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1 Introduction
1.1 Coronary artery disease
1.1.1 Epidemiology
Cardiovascular disease is one of the industrial world’s leading causes of death and morbidity. In
Germany it accounted for about 364.000 deaths in 2008. Among cardiovascular diseases,
ischemic heart disease is the leading cause of death and accounts for about 64% of the deaths.
Most people (91%) who die from a cardiovascular disease are beyond the age of 65 years.
Cardiovascular disease was responsible for 38% of the deaths of men and about 47% of women
in 2008 [1].
During the last two decades a reduction of about 20% of the deaths due to cardiovascular
diseases has been recorded. This reduction is attributed mainly to the new pharmaceutical and
interventional modalities. Among these modalities, percutaneous coronary intervention (PCI)
holds a leading position with a continuously increasing rate of use since the method was first
used 30 years earlier. In 2006 about 290.00 coronary interventions were performed in Germany,
a significant increase from the 180.000 interventions in 2000 and the 32.000 interventions in
1990 [2]. During this period the proportion of coronary angiographies followed by a PCI also
increased and accounted for about 33% of all coronary angiographies in 2006 vs. 18% in 1990.
On the other hand, the number of coronary artery bypass graft operations (CABG) has
continuously declined during the last decade from 65.000 operations in 2000 to about 47.000
operations in 2008 [3].
Consequently, cardiovascular disease is the leading disease in health costs with 35 billion Euros
spent on it in 2002 followed by the diseases of the gastrointestinal tract on which 31 billion
Euros was spent in the same year. Ischemic heart disease alone costs 7 billion Euros per year [4].

1.1.2 Pathophysiology
Coronary artery disease (CAD) is identified by the presence of narrowing lesions within the
coronary arterial tree. These stenotic lesions result from, and reflect, a series of alterations on the
vascular wall in the chronic inflammatory process of atherosclerosis. Several risk factors, like
age, male gender, obesity, and sedentary lifestyle, are thought to predispose an individual to
atherosclerosis. The most important of the modifiable coronary risk factors appear to be

6

hyperlipidemia, smoking, and diabetes. Atherosclerosis is a multifactorial disease that is
characterized by interactions of different plasma lipoproteins, leukocytes, smooth muscle cells,
and extracellular matrix compounds. The initial lesions of atherosclerosis, the fatty streak
lesions, are often present in the aorta of children, the coronary arteries of adolescents, and other
peripheral vessels of young adults without causing any clinical pathology at this stage. Through
the accumulation of extracellular-matrix components, such as collagen from the vascular smooth
muscle cells, the streak lesions are modified to atherosclerotic lesions. Later, inflammatory cells,
such as monocytes and T cells, are recruited to atherosclerotic lesions and help to perpetuate a
state of chronic inflammation. As the plaque grows, compensatory remodeling takes place so that
the lumen is preserved while its overall diameter increases. Atherosclerosis appears to be
clinically accessible primarily during middle age when a plaque ruptures, resulting in acute
coronary syndrome, or encroaches on the lumen of the vessel causing obstructive coronary
disease [5]. The narrowing in the coronary arteries results in an imbalance between oxygen
supply and oxygen demand in the myocardium. The severity of the myocardial ischemia depends
on the magnitude of the coronary artery disease, the number of coronary arteries with
atherosclerotic lesions and the degree of the stenosis. Ischemic heart disease (IHD) is another
term used to describe the clinical manifestations of atherosclerosis that is caused by a
significantly reduced blood flow to a region of the heart. Ischemic heart disease, when
symptomatic, appears in various forms from stable angina to acute coronary syndromes (ACS)
with or without ST elevation (STE-ACS and NSTE-ACS, respectively). A STE-ACS usually
leads to an ST elevation myocardial infarction (STEMI), whereas the non-STE-ACS is further
qualified as non-ST elevation MI (NSTEMI) or unstable angina [6].

1.1.3 Clinical features of stable coronary disease
Patients who have a stable CAD typically present (more than 70%) angina. The other 30% of
patients who have coronary artery disease, mainly older patients, diabetics and women, present
only atypical symptoms. The classical symptom of angina is chest discomfort due to myocardial
ischemia. This occurs as a specific myocardial oxygen requirement that cannot be met by a
myocardial oxygen supply itself. This is the case in the presence of coronary artery disease
where one or more coronary arteries are significant narrowed. However, angina may also be
present in the absence of epicardial stenoses. In these cases, structural or functional disorders of
the heart muscle and coronary arteries may compromise coronary blood flow relative to
myocardial oxygen demand, thereby causing angina. For example, we refer to microvascular
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angina or syndrome X, hypertensive heart disease, ventricular cardiomyopathies or vasospastic
angina. The discomfort caused by myocardial ischemia is usually located in the chest, arms, jaw,
teeth or, neck (Buddenbrooks syndrome), between the shoulder blades, epigastrium and/or
interscapular areas.
Patients use different terms to describe the angina, such as tightness, pressure, heaviness,
burning, aching or penetration. In addition to chest discomfort, typical angina is often associated
with a specific factor that is identified as the trigger of an ischemic event. Angina is high
reproducible when this factor is present. In most of the cases, exertion is the trigger, although
stress, cold or meals have also been associated with the appearance of angina. Relief of the
symptoms occurs after rest or intake of nitroglycerine. In the majority of the cases, the duration
of the symptoms is brief, usually less than 10 minutes. Angina may also be accompanied by
shortness of breath and less specific symptoms, such as fatigue or faintness, nausea, burping or
restlessness. Patients who have diabetes may have no symptoms (silent ischemia) or may present
with exercise-induced dyspnea as an angina equivalent [7].
Some patients experience atypical angina, which consists only of two of the three main
characteristics of typical angina: chest symptoms, presence of a triggering factor and relief due to
rest or nitroglycerine.
The main dissociation of angina is between stable and unstable angina. With stable angina, the
symptoms exist for a long time, and appear at the same level of exertion, with a stable frequency
and intensity. Each episode lasts about 10 minutes. If, within a few days, the frequency or the
duration of the episodes increases or the angina-threshold declines, an unstable angina is present.
The possibility of a NSTE-ACS or STE-ACS/STEMI in patients with unstable angina is raised,
particularly when symptoms have been unremitting for more than 20 minutes.
Other conditions, such as hypertrophic cardiomyopathy, hypertensive crisis, valvular heart
disease or myocarditis, may be associated with typical symptoms of NSTE-ACS. Other
conditions, such as Prinzmetal´s angina or pericarditis, may have a similar clinical and
electrocardiographic feature with a STE-ACS [6].

1.1.4 Diagnostic tests
In addition to the history, physical examination and rest electrocardiography (ECG), several
invasive and non-invasive tests are used to assess patients who have a suspected or known stable
coronary artery disease. In addition to the patient history, different scores may be used for risk
stratification of the patient (Framingham-score, PROCAM-Score) and the arrangement of further
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diagnostic or interventional procedures. An exercise ECG is generally conducted for most
patients who have angina or an intermediate probability for coronary disease based on age,
gender, and symptoms. When resting ECG abnormalities are present, the exercise ECG may be
invaluable. In this case, or when an exercise ECG is contraindicated, a non-invasive imaging test
is performed. Non-invasive stress imaging techniques have several advantages over conventional
exercise ECG testing. These include superior diagnostic performance for the detection of
obstructive coronary disease and the ability to quantify and localize areas of ischemia. These
tests also provide useful diagnostic information for patients who have resting ECG abnormalities
or are unable to exercise [7]. The most commonly used imaging tests are stress echocardiography
and myocardial scintigraphy (SPECT-single photon emission computed tomography). Both tests
can be performed in combination with exercise that provides a physiological reproduction of
exercise--induced myocardial ischemia. If the exercise level is inadequate, or the patient is
unable to exercise, a pharmacological stimulus with dobutamine or adenosine is usually applied.
Stress echocardiography and stress scintigraphy generally provide similar accuracy in the
detection of CAD, although perfusion imaging is slightly more sensitive (84%) than stress-echo
(80%). On the other hand, stress-echocardiography is slightly more specific (86%) than
scintigraphy (77%) [8]. Positron emission tomography (PET) is also used to assess myocardial
blood flow with a high sensitivity and a better spatial resolution and more accurate attenuation
correction than SPECT [9]. Over the last few years, the application of cardiac magnetic
resonance (CMR) for the detection and prognosis of CAD has gained attention. High spatial
resolution myocardial perfusion cardiac magnetic resonance CMR with adenosine has a
sensitivity of 87-90% and a specificity of 83-85% compared to coronary angiography [10]. CMR
also has a very high prognostic value. A normal adenosine CMR predicts a three-year event-free
survival with an accuracy of 99.2% [11]. Recent data support the use of computed tomography
coronary angiography (CTCA) for symptomatic patients who have suspected CAD. It has been
shown that CTCA has a higher diagnostic accuracy than exercise ECG or SPECT in predicting
CAD and, consequently, in referring patients for angiography [12]. Although non-invasive tests
are increasingly used in the diagnosis of CAD, coronary angiography remains the gold standard
in the investigation of patients who have CAD. It provides reliable anatomical information to
identify the presence or absence of coronary lumen stenosis, to define therapeutic options and to
determine prognosis [7]. In the presence of several coronary artery stenoses, or when a stenosis
is suspected to cause ischemia under exertion, the fractional flow reserve (FFR), as calculated by
coronary pressure measurement, is the invasive gold standard for assessing the hemodynamic
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significance of a stenosis. FFR reliably indicates whether a stenosis is responsible for an
inducible ischemia and whether a percutaneous coronary intervention is appropriate.
1.1.5 Therapy for stable CAD
1.1.5.1 Secondary prevention

The most important action to reduce mortality and morbidity by CAD is to control the risk
factors that cause the disease. The Framingham study identified the following major risk factors
for coronary artery disease: age, gender, blood pressure, total and high-density cholesterol,
smoking and glucose intolerance [13]. According to international guidelines, control of all the
above modifiable risk factors is necessary for patients who have angina (class I recommendation)
[14]. Control of blood pressure control under 140/90 mm Hg or 130/80 mm Hg for patients who
have diabetes or chronic kidney disease is indicated. Furthermore, low density lipoprotein (LDL)
should be less than 100 mg/dl, while a further intensification of the therapy towards an LDL
target of 70 mg/dl is associated with a further reduction of mortality from CAD and the incidence
of non-fatal cardiovascular events [15]. All patients should be encouraged to participate in 30 to
60 minutes of a moderate-intensity aerobic activity, such as brisk walking, during most days of
the week. Cessation of smoking, control of body weight (body mass index (BMI) <25kg/m2) and
management of diabetes to achieve a near-normal HbA1C = 6,5-7% are also indicated as
secondary preventive measures for stable CAD [14].

1.1.5.2 Medical treatment

Pharmacological treatment of patients who have coronary artery disease is recommended to
improve the prognosis and reduce the ischemic symptoms. Antiplatelet therapy with aspirin is
essential for all patients to prevent arterial thrombosis. The optimal antithrombotic dosage of
aspirin is 75-150 mg/day. For patients who cannot take aspirin due to intolerance or allergic
complications, an intake of 75mg/day of clopidogrel is recommended [7]. In addition to the
antiplatelet therapy, treatment with statins should be also prescribed for all patients who have
stable coronary artery disease [16]. The recommended dose of statin may vary, but the aim is to
reduce the LDL-cholesterol to a level below 70 mg/dl [14]. If the high density lipoprotein (HDL)
is low and the triglyceride levels remain high, other pharmaceutical substances may be added to
statin to treat the severe dyslipidemia of the patient. The use of beta-blockers is generally
recommended for all patients who have CAD and a myocardial infarction and as a first-line antiangina therapy for all CAD patients who have angina. If there is heart failure after myocardial
infarction, and if a beta-blocker is contraindicated or not tolerated by the patient, use of a
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calcium channel blocker is desirable [17]. All patients who have stable angina should be
considered for angiotensin-converting enzyme inhibitors (ACE-inhibitors), particularly if a need
for ACE-inhibition is indicated, such as by hypertension, heart failure, left ventricular (LV)
systolic dysfunction, prior myocardial infarction (MI) with LV dysfunction or diabetes [7].
Others suggest the use of ACE inhibitors in combination with aspirin, statin and beta-blocker for
all patients who have coronary disease, regardless of the left ventricular function [18]. The
reduction of anginal symptoms is also essential for patients who have a stable CAD. In the case
of anginal attacks, short-acting nitrates are used for the immediate relief of symptoms. For longterm control of angina, beta 1-blockers are recommended. If the symptoms are not controlled, it
may be necessary to add a calcium-blocker or a long-acting nitrate. Other agents, such as
potassium channel openers or sinus node inhibitors (such as ivabradine), may be used in addition
to, or as an alternative to, the standard anti-anginal therapy if the patient remains symptomatic
under different combinations of the standard therapy and various attempts at dose optimization
[7].

1.1.5.3 Percutaneous coronary intervention (PCI) and coronary bypass surgery (CABG)

Revascularization procedures are recommended to improve prognosis and symptoms in patients
who have stable angina. Based on the coronary artery anatomy, CABG is preferred to PCI if
there is a significant stenosis of the left main artery or if the patient has a three-vessel disease.
CABG for patients with multi-vessel disease is associated with a lower five-year mortality than
percutaneous transluminal coronary angioplasty (PTCA) [19]. Outside the area of an acute
coronary syndrome, where PCI reduces mortality and the incidence of myocardial infarction,
PCI in patients who have stable CAD is mainly effective in relieving symptoms and improving
the quality of life [20]. If the objective of revascularization is the relief of symptoms, then PCI is
necessary for patients who have mild to moderate angina without any multi-vessel disease.
Revascularization is not recommended for patients who have a single or two-vessel disease with
mild symptoms or a borderline stenosis of 50-70% in a location other than the left main coronary
artery [7]. However, other guidelines recommend PCI as a valuable initial revascularization
procedure for all patients who have stable CAD and large objective ischemia [21]. The current
data support benefits of PCI only in the symptoms and quality of life. The COURAGE trial
demonstrated that, even for patients who have significant artery disease, adding PCI to the
medical treatment does not decrease the rate of deaths, myocardial infarctions or hospitalization
for acute coronary syndromes [22]. However, PCI has proved more effective in reducing
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episodes of angina and the need for revascularization. In accordance with this, a sub-study of the
COURAGE trial demonstrated that a combination of PCI and optimal medical therapy (OMT)
leads to a significant reduction of the inducible ischemia, when compared to OMT alone,
particularly for patients who have severe ischemia at the baseline (>10% of myocardium) [23].
For patients who are unsuitable for further revascularization procedures (PCI or CABG) and who
remain symptomatic, alternative therapeutic options for relief of symptoms are available. These
include neurostimulation (transcutaneous electrical nerve stimulation and spinal cord
stimulation),

transmyocardial

or

percutaneous

laser

revascularization

and

external

counterpulsation therapy [24].

1.2 Arteriogenesis
1.2.1 Terminology of vascular growth
The term neovascularization refers to the following three mechanisms of vascular growth that
take place under physiological and pathological conditions:


Vasculogenesis is a mechanism that is specific to the development of the circulatory system
and new vessels during embryogenesis. Precursors cells called angioblasts differentiate to
hematopoietic cells and to endothelial cells, which form the primary blood vessels [25].
Vasculogenesis may also occur in adults under pathological conditions (e.g., tumor
progression). However, its importance as a therapeutic goal is limited as it leads only to an
immature, poorly functional vasculature.



Angiogenesis is defined as the sprouting of capillaries from pre-existing vessels resulting in
new capillary networks [25]. This process is important for wound healing in granulation
tissue. However, at the same time, it is part of pathological conditions like diabetic
retinopathy and vascularization of tumors. The new capillary networks consist of endothelial
cell tubes that lack additional wall structures, such as smooth muscle cells or adventitia,
which stabilize the structures and cells. The absence of muscle cells prevents the capillaries
from filling perfusion needs by dilation or constriction as the larger vessels (arterioles) do.
The main triggers of angiogenesis are tissue hypoxia and inflammation. After occlusion of an
artery, angiogenesis takes place in the distal ischemic tissue far from the site of occlusion
[26]. The new capillaries could only compensate for the tissue hypoxia and supply the tissue
with oxygen if an open feeding artery were available [27]. Furthermore, the perfusion
pressure in the developed capillaries is very low and not sufficient enough to ensure an
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adequate oxygenation of the tissues. The absence of a stable arterial wall structure makes
also the capillaries prone to rupture and vulnerable to external pressures. The perfusion
pressure in the capillaries may be further diminished in the case of increased tissue pressure,
a condition that is often encountered due to increased left ventricular diastolic pressure [28].
Thus, development of new capillaries is rather inadequate as compensation for the deficit in
perfusion due to artery occlusion, especially in the myocardium.


The third mechanism of neovascularization called arteriogenesis refers to the development of
collateral arteries from pre-existing arteries / arterioles. The term arteriogenesis was proposed
to distinguish this process from angiogenesis. Both processes seek to compensate for hypoperfusion, but differ in many aspects. The main characteristics of angiogenesis and
arteriogenesis are summarized in Figure 1-1. Common characteristics include the role of
growth factors and leukocyte populations.

Figure 1-1: Main characteristics of arteriogenesis and angiogenesis [29]

1.2.2 Collateral artery growth and the role of shear stress
Arteriogenesis occurs in response to occlusion or stenosis of an artery. Substrates of
arteriogenesis are pre-existing collaterals that can grow up to 25 times their original size and
become small arteries. These small arterioles are part of a network that interconnect perfusion
territories of arterial sub branches [30]. In a normal human heart there are numerous superficial
(epicardial) or deep (transeptal or subendocardial) anastomoses (Figure 1-2A).
The deep anastomoses are generally larger in diameter (100-200μm) and more numerous than
the superficial arterioles [31]. In ischemic hearts, the enlarged collateral vessels derive from
these anastomoses (Figure 1-2B).
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Figure 1-2A: Anastomoses in a normal heart.

Figure 1-2B: Collateral arteries after occlusion of
the LAD (arrow)

(from [32]:Chapter 16, page 303,Figures 4-5 by permission of Springer Science and Business Media)

The major stimulus for the enlargement of the pre-existing arterioles is the presence of a
significant arterial stenosis or occlusion. In this case, a pressure gradient develops between the
proximal and distal parts of the narrowed or occluded artery. This pressure drop leads to an
increase of the blood flow through the interconnecting network. As the pressure gradient
increases in proportion to the severity of the stenosis, the blood flow from the donor artery to the
ischemic territory is augmented. The increased blood flow results in an increase of the fluid shear
stress and the wall tension in the growing arteries, which are the major forces that trigger the
process of arteriogenesis [30]. The fluid shear stress (τ) is proportional to the blood flow (Q) and
the blood viscosity (η) and inversely related to the radius (R) of the vessel:
Equation 1-1:  

4 Q
R 3

The response of the collateral arteries to the increased blood flow is not only a passive dilatation,
but also an active structural enlargement [33, 34]. The increased blood flow that results in
enhanced endothelial shear stress within these arteriolar/arterial anastomoses activates the
endothelium [(e.g., by increased transcription of the transient receptor potential action channel,
subfamily V, member 4 (Trpv4)]. This receptor senses enhanced shear levels and converts them
to the Ca2+ signal, which in turn, participates in regulation of cell volume, endothelial
permeability and initial vascular dilatation [35]. Shear stress and wall stretch activate the
vascular endothelium and the vascular muscle cells to express the monocyte chemoattractant
protein (MCP-1). The MCP-1 is regarded as a critical determinant for the process of
arteriogenesis [36]. Attracted by the MCP-1, circulating monocytes adhere to and invade the
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endothelium. Growth factors released from macrophages induce a proliferation of endothelial
and smooth muscle cells (SMCs). The monocytes express proteases like matrixmetalloproteinases, which degrade the vessel wall to permit the migration of SMCs [37]. The
complex interplay of circulating cells, growth factors, different proteins and structural changes
result in functional arteries. The conductance of the collateral arteries is much greater than that of
the pre-existing arterioles from which they derived. These arterioles/collateral arteries can
compensate, in part at least, for the reduced blood flow caused by the narrowing or occlusion of
the main feeding artery. In a rabbit hind limb model of chronic occlusion of the femoral artery,
collateral arteries can restore the perfusion distal to the occlusion up to ≈35% of the normal
conductance. However, the increase in the diameter of the arterioles as a response to the
occlusion of the feeding arteries leads to a normalization of the initial increased shear stress. As
long as shear stress is the trigger of arteriogenesis, its early normalization due to an increase in
the vessel’s diameter results in a premature halt to the arteriogenic process. Eitenmueller et al
[38] showed that if the shear stress remains at an increased level throughout arteriogenesis (e.g.,
with an arterio-venous shunt), collateral vessels may completely restore the conductance of the
occluded artery. In addition to the time-course of shear stress, the level of fluid shear stress plays
an important role in collateral growth.
In humans, shear stress may be increased by exercise training and/or the presence of a significant
stenosis. It has been suggested that the severity of the stenosis is the only independent variable
that is related to collateral growth in patients who have CAD [39]. The increase in the grade of a
stenosis leads to an increased pressure gradient to the interconnecting collateral channels. This
translates to an elevated blood flow and shear stress resulting in arteriogenesis [40].

1.2.3 The protective role of coronary collateral circulation
The beneficial effects of the coronary collateral circulation have been demonstrated in patients
who have chronic coronary disease and acute myocardial infarction. The severity of an infarction
depends on the time between onset of the infarction and revascularization and the presence of
collateral vessels [41]. Though that the presence of collaterals at the time of infarction is not
directly related to the size of the infarction, lower rates of formation of left ventricular
aneurysms occur in the presence of collateral arteries. It has been hypothesized that, due to
collateral arteries, “islands” of viable myocardium are maintained amidst the infarction’s area,
thereby enforcing its tensile strength, preventing aneurysm formation and maintaining the
ventricular function [42, 43]. The presence of collateral arteries is also related to lower rates of
15

non-fatal cardiac events [44]. Hansen et al [45] showed that patients with angiographically well
developed collaterals (based on Bruschke´s classification [46]) had a 10-year survival rate that
was superior to that of patients who are without collateral arteries and that this benefit was
related to lower rates of heart failure. These data were recently verified using the pressurederived collateral flow index by Meier et al [47]. The investigators showed that a low CFIp (<
0.25) is independently associated with increased mortality of patients who have stable coronary
disease in a 10-year follow-up. A CFIp<0.25 is predictive of more future major cardiac events
than well developed collaterals that are characterized by a CFIp>0.25 [48]. An important issue
concerning collateral growth is the dependence of collateral development on the time taken for
the arterial obstruction to develop. A slow progression of the disease, often related to repeated
angina episodes, may be associated with a better collateral network [49]. Whether these angina
episodes (known as “walking through angina”) are a phenomenon of collateral recruitment,
ischemic preconditioning, or both, remains unclear [50, 51]. In summary, not only the acute
outcome, but also the long-term survival following a myocardial infarction depends on the extent
of collateral circulation [52].

1.2.4 Assessment of cardiac collateral arteries
1.2.4.1 Non-invasive methods

The current non-invasive imaging techniques provide useful data for the perfusion territory
supplied by collateral arteries, but at present lack the accuracy of the invasive gold standards.
Positron emission tomography is useful for quantification of collateral-dependent myocardium,
but it cannot be used as a routine method for collateral assessment. Myocardial contrast
echocardiography is another potential method for assessing collateral supply. An important
weakness of these non-invasive methods is that they can be performed only if the coronary status
is already known by coronary angiography. The angiography is necessary to disclose the site of a
coronary occlusion or severe stenosis and consequently permit the non-invasive estimation of the
area provided with collateral blood flow [53].

1.2.4.2 Angiographic methods

Coronary angiography is one of the most frequent applied methods for visual assessment of
coronary collateral circulation. However, for a reliable assessment of collateral arteries, a model
of coronary occlusion must be present - either the natural occlusion model (chronic total
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occlusion) or an artificial coronary occlusion model with a brief blocking of the vessel by an
angioplasty balloon catheter [54]. Rentrop´s classification (often used with modifications) is the
most commonly used test to assess visible and recruitable collaterals. During natural or artificial
occlusion of the culprit artery, dye is injected into the contralateral artery. The following score
describes the filling of the epicardial artery with contrast dye by collaterals: 0 = no visible
collateral channel filling; 1 = filling of side branches of the occluded artery without visualization
of the epicardial segment; 2 = partial filling of the epicardial segment by collateral channels; 3 =
complete filling of the epicardial segment of the culprit artery [55]. If the culprit lesion is not
occluded, but only narrowed, a double artery approach (e.g. via both femoral arteries) is required
for the simultaneously brief occlusion and dye injection, a major limitation of the method.
Rockstroh and colleagues [56] reported on an another quantitative angiographic analysis of the
collateral diameter and underscored the relevance of it for the collateral function. For this
analysis, four types of collaterals are distinguished: septal (SE), atrial (AT), branch-branch in
ventricular free walls (BR), and bridging across lesions (BL). Three different frames of a
collateral artery and three different points on the collateral artery are used. From these images,
nine different measurements are made. The average of these values constitutes the collateral
artery diameter [56].
Using the above anatomical classification of the collaterals, Werner et al. suggested another
classification (three-grade system) for the connecting collaterals (CC): CC 0, no continuous
connection between donor and recipient artery; CC 1, a continuous, threadlike connection; and
CC 2, a continuous, small side branch-like size of the collateral throughout its course. The size is
estimated by using an electronic caliper on enlarged still images: CC1 collaterals diameter 0.3
mm and CC2 0.4 mm) [57]. The authors showed that this grading system correlates to the
invasive determinants of the collateral hemodynamics, such as the collateral resistance index
(Rcoll). However, the angiographic methods, although widely used, are generally limited in
accuracy, as the visible assessment of the collaterals is subject to intra- and inter- observer error
and only spontaneous visible collaterals are detected [58].

1.2.4.3 Intracoronary functional measurements

At present, the most valuable method for assessing coronary collateral artery function is based on
intracoronary pressure and flow measurements. Perfusion pressure and flow velocity obtained
distally to occluded arteries are considered to derive from the collateral vessels [54]. By using a
guidewire with pressure or Doppler-sensors, the functional status of the collateral circulation can
17

be evaluated during coronary angiography. A prerequisite for the calculation of the conductance
of the collateral arteries is the transient creation of an artificial occlusion of the diseased
coronary artery with a PCI-balloon. By measuring simultaneously the aortic and the
intracoronary pressure or velocity distally to the occlusion, a pressure-derived or velocityderived collateral flow index (CFI) is calculated [59]. The CFI index expresses the amount of
collateral flow to the region of interest distally to the occlusion as a fraction of the normal flow,
if the vessel was patent.
The collateral flow pressure-derived index (CFIp) is calculated by the aortic pressure (Pa), the
intracoronary pressure under balloon inflation (wedge pressure-Pw) and the central venous
pressure (Pv):
Equation 1-2: CFIp 

Pw  Pv
Pa  Pv

Pa, Pw, Pv (all in mm of Hg) are mean pressure values that are registered at the end of an oneminute coronary occlusion, as explained in Chapter 3.4.2 [60]. The Pv, measured in the right
atrium, must be subtracted from both the aortic and distal pressures in order to obtain an accurate
value for the CFIp index [61]. The pressure-derived collateral index is validated by scintigraphy
for the semi-quantification of the collateral flow [62]. In the presence of an epicardial stenosis, a
pressure derived collateral index greater than 0.30 (no units) suggests a collateral flow that is
sufficient to prevent myocardial ischemia during PCI [59] and is related to a low rate of ischemic
events after PCI of the vessel [61]. Data from large databases suggest that a cut-off value of 0.25
differentiates patients with well (CFIp>0.25) or poorly (CFIp<0.25) developed collaterals [47].
An analogue to CFIp, the velocity-derived collateral flow index (CFIv) expresses collateral flow
as a fraction of the flow provided by the normally patent artery. For its calculation, a guide wire
with a Doppler-sensor is used. CFIv is calculated by measuring the coronary flow velocity
distally to an occlusion (Voccl) and the coronary flow velocity during vessel patency (Vpat):
Equation 1-3: CFIv 

Voccl
Vpat

Collateral flow velocity and pressure indices show good correlation with possibly greater
sensitivity of the flow index at very low collateral flow index values [59, 63]. However,
calculation of both indices has limitations. For accurate CFIv measurements, the location of the
Doppler wire must be exactly the same during occlusion and vessel patency. Other causes of
overestimation of the CFIv are signal artifacts due to wall movements. Furthermore, flow
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velocity during occlusion (Voccl) and flow velocity during patency of the vessel (Vpat) are not
evaluated simultaneously and therefore are subject to hemodynamic (e.g., heart rate, aortic
pressure) alterations. Overestimation of the CFIp may occur if the left ventricular end-diastolic
pressure is increased (LVEDP>18mmHg) [64]. For reliable estimation of both indices, a constant
coronary artery diameter, maintained by injection of nitroglycerine is important [65]. When
pressure and flow measurements are performed successively, the estimation of indices of the
collateral resistance is possible. Collateral resistance (Rcoll) consists of the collateral
microvascular resistance and the resistance of the donor artery. Rcoll is inversely related to the
extent of functional collateralization and is therefore used as an additional index of collateral
artery status [66].

1.2.5 Clinical trials for the stimulation of arteriogenesis
The present data regarding the therapeutic induction of arteriogenesis by administration of
pharmaceutical agents or other interventions, such as exercise, are limited. In a placebocontrolled study, Seiler et al [67] showed that CAD patients who received granulocytemacrophage colony-stimulating factor (GM-CSF) had a significant increase in the CFIp
compared to those who received placebo therapy. However, in the last mentioned trial, a high
interindividual response to therapy was observed. Furthermore, there are serious concerns about
the safety of colony-stimulating factors in patients who have CAD [68]. Other investigators have
used several growth factors, primarily from the family of FGF (fibroblast growth factor) and
VEGF (vascular endothelial growth factor) to promote angiogenesis, arteriogenesis or both. The
VIVA trial [69] did not show any benefit for patients who received recombinant human vascular
endothelial growth factor protein (rhVEGF) in comparison to the placebo group.
Beyond growth factors, physical activity is also associated with the presence of sufficient
collateral arteries [70]. In 23 patients who had ischemic heart disease, Belardinelli et al. [71]
showed a significant improvement of the collateral arteries in response to eight weeks of
endurance training, whereas, in another study, there was no angiographic improvement of
collaterals after one year of training [72]. Zbinden et al. [73] suggested that even normal
coronary arteries of CAD patients can be supplied with increased collateral flow in response to
exercise, suggesting that, even in the absence of ischemia, collateral artery growth take place
from pre-existing collaterals. The controversy surrounding the data above may be explained by
the different methods used to assess the formation of collaterals. Thus, the supposed arteriogenic
effect of exercise continues to have not been clearly demonstrated in large clinical trials.
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1.3 External Counterpulsation
1.3.1 Introduction
The term external counterpulsation refers to a non-invasive device that is used to achieve a
diastolic augmentation analogue to the intra-aortic balloon counterpulsation. External
counterpulsation was initially developed to help patients with acute myocardial infarction and
heart failure as a non-invasive alternative technique to the intra-aortic balloon (IABP) [74-76].
The first experiments and clinical trials with external counterpulsation took place about 40 years
ago in an investigation of the acute hemodynamic effects on the left ventricular workload and the
coronary perfusion [77-79]. However, the first hydraulic counterpulsation device proved to be
less effective than IABP for the treatment of cardiogenic shock [80]. An alternative non-invasive
counterpulsation device that was based on air-filled cuffs came into use in the late 1970s [81].
The currently used counterpulsation systems are based on the latter. Despite the different
commercial names of the available devices of external counterpulsation (enhanced external
counterpulsation [EECP], increased external counterpulsation {IECP}, sequential external
counterpulsation [SECP]), the physiologic principles of the devices are the same. To avoid
misunderstandings, only the term external counterpulsation (ECP) will be used in this
manuscript.
ECP is indicated in the treatment of the refractory angina pectoris today as suggested by the
guidelines (recommendation class IIb [7]). Other approved indications for use include unstable
angina, congestive heart failure, acute myocardial infarction and cardiogenic shock [82]. The
clinical benefits for patients with CAD include diminution of anginal symptoms, reduced uptake
of nitroglycerine, increase in exercise tolerance and improvement in the quality of life [83].
Three of four patients with refractory angina experience an improvement in at least one class in
the classification of the Canadian Cardiovascular Society of Cardiology (CCS) and 38% of them
experience improvements in at least two classes immediately following the therapy. The benefits
for most of the patients can be maintained for up to three years after completion of the therapy
[84]. The exercise capacity of the majority of patients [85-87] is also improved. Recent studies
have demonstrated the safety and effectiveness of the method for patients with mild to moderate
heart failure. Exercise tolerance and functional class in the New York Heart Association (NYHA)
classification were also improved following the therapy [88]. A retrospective analysis of patients
who have refractory angina and underwent ECP revealed a significant reduction of systolic
pressure [89]. The therapy may also be effective for other conditions, such as hepatorenal
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syndrome [90], restless leg syndrome [91], erectile dysfunction [92], tinnitus [93] and, as has
been shown recently, ischemic stroke [94].

1.3.2 Technique of ECP
Three pairs of cuffs are wrapped around the calves and lower and upper thighs to augment blood
flow. The cuffs are inflated from distal to proximal during early diastole and are deflated at the
onset of systole (Figure 1-3). This mechanism results in augmented diastolic pressure (diastolic
augmentation) and increased venous return during inflation. Due to the rapid deflation at the
onset of systole, the peripheral vascular resistance is lowered (systolic unloading).

Figure 1-3: Principle of enhanced external counterpulsation (from www.mayoclinic.org, Copyright 2009 Mayo
Foundation for Medical Education and Research)

The synchronization of the cuff compressions with the cardiac cycle takes place automatically
through ECG. The hemodynamic impact of the ECP device is monitored in real-time with finger
plethysmography. During inflation-deflation, finger plethysmography displays the diastolic and
systolic alterations of the blood volume respectively. These changes in the blood volume on the
finger’s tip reflect alterations of the vascular bed due to the ECP (Figure 1-4).
Whereas the principal operation of ECP is ECG-triggered and automatic, the operator can
optimize the hemodynamic effect by modifying the times of inflation and deflation of the cuffs.
For example, a prolongation of the inflation time results in a longer compression of the cuffs.
These adjustments of times are based on the achieved diastolic and systolic curves that are
depicted continuously on the device’s monitor. From these curves, the D/S ratio is calculated
automatically as: D/S ratio= diastolic augmentation amplitude / systolic augmentation
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amplitude. An increase in the ratio reflects reduced peripheral vascular resistance and an
improved endothelial function. Previous trials have shown that an increase in the ratio during the
treatment period is related to the reduction in angina class and an improved outcome of the
therapy [95, 96]. However, other trials suggest that the therapy is effective independently of an
improvement of the ratio, supporting the belief that a more complex action mechanism, as
described below, is behind the clinical effect of ECP [97]. A maximal hemodynamic effect is
achieved by an index of 1.5 or greater [98].

Figure 1.4: Finger plethysmography curves as transmitted by the counterpulsation machine. Before activation of
ECP only a systolic wave can be seen. Right, after activation of ECP a second diastolic wave is produced. The D/S
ratio is calculated from these amplitudes.

A typical course of EECP includes 35 outpatient treatments administered as 1-hour daily sessions
over seven weeks. This standard duration of counterpulsation treatment is based on empirical
data derived from studies in China and has been proposed as the optimal course based on data
from the international EECP® Patient Registry [99].

1.3.3

Mechanism of the action and review of the literature

Although the technical principle of external counterpulsation is simple, the physiological
response, especially that of hemodynamic effects, is complex and the mechanisms of action are
only partially elucidated. Three main hypotheses have been accepted so far, but are still under
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investigation: i.) adaptive proliferation of coronary collateral arteries (arteriogenesis), ii)
improvement of the endothelial function and decrease of peripheral resistance, iii) improvement
of the left ventricular function. The links among these hypotheses are presented in Figure 1-5.

Figure 1-5: Mechanism of the action of external counterpulsation (reprinted from [100] with permission from
Elsevier)

The first two hypotheses share a biomechanical effect of ECP - the increase in shear stress.
Michaels and colleagues investigated the acute effect of ECP on cardiac function and circulation
by intracoronary pressure measurements and intracoronary Doppler flow. They showed that
intracoronary peak diastolic pressure was increased by 93% during ECP, while peak systolic
pressure was reduced by 15%. The peak diastolic coronary flow velocity was increased by 109%,
suggesting an improvement in coronary blood velocity [101]. In another study, the blood flow in
the brachial artery was increased, although the diameter of the artery remained unchanged [102].
According to the latter data and Equation 1-1, it is assumed that the shear stress in the arterial
system is increased during ECP. Increased levels of shear stress are crucial for the maintenance
and improvement of endothelial function, as well as for arteriogenesis [103, 104]. The improved
endothelial function leads to improved vasodilatation, which forms a crucial regulatory
mechanism of the myocardial blood flow. In addition, the vasodilatation is important for the
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supply of blood to the collateral arteries during arteriogenesis [105]. The hypotheses of
arteriogenesis and endothelial function are discussed below in detail.

1.3.3.1 ECP and Collateral Arteries

The hypothesis of arteriogenesis as a mechanism of action of counterpulsation goes back to the
1970s. Jacobey and Rosenzweig examined post mortem angiograms of dogs that were initially
submitted to an acute or chronic myocardial infarction and consequently treated with
counterpulsation therapy. The angiograms showed enhanced epicardial and sub-endocardial
collateralization and reduced size of infarction in dogs that were treated with counterpulsation in
comparison to control dogs [106, 107]. In a recent study, canines with myocardial ischemia were
treated with an external counterpulsation model that was similar to that which is currently used
in humans. The animals were submitted to occlusion of a coronary artery before being
randomized in the active ECP group or control group. After six weeks of counterpulsation, the
perfusion defects in the initial ischemic infarcted areas were attenuated in the active group [108].
The improvement of the perfusion only in the ischemic areas suggests an angiogenic effect of the
method. However, no data about perfusion changes in the myocardial areas near the ischemic
regions were presented.
Several studies have investigated the effect of ECP on myocardial perfusion in humans.
However, the data is controversial. Masuda et al [109] studied prospectively 11 patients with at
least one coronary stenosis (> 90%) before and after treatment with ECP. Myocardial perfusion,
assessed by dipyrimadole

13

N-ammonia positron emission tomography (PET), increased after

ECP, suggesting an arteriogenic effect of the therapy [109]. Improved myocardial perfusion by
myocardial

scintigraphy

and

reduction

of

wall

abnormalities

assessed

by

stress-

echocardiography are shown in many clinical trials. Two other studies showed no effect of ECP
on myocardial perfusion, despite a clinical improvement of the patients accompanied by reduced
peripheral resistances and decreased heart rate response to exercise [85, 110]. The authors
attributed it to a “training effect.” Other investigators assessed the impact of ECP on collateral
arteries and myocardial perfusion invasively with angiographically scoring (Rentrop score) and
non- invasively with SPECT [86]. Both endpoints were assessed before and after ECP in patients
who had at least one residual coronary stenosis. The reduction of the perfusion defects in SPECT
was not accompanied by a significant increase of the Rentrop score, but was related to a
reduction of the left ventricular end-diastolic pressure (LVEDP) [86]. However, the visual
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principle of the Rentrop score does not allow the detection of collateral < 1mm and is subject to
intra- and interobserver errors [58].
A summary of all trials that assess the effect of ECP on myocardial perfusion is presented in
Table 1-1. Eight of eleven studies demonstrated that, after ECP, the reduced myocardial ischemia
is correlated with an improvement of the anginal symptoms, thereby suggesting recruitment and
proliferation of collaterals as the most probable mechanism. The growth of collateral arteries
bypassing the stenosis or occlusion results in an improvement of regional perfusion at rest.
Under exertion or during a stress-test, the blood flow by collaterals may further increase as
recruitment of collaterals occurs under myocardial ischemia. This increased perfusion may
alleviate the patient’s anginal symptoms and be detected as an improved perfusion in scans.

1.3.3.2 ECP and Endothelial Dysfunction

The hypothesis of improvement of the endothelial function is already supported by clinical and
experimental data. It is not only the increased shear stress, but also the increased number of
arterial pulsations per cardiac cycle during the counterpulsation therapy that exerts beneficial
effects on the endothelium [111]. During the therapy a second pulsation occurs during diastole
for every heart beat. By performing functional tests for the assessment of the peripheral
endothelial function, such as brachial artery flow-mediated dilation (FMD) or reactive
hyperemia-peripheral arterial tonometry (RH-PAT), an improvement of the endothelial function
in response to ECP has been shown [112, 113]. Circulating levels of important mediators of the
endothelial function (cGMP and nitric oxide) are also elevated after ECP, suggesting a positive
effect of the therapy on the endothelial function [114, 115]. Recently, it was reported that ECP
reduces the circulating levels of inflammatory cytokines. Casey and colleagues demonstrated a
reduction of the levels of the tumor necrosis factor-α (TNF-α), monocyte chemoattractant
protein-1 (MCP-1) and vascular adhesion molecule -1 (VSCM-1) after ECP. Furthermore,
stabilization of the endothelium, which also occurs after exercise training, was demonstrated in
hyperocholsterolemic pigs in response to ECP [116].
Other investigators discovered that ECP reduces arterial stiffness, implicating a peripheral
vasodilatation and decrease of the peripheral resistances due mostly to improved endothelial
function [117]. An improvement of the arterial stiffness could have a direct effect on coronary
perfusion. It is known that an increased artery stiffness attenuates coronary blood flow due to an
increased left ventricular workload and a reduced coronary artery diastolic filling [118].
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Table 1-1: Clinical trials assessing the effect of ECP on myocardial ischemia
by imaging stress tests
Study N
Population / Design
Test(s) used
Results
(Ref. #)

[119]

18

Stable CAD, prospective trial

[120]

50

Chronic stable angina,
angiographic CAD (>70%
stenosis in a major vessel),
retrospective trial

Treadmill thallium
- 201 SPECT for
the same exercise
duration
Exercise
radionuclide test at
the same workload

[121]

60

2 groups of patients:
Group A: unbypassed patients
with 1-, 2- or 3- vessel disease.
Group B: patients with prior
CABG and residual 1-, 2- or 3
vessel disease, prospective trial

Treadmill
radionuclide test at
the same workload

[86]

12

Stable patients with stenotic
lesions >75% in at least one
major coronary artery,
prospective trial

[109]

11

Stable patients with >90%
stenosis in at least one major
coronary artery,
prospective trial

i. exercise thallium
-201 SPECT, ii.
coronary
angiography with
Rentrop score
Dipyridamole 13Nammonia positron
emission
tomography (PET)

[122]

175

Patients with stable CAD.
International seven-center study
(the follow –up test was
performed within 6 months after
completion of the therapy)

[87]

25

[123]

23

[124]

25

Refractory angina and at least one Dobutamine stress
non-revascularisable stenosis,
echocardiography
prospective trial

[85]

37

[110]

11

Severe angina (CCS III-IV) and
positive ischemic test, prospective
multi-center trial
Stable angina, angiographic CAD
(>70% stenosis in a major vessel),
prospective trial

Treadmill technetium - 99m sestamibi or thallium -201
SPECT to the
same levels of
exercise (4 centers
or to the maximal
workload after
EECP (3 centers)
Presence of stenosis >70% in one Symptom-limited
or more major coro- nary artery or maximal
a history of CABG. Prospective, technetium 99m
two-center study.
sestamibi SPECT
Stable refractory angina pectoris, Dobutamine stress
prospective trial
echocardiography

Symptom-limited
technetium 99m
sestamibi SPECT
Dipyridamole 13Nammonia PET

Reduction of perfusion defects
in 14 patients (78%, p<0.01*)
i. Improvement of perfusion
imaging (p<0.001*), ii. inverse
relation between CAD severity
and therapeutic benefit (p<0.01*)
i. Comparable effectiveness in
patients of both groups with 1- or 2vessel disease (88% in group A vs
80% in group B, p=NS)
ii. improvement of 80% in group B
vs 22% in A, p<0.05 (patients with 3vessel disease)
i. Decrease of region with perfusion
defects from 35% to 21% (p<0.01*)
after ECP
ii. Rentrop score without significant
change
i. Increase of the overall myocardial
perfusion at rest (p<0.05*)
ii. increase of the dypiridamole
myocardial perfusion only in the
regions of CAD (p<0.05*)
i. 83% improvement in perfusions
defects of patients undergoing the
test to the same level
ii. 54% improvement in patients with
maximal test post-ECP
iii. higher improvement in patients
with history of angioplasty vs
patients with no history of
revascularization (p<0.025)
64% of the patients had improved
nuclear scores after EECP (from
16.36 to 14.12, p<0.05*)
Improvement ≥2 grades in wall
motion scores in 43% of patients.
Average change 5.3±3.8 vs -0.6±3.0
in the 57% with no improvement
(p<0.007)
36% of patients with improvement of
the ischemia (NS)
No improvement of the myocardial
perfusion
No improvement of the myocardial
perfusion in the normal or ischemic
areas

* compared to baseline, NS= not statistical significant
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However, other researchers could not confirm a positive effect of counterpulsation on arterial
stiffness despite an improvement of exercise capacity in a treadmill test [125]. Furthermore, most
of the exercise tests within past ECP trials were performed at the same level of exercise (same
double product) before and after ECP. In this case, reduced myocardial oxygen demand due to a
peripheral training effect and lower peripheral vascular resistance could also explain the
attenuation of perfusion defects and the relief of the patients’ symptoms.
Changes in the cardiac endothelial function may also be detected in the imaging test as perfusion
changes at rest or under exercise. It is therefore obvious that both improvement of the endothelial
function or the collateral growth after ECP could be detected as improved myocardial perfusion
in the imaging tests of the studies mentioned in the previous chapter. This fact does not exclude
that both mechanisms of action may contribute in parallel or synergistically to the effects of ECP.
In the majority of the ECP trials performed to date physical exercise tests (e.g., treadmill
SPECT), but no pharmacologic tests, were used to evaluate the effect of ECP on myocardial
blood flow. By using these methods one cannot exclude a possible contribution of the coronary
endothelium to the coronary blood flow. It is known that an impaired coronary endothelium may
partly contribute to the perfusion defects demonstrated by SPECT [126] or vice versa (i.e., that
the improvement of the myocardial ischemia after ECP may be partly attributed to improved
coronary endothelial function).
As long as ECP exerts systemic effects on the vasculature, it is reasonable to hypothesize that the
coronary endothelium is also improved following the therapy. Indeed, patients who suffer from
microvascular angina that was attributed to Syndrome X were treated successfully with ECP.
After the therapy, clinical improvement and a reduction of regional ischemia in imaging tests
were demonstrated [127, 128]. These data may support a direct improvement of the coronary
endothelial function and a consequent increase of the myocardial blood flow after ECP.
Unfortunately, an assessment of the endothelium-dependent coronary vasodilatation by injecting
acetylcholine before and after ECP has not been conducted to date.
All theses data support the hypothesis that ECP improves the endothelial function and reduces
peripheral resistance.

1.3.3.3

Further mechanisms / hypotheses of action of ECP

As mentioned above, the reduction of perfusion defects in SPECT was associated by Urano and
Collegues [86] to a reduction of the left ventricular end-diastolic pressure (LVEDP) [86]. Such
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an improvement of the left ventricular function has also been related to a significant reduction of
the atrial natriuretic peptide (ANP) and brain natriuretic peptide (BNP) in response to a course of
ECP [109]. The reduced myocardial oxygen demand and/or the improved coronary artery filling
due to the reduced diastolic pressure could also explain the attenuation of myocardial perfusion
defects [86]. Other investigators demonstrated that a marker of the left ventricular filling, the
lung-heart ratio was reduced after ECP [129]. The decrease of the lung/heart ratio indicates a
decrease in the LVEDP and left ventricular end diastolic volume [130].
In an echocardiographic trial, the left ventricular end-diastolic volume decreased after therapy
and the left ventricular ejection fraction (LVEF), when it was abnormal at baseline, increased
after ECP [131]. However, in a recently published study, no improvement of any index of the left
ventricular systolic and diastolic function was detected by echocardiography [132]. So, the effect
of ECP on the function of the left ventricle must be studied in larger trials before a satisfactory
conclusion can be drawn.
Another hypothesis of the mechanism of action suggested that the latter is an improvement of the
autonomic regulation of coronary blood flow in response to ECP. The investigators assumed that
an improvement of the function of the carotid baroreceptors due to the augmented diastolic aortic
pressure could further improve the balance of the coronary autonomic tone. This could result in a
decrease of the sympathetic tone and an improvement of coronary vasodilatation and coronary
flow. However, the latter hypothesis could not be verified in a clinical trial [133] that assessed
the heart rate variability pre and post EECP as a non-invasive marker of the autonomic tone
[134].
The above data demonstrate that the mechanism of action of ECP may not be a singular one, but
rather a combination of peripheral and cardiac effects. Whether ECP improves the myocardial
perfusion and any such improvement is related to collateral growth are subject to controversy
[85]. To elucidate the latter hypothesis, the gold standard invasive method to detect the collateral
arteries was for the first time investigated in the current trial.
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2 The Study’s Hypothesis

The objectives of this study were to:



provide clinical data that arteriogenesis is the main mechanism underlying the beneficial
effects of ECP in patients with stable coronary artery disease



provide clinical data that myocardial blood flow improves after ECP



assess the link between improvement of the myocardial blood flow and clinical improvement
in response to therapy



investigate possible effects of ECP on coronary microcirculation



assess the effect of ECP on the left ventricular function
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3 Patients and methods
3.1 Study population
This study is the second clinical trial of the Arteriogenesis Network (Art.Net.2). It was designed
as a prospective, controlled, proof-of-concept study and took place from December 2006 to
January 2008. The participating center was the Franz-Volhard-Klinik, Helios Klinikum BerlinBuch, Charité-Univeristätsmedizin Berlin. The study was conducted in accordance with the
principles of the declaration of Helsinki and was approved by the ethical committee of the
Charité-Univeristätsmedizin Berlin. Written informed consent was obtained from all patients. A
total of 23 patients were recruited between February 2007 and September 2008 in the
Department of Cardiology, Franz-Volhard-Klinik, Helios Klinikum Berlin-Buch. All patients
were being attended in the out- or in-patient clinic of the hospital.

3.1.1 Inclusion and exclusion criteria
Patients between 40 and 80 years old, who had diagnosed with stable coronary artery disease,
were considered for screening. Only patients who were known to have a residual severe, but low
risk stenosis of type A according to the AHA/ACC glossary [135, 136] with a positive ischemic
stress-test and who were being advised to undergo percutaneous revascularization were
considered as probable candidates for the study. An ischemic test was considered as positive if
inducible ischemia appeared in myocardial scintigraphy, stress-echocardiography or in cardiac
magnetic resonance with stress test (dobutamine or adenosine infusion). Patients whose coronary
status were unknown, but who had a positive stress-test and were advised to undergo a diagnostic
coronary angiography were also considered for inclusion. To rule out a transmural infarction in
the region of interest, cardiac magnetic resonance imaging (CMR) with delayed enhancement
was performed on the candidate patients prior to cardiac catheterization. Given that the study
participants still met the inclusion criteria, the final decisions to include them or not were made
during the cardiac catheterization depending upon the fractional flow reserve (FFR). Only
patients who had stable CAD and FFRs less than 0.80 were recruited for the study. In addition to
the published contraindications for ECP treatment [99], the exclusion criteria for our study
included unstable angina, previous transmural infarction in the area supplied by the narrowed
coronary artery (region of interest), as well as contraindications for CMR and administration of
adenosine. Furthermore, due to the fact that the therapy took place daily in the outpatient clinic
over a period of seven weeks, only patients who were living within a distance of 25 km from the
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hospital were considered for recruitment. Table 3-1 summarizes the inclusion and exclusion
criteria.

Table 3-1: Inclusion and exclusion criteria
Inclusion Criteria






40 to 80 years of age
Stable coronary vessel disease
Angiographically visual significant stenosis (>70%) of at least one epicardial coronary artery
Positive imaging stress test (myocardial scintigraphy, stress-echo, adenosine or dobutamine stress
cardiac magnetic imaging) for the region of interest (ROI)
Fractional Flow Reserve (FFR) < 0.80

Exclusion Criteria















Unstable angina
Severe kinking of coronary vessels or vessel anatomy unfavorable for pressure measurements
Magnetic resonance-incompatible metallic implants or known claustrophobia
Transmural infarction (assessed via CMR) in the area supplied by the narrowed artery
Ischemic or non-ischemic left ventricle dysfunction with an Ejection Fraction (EF) less than 35%
Tricuspid and aortic valve insufficiency > moderate and aortic valve stenosis > moderate
Relevant stenosis of the aorta abdominalis or aorta thoracica, coarctatio aortae
Atrial fibrillation, severe hypertension with systolic pressure > 180 mmHg
Symptomatic angiopathy of the lower limb (neuropathy, vasculitis, ankle pressures < 100 mmHg),
chronic venous insufficiency > grade III, symptomatic varicosis, thrombosis, occlusion of vena cava
inferior, phlebitis
Lesions of the lower extremity (ulcers, big scar, etc.) or symptomatic orthopedic disease (hip, knee)
Pre-proliferative or proliferative diabetic retinopathy
Anticoagulation with International Normalized Ratio (INR) > 3 or INR < 3 and disturbed homeostasis
Asthma bronchiale, severe systemic disease, pregnancy, mental retardation or dementia
Acute renal insufficiency, progressive renal insufficiency, chronic renal insufficiency - KDOQI > III

3.2 The study design
At the time of the ethics committee approval in 09/2006, the committee gave no permission for
inclusion of a sham-ECP or control-group. Hence, the study began with the recruitment of the
ECP-group. However, with the publication of the COURAGE Trial [22] that provided evidence
that, under optimal medical treatment, PCI can be deferred safely in stable angina pectoris, we
received agreement from the ethics committee to include a control-group. Thereafter, all studyparticipants included were pseudo-randomized in a 2:1 proportion to ECP and control. Since
three patients were already in the ECP group, the 4th patient was allocated to the control group
and every third patient thereafter was also allocated to the control.
Sixteen patients were prospectively recruited and treated with ECP. Seven patients served as
control patients for the natural growth of collateral arteries within seven weeks. The study was
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conducted in two phases: the pre-study period (phase 1) and the study period (phase 2). Figure 31 shows a flow chart of the study.

Figure 3-1: Flow chart of the study (CMI: cardiac magnetic imaging test, OMT: optimal medical therapy, FFR:
fractional flow reserve)

3.2.1.1 Phase One (weeks -2 to 0)

Patients who had stable coronary artery disease and were treated in the in- or out-patient clinic of
the participating centre were screened for study eligibility. Potential patients were informed of
the study protocol and underwent an ECP test treatment of 30 minutes to confirm that they could
tolerate the therapy. After providing written consent, all participants entered the first phase of the
trial. Phase one was common to both groups. The clinical symptoms of the patients were
assessed twice within two weeks (weeks -2 to -1). The clinical evaluation of the patients was
based on standardized questionnaires of the Canadian Cardiovascular Society grading scale
(CCS) for angina pectoris and the New York Heart Association (NYHA) functional class for
dyspnea at exertion. A questionnaire of the daily physical activities of the patients was
completed. Patients were instructed not to modify their daily activities from that point in time
until the study protocol had been completed. Oral antihypertensive medication, if not
appropriate, was adjusted to meet the guideline recommendations [137]. An echocardiography at
baseline was performed. Patients who had not already undergone a myocardial stress-test
(scintigraphy imaging, stress-echocardiography or stress perfusion magnetic resonance imaging
of the heart) underwent an adenosine stress CMR. If the existence of at least one
angiographically significant stenosis of type A according to AHA/ACC [136] was confirmed
during the baseline coronary angiography, the hemodynamic significance of the stenosis was
evaluated by fractional flow reserve (FFR). Taking into account the fact that all patients had a
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positive ischemic stress test at the time of catheterization, patients were recruited in the study if
FFR<0.80 [21, 138]. If FFR≥0.80 the patient was excluded from the study.

3.2.1.2 Phase Two (weeks 1-8):

In the second phase of the study, patients were divided into the ECP group and the control group.
In the ECP group the ECP therapy was undertaken using the standard treatment course, which
comprises sixty minutes of therapy five times weekly for a period of seven weeks. At the end of
the therapy, each patient had received 35 hours of ECP. Clinical symptoms, blood pressure and
heart rate were registered at each treatment session. During the seven-week period, the control
group received optimal medical treatment and coaching according to the therapeutic goals within
the COURAGE Trial [22]. These included an improvement of clinical symptoms and a reduction
of cardiovascular risk factors and poor health behavior. This was accomplished by medical
therapy, regular physician surveillance and lifestyle, as well as nutrition counseling by a skilled
staff. To compensate for the non-therapy-related effect (increased daily activity in the ECP
treatment group due to walk-in treatment, regular contact to the study-team), the control group
had an appointment within our clinic five days per week throughout a seven-week period for
counseling or non-study-related diagnostics: ultrasound, ankle-brachial index, 24h bloodpressure measurements, ergometric test, 24-hour ECG reading, and a weekly advisory by a
dietary consultant. In addition, the control group was seen by the study-physician twice weekly
to assess CAD-related symptoms and patients’ concerns.
Most antihypertensive medication is known to influence myocardial circulation and deregulate
collateral blood flow [139-142]. Therefore, only hydrochlorothiazide was adjusted, if necessary,
in both groups [143]. In both groups, concomitant medication was defined as background
medication and was kept unchanged in Phase 2. Dose-adjusted lipid-lowering medication was
given in both groups. Thus, the known beneficial effect of lipid-lowering medication on the
collateral blood flow was expected in both groups [144, 145]. In the 8th week, after having
completed the study-course, follow-up with the identical-to-baseline, non-invasive tests and
invasive measurements were performed. After assessing the study-related hemodynamic
measurements, PCI and stenting was performed or not performed, according to the guidelines
[21, 146].
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3.3 Clinical endpoints and non-invasive measurements
3.3.1 History and clinical examination
A detailed medical history of each patient was taken in Phase one, before inclusion in the
protocol of the study. Data including the following variables were recorded: previous
cardiovascular events (infarction, acute coronary syndromes, hospital admissions due to unstable
angina, etc), previous cardiovascular interventions and the presence of risk factors for coronary
artery disease (hypertension, diabetes, hyperlipidemia, positive family history, and smoking).
The CCS grading scale was used to assess angina. The NYHA classification was obtained to
assess exercise-induced dyspnea (Table 3-2). The height and weight of each patient was
recorded. A general clinical examination and an ECG followed. If necessary, additional tests,
such as peripheral artery duplex, were conducted. The medical history, classification of
angina/dyspnea and clinical examination were repeated weekly.

Table 3-2: Evaluation of clinical symptoms
CCS Classification

NYHA Classification

Class 0: No angina at any level or strength of physical activity

Class I: No limitation of physical

Class I: Angina with rapid or strenuous or prolonged exertion only

activity. Ordinary physical activity does
not cause undue fatigue, palpitation, or
dyspnea (shortness of breath)

Class II: Angina on walking or climbing stairs rapidly, walking Class II: Slight limitation of physical
uphill or exertion after meals, in cold weather, when under emotional

activity. Ordinary physical activity results

stress, or only during the first hours after awakening

in fatigue, palpitation, or dyspnea

Class III: Angina on walking one or two blocks on the level or one Class III: Marked limitation of physical
flight of stairs at a normal pace under normal conditions

activity. Less than ordinary activity causes
fatigue, palpitation, or dyspnea

Class IV: Inability to carry out any physical activity without Class IV: Unable to carry out any
discomfort or “angina at rest”

physical activity without symptoms

3.3.2 Clinical laboratory evaluation
Blood samples were drawn at week 0 and 8. Determination of blood cell counts (hemoglobin,
hematocrit, platelet count and white blood cell count), cardiac markers (Troponine-T, CK, CK34

MB), haemostatic tests (PTT, prothrombin time, INR), electrolytes, creatinine and lipid profile
(total cholesterol, triglycerides, LDL, HDL) were carried out. All blood analyses took place on
the same day at the hospital laboratory of Helios Klinikum, Berlin-Buch.

3.3.3 Exercise test
A symptom-limited bicycle ergometric test was performed at baseline (phase 1) and after the
ECP therapy (week 8). An ergometric system from General Electric was used (model: Kiss and
eBike L). Continuous monitoring of symptoms, 12-canal electrocardiogram and heart rate
monitoring were performed. The blood pressure was measured at 2-min intervals. The test
started at 50 watts and continued with an increase of 25 watts every two minutes. The
examination was terminated due to the emergence of modest to severe angina or dyspnea,
exhaustion or presence of other indications, according to the guidelines [147]. The achievable
workload, rate-pressure product, exercise duration, maximal heart rate, time-to-occurrence of
symptoms, and time and severity of electrocardiographic changes were recorded for the study
analysis.

3.3.4 Cardiac magnetic resonance imaging
CMR, including a protocol of delayed enhancement and left ventricular assessment, was
performed for all patients in the ECP group at baseline and at week 8. For patients in the control
group, the CMR was only performed at baseline. In addition, for patients who presented without
an ischemic test, CMR was extended to a stress-test with application of adenosine. For each
patient, the same CMR-protocol to the baseline was repeated at week 8. Images were acquired
using a 1.5 T magnetic resonance scanner (Sonata, Siemens Medical Solutions, Erlangen,
Germany). Localization was performed using breath-hold, single-phase, steady-state, free
precession images in 2, 3 and 4 chamber views. Retrospective-gated, steady-state, free
precession cine images were then acquired in short axis views covering the left ventricle (slice
thickness/gap: 10/0 mm) and in long axis (2-, 3- and 4-chamber) views. Ten minutes after
intravascular injection of 0.2 mmol gadolinium-DTPA (Magnevist, Schering, Germany) / kg, late
gadolinium enhancement (LGE) images covering the left ventricle were acquired using a
standard two-dimensional segmented inversion recovery gradient echo pulse sequence (TR: 5
ms, TE: 1.3, matrix: 256 × 256, field of view 340–380 mm, slice thickness 10 mm with no gap,
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spatial resolution: 1.3 × 1.3 × 10 mm) with an inversion time optimized to a normal myocardial
signal of zero.
Epicardial and endocardial borders of the left ventricle (LV) were traced manually in the stack of
short axis cine images at end-systole and end-diastole using commercially available cardiac
postprocessing software (MASS Suite ® 6.2.3, Medis, Leiden, Netherlands). Papillary muscles
and trabecula were excluded for LV volume determination. Model-free measures of left
ventricular diastolic and systolic volumes, ejection fraction, left ventricular mass, stroke volume
and cardiac output were calculated.

3.4 Invasive measurements and endpoints
3.4.1 Fractional Flow Reserve (FFR)
The pressure derived fractional flow reserve is an index that allows the functional evaluation of
the severity of a stenosis. FFR shows to what extent a particular stenosis affects the myocardial
blood flow or the ischemic potential of a stenosis. The method was proposed and established
from Pijls and De Bruyne in the past decade [148, 149]. FFR is estimated under maximal
hyperemia because it is the maximum flow to meet the metabolic demands of the heart to
prevent ischemia. Consequently, FFR is calculated from the ratio of the maximum myocardial
blood flow in the presence of a stenosis (Q) to the normal maximum flow (Qn) (Equation 3-1):
Equation 3-1: FFR 

Q
Qn

The Qn represents the theoretical myocardial flow if no stenosis is present. Q and Qn are
estimated as follows:
Equation 3-2: Q 

( Pd  Pv )
R

Equation 3-3: Qn 

( Pa  Pv )
R

where Pd represents the mean hyperemic distal coronary pressure, Pa the mean hyperemic aortic
pressure, Pv the mean hyperemic central venous pressure and R the myocardial resistance under
maximum vasodilatation.
Assuming that resistance at maximal dilatation is minimal, the next equation can been used to
assess the FFR [150]:
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P  Pv
Equation 3-4: FFR  d
Pa  Pv

The next figure gives an example of this approach:

Figure 3-2: Stenotic coronary artery and the myocardium supplied under maximum hyperemia. In this case,
FFR=(70-0)/(100-0)=0.7. A ratio of 0.7 signifies that only 70% of the maximum myocardial blood flow is preserved
in the presence of the stenosis. From [151], reproduced with permission from the BMJ Publishing Group.

In the absence of a stenosis, no pressure gradient exists across the coronary artery and pressure
derived-FFR=1. This is the physiological value of a non-diseased coronary artery and
undisturbed myocardial distribution. The FFR index is independent of hemodynamic conditions,
like heart rate, blood pressure and myocardial contractility, as long as Pd and Pa are measured
simultaneously under maximal hyperemia [150]. It is therefore admissible to use the index for
inter- and intra-individual comparisons. Furthermore, FFR takes into account the collateral
contribution to the myocardial blood flow and any change of the collateral blood flow is
reflected in the FFR [61].
The FFR is validated as an accurate method to differentiate whether an epicardial stenosis
induces ischemia and must be treated with PCI [138, 149, 152]. An FFR <0.75 indicates a
stenosis in need of revascularization. A value greater than 0.80 excludes ischemia in 90% of the
cases and is defined as the cut-off point to defer intervention [138, 153, 154]. The last guidelines
suggest that a “grey zone” exists for FFR values between 0.75-0.80 in regards to performing or
not performing an intervention [21]. However, new data suggest that, when FFR>0.75, the risk
of death or myocardial infarction if a PCI is deferred is <1% per year and does not differ from
the risk of patients who undergo PCI for an FFR>0.75 [155].
FFR acts in this study-setting as a criterion for inclusion, as well as a secondary endpoint. As
long as only patients with hemodynamic significant stenosis are eligible to enter the study, we
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decided to recruit patients if they fulfilled both following criteria: positive stress-test (as
mentioned in chapter 3.1.1) and FFR<0.80. Thus, the decision whether to include a patient was
dependent on the FFR-index in the catheterization laboratory.

3.4.2 Collateral flow index (CFIp)
The main hypothesis of the study, that external counterpulsation leads to an improvement of the
coronary collateral arteries, was investigated by measurement of the CFIp. The CFIp was the
primary endpoint. As previously mentioned, the pressure-derived collateral flow index is
currently the gold standard for assessment of collateral blood flow [54].
The CFIp represents the maximum recruitable collateral flow reserve (Qc) as a fraction of the
normal myocardial perfusion (Qn):
Equation 3-5: CFIp 

Qc
Qn

In other words, CFIp expresses the blood flow distal to a coronary occlusion that is maintained
due to the presence of collateral arteries as a percentage of the normal flow, if the artery was
open. The estimate of the index in clinical practice is based on pressure measurements and is
calculated in the next equation [150]:
Equation 3-6: CFIp 

Pw  Pv
Pa  Pv

where Pw represents mean distal coronary pressure during balloon occlusion (coronary wedge
pressure), Pa the mean aortic pressure, and Pv the mean central venous pressure.
In other words, the CFIp expresses the percentage of blood pressure distally to an occlusion as
part of the blood pressure, if the epicardial coronary artery was not occluded. The distal pressure
is dependent on the existence and amount of collateral arteries supplying the post-occluded
myocardium with blood. Equation 3-6 can be applied in a model of coronary circulation like that
in the next figure:
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Figure 3-3: During a brief balloon occlusion proximally to the stenosis, the distal “wedge” pressure (Pw) is
measured by the pressure wire. Pa is measured by the guide wire in the aorta. Pw depends on blood supply by the
collateral arteries.

To estimate the contribution of the collateral arteries to coronary perfusion, it is essential that the
antegrade flow is interrupted. This interruption can be performed artificially by a brief coronary
occlusion, as in Figure 3-3. In our study the pressure measurements were not performed in
occluded vessels, but in coronary arteries that had at least one significant stenosis. In this case, to
measure the wedge pressure, a brief occlusion of 60-70s was performed by carefully inflating a
PCI-balloon proximally to the stenosis of interest in order to interrupt the antegrade flow. During
the occlusion Pa, Pw and Pv were simultaneously recorded. The short-term coronary occlusion
serves not only the block of the antegrade coronary flow, but also is the ischemic stimulus for
recruitment of collateral arteries. It has been suggested that the 60-70 second duration of the
balloon inflation is sufficient for maximal recruitment of collaterals without causing any harm to
the myocardium [60].
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3.4.3 Index of microcirculatory resistance (IMR)
Another important issue that remained unclear was whether ECP exerts any effects on the
microcirculation of the heart. A method to assess the microcirculation is to evaluate the ability of
these small vessels to vasodilate and induce a subsequent increase of coronary blood flow. The
small vessels (<400μm) are the main source of resistance to flow [156] and upon vasodilatation,
for example with adenosine, they contribute maximally to increased coronary blood flow. The
magnitude of the increase in coronary blood flow under hyperemia (from basal coronary
perfusion to maximal coronary vasodilatation) is termed coronary flow reserve (CFR) [157].
Pijls and De Bruyne introduced a method to measure CFR simultaneously with the pressure
measurements necessary for the calculation of FFR by using the principles of thermodilution
[158, 159]. The commercially available guidewire for intracoronary pressure measurements
(PressureWire, Radi Medical Systems) is equipped with a sensor on its tip, measuring pressure
and temperature simultaneously. The shaft of the wire can recognize the start of a saline injection
and act, therefore, as a proximal “thermo sensor.” By injecting a bolus of saline through the
guiding catheter at a temperature lower than that of blood, it is possible to measure the “traveling
time” of the injectate (saline) from the guiding catheter to the distal sensor. This is referred as
transit mean time (Tmn). Thus, Tmn shows how fast the injectate flows in the coronary arteries.
It is dependent on the coronary resistance. By measuring the Tmn at rest and under hyperemia, it
is possible to assess the increase in the coronary blood flow as a result of the reduction of
resistance, mainly of the distal small arteries. In this case, the CFR is calculated from the
following equations:
 V 
hyperemia

(Tmn)rest
Fhyperemia
Tmn 

 CFR 
Equation 3-7: CFR 
 CFR 
(Tmn)hyperemia
Frest
 V 
rest

 Tmn 

F and V represent blood flow and coronary volume respectively. For further information about
the mathematical approach, we refer to the related articles [158, 159].
Although CFR is a useful index to assess coronary microvascular resistance in the absence of
CAD, it has only a limited accuracy when an epicardial stenosis occurs. Furthermore, CFR
depends on the hemodynamic, like heart rate, making serial measurements difficult to compare
[160, 161].
Since, in our study, patients who had significant epicardial stenosis were recruited, another index
of microcirculation, the microcirculatory resistance index (IMR), which is independent of the
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severity of an epicardial stenosis [162, 163] was chosen. IMR is calculated from Pd and Tmn
obtained under hyperemia as follows:
Equation 3-8: IMR  Pd  Tmn
IMR is believed to be independent of hemodynamics. Both Pd and Tmn are simultaneously
measured under maximal hyperemia, thereby eliminating the dependence on rest conditions as is
the case with CFR. Although IMR generally does not depend on an epicardial stenosis, the
presence of collateral arteries would increase Pd and lead to an overestimation of the index. In
this case, Equation 3-8 must be modified to take the collateral blood supply into account. A prerequisite for this is that a coronary occlusion or wedge pressure (Pw) be known [164]:
P  Pw
Equation 3-9: IMRcor  Pa  Tmn  ( d
)
Pa  Pw

Pa, Pd and Tmn are estimated under maximal vasodilatation, whereas Pw is obtained under a brief
coronary occlusion. The last equation was used for the off-line calculation of the IMR in the
present study. All parameters of the equation were obtained during the coronary catheterization
as described in the next chapters. To avoid confusion with the terminology when referring to
numerical values, the simple term IMR will be used from now on for values based on the simple
equation 3-8 and the term IMRcor. for results from equation 3-9.
To evaluate the effect of hemodynamic loading conditions, the central venous pressure is taken
into account when calculating the IMR. To date it has only been hypothesized that central venous
pressure can be excluded from the IMR calculation. In the current trial we measured all
parameters needed directly for an accurate estimate of the microcirculation resistance. So, we
assessed IMR by taking the venous pressure into account in the next equation [162] :

 Pd  Pw 
Equation 3-10: IMRcvp  Pa  Pv   Tmn  

 Pa  Pw 
Based on earlier studies of thermodilution [159, 165], we calculated the variability between each
set of three transit mean times as:
Equation 3-11: Var a1, a 2, a3  maxi  1,2,3 

ai  a
a
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3.4.4 Quantitative coronary angiography
At week 0 and 8, standard diagnostic angiography was performed before the invasive
measurements. QCA was performed in order to exclude possible changes in the stenosis severity
during the study period that could influence the functional data acquired. The angiographic data
were digitalized, collected and analyzed. All angiograms had to meet appropriate standards for
quantitative angiographic imaging. Before the measurements, the target vessel was imaged in
identical projections (orthogonal where possible) and at magnifications (> 2 for the right
coronary artery [RCA] or > 3 for the left circumflex artery [LCX] and the left anterior
descending artery [LAD]) that appeared suitable for a QCA analysis (CAAS II, Pie Medical
System, Maastricht, Netherlands). Coronary artery stenoses were assessed quantitatively as the
percent of reduction in diameter using the guiding catheter for calibration.

3.4.5 Protocol of cardiac catheterization and invasive measurements
Invasive procedures were performed in the catheterization laboratory of the Franz-VolhardKlinik, Charité-Universitätsmedizin in Berlin. The procedure was performed on a standard
angiography suite (Hicor, Siemens, Erlangen, Germany). The pressures were measured in mm
Hg. The aortic pressure (Pa) was measured in the ascending aorta by the guiding catheter. The
venous pressure (Pv) was measured with a catheter placed in the right atrium. Pressures distal to
the stenosis (Pd or Pw) and thermodilution curves were obtained by using the PressureWire® 5 or
PressureWire® Certus (Radi Medical systems, Uppsala, Sweden). The PressureWire® is a
0.014´´ guidewire with a length of 175 cm. A high fidelity sensor is located 3 cm proximal to its
radiopaque tip. The sensor is suitable for simultaneously pressure and temperature measurements
within an operating range of -30 to +300 mm Hg and 15-420C. The wire is connected to a device
(RadiAnalyzer® Express), which enables a real time display of measurements, an automatic
calculation of FFR and the storage of the data. The device is connected to the catheterization
system for calibration and equalization of the catheters and a bidirectional transfer of pressuredata.
Steady state hyperemia for assessment of FFR and IMR was achieved by administration of
adenosine (Adenoscan® 30mg/10ml, Sanofi-Aventis) through a large antecubital vein at a rate of
140μg kg-1 min-1 [166]. The hyperemic measurements were begun after adenosine had been
administered for two minutes and continued during the infusion for one to two minutes in order
to complete the study’s protocol.

42

3.4.6 Performance of the invasive measurements
During catheterization, the patient was under continuous ECG and blood pressure monitoring.
The right femoral approach was used in all patients. After sterilization and application of local
anesthesia with lidocaine, the femoral artery was punctured and a right or left 6-French (F)
guiding catheter without side holes was inserted and advanced initially to the left ventricle for
measurement of the left ventricular end-diastolic pressure. Next, a 5F catheter was inserted into
the femoral vein and advanced into the right atrium to record the Pv. Weight adjusted heparin
was administered intravenously. 0.2 mg of nitroglycerine was given intracoronary and repeated,
if needed, every 25 minutes throughout the cardiac catheterization to prevent any occurrence of
coronary spasm due to the injection of contrast agent. Diagnostic angiography of the target
vessel, or of all three coronary arteries, was performed as indicated above (see Chapter 3.4.4). If
by angiography, the known stenosis was characterized as significant, but low-risk type A stenosis
[136], the procedure was continued with the pressure measurements. An interval of 10-minutes
was allowed for dissipation of the effect of the non-ionic contrast agent on the coronary
vasomotion.
The pressure wire was set to zero, calibrated and advanced to the tip of the guiding catheter to
ensure that the pressures recorded by the guiding catheter and the pressure wire were identical. If
a pressure difference was detected, this was removed by equalizing the pressures. Thereafter, the
wire was advanced through the guiding catheter distal to the stenosis [59]. The measurements
were started with three injections of 3 ml of saline into the guiding catheter. A deviation of <
15% of Tmean was accepted for analysis of the Tmean. Subsequently, the administration of
adenosine was initiated and two minutes for steady state hyperemia were allowed. Under
continuous administration of adenosine, the three saline injections were repeated.
Thermodilution curves, transit mean times (Tmn) and pressure values at rest and under
hyperemia were recorded. After the measurements, the FFR value was displayed. If FFR>0.80
the patient was not eligible for inclusion and the study protocol was terminated. Further
diagnostic or therapeutic procedures for these patients were performed, if needed, independently
of the study protocol.
If FFR<0.80, the patient was recruited into the study and the study protocol was continued with
the assessment of the CFIp. An adequately sized PCI-balloon was advanced over the pressure
wire and placed right proximal to the stenosis. The pressure wire was not removed and remained
steady distal to the stenosis. The balloon was inflated at a low pressure (1-3 atm) until the
antegrade coronary flow was interrupted. This was checked with an injection of contrast dye.
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The balloon remained inflated for 60-70s and all three pressures (Pa, Pw, Pv) were displayed and
recorded continuously. The balloon could be deflated earlier if a patient developed excessive
angina symptoms or ST-elevations were recorded in the ECG. After deflation of the balloon,
sufficient time was allowed for normalization of the pressures to the output values. The vessel
was examined for a possible dissection. If no complication occurred, the patient was discharged
from the hospital on the following day.
The same protocol was repeated after completion of the ECP therapy in week 8. During this
catheterization and after the FFR and CFIp measurements, the decision to treat the stenosis with
PCI/stent was made. Taking into account the clinical status of the patient, the non-invasive stress
test, the FFR measurement and the guidelines [21], an intervention was performed for all FFR
values under 0.75 and most of the patients with 0.75<FFR<0.80. If in week 8, the FFR was
greater than 0.80, no intervention was performed.

3.4.7 Calculation of the invasive endpoints
The FFR index was automatically displayed in the monitor during the cardiac catheterization.
These values were used to provide information about study inclusion/exclusion and whether to
conduct a PCI. All four invasive endpoints were calculated blind offline at the end of the study.
FFR was estimated as the mean value of the three pressure loops that were registered during
application of saline during hyperemia. In each of these three loops, the minimal Pa and Pd
values estimated after at least three adjacent heart beats free of artifacts (e.g., due to breath), and
in the absence of any extra systole, were considered for the final calculation of the FFR.
The three lowest pressures of the last 10 seconds of the balloon occlusion, namely the seconds
60-70 values (Pa, Pw, Pv) were chosen for the calculation of CFIp (curves with artifacts were
excluded). If a patient had a shorter balloon occlusion in one or both examinations due to
excessive angina or to ST-elevations, the CFIp calculation was based on the last 10 seconds of
the shorter duration of occlusion (e.g., between 30-40 s for an occlusion of 40 s). Thereafter, the
CFIp on the other time point (week 0 or week 8) was calculated at the same time interval (e.g.
30-40 s) despite the fact that a longer coronary occlusion might be available.
IMR/IMRcor. were calculated from the pressure values that were obtained for the estimation of
the FFR (Pa and Pd) and CFIp (Pw). The mean value of the three registered Tmns under
hyperemia was taken as transit mean time (Tmn).
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3.5 External Counterpulsation therapy (ECP)
The ECP treatments took place on five days per week from week 1 to week 7 for a total of 35
hours of therapy. Every session lasted one hour. Clinical symptoms and adverse experiences (like
cramps or aching muscles) during the preceding 24 hours were recorded at each treatment
session. Vital signs (blood pressure, heart rate) were also recorded and legs were examined for
areas of redness or ecchymosis. The TS3 device (Vasomedical Inc., Westbury, New York) was
used for the external counterpulsation therapy. The equipment consists of a console with an aircompressor, a treatment table and three pairs of cuffs. After the cuffs are wrapped around the
calves, lower and upper thighs, they are compressed with air in a sequence synchronized with the
cardiac cycle. The heart rhythm of the patient is conducted through a 3-canal ECG. Blood
pressure waveforms are monitored during ECP by finger plethysmography. From these
waveforms, the D/S ratio, an index of the hemodynamic effect of ECP, is estimated. The D/S
ratio or ECP effectiveness ratio was calculated as the ratio of the peak diastolic amplitude
divided by the peak systolic amplitude averaged over five cardiac cycles. External
counterpulsation was performed at cuff pressures ranging from 200 to 260 mm Hg depending on
the patient’s tolerance of the therapy and the achieved hemodynamic effect with a target D/S
ratio of 1.0-1.5 [96].

3.6 Sample size and Statistical analysis
The strongest evidence for ECP-related improvement of myocardial blood flow due to adaptive
collateral arterial growth is provided by former PET studies [109, 167]. PET (sensitivity >90%
and specificity >80% respectively for CAD) [168] is considered to be a reliable method to noninvasively detect coronary collaterals (sensitivity up to 90%, specificity up to 88% and accuracy
up to 90%) [169]. The methodological error of CFIp and FFR measurement was taken into
account by reviewing prospective trials [67, 138, 150].
The power calculations are based on the aforementioned studies reporting perfusion changes
after ECP treatment and the following assumptions: One-tailed test for increase in myocardial
blood flow in the ischemic region, significance level of 5 %, desired power to detect change
80%, a mean change of myocardial blood flow respectively collateral blood flow in ischemic
myocardial region of at least + 15 %. These assumptions are similar to other estimates of
significant increases of perfusion after ECP treatment detected primarily by SPECT.
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Based on these assumptions, a sample size of 12 patients was required for the ECP group.
Assuming a drop-out rate of 30-40%, it was planned to include a total of 18 patients. In the ECP
group, recruitment was finished as soon as 16 patients were included. Because a reduced
variance had been observed in published data on the natural course of the collateral circulation, a
2:1 ratio for the control group was planned, resulting in a sample size of 7 patients (6 + 1
expected drop out).
Intra-individual comparisons of baseline data versus follow-up data were conducted using the
paired Student t-test and Wilcoxon test. Between-group comparisons of continuous clinical,
hemodynamic, angiographic, and fractional flow and collateral flow data were performed by ttest and ANOVA or Mann-Whitney-test and Friedman-test.
A chi2 test using Fishers exact test was applied for a comparison of categorical variables among
the two study groups. A linear regression analysis was performed to assess the association
between the D/S ratio and the invasive endpoints. Data are presented as means ± standard
deviation in the text or as means ± standard error in the figures. Statistical significance was
defined as p < 0.05. All analyses were calculated using the software package SPSS 15.0.
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4

Results

4.1 Patients
From December 2006 to May 2008, about 622 records of patients with CAD from the database
of the Franz-Volhard-Klinik were examined for eligibility for recruitment into the study. Forty of
the 600 patients were considered as eligible for inclusion and were contacted and informed about
the clinical trial. After the baseline diagnostic tests (ischemic stress test and CMR or stress
CMR) and the FFR measurements, 23 patients were finally included. Sixteen patients were
allocated to the ECP group and seven patients to the control group. No patient withdrew after
enrollment in the trial.

4.1.1 Characteristics of the study population
A total of seventeen men and six women were recruited. The mean age of the patients was 61
years (41 to 77 years). The cardiac risk factor profile was high as each patient had at least two
risk factors for cardiovascular disease. In total, all patients had hypertension, 22/23 had
dyslipidemia and every fourth patient had a positive family history of coronary heart disease.
Two patients in every group had diabetes. No differences in any baseline characteristics were
seen between the groups (Table 4-1).
The baseline CAD-related medical histories of the patients are presented in Table 4-2. The
characterization of the entire coronary status was made visually and only stenoses >50% were
taken into account. Most of the patients had a multivessel disease when they were included in the
study. The vessel measured through FFR (ROI) was the LAD in 63% of the ECP group and 85%
of the control group. About half of the patients in each group had suffered a myocardial
infarction in the past and over 80% of the patients had undergone a coronary intervention. There
were no statistical differences between the groups in regards to these characteristics.
The daily activity of the patients prior to study inclusion was assessed and patients were
classified into two groups. If they had any regular activity (walking or jogging or bicycling or
any art of training for more than 30 minutes per day) for more than 5 times per week, they were
classified in the “physically active” group (n=12). All other patients were grouped in the
sedentary group (n=11). There was no difference between the ECP group and the control group
in relation to this characteristic.
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Table 4-1: Baseline data of the patients
ECP

Control

(n=16)

(n=7)

Age, years (range)

62.3 (43-77)

61.4 (41-75)

0.87

Male gender, n (%)

11(68.8)

6(85.7)

0.62

BMI (kg/m2)

28.5±1.03

28.1±1.25

0.84

Hypertension, n (%)

16(100)

7(100)

-

Hyperlipidemia, n (%)

15(93.8)

7(100)

1.0

Diabetes, n (%)

2(12.5)

2(28.5)

0.55

Family history for CAD, n (%)

4 (25)

2 (28.6)

1.0

Ongoing smoking, n (%)

3 (18.8)

1 (14.3)

1.0

Prior myocardial infarct, n (%)

8 (50)

3 (42.9)

1.0

Prior percutaneous intervention, n (%)

13 (81.3)

6 (85.7)

1.0

Prior CABG, n (%)

1 (6.3)

0 (0)

1.0

Ejection fraction (echocardiographic), %

62±1.72

58±1.25

0.11

Systolic blood pressure, mmHg

122±2.81

120±7.15

0.77

Diastolic blood pressure, mmHg

70±1.76

72±3.4

0.69

Angina pectoris CCS class 0/ I/ II/ III (%)

56/13/25/6

43/14/29/14

0.91

NYHA Class I/ II/ III (%)

25/63/12

43/43/14

0.82

Physical active, n (%)

8 (50)

4 (57.1)

1.0

Baseline stress test

SPECT/ CMR/ Stress echocardiography

3/11/2

2/4/1

-

Blood results

Total cholesterol, mg/dl

173±15.7

162±12.2

0.65

LDL, mg/dl

101±11.3

90±12.5

0.53

HDL, mg/dl

47.4±4

49.4±9.8

0.82

CRP, mg/dl

2.2±0.86

1.43±0.72

0.69

Category

Demographic
characteristics

Cardiovascular
risk factors

Cardiac
history
and current status

Subcategory

p-value

BMI=body-mass index, CABG=coronary artery bypass graft, CCS=Canadian Cardiovascular Society, CMR=
cardiac magnetic resonance, CRP=C-reactive protein, ECP=external counterpulsation, HDL=high-density
lipoprotein, LDL=low-density lipoprotein, NYHA=New York Heart Association, SPECT=Single Photon Emission
Computed Tomography
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Table 4-2: CAD history at baseline
ECP (n=16)

Control (n=7)

p-value

1/2/4
(14/29/57 %)
6/1/0
(85/15/0 %)
3 (43%)

0.12

lesion of interest (ROI) –
LAD/RCA/LCX
previous myocardial infarction

6/8/2
(37/50/13 %)
10/4/2
(63/25/12 %)
8 (50%)

0.64

previous intervention (PCI)

13 (81%)

6 (86%)

1.0

number of previous PCIs –
1/2/3/4
previous CABG

8/2/0/3
(62/15/0/23 %)
1 (6%)

3/0/2/1
(50/0/33/17 %)
0 (0%)

0.26

1-, 2-, 3-vessel disease

1.0

1.0

LAD: left anterior descending artery, LCx: left circumflex artery, RCA: right coronary artery

4.1.2 Adverse events and compliance
No major adverse events occurred during the study due to the invasive and noninvasive
diagnostic and interventional procedures. Minor adverse events were observed. For example,
paresthesia of the foot during the counterpulsation therapy was reported by four patients. With a
brief (two-minute) deactivation of the lowest cuffs on the calves, there was a rapid relief of the
symptom. The therapy could be continued without further symptoms. Three patients complained
about sore muscles after the therapy. However, the symptoms “faded” without specific treatment
within 2-3 hours and no break in the course of the therapy or prescription of medication was
needed.

4.2 Endpoints at baseline
4.2.1 Clinical characteristics of the patients
In Phase one, the participants were seen twice within two weeks to ensure that angina was stable
and to prompt a stress-test if no recent testing was available. Each patient performed an
ergometric test to determine his or her blood pressure profile, the ischemic threshold, or
symptom limited stress level. Blood pressure measurements, lipid profiles and clinical statuses
were obtained during this pre-study period. Based on these parameters, the medication was
adapted. From this point on, the medication was not changed further. Most patients had an
“optimal” well balanced medication for the treatment of CAD according to the guidelines [14].
All patients (100%) were on aspirin, β-blocker and a statin. Table 4-3 lists the medications taken
at baseline (week 0), reflecting a high use of multiple evidence-based therapies and good
compliance by the patients. There was a remarkably low use of nitrates in each group, although
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44% of the ECP group and 57% of the control patients experienced effort angina at baseline.
Nitroglycerine on request was the only medication that could be adapted to personal needs
during the trial.
Table 4-3: Medication at baseline
ECP (n=16)

Control (n=7)

p-value

Aspirin, n (%)

16 (100)

7 (100)

-

Beta-blocker, n (%)

16 (100)

7 (100)

-

ACE inhibitor, n (%)

12 (75)

6 (85.7)

1.0

AT1- antagonist

5 (31.3)

1 (14.3)

0.62

Calcium- antagonist, n (%)

5 (31.3)

1 (14.3)

0.62

Diuretic, n (%)

10 (62.5)

5 (71.4)

1.0

Statin, n (%)

16 (100)

7 (100)

-

Clopidogrel, n(%)

8 (50)

4 (42.9)

1.0

Nitrates, n (%)

2 (28.6)

3 (18.8)

0.62

ACE:angiotensin converting enzyme, AT:angiotensin

Systolic and diastolic blood pressure values were within the optimal range as recommended for
the secondary prevention of CAD in both groups and did not differ between the groups at
baseline [14, 170]. These values may possibly mirror the intensive medical treatment and good
compliance by the patients to the medication. The level of LDL in serum, although varying
within the normal range, was optimal (<70mg/dl) only in five patients of the ECP group and in
three patients of the control group. All values are presented in Table 4-1.
Angina symptoms were registered daily in the ECP group. In both groups, the symptoms were
classified according to the CCS and NYHA classification weekly. In total, 50% of the patients
were free of angina at baseline. No statistical difference between the groups in the CCS and
NYHA classifications was observed. Females in the ECP group had more severe angina at
baseline than males of the ECP group (p=0.002). More than half of the patients in each group
reported dyspnea and fatigue at exertion at baseline. There was no gender- or group-related
difference in relation to NYHA.
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4.2.2 Hemodynamic effect of ECP
The signal in finger plethysmography that is used for the automatic calculation of the D/S ratio is
influenced by different factors. The surrounding temperature, the position of the finger relative to
the heart level or a pre-constriction of the finger arteries due to excitement or stress can influence
blood flow to the finger and, subsequently, the plethysmographic signal [171]. To limit the
influence of the parameters on the results, we calculated the D/S ratio at baseline as the mean
value of the maximal D/S ratio of the first and fifth sessions. Post ECP, the D/S ratio was the
mean value of the maximal D/S ratio during the last three sessions. At baseline, D/S was
0.86±0.06. There was no statistical difference between men (D/S=0.85±0.09) and women
(D/S=0.91±0.10).

4.2.3 Non-invasive diagnostic tests at baseline
4.2.3.1 Exercise test

Twenty-one of the 23 patients underwent a bicycle exercise test as described above (see Chapter
3.3.3). One patient had a left brunch bundle block rendering the analysis of the ST-segments
impossible. Patients in both groups achieved, on average, 105 watts before stopping the test. No
statistical difference in any of the documented parameters of the test was seen between the
groups at baseline. However, the ECP group patients tended to achieve higher maximal heart
rates (120±4bpm) than the control patients (104±7bpm, p=0.05). All results are presented in
Table 4-4.
Table 4-4: Exercise test at baseline
ECP

Control

p-value

duration of exercise (sec)

416±28

381±64

0.19

maximal power (Watt)

107±6

103±16

0.76

rate-pressure
(mmHg•bpm)

23983±1293

20237±2394

0.14

120±4

104±7

0.05

product

maximal heart rate (bpm)

4.2.3.2 Cardiac magnetic resonance

Patients in the ECP and control group underwent CMR for assessment of the left ventricular
function and structure at baseline. In Figure 4-1, short images of a patient at diastole and systole
are presented. No difference between the groups was seen at baseline. All patients had a normal
left ventricular ejection fraction. All results are presented in Table 4-5.
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a.

b.
Figure 4-1: Short axis image of a patient at end-diastole (a) and end-systole (b).
The epicardial (green) and endocardial contours (red) are depicted.
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Table 4-5: CMR data on baseline
ECP

Control

p-value

EF (%)

63±7.2

62±3.4

0.9

ED volume (ml)

151±21

142±24

0.57

LV mass ED (g)

89±24

86±34

0.86

Stroke volume (ml)

94±11

89±11

0.46

Cardiac output (l/min)

6.4±0.8

5.9±0.9

0.45

EF: ejection fraction, ED: end-diastolic, LV: left ventricle

4.2.4 Invasive endpoints at baseline
The evaluation of the primary invasive endpoints at baseline demonstrated that patients in both
groups had poor collateral arteries (CFIp<0.25). The ECP group had a lower CFIp=0.08±0.01
than the controls: CFIp=0.15±0.03 (p=0.016). The FFR values did not differ between the groups.
The quantitative angiography demonstrated a percent diameter stenosis of 52% and 54% in the
ECP group and the control group respectively. The index of microcirculatory resistance (IMR)
did not differ between groups. All invasive results at baseline are presented in Table 4-6.
In Figures 4-2 and 4-3 the coronary angiogram and a print-out of the pressure measurements of a
patient are presented.

Table 4-6: Baseline angiographic and hemodynamic data
ECP

Control

p-value

Diameter stenosis of ROI, (%)

52.4±3.46

54.2±4.3

0.76

Fractional flow reserve (FFR), no unit

0.68±0.03

0.68±0.05

0.89

Left ventricular end-diastolic pressure, mmHg

11.6±0.72

13.5±1.5

0.21

Mean aortic pressure at occlusion (Pa), mmHg

89.8±3.86

91.3±3.61

0.82

Coronary occlusive pressure (Pw), mmHg

10.2±1.38

17±2.77

0.025*

CVP during occlusion, mmHg

3.79±0.59

5.25±1.56

0.29

Collateral flow index (CFIp), no unit

0.08±0.01

0.15±0.03

0.016*

Index of microcirculatory resistance (IMRcor) mmHg sec

14.2±2.4

10.1±2.4

0.08

*p<0.05, CVP=central venous pressure, ECP=external counterpulsation, LAD=left anterior descending artery,
LCX=left circumflex artery, RCA=right coronary artery, ROI=region of interest
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a.

b.

Figure 4-2: Right anterior oblique (RAO) projection of the LAD of a patient before (a) and during the balloon
occlusion (b). The black arrow in picture (a) shows the stenosis and the red arrow the pressure wire which has been
placed distally to the stenosis. In picture (b) the balloon is marked by the arrow.
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rest

hyperemia

a.

b.
Figure 4-3: Print-out (from the Radi-View program) of the pressure curves during the three thermodilution
measurements at rest and during hyperemia (a). In figure (b) the pressure curves before, during and after the
balloon occlusion of the same patient are presented.
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4.3 Endpoints at week 8
4.3.1 Clinical endpoints
A significant reduction of the CCS classification was achieved (p=0.008) in the ECP-group after
treatment, whereas no change (p=0.25) was observed in the control group. The severity of
dyspnea (NYHA scale) was reduced after ECP (p<0.001) but not within the control (p=0.28). At
the conclusion of the therapy, 81% of the ECP patients were free of angina pectoris (CCS=0)
compared to 56% at baseline. Among the ECP patients who reported angina at baseline, 66% had
a decrease of one CCS class and 34% had a decrease of two classes after ECP. No patient who
had been treated with ECP had an increase in angina class or remained in CCS > II after the
therapy (figure 4-4). There was no change for the worse in the NYHA classification for any of
the patients in the ECP group.
Figures 4-4 and 4-5 present the changes of the CCS and NYHA classifications of both groups
during the study period of eight weeks. Although there was a gradual improvement in angina and
dyspnea at exertion throughout the ECP therapy, a significant improvement for both the CCS and
NYHA scores was seen only at the end of the 7-week therapy course. For CCS, a significant
improvement was already seen in the second half of the treatment period.

Figure 4-4: Change of CCS from baseline to week 8
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Figure 4-5: Change of NYHA from baseline to week 8

The baseline differences between males and females in the CCS classification disappeared in the
course of the ECP. After ECP no difference in the CCS scale between males and females was
seen. As mentioned above, both males and females had a significant improvement in the CCS
and NYHA classification. In a comparison of the relative improvements in the CCS scale
between the groups, the females showed a significantly greater change from week 0 to week 8
than did the males (p=0.001). In regard to the change of NYHA scores, there was no difference
between males and females.
There was no effect of the therapy on the systolic or diastolic blood pressure values in any of the
groups or between the groups and at any point in time. Figure 4-6 presents the blood pressure
curves throughout the study period.
The laboratory parameters including the lipid-profile (cholesterol, LDL, HDL) showed no
change from baseline to week 8.
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Figure 4-6: Blood pressure values from week 0 to week 8. There is no statistical difference at any point in
time between or inside the groups.

4.3.2 Specific hemodynamic parameters
The D/S ratio showed a significant improvement throughout the therapy. The mean D/S ratio
increased from baseline 0.86±0.06 to 1.07±0.08 at week 9 (p<0.0001, figure 4-7). The
improvement in FFR correlated significantly with the improvement in the D/S ratio (p=0.001,
r=0.54). There was no statistically significant correlation between the ΔD/S ratio and ΔCFIp
(p=0.06). Only patients with an improvement in the CFIp (CFIp-responders) or an improvement
in the FFR (FFR-responders) showed a significant increase in the D/S ratio as shown in Figure 48.
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Figure 4-7: Change in the D/S ratio during the ECP therapy, *p<0.0001
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Figure 4-8: Change in the D/S ratio in relation to the response to CFIp and FFR

4.3.3 Exercise test
The results of the exercise tests are presented in Table 4-7. There was no statistically significant
difference in any of the evaluated parameters. The ECP-group tended to attain at week 8, and
also at baseline, a higher heart rate than the control patients (p=0.06).
We must mention that the results of the exercise test may be of limited value as long as 60% of
ECP patients and 50% of control patients had stopped the ergometric test due to peripheral
exhaustion or orthopedic complaints.

Table 4-7: Results of exercise test
baseline

ECP
week 8

duration of exercise (sec)

416±28

maximal power (Watt)
rate-pressure
(mmHg•bpm)

product

maximal heart rate (bpm)

pvalue

baseline

Control
week 8

423±26

0.78

381±70

360±61

0.3

107±6

115±7

0.16

103±16

100±13

0.31

23983±1293

22915±965

0.19

20237±2394

20541±2574

0.77

120±4

121±4

0.95

104±7

102±8

0.64

pvalue
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4.3.4 CMR
Patients of the control group underwent no CMR at week 8. No change of the LVEF was
demonstrated in response to ECP. At baseline, LVEF was 62±1.6% and post-ECP was 64±1.5%
(p=0.2). No significant difference was seen between the baseline and week 8 for the other
parameters (see Table 4-8).

Table 4-8: CMR data of the ECP group
baseline
week 8

p-value

EF (%)

62±1.6

64±1.5

0.2

ED volume (ml)

151±21

156±25

0.53

LV mass ED (g)

89±24

89±16

0.52

Stroke volume (ml)

94±11

98±14

0.26

Cardiac output (l/min)

6.4±0.8

6.5±1

0.69

4.3.5 Invasive measurements
In the ECP-group, the CFIp increased from 0.08±0.01 to 0.15±0.02 (p<0.001), whereas the
control-group showed no variation in the index (0.15±0.03 to 0.14±0.02, p=0.7), demonstrating
the growth of collateral arteries only in patients who were treated with ECP (Figure 4-9). In
accordance with the CFIp, the FFR-index increased in the ECP-group from 0.68±0.03 to
0.79±0.03 (p=0.001), but not in the control-group (0.68±0.06 to 0.70±0.05, p=0.4, Figure 4-10).
It was necessary to exclude 2/16 patients in the ECP-group and 1/7 in the control-group from
analysis after completion of the trial due to protocol violations (ECP) and an arteriovenousfistula in the ROI (control). However, the number needed to treat (n=12 and n=6) was
maintained. The treatment-related effect of ECP remained significant, albeit all data (plus
excluded patients) was analyzed (n=16, p=0.018 and p=0.004 for the change of CFIp and FFR
accordingly). The severity of the stenosis, as it is angiographically assessed, remained unchanged
in both groups during the seven-week period.
The mean variability of Tmn under hyperemia within a set of 3 measurements was 7.6±3.2% at
baseline and 6.6±4.8% at follow-up (p=ns). It did not differ between the groups at any time. The
IMRcor. remained unchanged in both groups from week 0 to week 8 suggesting no effect of the
ECP therapy on the coronary microcirculation. Furthermore, we found that the IMR is always
overestimated when the collateral blood flow is not taken into account. At week 0,
IMRcor.=12.9±1.8mmHg•sec (or U) and IMR=14.8±2.0U differ significantly (p=<0.001). The
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same was observed at week 8: IMRcor.=13.7±1.1U and IMR=16.6±1.2U (p=0.001). On the other
hand, the central venous pressure does not seem to contribute significantly to the calculation of
the IMR. IMRcvp at baseline was 12.9±1.8U and at week 8 it was 13.4±1U. Both values did not
differ from the IMRcor.
Females achieved higher FFR values than did males at week 8, although there was no difference
in the values at baseline. In particular, at week 8, females had a mean FFR=0.87±0.03 and males
had a mean FFR=0.73±0.04 (p=0.04). No change in the CFIp was seen between the two genders.
The ΔFFR tended also to differ between the groups (p=0.06) with females having a greater
improvement in FFR from week 0 to week 8.
In both groups, no difference of the invasive endpoints was found in relation to other baseline
factors (Table 4-9).

Figure 4.9: Changes of the CFIp from baseline to week 8, **p<0.001

Figure 4.10: Changes of the FFR from baseline to week 8,* p=0.001
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Table 4-9: Hemodynamic results
baseline

ECP
week 8

p-value

baseline

Control
week 8

p-value

Systolic BP, mmHg

121.9±2.8

120.4±2.8

0.53

120±7.1

124±3.4

0.52

Diastolic BP, mmHg

70.4±1.76

69.7±1.85

0.45

72±3.44

74±3.08

0.22

CFIp, no unit

0.08±0.01

0.15±0.02

< 0.001*

0.15±0.03

0.14±0.02

0.67

FFR, no unit

0.68±0.03

0.79±0.03

0.001†

0.68±0.05

0.70±0.05

0.39

IMRcor, mmHg • sec

14.2±2.47

15.2±1.43

0.76

10.1±2.48

12±0.86

0.49

Tmn, sec

0.28±0.05

0.28±0.04

0.98

0.21±0.04

0.34±0.08

0.25

Pa, mmHg

80.9±4.1

81.1±4.8

0.96

80.6±3.2

79±9.4

0.87

Pd, mmHg

55.4±2.4

63.1±3.8

0.049†

55.8±4.9

56.8±9.3

0.9

Pw, mmHg

10.2±1.4

18.6±2.3

<0.001*

17±2.8

19.2±2.7

0.31

LVEDP, mmHg

11.6±0.72

11±0.54

0.24

13.5±1.5

12.5±1.18

0.31

Diameter stenosis (%)

52.4±3.46

49.9±4.42

0.22

54.2±4.3

55.0±4.66

0.29

*p<0.001, †p<0.05. BP=blood pressure, CFIp=pressure derived collateral flow index, ECP=external counterpulsation,
FFR=fractional flow reserve, IMRcor=index of microvascular resistance corrected for the Pw, LVEDP=left ventricular
end-diastolic pressure, Tmn=hyperemic transit mean time, Pa=aortic pressure under maximal vasodilatation, Pd=distal
coronary pressure under maximal vasodilatation, Pw=coronary occlusive pressure

The presence of symptoms at baseline was a predictor of the response to ECP therapy. Seven
patients had no angina at baseline. In this group, FFR did not change significantly (FFR per vs.
post-ECP, p=0.19). CFIp increased in this group from 0.08±0.02 to 0.16±0.03 (p=0.014). However,
the rest of the seven patients who had angina at baseline showed as a group a highly significant
change in the FFR (p=0.001) and CFIp (p=0.008) from baseline to week 8. As in the case of angina,
only patients who had dyspnea at the baseline had an improvement in the FFR (p=0.01) and CFIp
(p=0.05) after ECP (see Figures 4-11 and 4-12).

Figure 4-11: CFIp and FFR changes in relation to angina at the baseline
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Figure 4-12: CFIp and FFR changes in relation to dyspnea at exertion at the baseline

4.3.6 Univariate analysis
A predictor of a positive answer to the therapy was the active way of life. Patients who were
doing any kind of exercise on a regular basis prior to study-inclusion (n=8) and who continued
this way of life throughout the therapy had greater collateral artery growth and improvement of
blood flow than sedentary patients of the ECP group. The mean increase in CFIp for patients
with an active way of life was 0.09±0.02, but only 0.01±0.03 (p=0.03) in the sedentary group.
Figure 4-13 shows the relative changes of in CFIp for patients who had an active way of life in
comparison to sedentary patients.

Figure 4-13: ΔCFIp in relation to the physical way of life
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5 Discussion
Important hallmarks of arteriogenesis are enhanced levels of shear stress across recruited
collateral pathways. Experimentally, a therapeutic increase in shear stress may be achieved by
artificial stenosis, ligation or arterio-venous shunting distal the site of occlusion/stenosis [38].
ECP increases arterial shear stress even in the absence of a stenosis [172]. In humans, it is
proposed as an elegant method to enhance non-invasively the shear stress in the arterial system
(within the cardiac diastole without increasing heart rate) [100, 173]. In this proof-of-concept
trial, we evaluated whether counterpulsation leads to a significant change in collateral flow index
(CFIp) and fractional flow reserve (FFR) in comparison to the natural course under optimal
medical treatment. We further investigated whether the clinical improvement of patients
correlates with an improvement in myocardial perfusion.

5.1 Establishment and feasibility of the therapy
The external counterpulsation therapy was established in the Franz-Volhard Klinik as a unique
non-invasive method for the treatment of patients with stable angina. To our knowledge, only
two centers in Germany currently offer the ECP therapy, although a series of data support its
effectiveness and safety. The reasons for an inadequate use of the method are that the equipment
is expensive, there is a lack of insurance coverage for the therapy, and there is a need for a
separate room and for educated operators and supervision by a medical doctor.
Since ECP is largely unknown in Europe, it was very important – prior to the initiation of the
study- to update the cardiologists and ambulant offices involved about ECP and the clinical
findings that support its effectiveness. Patients with CAD who were appropriate for study
inclusion and their family doctors/cardiologists were informed in detail about the therapy.
Patients who were interested had a test ECP treatment of 30 minutes to get to know the therapy
and to ensure that they could tolerate the treatment. The majority of the patients reported a
positive feeling after the test, like that experienced after an endurance run and provided positive
feedback to the referring physicians. No patient withdrew after being recruited in the study
protocol.
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5.2 Clinical benefit of ECP
The present study confirmed the results of previous trials that external counterpulsation improves
subjectively the angina symptoms of the patients. Most of the patients in the active group
reported an improvement in angina severity of more than 50% after ECP when compared to the
severity at baseline. Furthermore, only patients in the ECP group reported an improved exercise
capacity after ECP, although this could not be quantified in the exercise test. Most of the
previous trials have shown a reduction of at least one class of the CCS classification in more than
70% of the patients who have been treated with ECP [97, 112, 119, 120, 122, 124]. The MUSTtrial, a randomized, sham-controlled, double-blind, ECP- trial demonstrated that patients who
completed 34 hours of active ECP therapy had a significant reduction in the number of daily
episodes of angina in comparison to the ECP-sham group [83].
In the Art.Net.2 trial, the observed reduction of angina and dyspnea at exercise from baseline to
post-ECP is in accordance with data from previous trials. These data confirm that ECP is an
effective treatment for angina leading either to complete relief from angina (CCS 0) or to an
increase of the threshold at which the symptoms appear (reduction of CCS).
The clinical improvement seen in all of the initial symptomatic patients in response to the
therapy was correlated with the improvement of the fractional flow reserve and the collateral
growth. These data suggest that the clinical improvement within the study-group is mainly a
result of the improvement of coronary blood flow and especially of the collateral flow. Other
factors, like an improved endothelial function, may also contribute to the clinical benefit as
reported by other investigators, although they were not tested in our trial [85, 112, 113].
As mentioned previously in Chapter 4.3.5, only patients with angina or dyspnea at baseline
showed a significant increase in both CFIp and FFR. This fact strengthens the hypothesis that the
presence of symptoms at baseline is a predictor of a response to ECP. On the other hand, all
patients who showed no response to the therapy (no improvement in CFIp or FFR) were
asymptomatic at baseline. One could hypothesize that symptomatic patients have a more severe
ischemia and, at the same time, a stronger pro-arteriogenic stimulus than patients with no
symptoms. The correlation between severity of the angina at baseline and clinical outcome at the
end of the therapy has been already demonstrated by other trials. Data from the IEPR
(international enhanced external counterpulsation patients registry) suggest that severe angina at
baseline (CCS ≥ III) is associated with an immediate, favorable response to the therapy [84,
174]. However, we did not find a correlation between the hemodynamic severity of the stenosis
(FFR value) at baseline and clinical improvement after ECP.
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It is interesting to note that the improvement of dyspnea at exercise was seen to be independent
of an increase in the CFIp or FFR. In the absence of an increase in the myocardial perfusion and
collateral growth, the latter beneficial effect of ECP may be a result of other effects of the
therapy. As mentioned in Chapter 1.3.3, these effects include improvement of the endothelial
function and a reduction of the peripheral resistance. Previous trials have, indeed, demonstrated
clinical benefits for the patients (reduction of angina) in the absence of an improvement of
primary end points like myocardial perfusion [85] or cardiac wall abnormalities [124].
Although the number of patients was small, we did find some difference in the effect of ECP on
males and females. At baseline, the prevalence of angina was higher among females than males,
although there was no difference in the functional stenosis severity in relation to the gender
(FFR=0.66±0.03 in males and FFR=0.71±0.03 in females, p=ns). A higher prevalence of angina
among females has been described in large epidemiological studies, even if the severity of
angina is adjusted for age or the applied diagnostics and therapy [175]. The causes of angina in
women may be broader and involve more factors than those in the solely obstructive coronary
artery disease. Alterations of the vascular structure (e.g., stiffness) or the functional capacity of
the vessels (e.g., reduced reactivity due to endothelial dysfunction) occur more often in females
than they do in males [176]. Angina may occur in this case because of epicardial vascular spasm,
epicardial coronary endothelial dysfunction and microvascular disease [177]. At the conclusion
of the therapy, females had a significantly higher increase in the FFR than males and this finding
was in agreement with the clinical outcome. On the other hand, CFIp changes from baseline to
post-ECP were not associated with the gender. So, the higher increase in FFR in women may be
associated, as previously mentioned, to the more severe angina of this group at baseline and is
not necessarily a gender-associated response to the ECP. However, trials with a larger number of
patients could investigate this result.
It is also interesting to note that our data does not support a shortening of the therapy.
Throughout the course of ECP, there was a progressive decrease in the number of angina
symptoms. However, the improvement in both CCS and NYHA classes was significant only at
the end of the therapy. This suggests that the commonly used ECP protocol of 35 single therapies
is indeed necessary for an adequate clinical response. It is known that the growth of collateral
arteries in humans, contrary to those in animals, is a process that takes place during a longer
period of time, from several weeks to months [31].
In summary, the improvement of angina in the current trial was closely associated with an
improvement in the myocardial and collateral blood flow.
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5.3 Exercise test and ECP
No significant changes of any parameters of the exercise test were found in the ECP group.
Whether ECP improves exercise duration or the ischemic threshold of the patients remains
unclear, as previous results have produced controversial results. Novo et al showed an
improvement in exercise capacity at the cycloergometer (increase in exercise time of 21%)
without a change in the ischemic threshold [124]. In accordance with these results, Michaels et al
showed an improvement in exercise time and angina-free time that was not accompanied by a
reduction of perfusion defects by scintigraphy [85].
On the other hand, a correlation of reduction of ischemic defects and improvement in the
exercise duration was shown by Tartaglia [87]. Of interest is that the MUST study [83] also
demonstrated an increase in the time to >1mm ST-segment depression in the active ECP group,
in comparison to the sham group, implying an improvement of exercise-induced ischemia. No
significant difference in the duration of the exercise between the groups was found. Furthermore,
Masuda and colleagues [109] demonstrated an improvement in myocardial perfusion, despite an
absence of any significant change in exercise duration or double product.
We observed no effect of ECP on parameters of the ergometric test. A possible reason for this,
aside from the low number of patients, might have been the high percentage of patients on βblocker (100%) that may lead to a fixed exercise duration [178]. The intake of β-blockers was
much higher in the current study than in all previous trials of ECP (intake of 63%-83%). It is
interesting to note that the patients in our trial had, in comparison to previous trials with similar
exercise protocols, longer exercise durations at baseline. The mean exercise duration at baseline
was 416±28s, while in the previous trials, the pre-ECP duration was always below 400s [86, 87,
122, 124, 125]. This may be associated with the high prevalence of angina-free patients at
baseline in the current trial (56%) and the high compliance to the prescribed medication. The
most common cause for the early cessation of the exercise tests, either at baseline or at week 8,
was muscular exhaustion or orthopedic complaints and not angina. In this case, the observed
clinical improvement at week 8 may not contribute to a prolongation of exercise duration.
Furthermore, there was a low use of nitrates by our patients (28%) in comparison to an intake of
88%-100% in the studies that showed an improvement in exercise duration [85, 87, 125].
Nitroglycerine is related to a preconditioning effect that improves the outcome of exercise tests,
including prolonged exercise duration and ischemic threshold [179, 180].
In conclusion, this clinical endpoint is of limited value due to the cessation of the test by more
than 50% of the patients due to muscular exhaustion or orthopedic complaints.
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5.4 ECP, arteriogenesis and myocardial blood flow
5.4.1 Stimulation of arteriogenesis by ECP
The Art.Net.2 trial demonstrated for the first time the improvement of the myocardial collateral
network by invasive hemodynamic measurements in response to external counterpulsation
therapy. The collateral blood-flow was assessed by the pressure-related collateral flow index
(CFIp). The CFIp is currently the gold standard for the assessment of collateral circulation and
was used as the primary endpoint within our trial.
CFIp expresses the collateral blood flow maintained during coronary occlusion relative to
normal antegrade flow during vessel patency [59]. The significant increases of the collateral
blood flow and myocardial blood flow in response to external counterpulsation are the major
results of this trial. Patients with stable coronary artery disease and at least one significant
residual stenosis can improve their collateral arteries and receive a clinical benefit in response to
this “passive training.” In other words, counterpulsation has the potential to trigger coronary
arteriogenesis and improve the blunted myocardial blood flow due to the presence of an
epicardial stenosis. The significant increase of CFIp (0.07±0.016) in our study - however
moderate - is explained by the heterogeneity of patients with moderate to severe stenosis. As
explained below, patients with more severe stenoses could lead to a greater increase in the CFIp
index. However, patients with severe coronary artery stenosis, who are known to be at a higher
risk of periprocedural complications [135], had to be excluded from this longitudinal trial due to
ethical concerns. The close correlation of the degree of stenosis and the conductance of
collaterals (CFIp) is in accordance with earlier experimental data in this field by Schaper [181],
as well as with several clinical trials [39, 47]. Although the functional severity of the stenosis and
symptoms at baseline were well matched, collateral blood flow differed between the two study
groups of our trial, reflecting the high inter-individual range of the collateral status. These interindividual variations are well known in CAD patients – as previously published [39, 47, 67, 73]
and provoked in patients with poor collateralization (CFIp < 0.25). All patients in our trial had
insufficient collateralization at baseline and showed a significant increase in collateral blood
flow only after ECP treatment. The CFIp index at baseline was slightly lower in our study
compared to previous trials (mean CFIp = 0.13±0.1) [39]. The low CFIp values in our study may
be interpreted to mean that the residual stenoses were not as highly relevant as indicated from the
mean percent diameter stenosis of all included patients, which was 53±2.3%. The percent
diameter stenosis is the only multivariate predictor of functional important collateral blood flow.
Pohl and colleagues demonstrated that patients with poor collaterals (CFIp<0.25) had a percent
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diameter stenosis of 76±14% and patients with good collaterals (CFIp>0.25) had a mean percent
diameter stenosis of 82±15% [39]. Taking into account the fact, that in our study the mean
percent of diameter stenosis at baseline of 53% was relatively low, it is reasonable to argue that
despite the improvement of the CFIp in 85% of the patients, only two of them had good
collaterals post-ECP. Since the publication of the data of the Art.Net.2 Trial [182, 183], another
clinical study in the field of ECP and collateral artery growth was published [184]. In the latter
trial, a very similar study protocol was used to assess a possible arteriogenic effect of ECP. The
results of this trial verified our results and provide one more piece of evidence to justify the
stimulation of collateral growth by external counterpulsation. Patients were divided into a group
undergoing ECP at cuff pressures of 300 mm Hg and a sham-group receiving ECP therapy at cuff
pressures of 80 mm Hg. After 30 h of therapy, the CFIp increased in the active group from 0.12
to 0.17, but not in the sham-group. In accordance with our results, the FFR also improved from
0.85 to 0.91. An increase of the FFR, independent of the baseline values, was common in both
trials. In the study by Gloekler et al, the patients had an FFR>0.8 at baseline, despite
angiographic severe stenoses of about 65%. In our trial, patients had hemodynamic severe
stenoses (FFR<0.8) in the presence of moderate angiographic stenoses. The fact that each study
had patients with either angiographic or hemodynamic severe stenoses may have led to the
moderate increase of CFIp that was seen in both trials.

5.4.2 ECP compared to pharmacologic stimulation of arteriogenesis
Beside the biomechanical pro-arteriogenic effect observed in the aforementioned ECP trials,
pharmacologic stimulation of arteriogenesis is also possible. The effect of application of GMCSF in inducing arteriogenesis by invasive pressure measurements has been tested [67]. GMCSF is a strong arteriogenic peptide that results in an increased number and diameter of
collateral arteries [185, 186]. Seiler and colleagues showed that treatment with GM-CSF over a
period of 14 days leads to a significant improvement of CFIp in comparison to a placebo group.
In this trial, the mean percent of diameter stenosis at baseline was 71%±12 and the mean
CFIp=0.21±0.14. At the end of the study period, CFIp increased to 0.31±0.23 [67]. However, due
to the differing degree of stenosis and the period of treatment (2 weeks GM-CSF vs. 7 weeks
ECP), no conclusion can be drawn about the effectiveness of either treatment (GM-CSF vs.
ECP).
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5.4.3 Collateral and myocardial blood flow
The second endpoint in our trial, the fractional flow reserve (FFR), increased significantly after
ECP. The FFR is an index that takes into account the contribution of collaterals, as long as the
distal coronary pressure during maximal hyperemia reflects both antegrade and retrograde flow
[151]. The parallel improvement of the CFIp and FFR in angiographically unchanged coronary
arteries provides evidence that the proliferation of the collateral arteries contribute to the
improved myocardial blood flow that leads to the clinical improvement of the patient. The
contribution of the collateral arteries, as reflected in the FFR index, may be further strengthened
by the fact that the microcirculation (assessed by the IMR index) remained unchanged in
response to ECP. If an alteration of the distal microvascular resistance had occurred, the
adenosine-induced dilatation and, therefore, the distal pressure and the FFR value could have
been influenced. In this case, a change of the FFR would, at least in part, reflect a change of the
cardiac microcirculation and not only of the collateral flow. However, we did not find any
change of microcirculatory resistance in our trial.
Furthermore, the quantitative angiography did not show any change in stenosis severity during
the trial (8 weeks). This supports further our data suggesting that the increase of the FFR reflects
the ‘true’ improvement of myocardial blood flow and is not based on changes in the degree of
stenosis or microvascular resistance.
It is also worth mentioning that the FFR is not only an index of the trans-stenotic pressure loss
due to a stenosis. It is calculated as the ratio of distal to aortic pressure under maximal hyperemia
(when epicardial and microvascular resistance are minimal) and thus also reflects myocardial
perfusion. Consequently, an improvement of the FFR in response to ECP represents an
improvement of the blood flow to the part of the myocardium that is supplied by the narrowed
artery [161].

5.4.4

Clinical impact of ECP treatment

All study participants were qualified for PCI at baseline due to pathological FFR (FFR<0.8) and
positive ischemic testing [21]. At the end of the 7-week therapy course 6/16 patients in the ECPgroup versus 1/7 patients in the control-group were deferred from angioplasty since the FFR had
improved to levels above 0.8 accompanied by a reduction, or even complete relief of angina.
So, these patients had no reason to undergo PCI after the ECP treatment, despite being
candidates for PCI treatment before inclusion in the study protocol.
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5.4.5 New data on the mechanism of action of ECP
In summary, our data suggest the improvement of the myocardial flow reserve after ECP,
reflecting at the same time an improved myocardial blood flow in the area at risk. Most of the
previous trials have used non-invasive techniques to investigate the effect of ECP on myocardial
ischemia. By N-ammonia positron emission tomography, Masuda and colleagues showed an
improvement of myocardial perfusion after therapy in the regions of stenotic vessels [109].
Other research groups, by performing myocardial scintigraphy combined with exercise tests
have demonstrated a reduction of the perfusion defects after ECP correlated to reduced anginal
symptoms [86, 87, 120, 122].
Until our trial, only one study had used invasive methods to assess the effect of ECP on the
cardiac collateral vessels and had shown no improvement of the angiographic Rentrop score after
ECP [86]. The latter method is, however, less sensitive and observer-dependent than the
pressure-derived collateral flow index.
However, as mentioned previously, other trials showed no effect of ECP on the myocardial
ischemia. They suggested the peripheral (“training”) effect of the therapy and an improved
endothelial function as a mechanism to explain the subjective improvement of the patients’
symptoms [85, 110]. As mentioned above (Chapter 1.3.3.2), a weakness of the previous studies
was that the exercise stress test was performed at the same level pre- and post-ECP. In this case,
a reduced myocardial oxygen demand due to lower peripheral resistance could also explain the
attenuation of perfusion defects and the relief of the patients‘symptoms. In our trial, myocardial
blood flow was assessed at each point in time by FFR under maximal vasodilatation (and
maximal hyperemia) induced by intravenous injection of adenosine. Under maximal
vasodilatation, the vascular resistance is minimal and assumed to be constant. So, in each
invasive measurement, we assessed changes of the myocardial blood flow under maximal stress
and not at a pre-defined level of stress (or exercise). In this case, structural or functional changes
of the coronary vasculature during the seven weeks may be translated to increases of myocardial
flow under the maximal action of adenosine. Furthermore, measurements of FFR under maximal
hyperemia assure reproducible results, independently of the systemic hemodynamic [153].
Although we showed a clear effect of ECP on coronary collateral growth, other factors may also
contribute to the mechanism of action of ECP. As mentioned in Chapter 1.3.3, the mechanism of
action of ECP is complex. The hypothesis that counterpulsation improves the endothelial
function was confirmed by measurements of the peripheral endothelial function by several
different investigators. The main findings were that an improvement of the peripheral endothelial
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function correlates with the decrease of the CCS classes [112, 113]. Recently, it was confirmed
that the improvement of the CFIp correlates with the improvement of the peripheral endothelial
function assessed by flow mediated dilation [184]. Whether the coronary endothelial function is
also improved after ECP or not has not been directly investigated. However, data from the
literature indicate that peripheral and coronary endothelial functions correlate well with each
other [187]. In this case, ECP would improve angina not only by reducing peripheral resistance
and the myocardial oxygen demand, but also by leading to improved vasodilation of the
epicardial coronary arteries and thus to improved myocardial perfusion.
In the bibliography, there are a few case reports about the effect of ECP on the coronary
endothelial function. Bonetti and colleagues reported a case of a patient with symptomatic
coronary endothelial dysfunction in the absence of obstructive coronary disease who was
successful treated with ECP [128]. ECP led to complete relief of angina. In another report, a
series of patients with syndrome X and a positive stress test demonstrating myocardial ischemia
at baseline were treated with ECP. All patients had an improvement of clinical symptoms and
93% of them had no ischemic defects at the final imaging stress test [127]. These results are
compatible with previous findings from a trial that assessed the effect of four weeks of exercise
training in patients who had impaired coronary endothelial functions. It was demonstrated that
the endothelium-dependent (assessed by injection of acetylcholine) coronary vasodilatation
increased after training [188]. As long as exercise and ECP share common vascular effects, like
an increase of shear stress in the vascular system, it is reasonable to assume that ECP also exerts
effects on coronary endothelium.
The attenuation of the endothelial dysfunction after ECP that has been seen in previous trials
could explain the clinical improvement of the patients even if no direct cardiac effects occur. In
response to increased shear stress, ECP leads to a release of nitric oxide, peripheral
vasodilatation and a reduction of the resistance/arterial stiffness. Consequently, cardiac afterload
and myocardial oxygen demand are reduced, leading to relief of angina symptoms. This
mechanism of action has been proposed by performing applanation tonometry of the radial artery
before and after a course of ECP [117]. However, other investigators who used the same method
did not show any change of arterial stiffness [125].
In summary, the present data support a multifactor mechanism of ECP, including at least
collateral artery growth and improved endothelial function.
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5.4.6 Effectiveness ratio and response to the therapy
The effectiveness or the diastolic to systolic ratio (D/S ratio) is used to estimate the
hemodynamic changes occurring during the ECP. Most of the previous trials have suggested a
direct relation of an improvement of the ratio to a clinical improvement of the patient. Previous
data from 2,486 patients treated with ECP have identified the D/S ratio at baseline and its
relative change after the therapy as a predictor of the clinical response to ECP. A D/S ratio ≤0.7
at baseline is generally characterized as low, whereas a D/S >0.7 is considered to be high.
Patients, who initially had low D.S ratios and high D/S ratios at the end of ECP, benefited more
from the ECP therapy. Independent predictors of a high D/S ratio at baseline include the male
gender, an age <65, an absence of non-cardiac vascular disease, smoking, hypertension, heart
failure, diabetes mellitus and previous CABG surgery [96]. Other investigators have suggested
that a D/S ratio >1.5 is associated with improved short and long term clinical outcomes [95]. On
the other hand, another trial, although confirming gender and age as predictors of the baseline
D/S ratio, showed that the benefit from the therapy is independent of a change in the index
during the therapy [97]. The main finding in our study is that the improvement of angina and the
invasive parameters correlate with an improvement in the D/S ratio. The improvement in the D/S
ratio mirrors a decrease of arterial stiffness that can be attributed, in part, to attenuation of
endothelial dysfunction [189]. The latter is supported by previous trials as mentioned above (see
Chapter 1.3.3.2).

5.5 Effect on coronary microcirculation
Microvascular dysfunction in the presence of obstructive coronary artery disease not only
reflects an attenuated endothelial dependent vasodilatation as a result of traditional coronary risk
factors (diabetes, hypertension, smoking, hyperlipidemia, and insulin-resistance). It may induce
constriction of the distal pre-arterioles and arterioles or inadequate subepicardial pre-arteriolar
dilatation, causing myocardial ischemia that is not necessarily related to the degree of epicardial
stenosis [157, 190]. We assessed the effect of ECP on the coronary microvasculature by using the
index of microcirculatory resistance (IMR). This index demonstrates the ability of the
microcirculation to dilate in response to a vasodilator agent (like adenosine) causing an increase
of myocardial blood flow. The IMR at baseline and the IMR after ECP did not differ
significantly and showed an unchanged microvascular resistance. This means that ECP probably
has no effect on the microcirculation when this is assessed at maximal hyperemia by infusion of
adenosine. As long as adenosine primarily reflects an endothelium-independent vasodilatation,
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one cannot exclude a possible effect of ECP on the endothelium-dependent vasodilatation as
mentioned above (see Chapter 5.4.5). This was the first study to assess the effect of ECP on
microvascular resistance. Although there is no cut-off value for the index, an IMR=22mmHg•sec
(or U) was found in a previous trial in patients without obvious microvascular dysfunction and
without diabetes, possibly suggesting a normal value [162]. In our study the mean IMR=12.9U at
baseline revealed a normal myocardial microvascular function in these patients. An improvement
of the already normal microvascular function should not be expected after ECP.

5.5.1 Hemodynamic aspects of IMR
In the current trial we evaluated for the first time in patients who had chronic coronary stenoses
the hypothesis that an additional measurement of the coronary occlusion pressure is necessary to
calculate the index of microcirculatory resistance. We demonstrated that to accurately assess the
IMR, it is necessary to measure the actual coronary occlusion pressure (Pw). When IMR is
calculated only on the basis of transit mean time and distal pressure, it will be overestimated,
regardless of whether the epicardial stenosis is severe (FFR<0.75) or not (FFR≥0.75). Previous
data suggested that in moderate to severe epicardial stenoses (0.52<FFR<0.69), the IMR
increases with increasing stenosis severity, whereas the IMRcor. remains stable [162]. Our data,
in patients with chronic moderate to mild stenoses (mean FFR at baseline=0.69, mean FFR at
follow-up=0.76) indicate that this overestimation is independent of the severity of the stenosis. A
major challenge of our invasive protocol was that Pw was measured during both catheterizations
at the end of a 60s balloon occlusion, as indicated for correct assessment of the collateral status
[60]. Consequently, the actual values of Pw, Pd and Pa were used to calculate the IMRcor at the
two different times. In contrast, in previous trials the Pw was measured only one time [162].
Thereafter, the IMRcor. was calculated upon this unique Pw value together with different values
of Pd and Pa, which were obtained under different degrees of coronary stenoses. So, in the
current trial, the influence of the coronary stenosis on IMR was assessed by taking into account
the actual collateral status for each functional stenosis severity.
Another important aspect of the current trial is that we conducted the two invasive measurements
in the absence of any coronary intervention between these points in time. This minimizes a
possible change of the microcirculatory resistance due to vasoconstriction or distal embolization
caused by a percutaneous intervention [191, 192]. We demonstrated that IMR can be used for
intra-individual measurements in studies performing a follow-up catheterization in a period of a
few weeks. Thus, IMR, when measured properly, is a reproducible index, independent of the
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hemodynamic status of the patient as it was previously shown under different hemodynamic
conditions during a single catheterization procedure [193].

5.6 Effect of ECP on the left ventricular function
By using cardiac magnetic resonance, we found that ECP does not influence the left ventricular
systolic function. All patients in the ECP group had a normal ejection fraction (EF) at baseline
that remained statistically unchanged following the treatment period. CMR is suggested as the
gold standard method for evaluation of the left ventricular function [194, 195]. Our results are in
accordance with a recently published trial that indicated no effect of ECP on different
echocardiographic parameters of the left ventricular systolic and diastolic function, despite
clinical improvement of the patients [132]. It is also reported that patients with EF <50% at
baseline do not have any additional benefit of the EF after ECP [131]. However, in a previous
trial that included patients who had heart failure, LVEF increased from 40% to 46% [196]. So,
for patients with a stable coronary artery disease and a normal left ventricular ejection fraction,
changes of the EF or other characteristics of the left ventricle may not play a role in the clinical
improvement following ECP.

5.7 Limitations of the study
The limitations of this study are a) the lack of a sham group and b) the delayed recruitment of the
control group. With regards to the first limitation, the local ethical committee did not approve
treating patients with sham treatments. In previous trials, a low cuff pressure of 75-80 mm of Hg
was used as a sham counterpulsation therapy. All previous trials, including a sham group, have
demonstrated significant changes of the end points only in the groups that received active
counterpulsation therapy. The MUST-trial showed a significant benefit of the active therapy (cuff
pressure 300 mm Hg) in regard to clinical end points (angina episodes, use of nitroglycerine)
compared to the sham group (cuff pressure 75 mm Hg) [83]. Levenson et al showed that active
counterpulsation is more effective in reducing carotid stiffness and vascular resistance in patients
with coronary artery disease [197]. In another study by the same investigators, it was
demonstrated that one hour of sham-ECP does not have any effect on the release of cGMP when
compared to active therapy [114]. In the trial by Goekler et al, which is similar to our own, the
sham group did not show any statistically significant changes in the FFR or the CFIp index as
did the active ECP group [184]. Furthermore, previous data suggest that a change in the CFIp
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within two to three months, in the absence of any coronary intervention or modification of the
medical treatment, is not to be expected. It was reported that it is, instead, a trend towards a
decrease in the index when two invasive pressure measurements are sequentially performed
within three months [39]. Despite all previous data that suggest that the clinical benefit of ECP is
related only to the active therapy [83], a placebo effect cannot be excluded. In the case of ECP,
this effect may be considerable, since it is known that therapies that involve medical devices can
be associated with an enhanced placebo effect [198].
To compensate for the lack of a sham group, we applied for a control-group, receiving optimal
medication and counseling as performed in COURAGE. The positive vote for this control was
obtained after the trial was initiated. Hence, a “regular” randomization with the start of the trial
was not feasible.
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6 Abstract
Arteriogenesis (collateral artery growth) is nature’s rescue mechanism to overcome the fatal
consequences of arterial occlusion or stenosis. External counterpulsation is a promising therapy
for symptomatic patients who have coronary artery disease (CAD). However, the mechanism of
ECP action remains unclear. The goal of this trial was to investigate the effect of external
counterpulsation (ECP) on coronary collateral artery growth.
Twenty-three patients (mean age of 61 years) who had stable CAD and at least one
hemodynamic significant stenosis that was eligible for percutaneous coronary intervention (PCI)
were recruited and assigned to ECP and control groups in a proportion of 2:1, respectively. The
patients assigned to the ECP group (n=16) underwent 35 1-hour sessions of ECP during a period
of seven weeks. The natural course of collateral circulation of the patients who were assigned to
the control group (n=7) was evaluated during the seven weeks. All patients underwent a cardiac
catheterization at baseline and after seven weeks with invasive measurements of the pressurederived collateral flow index (CFIp, primary endpoint) and fractional flow reserve (FFR).
Angina and dyspnea at exertion were evaluated by the scales of the Canadian Cardiovascular
Society (CCS) and New York Heart Association (NYHA). The left ventricular function and
structure were evaluated by cardiac magnetic resonance imaging (CMR).
In the ECP-group, the CFIp (from 0.08±0.01 to 0.15±0.02; p<0.001) and FFR (from 0.68±0.03
to 0.79±0.03; p=0.001) improved significantly, although no change was observed in the controlgroup. Only the ECP-group showed a reduction of symptoms in the CCS (p=0.008) and NYHA
scales (p<0.001). No change of parameters (ejection fraction, left ventricular end diastolic mass,
stroke volume) was detected by the CMR.
These data provide for the first time direct functional evidence of the stimulation of coronary
arteriogenesis by ECP in patients with stable CAD. The improvement of the myocardial blood
flow was accompanied by an alleviation of the patients’ symptoms. Our data might open a novel
non-invasive and preventive treatment avenue for patients who have non-acute, vascular, stenotic
disease.
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Zusammenfassung
Die Arteriogenese (Kollateralgefäßwachstum) ist ein natürlicher Rettungsmechanismus um die
fatalen Komplikationen einer arteriellen Okklusion oder Stenose zu beseitigen. Die Externe
Gegenpulsation (ECP) ist eine vielversprechende Therapie für Patienten mit koronarer
Herzkrankheit (KHK). Der Wirkungsmechanismus von ECP ist bisher allerdings unklar. In
dieser Studie wurde der Effekt der externen Gegenpulsation auf das Kollateralenwachstum
untersucht.
In die Studie wurden dreiundzwanzig Patienten (mittleres Alter 61 Jahre) mit stabiler KHK und
mindestens einer signifikanten Koronararterienstenose mit Indikation zur Ballondilatation
rekrutiert. Die Patienten wurden prospektiv im Verhältins 2:1 in die ECP- und Kontrollgruppe
verteilt. Die Patienten der ECP-Gruppe (n=16) wurden für insgesamt 35 Stunden über einen
Zeitraum von 7 Wochen mittels ECP behandelt. Bei den Patienten der Kontrollgruppe (n=7)
wurde im gleichen Zeitraum der natürliche Verlauf des Kollateralwachstums geprüft. Alle
Patienten

erhielten

zu

Beginn

und

am

Ende

der

Studienzeit

(7

Wochen)

eine

Herzkatheteruntersuchung mit hämodynamischen Messungen des kollateralen Flussindexes
(CFIp, primärer Endpunkt) und der fraktionellen Flussreserve (FFR). Die belastungsabhängige
Angina und Dyspnoe wurden anhand der CCS (Canadian Cardiovascular Society) und NYHA
(New York Heart Association) Skala geprüft. Die Funktion und Struktur des linken Ventrikels
wurde mittels der kardialen Magnetresonanztomographie (CMR) untersucht.
Die ECP-Patienten zeigten einen signifikanten Anstieg des CFIp (von 0.08±0.01 auf 0.15±0.02;
p<0.001) und des FFR (von 0.68±0.03 auf 0.79±0.03; p=0.001) nach der siebenwöchigen
Therapie. In der Kontrollgruppe wurde keine Änderung der invasiven Endpunkte festgestellt.
Nur die ECP-Patienten zeigten eine Verbesserung der Symptomatik in der CCS (p=0.008) und
NYHA Skala (p<0.001). Die geprüften Parameter der CMR (Auswurffraktion, enddiastolische
linksventrikuläre Masse, Schlagvolumen) zeigten keine Änderung nach der ECP Therapie.
Diese Daten stellen erstmals einen funktionellen Beweis dar, dass die Therapie mit externer
Gegenpulsation zur Stimulierung der Arteriogenese bei Patienten mit KHK führt. Die
Verbesserung des myokardialen Blutflusses ging mit der Linderung der klinischen Beschwerden
der Patienten einher. Unsere Daten könnten neue Wege zu nicht-invasiven und präventiven
Behandlungen für Patienten mit chronischen Stenosen eröffnen.
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8 Appendix
8.1 List of abbreviations

ACE

angiotensin converting enzyme

AHA

American Heart Association

BMI

body mass index

bpm

beats per minute

CABG

coronary artery bypass graft

CAD

coronary artery disease

CCS

Canadian Cardiovascular Society

CFIp

pressure-derived collateral flow index

CFIv

velocity-derived collateral flow index

CMR

cardiac magnetic resonance

D/S ratio

diastolic to systolic augmentation ratio

ECG

electrocardiography

ECP

external counterpulsation

EECP

enhanced external counterpulsation

FFR

fractional flow reserve

GM-CSF

granulocyte-macrophage colony-stimulating factor

HDL

high density lipoprotein

IEPR

international enhanced external counterpulsation patient registry

IHD

ischemic heart disease

IMR

index of microcirculatory resistance

IMRcor

IMR corrected for the coronary occlusion pressure
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IMRcvp

IMR corrected for the central venous pressure

LDL

low density lipoprotein

LV

left ventricle

LVEF

left ventricular ejection fraction

LVEDP

left ventricular end diastolic pressure

MI

myocardial infarction

NSTE-ACS

Non ST-segment elevation acute coronary syndrome

NYHA

New York Heart Association

Pa

mean aortic pressure

PCI

percutaneous coronary intervention

Pd

mean distal coronary pressure

PET

positron emission tomography

PTCA

percutaneous transluminal coronary angioplasty

Pv

mean central venous pressure

Pw

mean distal coronary pressure during balloon occlusion (coronary
wedge pressure)

Rcoll

collateral resistance index

SD

standard deviation

SE

standard error

SPECT

Single Photon Emission Computed Tomography

STE-ACS

ST-segment elevation acute coronary syndrome

STEMI

ST-segment elevation myocardial infarction

Voccl

flow velocity during vessel occlusion

Vpat

flow velocity during vessel patency
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