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The prevalence of patients with stable coronary artery dis-
ease (CAD) undergoing indicated but incomplete revas-

cularization is close to 30%, and all-cause mortality among 
these patients has been described elevated in comparison to 
those with complete revascularization (3-year cumulative mor-
tality rate of 14.8% versus 6.6%).1 Patients with incomplete 
revascularization and refractory angina pectoris require novel 
therapeutic strategies aimed at improving survival by reduc-
ing myocardial ischemia because in stable CAD, outcome after 
medical therapy irrespective of percutaneous coronary interven-
tion (PCI) is dependent on the amount of myocardial ischemia.2 
In the event of coronary occlusion, ischemia is influenced by 
its duration, the size of the ischemic territory, the lack of col-
lateral supply, the absence of ischemic preconditioning prior 
to occlusion, and myocardial oxygen consumption at the time 
of occlusion.3 The clinical benefit on survival of a functional 

intercoronary collateral circulation in chronic stable CAD has 
been documented.4,5 Additionally, extracardiac coronary collat-
eral supply via the internal mammary artery (IMA) has been 
described.6–8 Seven case reports have documented the existence 
of naturally occurring angiographic anastomoses between one 
of the IMAs and the human coronary circulation.9–15 Blair et 
al measured increased coronary artery blood flow after experi-
mental IMA ligation. More recently, a study in 8 dogs undergo-
ing coronary artery constriction and IMA ligation has failed to 
reveal myocardial microsphere perfusion via IMA in the single 
animal, which survived the study protocol.17 In patients with 
CAD, our group has provided evidence for a functional, isch-
emia-reducing extracardiac coronary artery collateral supply 
during temporary ipsilateral IMA balloon occlusion.18
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Background—The objective of this study is to test the effect of permanent right internal mammary artery device closure on 
coronary collateral function and myocardial ischemia.

Methods and Results—This was a prospective, open-label clinical trial in 50 patients with coronary artery disease. The primary 
study end point was coronary collateral flow index as obtained during a 1-minute proximal right coronary artery (RCA) and left 
coronary artery balloon occlusion at baseline before and at follow-up examination 6 weeks after distal right internal mammary 
artery device closure. Collateral flow index is the ratio between simultaneously recorded mean coronary occlusive pressure 
divided by mean aortic pressure, both subtracted by central venous pressure. Secondary study end points were fractional flow 
reserve during vessel patency, the quantitative intracoronary ECG ST-segment elevation, and angina pectoris during the same 
1-minute coronary occlusion. Collateral flow index in the untreated RCA and left coronary artery changed from 0.071±0.082 
at baseline to 0.132±0.117 (P<0.0001) at follow-up examination and from 0.106±0.092 to 0.081±0.079 (P=0.29), respectively. 
RCA fractional flow reserve increased significantly (P=0.0029) from baseline to follow-up examination, despite deferral of 
coronary intervention in all patients. There was a decrease in intracoronary ECG ST-elevation during RCA occlusion from 
baseline to follow-up examination (P=0.0015); it did not change in the left coronary artery. Angina pectoris during RCA 
occlusion tended to occur in fewer patients at follow-up versus baseline examination (P=0.06).

Conclusions—Permanent right internal mammary artery device closure seems to augment extracardiac ipsilateral coronary 
supply to the effect of reducing ischemia in the dependent myocardial region.
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Thus, the present conceptual study tested the hypotheses 
that after 6 weeks of follow-up, permanent right IMA (RIMA) 
device closure results in augmented collateral function of the 
right coronary artery (RCA), but not the left coronary artery 
(LCA), and that this is reflected by respective changes in myo-
cardial ischemia.

Methods

Study Design and Patients
This was a prospective, open-label, longitudinal interventional clini-
cal trial in 50 patients undergoing diagnostic coronary angiography in 
the context of chest pain. The primary study end point was quantitative 
coronary collateral function (collateral flow index, CFI; see below for 
calculation) as obtained during a 1-minute proximal coronary artery 
balloon occlusion at baseline before and at follow-up examination 6 
weeks after RIMA device occlusion (Figure 1). Secondary study end 
points were fractional flow reserve during vessel patency (FFR), the 
quantitatively determined intracoronary (IC) ECG ST-segment eleva-
tion, and angina pectoris during the same 1-minute coronary occlu-
sion. Study end points were obtained in the RCA and LCA. Eligibility 
criteria for study inclusion were age >18 years, angina pectoris under 
conventional medical therapy, written informed consent to participate 
in the study, and 1- to 3-vessel chronic stable CAD. Exclusion criteria 
were acute coronary syndrome, previous myocardial infarction in the 
vascular region undergoing CFI measurement, and severe hepatic or 
renal failure (creatinine clearance <15 mL/min per 1.73 m2).

The study was approved by the ethics committee of the Kanton of 
Bern, Switzerland, and all patients gave written informed consent to 
participate (in accordance with the author guidelines of this journal).

Cardiac Catheterization and Coronary 
Angiography
Patients underwent left heart catheterization and coronary angiogra-
phy for diagnostic purposes from the right femoral artery approach via 
a 6F introducer sheath. Biplane left ventriculography was performed 
followed by coronary angiography. Coronary artery stenoses were 

assessed quantitatively as percent diameter reduction using the guid-
ing catheter for calibration. Aortic pressure (P

ao
) was acquired via a 6F 

guiding catheter. Central venous pressure (CVP) was measured by a 
5F pigtail catheter as right atrial pressure via the right femoral vein.

Study End Points

Primary Study End Point
Coronary occlusive collateral flow relative to normal antegrade flow 
through the nonoccluded coronary artery (CFI) was determined using 
coronary pressure measurements. A 0.014-inch pressure monitoring 
angioplasty guidewire (Pressure Wire; St Jude Medical, Eschborn, 
Germany) was set at zero, calibrated, advanced through the guid-
ing catheter, and positioned in the distal part of the vessel of interest 
(identical position at baseline and follow-up examination). CFI was 
determined by simultaneous measurement of mean aortic pressure (P

ao
, 

mm Hg), the mean distal coronary artery pressure during balloon occlu-
sion (P

occl
, mm Hg), and the mean CVP (mm Hg; Figure 2) as measured 

during the last 30 seconds of the 1-minute coronary balloon occlusions. 
CFI was calculated as (P

occl
−CVP) divided by (P

ao
−CVP).19 The ac-

curacy of pressure-derived CFI measurements in comparison to ECG 
signs of myocardial ischemia during occlusion and to absolute myo-
cardial perfusion measurements has been documented previously.5,19–21

Secondary Study End Points
Coronary pressure–derived FFR measurements were obtained. Signs 
of myocardial ischemia were assessed simultaneously to CFI mea-
surement as quantitatively determined IC ECG ST-segment elevation 
in millivolt (Figure 2); the IC ECG lead was obtained from the angio-
plasty guidewire via a cross-clamp to a precordial lead.22 Myocardial 
ischemia during the 1-minute coronary occlusions was also character-
ized by the presence or absence of angina pectoris.

Study Protocol
Before the diagnostic examination, 2 puffs of oral isosorbidedinitrate 
were given. After diagnostic coronary angiography and at the start of 
the invasive baseline and follow-up study procedure, all patients re-
ceived 5000 U of heparin intravenously. End point measurements were 
first obtained in the LCA, followed by the RCA. FFR was performed 
prior to CFI and in the same vessels as those undergoing CFI mea-
surement. FFR was determined with the pressure guidewire positioned 
distally in the nonoccluded main vessel of interest using intravenous 
adenosine at 140 μg/min per kg for hyperemia induction: FFR=distal 
coronary pressure divided by P

ao
. The LCA (left anterior descending 

artery, LAD, and left circumflex coronary artery) undergoing CFI mea-
surements was chosen on the basis of the presence of a stenotic lesion 
requiring PCI or on the basis of ease of access in case of a nonstenotic 
vessel. For CFI, an adequately sized angioplasty balloon catheter was 
positioned in the ostial part of the vessel while the pressure guidewire 
remained distally. Before imminent coronary balloon occlusion, the 
patient was asked not to talk and to breath normally for the following 
1.5 minutes (prevention of CVP variability). Coronary balloon infla-
tion occurred at a pressure of 1 to 2 atmospheres. Complete coronary 
occlusion was ascertained by angiography. During the 1-minute oc-
clusion, simultaneous P

occl
, P

ao
, and CVP were recorded for the cal-

culation of CFI (Figure 2). During the entire procedure, the IC ECG 
obtained from the guidewire was recorded. Immediately after CFI 
measurement, the patient was asked about the occurrence of angina 
pectoris during coronary artery balloon occlusion. At an FFR>0.75, 
PCI of the LCA was deferred to the end of the invasive follow-up 
examination (ie, after all end point measurements), which took place 
at 6 weeks after the baseline examination; at an FFR≤0.75, PCI of the 
LCA occurred at baseline before end point measurements in the RCA. 
End point measurements in the RCA were repeated as just described.

At the end of the baseline examination, permanent RIMA device 
occlusion was performed using a 4F IMA catheter and a Radiofocus 
0.032-inch, 260-cm stiff guidewire (Terumo, Eschborn, Germany), the 
latter of which was placed with its tip below the diaphragm. The IMA 
catheter was then exchanged for a 4F multipurpose catheter, which was 
engaged in the IMA until its tip reached the level of the right atrium 

WHAT IS KNOWN

• A recent investigation in patients with stable coro-
nary artery disease has shown that temporary balloon 
occlusion of the internal mammary artery induces a 
functional, ischemia-reducing extracardiac coronary 
artery supply via ipsilateral natural internal mam-
mary artery bypasses.

WHAT THE STUDY ADDS

• The new finding of the present study is that over the 
course of 6 weeks, permanent right internal mam-
mary artery occlusion by a vascular closure device 
augments extracardiac right coronary artery but not 
left coronary artery supply and reduces myocardial 
ischemia during a 1-minute ostial right coronary ar-
tery balloon occlusion.

• Permanent internal mammary artery device closure 
deserves further evaluation as a potential treatment 
option for alleviation of myocardial ischemia in pa-
tients with chronic coronary artery disease not ame-
nable to conventional revascularization or refractory 
to medical therapy.
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(anteroposterior projection). Subsequently, an Amplatzer vascular plug 
4 (St Jude Medical, Eschborn, Germany) was inserted via the multipur-
pose catheter into the RIMA at the level of the right atrium (Figure 1). 
Invasive follow-up examinations at 6 weeks after RIMA device occlu-
sion consisted of identical measurements as described earlier.

Statistical Analysis
Sample size calculation was based on values for the primary end 
point CFI found in the previous work by Stoller et al,18 which had 
means±standard deviations of 0.116±0.079 and 0.091±0.067 with 
and without RIMA balloon occlusion, respectively, measured cross-
sectionally. Using a 1-sided paired Student’s t test for intraindividual 
changes and a correlation of 0.65 between the matched data pairs 
(baseline and 6-week follow-up RCA CFI), an alpha level of 0.05, and 
a power of 0.80, the calculated sample size was 40 using the GPower 
program. For the purpose of data presentation, 2 study groups were 
established based on the absence or presence of percent diameter RCA 
stenosis ≤ or >50% as determined quantitatively. Intraindividual com-
parison of CFI, FFR, IC ECG ST-segment elevation, and heart rate 
obtained at baseline versus follow-up examination was performed by 
a paired Student’s t test. Between-group comparison of continuous 
demographic, clinical, angiographic, hemodynamic variables, CFI, 
FFR, and IC ECG data was performed by unpaired Student’s t test. 

A χ2 test was used for comparison of categorical variables among the 
study groups. Statistical significance was defined at a P level <0.05. 
Continuous variables are given as mean and standard deviation.

Results
Thirty-seven patients belonged to the group with an RCA lesion 
≤50% in diameter, and 13 patients were in the group with at 
least 1 stenosis >50% (Table 1). PCI of the RCA was postponed 
to after follow-up end point measurements or not performed 
(n=40) in all 50 patients; in case of the LCA, PCI was deferred 
in 33 patients, and it was performed at baseline in 11 patients. 
In 6 patients, no LCA end point measurement at baseline and 
follow-up was performed, that is, it occurred only in the RCA.

Patient Characteristics and Clinical Data at 
Baseline
There were no statistically significant differences between the 
groups regarding age, sex, body mass index, Canadian Cardio-
vascular Society class of angina pectoris, cardiovascular risk 
factor prevalence, and cardiovascular medication (Table 1).

Figure 1. A, Anteroposterior angiogram of the truncus brachiocephalicus (site of the catheter tip) depicting the right internal mammary 
artery (RIMA) with its pericardiophrenic branch (arrow) taken at the baseline examination. B, RIMA angiography of the same patient as 
in A taken during follow-up examination. Simultaneous occlusion of the distal RIMA (by vascular occlusion device) and the ostial right 
coronary artery (RCA, by angioplasty balloon). The pericardiophrenic branch (arrow) and the other RIMA branches are larger than those at 
baseline (A).

Figure 2. Left, Simultaneous recording of phasic and mean aortic pressure (Pao, red curve), ostial right coronary artery (RCA) occlusive 
pressure (Poccl, black curve), central venous pressure (CVP, blue curve), and intracoronary ECG (bottom, black curve) as obtained during 
baseline examination. Coronary balloon occlusion starts at ≈2 seconds on the time scale (horizontal axis) and lasts until 79 seconds (up-
slope of Poccl). Pao, Poccl, and CVP are taken as temporal mean values between the arrowheads: collateral flow index, CFI=(Poccl−CVP)/ 
(Pao−CVP)=(18.8−12.5)/(92.6−12.5)=0.079. Right, Simultaneous recording of phasic and mean Pao, ostial RCA Poccl, CVP, and intracoronary 
ECG during follow-up examination in the same patient as in the left panel. CFI=0.190.
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Hemodynamic and Coronary Structural and 
Functional Data at Baseline
There were no statistical differences between the groups 
in heart rate, left ventricular ejection fraction and end-dia-
stolic pressure, and mean arterial venous pressure and CVP 
(Table 2). The number of coronary arteries with stenotic 
lesions >50% was similar between the groups. Study end 
points were determined in all patients in the RCA and with 
similar frequency among the groups in the LAD or left cir-
cumflex coronary artery (in 44 LCA vessels at baseline). RCA 
percent diameter stenosis and FFR differed according to the 
group definition (Table 2). FFR of the LCA was significantly 
higher in the group with no or irrelevant RCA stenosis than in 
the group with significant RCA stenosis.

Changes of Coronary Function and Myocardial 
Ischemia During Follow-Up

Primary Study End Point
Overall, CFI in the RCA changed from 0.071±0.082 at base-
line to 0.132±0.117 (P<0.0001) at follow-up examination 
(Figure 3 and Table 2). CFI in the untreated LCA changed 
from 0.106±0.092 to 0.081±0.079 (P=0.29). Absolute CFI 
change in the RCA over the 6-week course of follow-up 
was +0.067±0.094, and it was −0.012±0.112 in the LCA 
(P<0.0001; Figure 3). There was a trend to higher CFI increase 
in the group of patients with relevant RCA stenosis (Table 2).

Secondary Study End Points
FFR in the RCA increased significantly from baseline to fol-
low-up examination (Figure 4), and it remained unchanged 
in the LCA (PCI deferred until after FFR measurement in all 
vessels). There was a decrease in IC ECG ST-elevation during 

Table 1. Patient Characteristics and Clinical Data at Baseline

RCA % Diameter 
Reduction ≤50%

RCA % Diameter 
Reduction >50% P Value

Number of patients 37 13  

Age, y 67±10 60±13 0.06

Male sex, % 31 (84) 13 (100) 0.17

Body mass index, kg/m2 28±5 27±2 0.40

CCS class of angina at 
baseline 0/i/ii/iii

0/12/18/7 0/5/4/4 0.44

Current smoking, % 9 (24) 5 (38) 0.47

Dyslipidemia, % 35 (95) 12 (92) 0.98

Hypertension, % 28 (76) 10 (77) 0.95

Family history for CAD, % 15 (41) 3 (23) 0.49

Diabetes mellitus, % 12 (32) 1 (8) 0.14

Acetylsalicylic acid (ASA; %) 34 (92) 12 (92) 0.79

Platelet inhibitors other 
than ASA, %

14 (38) 6 (46) 0.34

Beta-blockers, % 23 (62) 6 (46) 0.52

Calcium antagonists, % 5 (14) 0 0.37

ACE inhibitor/ARB, % 28 (76) 10 (77) 0.82

Diuretics, % 7 (19) 2 (15) 0.80

Nitrates, % 3 (8) 0 0.56

Statins, % 33 (89) 12 (92) 0.60

ACE indicates angiotensin-converting enzyme; ARB, angiotensin receptor 
blocker; CAD, coronary artery disease; CCS, Canadian Cardiovascular Society; 
and RCA, right coronary artery.

Table 2. Hemodynamic Data at Baseline and Coronary 
Structural and Functional Data

 
RCA % Diameter 
Reduction ≤50%

RCA % Diameter 
Reduction >50%

P Value

Number of patients 37 13  

Heart rate, bpm 72±12 73±15 0.92

Left ventricular ejection 
fraction, %

60±11 59±9 0.56

Left ventricular end-
diastolic pressure, mm Hg

14±4 14±7 0.80

Mean arterial pressure, 
mm Hg

95±17 91±17 0.41

Mean central venous 
pressure, mm Hg

9±4 10±3 0.40

Number of coronary 
arteries diseased

2.3±0.7 2.4±0.7 0.58

Coronary artery for 
collateral flow index (CFI)

  0.45

    Right coronary artery 
(RCA), %

All All  

    Left anterior 
descending artery 
(LAD), %

13 (35) 6 (46)  

    Left circumflex artery 
(LCX), %

21 (57) 4 (31)  

Right coronary artery PCI, 
%; all deferred

1 (3) 9 (69) 0.0001

Left coronary artery (LCA) 
PCI, %

34 (92) 10 (77) 0.61

Percent diameter stenosis 
RCA at baseline

28±18 65±23 <0.0001

Percent diameter stenosis 
LCA at baseline

44±18 53±26 0.19

Fractional flow reserve 
RCA at baseline

0.89±0.12 0.75±0.26 0.0304

Fractional flow reserve 
LCA at baseline

0.84±0.10 0.66±0.24 0.0047

Collateral flow index RCA 
at baseline

0.063±0.073 0.090±0.111 0.36

Collateral flow index RCA 
at follow-up

0.116±0.082 0.146±0.143 0.39

CFI difference (follow-up 
minus baseline)

+0.053±0.065 +0.094±0.128 0.14

IC ECG ST-segment shift 
RCA at baseline, mV

+0.56±0.52 +0.42±0.59 0.53

CCS class of angina at 
follow-up 0/i/ii/iii

16/8/9/4 6/5/1/1 0.37

CCS indicates Canadian Cardiovascular Society; IC, intracoronary; and PCI, 
percutaneous coronary intervention.
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RCA occlusion from baseline to follow-up examination (Fig-
ure 4); IC ECG ST-elevation did not change significantly in 
the LCA. There was a trend to fewer events of angina pectoris 
during RCA occlusion at follow-up versus baseline examina-
tion and in comparison to LCA occlusion irrespective of the 
examination (Figure 5).

Canadian Cardiovascular Society class of angina pecto-
ris class 0 at follow-up was observed more frequently than at 
baseline examination (Tables 1 and 2).

Procedural Feasibility of RIMA Closure
RIMA device closure was successful in all patients. In 12 
patients, the right femoral artery access had to be switched 
to right radial artery or right brachial artery (n=2) access 
to achieve procedural success. Except for 2 cases of proxi-
mal RIMA dissection, no procedure-related complications 

occurred. The dissections were left untreated. During the 6 
weeks of follow-up, all patients remained asymptomatic with 
regard to the RIMA device closure. Angiographic control of 
the RIMA at follow-up revealed incomplete occlusion at the 
site of the device in 11 of 50 cases.

Discussion
The present conceptual clinical trial found that permanent 
RIMA device closure results in augmented right (but not left) 
coronary collateral function (CFI), which was reflected by 
improved coronary hemodynamics as obtained during vessel 
patency (FFR) and by reduced signs of myocardial ischemia 
during vessel occlusion.

Treatment Options for Refractory Angina Pectoris
Refractory angina pectoris is defined as a chronic condi-
tion (>3 months) characterized by the presence of angina 
caused by coronary insufficiency in the presence of CAD, 
which cannot be controlled by a combination of medical 
therapy, angioplasty, and coronary bypass surgery.23 There 
are numerous treatment options aiming at alleviating myo-
cardial ischemia using angiogenic therapeutic approaches 
(by the so-called myocardial laser revascularization,24 
external shock wave therapy,25 and myocardial stem cell 
application26), diastolic coronary pressure augmentation by 
external counterpulsation,27 coronary arteriogenesis with 
induction of large collateral artery remodeling,28 coronary 
sinus venous backpressure augmentation,29,30 and ischemic 
preconditioning.31,32 The latter represents the default therapy 
applied by any primary or secondary prevention program 
because physical exercise with myocardial ischemia is its 
cornerstone. The only potentially useful treatment option 
exerting a permanent and not just temporary effect is cor-
onary sinus pressure augmentation using a venous caliber 
reducer stent.33 All the other modalities require repetitive 
applications for a lasting effect, the fact of which substan-
tially reduces the tolerability of a procedure, especially if it 

Figure 3. Individual values of collateral flow index (CFI, vertical 
axis) as obtained at baseline and follow-up examination in the 
right and left coronary artery. Error bars indicate mean values and 
standard deviation.

Figure 4. Left, Individual values of fractional flow reserve (FFR, vertical axis) as obtained at baseline and follow-up examination in the 
right and left coronary artery. Error bars indicate mean values and standard deviation. Right, Individual values of intracoronary ECG ST-
segment shift (i.c. ECG ST-segment shift, vertical axis; ST-elevation as positive values) as obtained at baseline and follow-up examination 
in the right and left coronary artery. Error bars indicate mean values and standard deviation.
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is as strenuous and time-consuming as, for example, exter-
nal counterpulsation with its daily 1-hour sessions.

In comparison, the anatomic connections between the 
IMAs and the coronary circulation represent the basis for a 
sustainably improved extracardiac myocardial supply source.8 
Essentially, this applies also to the extracardiac source of col-
lateral connections between the bronchial artery and the RCA, 
respectively, the left circumflex coronary artery.34 However, 
these circulatory anastomoses are even less explored than the 
IMA coronary artery network.

Extracardiac Coronary Artery Supply via the IMAs
Anatomically, the IMAs on each side and the coronary circu-
lation are connected via the second IMA branch, that is, the 
pericardiophrenic or pericardiacophrenic artery, which takes 
off proximally at the second intercostal space and supplies the 
pericardium.8 During IMA angiography, the pericardiophrenic 
branch is recognizable as the only IMA branch moving with 
the heart beat. At the follow-up examination of our study, 
enlargement of this IMA branch could be observed often (see 
Figure 1). The pericardiophrenic artery with its pericardial 
branches finds access to atrial branches of the epicardial coro-
nary circulation via the sites of pericardial reflections located 
at the entry into the pericardium of the caval veins.35 This 
well-documented anatomic knowledge6–8,35,36 led to the first 
surgical attempt of myocardial revascularization. More than 
20 years before the first clinical coronary artery bypass graft-
ing in 1960,37 the ligation of the IMAs aiming at redirecting 
blood flow to the pericardiophrenic branch was introduced as 
a treatment concept for angina pectoris by Fieschi.38 In the 
course of this procedure, transthoracic surgical access to the 
IMAs was gained under local anesthesia by a small incision 
between the second and third rib, and they were ligated via this 
entry site. The primary end point of the first clinical IMA liga-
tion trials was angina pectoris and, inconsistently, ECG signs 
of myocardial ischemia. Battezzati et39 reported the results of 
their uncontrolled trial in 304 CAD patients, with only half of 
them having angina pectoris: the symptoms of nearly all of 
them had improved sustainably. In a further uncontrolled trial 
among 50 CAD patients (2/3 with angina pectoris), Kitchell 

et al40 reported similarly favorable results with symptomatic 
relief in 68% of the patients.

Surgical bilateral IMA ligation has not gained historical 
stature because of its success, but because of its failure. The 
latter was—apparently—exposed by the then introduced new 
research design tool of a sham control group. The small, but 
sham-controlled negative trials by Cobb et al41 and by Dimond 
et al42 (totaling 35 patients) coined the term surgery as pla-
cebo.43,44 The fraction of trial participants (based on single 
digit numbers) experiencing relief of angina pectoris dur-
ing long-term follow-up was similar between the really and 
sham-operated group.41,42 To infer IMA ligation inefficacious 
on the basis of those trials was unwarranted, but desirable for 
the inauguration of an essential scientific element into clinical 
research; this must be the current conclusion because of their 
low power in connection with a soft primary clinical end point 
(chest pain).

Furthermore, a recent clinical investigation in 120 CAD 
patients undergoing temporary distal IMA and simultaneous 
ostial coronary artery balloon occlusion has found an isch-
emia-reducing, enhanced extracardiac coronary artery supply 
via ipsilateral (but not contralateral) natural IMA bypasses.18 
Specifically, the CFI difference as obtained with versus with-
out IMA occlusion was highest and most consistently positive 
during left IMA with LAD occlusion and during RIMA with 
RCA occlusion: +0.033±0.04 and +0.025±0.03.18

Permanent IMA Closure
Permanent distal IMA device occlusion is the logical conse-
quence of the above observations collected during temporary 
IMA balloon occlusion. The concept had to be tested in the 
setting of the less frequently grafted RIMA in order not to 
waste an arterial graft for future use. At our institution, RIMA 
coronary artery bypass grafts account for 5% to 8% of all cor-
onary grafts. In addition, the distal occlusion site at the height 
of the right atrium in most cases still allows the RIMA to be 
used as a graft artery because its length may be sufficient to 
be anastomized to the RCA. The site of RIMA device closure 
in the present study was identical to temporary balloon occlu-
sion in the investigation by Stoller et al.18 This location was 

Figure 5. Number of patients with and 
without angina pectoris (vertical axis) dur-
ing the 1-minute proximal right coronary 
artery (RCA) and left coronary artery (LCA) 
balloon occlusions at baseline and follow-
up examination, which were performed for 
simultaneous pressure and intracoronary 
ECG measurements (see also Figure 2).
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chosen because it ought to be safely distal of and certainly not 
on the bifurcation of the pericardiophrenic branch. In all of 
the 4 cases, in whom the pericardiophrenic branch was inad-
vertently occluded by an IMA dissection or the device itself, 
no CFI increase was observed at follow-up examination. 
Because the IMA connects directly to the ipsilateral external 
iliac artery, the CFI of this vessel during ostial balloon occlu-
sion amounts to ≈0.75 to 0.8, and thus, an effect, though a 
lower one, on coronary CFI could also be expected in case of 
ostial as opposed to distal IMA device occlusion. Certainly, 
this functional connection of the IMA between the upper and 
lower extremities is primarily responsible for the safety of the 
procedure in our study population; the risk of tissue necrosis 
in the RIMA-dependent territory is most likely low, which can 
also be expected, because no IMA side branches are affected 
by IMA device closure as opposed to IMA bypass grafting.

The amount of CFI increase in response to permanent 
RIMA occlusion observed in this study exceeds the above 
described +0.025 during temporary occlusion by a factor of 2.7 
(+0.067±0.094). In (an informal) comparison to other, clini-
cally tested coronary arteriogenic treatment options, such as 
granulocyte–macrophage colony-stimulating factor,45 granu-
locyte colony–stimulating factor,46 ivabradine,47 a 3-month 
physical exercise training,48 and 90 hours of external counter-
pulsation,27 permanent right IMA occlusion reached the largest 
CFI increase. The intraindividual comparison of CFI change 
between the right and left coronary territory in response 
to RIMA closure showed no effect on LCA CFI, the fact of 
which is in agreement with the ipsilateral anatomic connection 
between the IMA and the coronary circulation. The plausibil-
ity of the primary end point results (CFI) is enhanced by their 
coherence with the study’s secondary end points. The effect 
of RIMA device closure on CFI of the RCA is reflected by a 
decrease in functional stenosis severity, that is, an increased 
FFR in the absence of direct RCA intervention; RCA PCI 
was performed only after follow-up end point measurements. 
Finally, IC ECG signs of myocardial ischemia during the 
1-minute ostial RCA occlusion were quantitatively diminished 
at follow-up examination, and there was a trend toward fewer 
events of angina pectoris during the same procedure.

Study Limitations
This conceptual and feasibility study of permanent RIMA clo-
sure was not a controlled trial, with randomized allocation to 
device closure or no closure. Thus, the results of this study 
should be confirmed in a larger, randomized controlled trial, 
possibly with a sham-control design and the presently used 
surrogate, as well as clinical end-points. In the above context, 
the important goal of technical feasibility and initial safety 
of the procedure could be determined more swiftly than by 
selecting a controlled study design. IMA device closure may, 
theoretically, carry a risk for ischemia in the dependent ter-
ritories. None of our patients reported symptoms associable 
with IMA closure during the 6 weeks of follow-up or later. In 
comparison to the surgical use of an IMA for bypass grafting, 
IMA device occlusion does not affect IMA side branches by 
ligation. The RIMA was not entirely occluded at follow-up in 
22% of the patients. Because this was a situation more likely 
favoring the null hypothesis than that of CFI augmentation, 

it rather supports than weakens the study findings. LCA PCI 
was not deferred in all, but only in 33 patients. In theory, LCA 
revascularization on its own could have augmented RCA CFI 
in this minority of patients. A subanalysis of the population 
with total PCI deferral (n=33) revealed effects of RIMA clo-
sure, consistent with those of the entire study cohort.
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