal 

diameter increases, providing more flow to the distal portion 

of the occluded vessel. This reduces the pressure gradient, 

eventually reaching a nadir at which FSS no longer surpasses 

the threshold stimulation for collateral growth(17). At this 

point the collateral vessel will not continue to mature 

without increased provocation(12). 

To test this assumption, Pipp and co-workers 

undertook a study using the swine hind limb model of 

occlusion in which the distal section of the ligated femoral 

artery was surgically grafted to the venous system(9). This 

graft acted as a pressure release valve, shunting blood from 

the distal portion of the occluded vessel. Consequently, the 

pressure in the vessel distal to the occlusion remained 

reduced, thereby maintaining the pressure gradient across the 

collateral. The arteriovenous shunt model produced a 2.3-

fold increase in maximal collateral flow when compared to 

the standard ligature only model. A similar study by 

Eitenmüller and colleagues demonstrated consistent results 

in a rabbit model. After 4 weeks, the collateral vessels were 

sufficiently developed to provide 199±19% recovery of 

natural flow in animals with an arteriovenous shunt, in 

contrast to the non-shunted arteries which demonstrated no 

increase in flow beyond the initial 7 days(17). 

 

3.1. Clinical studies 

The aforementioned animal models are not suitable for 
transfer into human studies of coronary collateral 
development. However, an alternative mechanism could be 
to drive collateral development by increasing the arterial 
pressure proximal to the site of an occlusion. One method 
that has been evaluated is enhanced external 
counterpulsation (EECP). During EECP lower limb pressure 
cuffs are timed to synchronously inflate to an external 
hydraulic pressure of 300 mmHg during the diastolic phase 
of the cardiac cycle. This cuff inflation augments diastolic 
blood pressure and cardiac output, increasing pressure across 
all branches of the coronary tree(16). In principle, this 
transiently replicates the changes in physical forces (FSS) 
that are usually localised to collaterals terminating distal to 
an arterial stenosis. Clinical studies have demonstrated that 
EECP does improve myocardial perfusion in CAD 
patients(18). Furthermore, results of a randomised controlled 
trial demonstrate that EECP increases the collateral flow 
index (CFI), indicating that clinical improvements are related 
to the development of coronary collateral vessels(19). Whilst 
it remains a promising avenue for clinical arteriogenesis, 
EECP procedures require expensive specialised equipment, 
trained staff, and numerous visits to medical facilities. 

 

3.2. Exercise training 

An alternative means of transiently increasing a collateral 

vessel’s FSS without specialist equipment, is physical 

exercise. Figure 2. During physical exercise training, heart 

rate and blood pressure are augmented in order to manage 

the increased cellular respiration(20). The peripheral increase 

in oxygen demand during exercise, is mirrored centrally by 

an increase in myocardial oxygen demand, subsequently 

driving an approximate 5-fold increase in coronary blood 
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flow(20). This increase results in an amplification of the FSS 

disseminated across the endothelium of the coronary 

vasculature, and thus is hypothesised to augment 

arteriogenesis. 

 

Figure 2: Pressure gradient of a developing collateral. Early 

after development of an arterial stenosis, low pressure distal 

to the stenosis draws flow through the collateral and 

increases shear stress on the endothelium (A). Collateral 

development reaches a plateau; collateral diameter increases, 

reducing collateral shear stress (B). An increase in donor 

artery pressure during exercise training reintroduces a 

pressure gradient across the collateral; fluid shear stress is 

again increased across the collateral endothelium (C). 

 

Coronary perfusion pressure is the outcome of aortic 

diastolic pressure minus left ventricular end-diastolic 

pressure(21). The majority of coronary flow occurs during 

diastole, and any increase in heart rate negatively impacts 

diastole to a greater extent than systole(21). Current research 

suggests that the diastolic function of some CAD patients 

may be impaired (22), however exactly how this influences 

collateral development is yet to be fully understood. Regular 

exercise can reduce the resting heart rate, leading to an 

increase in diastolic time and therefore an increase in shear 

stress. This hypothesis was evaluated in relation to 

arteriogenesis by using ivabradine medication which lowers 

the heart rate by blocking the If-channel of the sino-atrial 

node. Following positive data from animal studies(23), a 

randomised controlled trial of 46 patients with stable CAD 

was undertaken(24). At 6 months, patients who received 

ivabradine had a significant increase in CFI (p=0.05); those 

who received a placebo had a decrease in the CFI. 

 In 1957 Eckstein(25) reported that an exercise 

intervention successfully augmented collateral development 

in dogs with surgically occluded left circumflex coronary 

arteries. The researchers determined which animals 

developed ECG changes when the vessel was ligated, 

signifying a lack of collateral development at baseline. These 

animals had the ligation relaxed and, after recovering for one 

week, were randomised into exercising versus non-

exercising groups.  Exercise training was undertaken for 15-

20 minutes, 4 times per day, 5 days per week for between 6 

to 8 weeks. Subsequent assessment demonstrated that 

exercise trained animals had higher retrograde coronary 

flow, indicative of collateral development. In 1981 Scheel 

and colleagues(26) undertook a similar study in dogs with 

ligated circumflex arteries. They too found that 8 weeks of 

exercise training augmented collateral growth when 

compared to a group of sedentary animals. Although 

intriguing these results must be interpreted with caution 

before being extrapolated to human coronary 

pathophysiology, as there are substantial differences between 

species(14). 

We have identified nine studies relating to exercise-induced 

augmentation of the coronary collateral circulation that are 

included in this narrative review. Whilst our search strategy 

was not systematic, the apparent dearth of studies is 

indicative of the sparseness of evidence in this field. The 

nine studies we identified can be divided into two groups 

(tables 1 and 2) depending on their use of CFI. The 

Collateral flow index is now considered the “gold standard” 

measurement of collateral flow and is much more sensitive 

than other modalities at detecting changes in collateral 

flow(27). Each of the five studies using CFI reported a 

relationship between CFI and exercise. In contrast, only two 

of the four studies not using CFI reported significant 

changes. Whist the heterogeneous methodology of these 

studies precludes meta-analysis, it is evident that introducing 

CFI into this field results in a more robust and accurate 

assessment of collateral channel conductance, compared to 

qualitative assessment alone. 

In 1979 Nolewajka and colleagues recruited 20 men with a 

mean age of 48 years, who had suffered a recent myocardial 

infarction (MI) (3-6 months) and randomly allocated them to 

an exercise training intervention (n=10) or control group 

(n=10)(28). Participants underwent a baseline angiogram, 

before those in the exercise group undertook an exercise 

training regimen. Exercise training consisting of one-hour, 

group-based exercise performed at 60-70% maximal 

achieved heart rate twice per week. Participants conducted a 

further two individual supervised sessions per week, and one 

day of unsupervised training at home. After 7 months, there 

was no difference between groups for collateral development 

(based on angiographic visualisation), myocardial perfusion 

or left ventricular function. However, the exercise-trained 

group experienced an increase in their angina threshold, 

indicating that some physiological adaptation had occurred. 

It is plausible however, that these adaptations took place in 

the peripheral musculoskeletal system, and not in the 

coronary vasculature. One limitation of the research was that 

controls also undertook group exercise sessions that included 

calisthenics and volleyball. 

A lack of collateral development was also reported 

in a study of 133 patients with CAD randomised to a low-fat 

diet and exercise training, or control(29). Patients in the 

intervention group undertook ≥2 group training sessions (one 

hour each) per week, as well as 30 minutes of home-based 

exercise per day (target heart rate ‘close’ to 75% of max 

achieved). Unfortunately, this study is also confounded by 

the fact that the control group received the same educational 

sessions, focused on the benefits of healthy eating and 

exercise training, as the intervention group. Follow-up 

angiography was performed at 1 year in 92 patients (81%) 

which demonstrated no difference in collateralisation 

between the groups. Notably, adherence to the exercise 

training programme was only 68% (range 39-92%) for group 

sessions, and 60% self-reported participating in home-based 

training. It was also not possible to confirm whether the 

prescribed exercise intensity of group- or home-based 

exercise was maintained. 

In contrast, a small study suggested that collaterals 

did increase if patients underwent treadmill exercise(30). 

However, the authors suggested that this effect was related to 

the use of IV heparin administered prior to each exercise 
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session (based on results of animal experiments). A larger 

randomised study was subsequently undertaken by 

Belardinelli and colleagues(31), and demonstrated 

augmented collateral development in patients with CAD 

(n=50) who underwent an eight-week exercise training 

programme. Following baseline assessments, including 

maximal cardiopulmonary exercise testing (CPET), and 

angiography, participants were randomised to either exercise 

training (n=26) or control (n=24). Contrary to the previous 

studies, control subjects were advised to avoid regular 

physical exercise, whilst those allocated to the intervention 

group performed approximately one hour of exercise 

training, 3 times per week, for 8 weeks using a cycle 

ergometer. The intensity of exercise was personalised to 

60% of peak oxygen uptake (VO2peak) achieved during the 

CPET. After 8 weeks, 12 (46%) of the exercise-trained 

patients, and 11 (46%) controls underwent follow-up 

angiography. Collateral development was significantly 

augmented in the exercise-trained group, with no change in 

controls. Notably, the cohorts recruited in these studies are 

comparatively diverse. All patients recruited by Nolewajka 

et al(28) and Belardinelli et al(31) had a history of MI, 

compared to only 66% of patients recruited by Niebauer and 

colleagues(29). These differences could be indicative of a 

lower lesion severity in patients participating in the Niebauer 

et al study. 

The aforementioned studies relied on visual 

assessment of coronary angiograms to measure collateral 

development. Unfortunately, the limited spatial resolution of 

angiography means that small diameter changes in collateral 

networks may have been overlooked(32). CFI is a more 

accurate direct measurement of collateral flow. Zbinden and 

colleagues(33) used CFI to evaluate collateral conductance 

in a healthy 46 year old male cardiologist with 

angiographically normal coronary arteries and no 

cardiovascular risk factors. The objective of the study was to 

invasively assess the non-pathological collateral flow 

response during three phases of exercise training. The 

participant had a 25-year history of amateur distance running 

and was performing 2 hours of endurance exercise training 

per week at the time of enrolment. He underwent coronary 

angiography during both intermediate (4 hours training per 

week for 4 months), and high phases of training (8-9 hours 

training per week for four months). Hyperaemic coronary 

flow reserve (CFR) was measured in the left anterior 

descending artery, as the maximum flow velocity after 18mg 

intra-coronary adenosine, divided by the baseline flow 

velocity. The CFI was determined by simultaneous 

measuring mean aortic pressure and mean distal coronary 

pressure at the end of a one-minute balloon occlusion. 

 

 
 

The CFI increased by more than 60% during the high 

training versus the intermediate training phase, and 

coincided with the eradication of symptoms felt during 

balloon occlusion. Given that the participant had normal 

coronary arteries, these changes were not driven by 

prolonged myocardial ischaemia. 

More recently Zbinden and colleagues(34) recruited 

40  patients undergoing percutaneous coronary intervention , 

measuring CFI in both the diseased and angiographically 

normal coronary artery at baseline. One day later, 

participants completed a CPET to establish their power to 

weight ratio (W·kg
-1

) and VO2max (ml·kg
-1

·min
-1

). For three 

months, the cohort exercised for at least 60 minutes, 3 times 

per week, by jogging or cycling at an intensity individualised 

to 80% of their heart rate at VO2max. After three months, 

patients were allocated to an exercise training group (n=24) 

or sedentary group (n=16), according to whether or not they 

adhered to the exercise program. Repeated angiography and 

CFI was performed in 12 exercising (50%), and 10 sedentary 

patients (62%). Those in the exercise group were more 

resilient to ischaemia caused by balloon occlusion in the 

normal and previously stenotic vessels, whereas there was no 

significant improvement for either vessel in the sedentary 

group. CFI significantly increased in the exercise trained 

group for both the previously stenosed (0.1550.081 to 

0.2040.056 (p=0.03)), and normal vessel (0.1760.075 to 

0.2270.070 (p=0.0002)). By contrast, CFI did not change 

significantly in either vessel in the sedentary group. As 

expected, the exercise trained group showed significant 

improvements in VO2max (p<0.0001) and power to weight 

ratio (p=0.001). Although this was not a randomised 

controlled trial, it does suggest that exercise training can 

augment collateral development, as evidenced by a “gold 

standard” method of quantification. 

The largest and perhaps most notable human study 

into exercise induced collateral development is the EXCITE 

Trial(35). The trial recruited 60 stable angina patients with 

physiologically significant coronary stenosis (defined as a 

Fractional Flow Reserve (FFR) of ≤0.75(36)). After baseline 

testing (spiroergometry, CFI, FFR) patients were randomly 

allocated to receive four weeks of high intensity training 

(group A), multimodal lifestyle intervention (group B), or 

usual care (group C) on a 1:1:1 basis. High intensity training 

consisted of 4 bouts of 30 minutes supervised exercise 

training at 70% angina free capacity, interspersed with 1 

hour of recovery, 5 times per week for one month. In 

contrast, group B performed 6-8, 20-minute sessions at 60% 

of angina threshold per day, alongside lifestyle modification 

training. Usual care participants were advised to perform 

physical activity 2-3 times per week, for 20-30 minutes, as 

per current recommendations. After 1 month, FFR did not 

significantly change in any group (p=0.148). However, CFI 

values did significantly increase post-training in both groups 

A and B (p=0.001), and this coincided with significant 

improvements in VO2peak and an improved ischaemic 

threshold. The EXCITE Trial provides further evidence of 

improved collateral flow in response to exercise training, and 

the absence of a change in FFR indicates that this is not as a 

result of lesion regression. 

The aforementioned studies all investigated medium 

to long term exercise training by measuring CFI at rest. 

Whilst CFI is considered the gold standard measure of 
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collateral flow, it is methodologically limited, in that it does 

not account for the potential effects of exercise on collateral 

vasomotion. This limitation was evaluated by two novel 

studies published in 2010 and 2012 that investigated the 

acute effects of exercise on collateral flow in patients with 

non-occlusive CAD. Togni and colleagues recruited 30 

patients with stable, non-occlusive CAD undergoing 

coronary angiography. Previous research has demonstrated 

that the coronary vasculature may be subject to ischaemic 

preconditioning via repeated balloon occlusion (37), or 

through physical exercise (38). Therefore, the cohort were 

randomly allocated to either rest/exercise or exercise/rest 

groups(39). The rest/exercise group had baseline CFI 

measured during 1-minute balloon occlusion. Then, 

following 10 minutes of rest, they were asked to pedal a 

supine bike for 6 minutes, the intensity of which increased 

every 2 minutes (low/medium/high). Prior to the 6
th

 minute 

the balloon catheter was again inflated and CFI was 

measured. In contrast the exercise/rest group underwent the 

process in reverse. CFI increased significantly from 

0.168±0.118 during resting conditions to 0.262±0.166 during 

exercise (p=0.0002). There was no statistical difference in 

this increase irrespective of group allocation. 
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Study Population Design Duration Intervention  Control Outcomes Results 

Nolewajka et 

al., 197927 
n = 20 men  

Mean age 48 years 

MI previous 3-6 

months 

RCT 7 months Exercise = 60-70% max 

HR, 2x per week for 1 hour 

(Group session), supervised 

exercise session x2 per 

week, unsupervised home 

exercise x1 per week  

x2 supervised sessions 

per week (Group) = 

Light calisthenics & 

volleyball. 

 

Angiography, 

Scintigraphy, CPET 

with stress ECG 

 

 

Exercise group significantly increased angina threshold and decreased HR 

at a set workload (p<0.01).                                                                                           

No improvement in collateralization, perfusion or ventricular function.  

Fujita et al., 

198829 
n =16 (4 men/2 

women)  

Mean age 58 years  

≥1 major coronary 

artery obstruction 

(16 CTO’s) 

RCT 

 

 

22 days Exercise (treadmill) 2x 

daily until angina pain was 

60-80% max previously 

felt. Patients were pre-

treated with 5000 IU 

intravenous heparin.  

Exercise (treadmill) 2x 

daily until angina pain 

was 60-80% max 

previously felt. 

ECG treadmill test 

(total exercise time, 

Rate pressure product 

(RPP) to time of 

angina), 

Radionuclide 

ventriculography, 

Angiography  

 

Pre-exercise heparin group demonstrated significant increase (p<0.001) in 

exercise duration and RPP, as well as increase in RPP at angina onset & 

ST depression (p<0.01).  

None of the above were changed in the exercise only group.                      

Angiography demonstrated improved collateralization (however this was 

only evaluated in the exercise & heparin group). 

No significant increase in ventricular function. 

Niebauer et al., 

199528 
n = 113 men  

Mean age 53.5 years  

Documented 

coronary stenosis  

Left ventricular 

ejection fraction > 

35% 

RCT   1 year  Initial 3 weeks on a 

metabolic ward learning to 

reduce the fat content of 

their diet (<20% total 

energy).  

30 min exercise daily on 

cycle ergometer at a target 

heart rate close to 75% max 

(achieved). 

≥2 group training sessions 

per week (60min)  

 

Initial week on 

metabolic ward 

receiving identical 

instructions on diet and 

the importance of 

regular physical 

exercise. Adherence to 

these instructions was 

left to their initiative 

(usual care given by 

physician) 

Angiography, 

ventriculography, 

symptom limited 

exercise test with 

thallium-201 

scintigraphy  

Reduction in stenosis severity in the intervention group (p<0.05 versus 

control).     No significant change in collateral formation for either group 

at 1 year.                     When both groups of patients were combined, there 

was a correlation between stenosis progression and in increase in 

collaterals (p<0.00001).                                                                                                     

No significant correlation between collateral formation and exercise 

performance.       

No significant difference between collateral formation and stress induced 

myocardial ischaemia on thallium-201 scintigraphy  

Belardinelli et 

al., 199830 
n = 46 (42 men / 4 

women)  

Mean age 57 years  

Chronic coronary 

artery disease and 

impaired left 

ventricular function 

(ejection fraction < 

40%) 

RCT  8 weeks  Supervised exercise (cycle 

ergometer) at 60% of peak 

oxygen uptake for 60 min 

3x per week for 8 weeks  

Avoid regular exercise 

and activity with caloric 

expenditure over 80% 

peak oxygen 

consumption. Given a 

list of acceptable and 

unacceptable activities 

CPET, Stress 

Echocardiography, 

Scintigraphy, 

Angiography  

VO2 peak increased in exercise group versus control (p<0.001 versus 

control).       Oxygen pulse for a set relative intensity was improved in 

exercise group (p<0.01).                                                                                                     

Collateral score significantly increased in the exercise group.                                        

Ejection fraction significantly improved in the exercise group (p<0.001 

versus control).  

Thallium activity (scintigraphy) significantly improved in the exercise 

group (p<0.001 versus control).  

Mean collateral score significantly increased only in the exercise group 

(p<0.001 versus control). 

 
Table 1:   Summary of human studies examining exercise-induced changes in collateral flow, prior to the introduction of the coronary flow index measurement. 

RCT: randomised control trial; HR: heart rate 
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Study Population Design Duration Intervention Control Outcomes Results 

Zbinden et al., 

200432 

n =1 male 

Age 46 years 

Healthy amateur 

long-distance runner 

Case study 3 years  Angiography performed 

during 3 phases of 

endurance training: 

1 = Baseline 

2 = Intermediate  

3 = High  

N/A Echocardiogram, 

angiography, CPET, 

CFR, CFI 

Left ventricular ejection fraction increased from phase 1 to phase 2 but 

dropped below baseline levels during phase 3. 

Peak exercise capacity (W) increased during every subsequent phase. 

VO2 (ml/min/kg) max increased during every subsequent phase. 

CFR increased during every subsequent phase. 

CFI increased from phase 2 to phase 3. 

Zbinden et al., 

200733 

n = 40 (35 male / 5 

female) 

Mean age 61 years 

Referred for coronary 

angiography 

Retrospective 

cohort study 

 

3 months Cardiac Rehabilitation 

(jogging / cycling) 3x per 

week for >60 minutes at a 

target heart rate of 80% 

heart rate at VO2 max.  

Retrospective sedentary 

group who did not 

adhere to prescribed 

exercise programme. 

Angiography, CFI, 

CPET 

CFI in the occluded vessel significantly increased in the exercise group 

(p<0.03). 

CFI in the normal vessel significantly increased in the exercise group 

(p<0.0002). 

Significantly correlation between change in CFI and VO2 max (p<0.007) 

in the exercise group.  

Togni et al., 

201036 

n = 30 (28 men / 2 

women) 

Mean age 59 years 

Chronic stable, non-

occlusive CAD 

Intra-individual 

comparison 

randomised 

crossover study 

 

 

N/A CFI comparatively 

measured during exercise 

and rest for each patient. 

N/A CFI, angiogram CFI increased significantly from rest to peak exercise (p<0.0002). 

Lin et al., 

201237 

n = 65 

Mean age 60.2 years 

Single vessel CAD 

undergoing PCI 

RCT N/A CFI during 1 minute of 

isometric hand grip exercise 

(50% maximal voluntary 

contraction) 

CFI at rest. CFI, angiogram  ∆CFI (CFI post occlusion – CFI pre occlusion) significantly increased in 

the exercising group (p<0.01). 

Möbius-

Winkler et al., 

201634 

n = 60 (45 men / 15 

women) 

Median age 64 years 

Significant CAD 

(FFR≤ 0.75) 

Open label RCT   4 weeks  High intensity versus 

moderate intensity training 

versus usual care  

 

Usual care CPET, CFI, 

angiogram 

CFI increased significantly for both exercising groups when compared 

with usual care (high intensity p=0.005, moderate intensity p=0.004) 

VO2 peak increased significantly for both exercising groups (high 

intensity p=0.036, moderate intensity p=0.008). 

 
Table 2: Summary of human studies examining exercise-induced changes in collateral flow through measurement of the collateral flow index. 

CAD: coronary artery disease; CFR: coronary flow reserve; CFI: collateral flow index; CPET: Cardiopulmonary exercise test; FFR: fractional flow reserve; HIT: high 

intensity interval training; PCI: percutaneous coronary intervention; RCT: randomised control trial
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Lin et al(40) recruited 65 single vessel CAD 

patients, randomly allocating them to either an isometric 

exercise training (n=33), or sedentary group (n=32). CFI was 

measured pre and post 1-minute balloon occlusion at the site 

of stenosis. During the occlusion the exercise group 

performed isometric hand grip exercise at 50% maximal 

voluntary contraction, whilst the sedentary group remained 

still. CFI post occlusion was significantly greater than pre-

occlusion in the isometric exercise group, whilst there was 

no difference in the sedentary group (p<0.002). 

 

4.0. DISCUSSION 

Arteriogenesis is an important process to protect against the 

effects of ischaemia in both the stable and acute clinical 

settings. The current evidence-base indicates that collateral 

development through arteriogenesis is shear-force mediated. 

Shear stress is implicated in atherosclerotic development 

with areas of high shear stress being relatively protected 

from build-up of plaque. It is also transiently increased 

during physical activity, and regular exercise is associated 

with a reduction in cardiovascular events, and is thus 

recommended in primary and secondary cardiovascular 

disease prevention. 

The primary driver of shear stress in patients with a coronary 

lesion is the pressure gradient. Therefore, even if study 

participants exercise at the same intensity, the change in their 

individual pressure gradient will be diverse owing to 

heterogeneous lesion location and severity. In order to 

reduce these disparities, one strategy could be to evaluate a 

group of patients with a single vessel chronic total occlusion. 

By definition, the level of stenosis would be standardised, 

and each patient would potentially have a more comparable 

level of collateral development. Therefore, exercising these 

patients at or just below their individual ischemic threshold 

would ensure they were exercising at the same physiological 

limit. Additionally, research has linked transient and 

systemic increases in diastolic blood pressure to greater 

collateral development(41). A method for increasing 

diastolic pressure that has yet to be investigated in this 

regard is resistance training. Resistance training may be a 

potent arteriogenic trigger, as it has been shown to generate 

significantly larger increases in diastolic blood pressure 

compared to standard ergometer based training, which has 

little or very little impact on diastolic blood pressure(42). 

Furthermore, resistance exercise has been shown to result in 

a lower heart rate during training sessions, this may 

favourably increase coronary perfusion pressure and filling 

time(43). Therefore, future research should also seek to 

individualise exercise intensity, frequency, and modality in 

order to elicit enhanced collateral development. 

 

2.1. Application to clinical practice  

The development of coronary collaterals is a crucial 

mechanism to preserve the function of the myocardium and 

protect against ischaemia. This is particularly important in 

patients with severe occlusive coronary disease as well as 

those with diffuse disease that is not treatable by either PCI 

or coronary artery bypass graft surgery (CABG). Indeed, the 

current treatment options for patients with 

unrevascularizable coronary lesions are limited. Exercise 

may represent a cost effective and viable pro-arteriogenic 

treatment option in this patient group. 

 

5.0. CONCLUSION 

Coronary collateral vessels supply blood to ischaemic 

myocardium therefore protecting against damage. Exercise 

increases coronary flow and, since the introduction of CFI 

measurements, has consistently been shown to stimulate 

collateral development. However, fundamental questions 

relating to the aetiology of collateral development, such as 

identifying the inter-relationship between ischaemia, shear 

force, and the collateral network remain unresolved. Exercise 

training interventions represent a valid and viable means of 

furthering our current understanding of collateral 

development. 
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