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ABSTRACT
Background Arteriogenesis (collateral artery growth) is nature’s most efficient rescue mechanism to overcome
the fatal consequences of arterial occlusion or stenosis. The goal of this trial was to investigate the effect of
external counterpulsation (ECP) on coronary collateral artery growth.
Materials and methods A total of 23 patients (age 61 ± 2Æ5 years) with stable coronary artery disease and at
least one haemodynamic significant stenosis eligible for percutaneous coronary intervention were prospectively
recruited into the two study groups in a 2 : 1 manner (ECP : control). One group (ECP group, n = 16) underwent
35 1-h sessions of ECP in 7 weeks. In the control group (n = 7), the natural course of collateral circulation over
7 weeks was evaluated. All patients underwent a cardiac catheterization at baseline and after 7 weeks, with
invasive measurements of the pressure-derived collateral flow index (CFIp, primary endpoint) and fractional flow
reserve (FFR).
Results In the ECP group, the CFIp (from 0Æ08 ± 0Æ01 to 0Æ15 ± 0Æ02; P < 0Æ001) and FFR (from 0Æ68 ± 0Æ03 to
0Æ79 ± 0Æ03; P = 0Æ001) improved significantly, while in the control group no change was observed. Only the
ECP group showed a reduction of the Canadian Cardiovascular Society (CCS, P = 0Æ008) and New York Heart
Association (NYHA, P < 0Æ001) classification.
Conclusion In this study, we provide direct functional evidence for the stimulation of coronary arteriogenesis
via ECP in patients with stable coronary artery disease. These data might open a novel noninvasive and
preventive treatment avenue for patients with non-acute vascular stenotic disease.
Keywords Arteriogenesis, collateral circulation, coronary artery disease, external counterpulsation.
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Introduction
Coronary artery disease (CAD) remains a key burden to the
industrialised world despite well-approved noninvasive (oral
medication, healthy and active lifestyle) [1] as well as invasive
therapeutic options. The latter involves angioplasty and ⁄ or
1

This author contributed equally to this study.

surgical bypass surgery. Both procedures are clinically safe, but
not all patients are suitable for these therapies. Thus supplementary treatments as add-on strategies are in need to control
symptoms and to alter the course of advanced CAD.
Arteriogenesis is nature’s most efficient endogenous rescue
mechanism to overcome the fatal consequences of vascular

European Journal of Clinical Investigation 1

E. E. BUSCHMANN ET AL.

occlusion ⁄ stenosis [2]. The rapid proliferation of pre-existing
collateral pathways has a significant impact on improving jeopardised distal tissue perfusion upon proximal artery occlusion
or relevant stenosis. However, in several cases, the speed of
arteriogenic proliferation may not be efficient enough to avoid
ischaemic tissue damage. Thus, the therapeutic stimulation of
arteriogenesis is an attractive noninvasive treatment option in
subjects with vascular stenotic disease.
Arteriogenesis is triggered by biomechanical forces, in particular increased levels of shear stress across newly recruited collaterals. Increased blood flow resulting in enhanced endothelial
shear stress within these arteriolar ⁄ arterial anastomoses activates the endothelium and initiates the process of vascular
remodelling. If pressure gradients and thus shear stress levels
remain high during this initial process of collateral recruitment,
the conductance of the resulting vessels can reach or even
surpass the conductance of the occluded artery [3]. Moreover,
chemokine expression is enhanced and leads to adhesion ⁄ transmigration of pluripotent mononuclear cells (monocytes) as well
as recruitment of resident macrophages, which orchestrate the
remodelling of small collateral arterioles ⁄ arteries into large
conductance arteries in a paracrine fashion [4].
The physiological impact of the human coronary collateral
circulation is beyond doubt; well-developed collateral arteries
reduce the size of myocardial infarction [5], and nonfatal as
well as fatal cardiac events [6]. Recent clinical investigations
provided evidence for the therapeutic induction of arteriogenesis via the biomechanical (shear stress) and ⁄ or the paracrine
fashion:
Senti et al. [7] demonstrated that long-term physical activity
and the severity of a coronary artery stenosis are independently
and directly associated with sufficient collateral networks
detected invasively via the flow-dependent collateral flow
index. Zbinden et al. [8] showed that the rapid decline of coronary collateral flow after percutaneous coronary intervention
(PCI) [9] can be prevented by exercise training; even in normal
vessels, collateral flow was increased significantly upon endurance training. Pohl demonstrated that the severity of coronary
artery stenosis is the most important predictor for a welldeveloped collateral circulation [10]. These data are in line with
the experimental findings that increased shear stress across
collaterals due to stenosis ⁄ occlusion or exercise training directly
correlates with the conductance of collateral circulation.
Seiler and colleagues were the first to show that subcutaneous granulocyte-macrophage colony-stimulating factor
(GM-CSF) leads to a significant increase of collateral flow in
patients with CAD [11]; thus providing evidence for the
paracrine strategy.
The objective of this clinical trial is based on reports about
beneficial effect of ECP in patients suffering from CAD. ECP is
a noninvasive technique augmenting diastolic blood flow
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volume and blood pressure in the vascular bed and decreasing
systolic pressure. This effect is achieved by three pairs of pneumatic cuffs wrapped around the lower extremities. The cuffs
inflate, triggered by ECG, at the onset of diastole (diastolic
augmentation, increased venous return); and deflate rapidly at
the onset of systole (systolic unloading). The effect of ECP has
been investigated in numerous trials. Clinical benefits including
relief of angina symptoms, increased exercise tolerance and
improved quality of life have been reported, whereas no clinical
benefits have been observed in ECP-sham treated groups [12].
ECP results in a reduction of ischaemic defects and a sustained
improvement of myocardial perfusion [13,14]. Suggested mechanisms contributing to the clinical benefit include improvement
in endothelial function, recruitment of coronary collaterals and
a decrease of peripheral vascular resistance [12].
However, to date no data exists on whether ECP promotes
active growth of functional collateral arteries (arteriogenesis).
In this study we present, to the best of our knowledge, the
first clinical proof-of-concept trial providing functional evidence for the role of ECP in the setting of clinical arteriogenesis.
By using the gold standard invasive method to detect myocardial collateral dependent blood flow, the CFIp (pressurederived collateral flow index), we demonstrate a direct
therapeutic effect of ECP on coronary collaterals in patients
with stable angina pectoris and significant coronary stenosis.

Methods
Patients
Patients with stable CAD were screened for study eligibility
based on the following major criteria: (1) angiographical narrowing (>70%) of at least one coronary artery diagnosed by
visual assessment within the last 2 months; (2) no previous
infarction in the myocardial region of interest (ROI) for the
assessment of collateral blood flow; (3) positive noninvasive
ischaemic testing for the ROI; (4) no congestive heart failure; (5)
no contraindication for adenosine or ECP [15] and (6) being able
to take part in the study for 7 weeks, 5 days per week. Patients
were eligible for inclusion as soon as haemodynamic significance was verified during the catheterization (pressure-derived
Fractional Flow reserve <0Æ8 and positive noninvasive
ischaemic imaging).
The study was conducted in accordance with the principles
of the declaration of Helsinki and approved by the Ethical
Committee of the Charité in 09 ⁄ 2006. All patients gave written
informed consent to participate in the study before enrolment.

Cardiac catheterization procedure
The cardiac catheterization procedure was performed on a standard angiography suite (Hicor, Siemens). Catheters without
side holes were used. Weight adjusted heparin was adminis-
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tered intravenously. Left ventricular end-diastolic pressure was
determined at the beginning. 0Æ2 mg nitroglycerine was administered intracoronarily into the vessel of interest and repeated
every 20 min throughout the procedure. Biplane coronary diagnostic angiography was performed routinely and coronary
artery stenosis was quantitatively assessed (QCA) offline. If the
stenosis of interest was significant and of low risk [16], the
procedure was continued with pressure measurements.

Exercise test
A symptom-limited bicycle ergometric test (Kiss ⁄ eBikeL) was
performed at baseline the day before the invasive procedure
and with an identical protocol at the 8th week. The test started
at 25 or 50 Watt and continued with a raise of 25 Watt every
2 min. The examination was terminated according to the guidelines [21]. The achievable workload, rate-pressure product,
exercise duration, maximal heart rate and time to appearance
of electrocardiographic changes were recorded.

Haemodynamic measurements
An interval of 10 min was allowed for dissipation of the effect
of nonionic contrast agent on coronary vasomotion. Pressurederived fractional flow reserve (FFR) served in this study protocol as an inclusion criterion as well as a secondary endpoint.
Only one lesion of a major coronary artery was assessed by
FFR in each patient. No bypass graft was assessed. The mean
aortic pressure (Pa mmHg) was measured via the guiding catheter; mean central venous pressure (Pv mmHg) was measured
with a catheter placed in the right atrium. Mean distal coronary
pressure (Pd mmHg) and transit mean times (Tmns) were
obtained using a 0Æ014¢¢ guidewire (PressureWire 5 Radi Medical Systems) positioned distal to the stenosis. For assessment
of FFR and the index of microcirculatory resistance (IMR),
steady state hyperaemia was achieved with systemic application of adenosine (140 lg kg)1min)1) through a large antecubital vein. FFR was calculated (FFR = Pd ) Pv ⁄ Pa ) Pv) [17] and 3
consecutive thermodilution curves were obtained by brisk
injection of 3 mL of room temperature saline into the coronary
artery. Data were displayed in real-time (RadiAnalyzerExpress). IMR was calculated offline as described below
[18]. If FFR was ‡0Æ8, the patient was not eligible for inclusion.
Further therapeutic procedures were performed independently
of the study protocol. If FFR was <0Æ8 and a positive noninvasive myocardial ischaemic imaging was existent for the ROI
[19], the patient was included. The protocol was continued
with assessment of the pressure-derived collateral flow index
(CFIp), the primary endpoint of the study. For coronary collateral assessment, an adequately sized balloon was placed right
proximal to the stenosis in the non-stenotic segment. For measurement of the coronary wedge pressure (Pw mmHg), the balloon was inflated at low pressure (1–3 atm) until the antegrade
coronary flow was interrupted. The transient complete occlusion was controlled via the real-time pressure measurement
display and by injection of contrast dye. CFIp was determined
at the end of a 60-s occlusion described and calculated as
(Pw ) Pv) ⁄ (Pa ) Pv) [20]. The IMR was calculated offline as
(IMR = Pa * Tmn*(Pd ) Pw ⁄ Pa ) Pw) by taking the coronary
wedge pressure into account as indicated in the presence of
a significant stenosis [18]. The position of the pressure-wire
distal to the stenosis was carefully documented in biplane
angiography for the invasive follow-up.

Study protocol
At the time of the ethics approval in 09 ⁄ 2006, no permission
for inclusion of a sham ECP or a control group was obtained
from the committee. Hence the study was started with the
recruitment of the ECP group. However, with the publication
of the COURAGE Trial [1], providing evidence that under
optimal medical treatment PCI can be deferred safely in stable
angina pectoris, we received a positive ethical vote for the
inclusion of a prospective control group. Three patients had
already been recruited in the ECP group before the final
ethical approval. Thereafter all included study participants
were pseudo-randomised in a 2 : 1 manner to ECP and
control. As already three patients were in the ECP group, the
4th included patient was allocated to the control group and
from there on every third consecutive patient was also
allocated to the control. To assess symptoms, standardised
questionnaires on the Cardiovascular Society (CCS) and the
New York Heart Association (NYHA) functional class
were used. Within 3 weeks prior to the invasive diagnostics,
oral antihypertensive medication was adjusted to meet
the guideline recommendations [22]. A positive recent
noninvasive ischaemic test for the area supplied by the vessel
of interest (Table 1) was available for all patients.
All patients had an echocardiography at baseline. Throughout the study, patients were instructed not to change their daily
activity. Patients were eligible for inclusion as soon as haemodynamic significance via FFR was proven. Thereafter, baseline
medication remained unchanged throughout the study. The
ECP group received 35 h of treatment in 7 weeks (5 h ⁄ week)
with an EECP-TS3 device (Vasomedical Inc., Westbury, NY,
USA). Clinical symptoms, status and the diastolic-to-systolic
ratio (D ⁄ S) were registered at each treatment session. ECP was
performed to achieve a target D ⁄ S ratio > 1Æ0. To compensate
for the non-therapy related effect of ECP, the control group
had over 7 weeks, 5 times ⁄ week, walk-in appointment (for
non-study related diagnostics, nutrition-counselling and physician’s appointment). In the 8th week the invasive follow-up
was performed. After having assessed the study-related
haemodynamic measurements, revascularization was either
performed or not performed according to the guidelines [19].
To prevent bias, invasive data were analysed by an experi-
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Table 1 Baseline data
Category

Subcategory

ECP (n = 16)

Control (n = 7)

P-value

Demographic characteristics

Age, years (range)

62Æ3 (43–77)

61Æ4 (41–75)

0Æ87

Male gender, n (%)

11 (68Æ8)

6 (85Æ7)

0Æ62

BMI (kg m )

28Æ5 ± 1Æ03

28Æ1 ± 1Æ25

0Æ84

Hypertension, n (%)

16 (100)

7 (100)

–

Hyperlipaemia, n (%)

15 (93Æ8)

7 (100)

1Æ0

Diabetes, n (%)

2 (12Æ5)

2 (28Æ5)

0Æ55

Family history for CAD, n (%)

4 (25)

2 (28Æ6)

1Æ0

Ongoing smoking, n (%)

3 (18Æ8)

1 (14Æ3)

1Æ0

Prior myocardial infarct, n (%)

8 (50)

3 (42Æ9)

1Æ0

Prior percutaneous intervention, n (%)

13 (81Æ3)

6 (85Æ7)

1Æ0

Prior CABG, n (%)

1 (6Æ3)

0 (0)

1Æ0

Ejection fraction, %

62 ± 1Æ72

58 ± 1Æ25

0Æ11

Systolic blood pressure (mmHg)

122 ± 2Æ81

120 ± 7Æ15

0Æ77

Diastolic blood pressure (mmHg)

70 ± 1Æ76

72 ± 3Æ4

0Æ69

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

56 ⁄ 13 ⁄ 25 ⁄ 6

43 ⁄ 14 ⁄ 29 ⁄ 14

0Æ91

NYHA Class I ⁄ II ⁄ III (%)

25 ⁄ 63 ⁄ 12

43 ⁄ 43 ⁄ 14

0Æ82

Active way of life, n (%)

8 (50)

4 (57Æ1)

1Æ0

3 ⁄ 11 ⁄ 2

2⁄4⁄1

–

–2

Cardiovascular risk factors

Cardiac history and current status

Baseline stress test
Blood results

SPECT ⁄ CMR ⁄ stress-echocardiography
–1

Total cholesterol (mg dL )

173 ± 15Æ7

162 ± 12Æ2

0Æ65

–1

101 ± 11Æ3

90 ± 12Æ5

0Æ53

–1

47Æ4 ± 4

49Æ4 ± 9Æ8

0Æ82

–1

2Æ2 ± 0Æ86

1Æ43 ± 0Æ72

0Æ69

LDL(mg dL )
HDL(mg dL )
CRP (mg dL )

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.

enced cardiologist (Klauss V., Munich) blinded to the study
protocol; noninvasive data were analysed by blinded physicians (Pagonas N, Gross M).

Sample size and statistical methods
Evidence for ECP-related improvement of myocardial blood
flow due to collateral arterial growth is provided by former
PET studies [14,23]. PET is considered as a reliable method to
detect collaterals noninvasively. The methodological error of
CFIp and FFR measurement was taken into account [11,17].
Power calculations are based on the assumptions: One-tailed
test for increase in myocardial blood flow in the ROI; significance level of 5%; power to detect change 80%. A mean change
of myocardial blood flow respectively collateral blood flow of
plus 15% in the ROI.

For the ECP group, a sample size of 12 was required. Taking
a drop-out rate of 20–30% into account, 16 patients were
planned to be included. Based on published data on the natural
course of the collateral circulation (CFIp) wherein a reduced
variance is observed, [6,8] a 2 : 1 ratio for the control group was
planned, resulting in a sample size of 7 (6 + 1 expected dropout). Intra-individual comparisons of baseline ⁄ follow-up data
were performed using the paired Student t-test and Wilcoxon
test. Between-group comparisons were performed by t-test and
2
ANOVA or by Mann–Whitney test and Friedman test. A chi test
using Fisher’s exact test was applied for comparison of categorical variables among the study groups. Linear regression analysis was performed to assess the association between D ⁄ S ratio
and the invasive endpoints. Mean values ± SE are given.
Statistical significance was defined at P < 0Æ05. All analyses
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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) were analysed
(n = 16, P = 0Æ018 and P = 0Æ004 for the change of CFIp and
FFR, respectively).
In both groups, no difference of the invasive endpoints in
relation to other baseline factors was found (Table 3).

were calculated with SPSS-15Æ0. All statistical analyses were
performed by a professional statistician.

Results
Baseline characteristics
A total of 33 patients met all the screening criteria and were
assessed invasively. Ten of 33 patients did not meet the final
inclusion criteria (FFR ‡ 0Æ8 or the pressure wire could not be
placed in ROI). A total of 23 patients were finally enrolled in
both groups (16 ⁄ ECP, 7 ⁄ control). Clinical baseline characteristics were well balanced in-between the groups (Table 1). There
was no significant difference of the baseline CCS and NYHA
classes between the groups. No difference of the medication
was found between the groups. The haemodynamic severity of
the assessed stenosis at baseline, as detected by FFR and QCA,
did not differ between the groups. Baseline CFIp in the control
group was higher compared with that of ECP (Table 2).

Secondary noninvasive clinical endpoints
In the ECP group, after treatment a significant reduction of the
CCS classification was achieved (P = 0Æ008), whereas in control
group no change (P = 0Æ25) was observed. The severity of dyspnoea (NYHA scale) was reduced after ECP (P < 0Æ001) but not
within the control (P = 0Æ28). At the end of the therapy, 81% of
the ECP patients were free of angina pectoris (CCS = 0) compared to 56% at baseline. In the control group, at baseline and
after 7 weeks only one patient (14Æ3%) was free of angina. No
patient treated with ECP had an increase in angina class or
remained in CCS > II after the therapy.
For the exercise test, there was statistically no significant
difference in any of the evaluated parameters. The ECP group
tended to achieve a higher exercise level after ECP (from
110 ± 5Æ88 to 117 ± 6Æ76 Watt, P = 0Æ08, NS).

Invasive measurements
In the ECP group, the CFIp increased from 0Æ08 ± 0Æ01 to
0Æ15 ± 0Æ02 (P < 0Æ001), whereas the control group showed no
variance of the index (0Æ15 ± 0Æ03 to 0Æ14 ± 0Æ02, p = 0Æ7) demonstrating growth of collateral arteries in patients treated with
ECP (Fig. 1). In accordance with the CFIp, the FFR index
increased in the ECP group from 0Æ68 ± 0Æ03 to 0Æ79 ± 0Æ03
(P = 0Æ001) but not in the control group (0Æ68 ± 0Æ06 to
0Æ70 ± 0Æ05, P = 0Æ4, Fig. 2). A total of 2 ⁄ 16 patients in the ECP
group and 1 ⁄ 7 in the control group had to be excluded from
analysis after completion of the trial due to protocol violation
(ECP) and an arteriovenous-fistula in the ROI (control);

D ⁄ S ratio
The D ⁄ S ratio had a significant improvement throughout the
therapy. Mean D ⁄ S ratio increased from 0Æ86 ± 0Æ06 at baseline
to 1Æ07 ± 0Æ08 in the 7th week (P < 0Æ0001). The improvement of
FFR correlated significantly with the improvement of the D ⁄ S
ratio (P = 0Æ001, r = 0Æ54). Between DD ⁄ S ratio and DCFIp, a
trend for a correlation was seen (P = 0Æ06).

Table 2 Baseline angiographic and haemodynamic data
Category

ECP

Control

P-value

One- ⁄ two- ⁄ three-vessel disease, n

6⁄6⁄2

1⁄2⁄3

0Æ33

Vessel LAD ⁄ LCX ⁄ RCA, n

8⁄2⁄4

5⁄0⁄1

0Æ63

Diameter stenosis of ROI, (%)

52Æ4 ± 3Æ46

54Æ2 ± 4Æ3

0Æ76

Fractional flow reserve, no unit

0Æ68 ± 0Æ03

0Æ68 ± 0Æ05

0Æ89

Left ventricular end-diastolic pressure (mmHg)

11Æ6 ± 0Æ72

13Æ5 ± 1Æ5

0Æ21

Mean aortic pressure at occlusion (Pa), mmHg

89Æ8 ± 3Æ86

91Æ3 ± 3Æ61

0Æ82

Coronary occlusive pressure (Pw), mmHg

10Æ2 ± 1Æ38

17 ± 2Æ77

CVP during occlusion, mmHg

3Æ79 ± 0Æ59

5Æ25 ± 1Æ56

0Æ29

Collateral flow index, no unit

0Æ08 ± 0Æ01

0Æ15 ± 0Æ03

0Æ016*

0Æ025*

CVP, central venous pressure; ECP, external counterpulsation; LAD, left anterior descending artery; LCX, left circumflex artery; RCA, right coronary artery;
ROI, region of interest.
*P < 0Æ05.
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(a)

(a)

(b)

(b)

Figure 1 Changes of CFIp from baseline to week 8. CFIp,
pressure-derived collateral flow index; ECP, external
counterpulsation.

Adverse events
No major adverse event occurred during the study. Minor
adverse events such as sore muscles after the therapy were
observed in the ECP group. No special therapy was necessary.

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 via
artificial stenosis, ligation or arterio-venous shunting distal to
the site of occlusion ⁄ stenosis [3]. ECP increases arterial shear
stress even in the absence of a stenosis [24]. In humans, it is proposed as an elegant method to enhance shear stress noninvasively in the arterial system (within the cardiac diastole without
increasing heart rate) [12,25]. In this proof-of-concept trial, we
evaluated whether counterpulsation leads to a significant
change in CFIp and FFR as compared with the natural time
course under optimal medical treatment.
The primary hypothesis of the Art.Net.-2 Trial was to investigate the direct effects of counterpulsation on collateral function
in patients with stable angina pectoris using the CFIp. The latter

Figure 2 Changes of FFR from baseline to week 8. FFR,
fractional flow reserve, ECP, external counterpulsation.

is currently the gold standard for the assessment of the collateral circulation. CFIp expresses the maintained collateral blood
flow during coronary occlusion relative to normal antegrade
flow during vessel patency [20]. In contrast to several other trials – which detected CFIp either at single time points or performed CFIp measurement within the PCI procedure – the
Art.Net.2-Trial assessed CFIp at two longitudinal time points:
baseline and follow-up after 7 weeks. Patients with severe coronary artery stenosis, known to be at higher risk of periprocedural complications [16], were excluded due to ethical
concerns. Consequently, the mean residual coronary artery stenosis (assessed by QCA) of patients in our trial was 53 ± 2Æ63%.
We observed a significant increase of collateral blood flow
after ECP treatment, whereas in the control group no change
was observed. The intra-individual CFIp changes within the
ECP group were heterogeneous. We identified 12 ⁄ 14 CFIp
responders (improvement of CFIp) and 2 ⁄ 14 CFIp nonresponders (no improvement of CFIp). Lower pretreatment
fractional flow reserves, hence more relevant stenoses were
associated with responders (9 ⁄ 12 of CFIp responders had FFR
at baseline <0Æ75). The significant – however moderate –
increase of CFIp (0Æ07 ± 0Æ016) in our study is explained with
the heterogeneity of patients with moderately severe or severe
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Table 3 Angiographic and haemodynamic results
ECP

Control

Category

Baseline

Week 8

P-value

Baseline

Week 8

P-value

Systolic BP (mmHg)

121Æ9 ± 2Æ81

120Æ4 ± 2Æ87

0Æ53

120 ± 7Æ15

124 ± 3Æ41

0Æ52

Diastolic BP (mmHg)

70Æ4 ± 1Æ76

69Æ7 ± 1Æ85

0Æ45

72 ± 3Æ44

74 ± 3Æ08

0Æ22

CFIp, no unit

0Æ08 ± 0Æ01

0Æ15 ± 0Æ02

<0Æ001*

0Æ15 ± 0Æ03

0Æ14 ± 0Æ02

0Æ67

FFR, no unit

0Æ68 ± 0Æ03

0Æ79 ± 0Æ03

0Æ001†

0Æ68 ± 0Æ05

0Æ70 ± 0Æ05

0Æ39

IMR, no unit

14Æ2 ± 2Æ47

15Æ2 ± 1Æ43

0Æ76

10Æ1 ± 2Æ48

12 ± 0Æ86

0Æ49

Tmn (s)

0Æ28 ± 0Æ05

0Æ28 ± 0Æ04

0Æ98

0Æ21 ± 0Æ04

0Æ34 ± 0Æ08

0Æ25

Pa (mmHg)

80Æ9 ± 4Æ1

81Æ1 ± 4Æ8

0Æ96

80Æ6 ± 3Æ2

79 ± 9Æ4

0Æ87

Pd (mmHg)

55Æ4 ± 2Æ4

63Æ1 ± 3Æ8

0Æ049†

55Æ8 ± 4Æ9

56Æ8 ± 9Æ3

0Æ9

Pw (mmHg)

10Æ2 ± 1Æ4

18Æ6 ± 2Æ3

<0Æ001*

17 ± 2Æ8

19Æ2 ± 2Æ7

0Æ31

LVEDP (mmHg)

11Æ6 ± 0Æ72

11 ± 0Æ54

0Æ24

13Æ5 ± 1Æ5

12Æ5 ± 1Æ18

0Æ31

Diameter stenosis (%)

52Æ4 ± 3Æ46

49Æ9 ± 4Æ42

0Æ22

54Æ2 ± 4Æ3

55Æ0 ± 4Æ66

0Æ29

BP, blood pressurel; CFIp, pressure-derived collateral flow index; ECP, external counterpulsation; FFR, fractional flow reserve; IMR, index of microvascular resistance; LVEDP, left ventricular end-diastolic pressure; Tmn, hyperaemic transit mean time; Pa, aortic pressure under maximal vasodilatation; Pd, distal coronary
pressure under maximal vasodilatation; Pw, coronary occlusive pressure.
*P < 0Æ001, †P < 0Æ05.

stenosis. 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 [26] as well as several
clinical trials [6,10].
Although functional severity of the stenosis (Table 3) and
symptoms at baseline (Table 1) were well matched, collateral
blood flow differed in between the groups, reflecting the high
inter-individual range of the collateral status. These interindividual variations are well known in CAD patients – as
previously published, [6,8,10,11] and provoked in patients with
poor collateralization (CFIp <0Æ25). In our trial, all patients had
an insufficient collateralization at baseline and a significant
increase in collateral blood flow only after ECP treatment.
Recently, Seiler investigated the effect of GM-CSF on the
collateral circulation by sequential CFIp measurements [11]; the
degree of stenosis at baseline was more severe and concomitantly the mean CFIp at baseline (0Æ21 ± 0Æ14) was higher. After
therapeutic delivery of GM-CSF over 2 weeks, collateral conductance increased significantly but also with a wide range
within the response (0Æ11 ± 0Æ12) compared to our study
(0Æ07 ± 0Æ016). However, due to the differing degree of stenosis
and the time-course (2 weeks GM-CSF vs. 7 weeks ECP), no
inference can be drawn in terms of the effectiveness of each
treatment. Our data indicate that external counterpulsation
treatment, even in a rather heterogenous group with moderate
and moderate-severe grade of stenosis, leads to a significant
functional improvement of the collateral circulation.

The FFR is the most reliable tool in the catheterization laboratory to assess the physiological relevance of a stenosis [17]. Supposing that myocardial resistance is minimal under adenosine,
the ratio of distal coronary to aortic pressure reflects regional
myocardial blood flow arising from epicardial, intramyocardial
and subendocardial coronary arteries and collaterals. An
improvement of the FFR, due to the distal coronary pressure in
particular, mirrors an improvement of blood flow to the myocardium distal to the stenosis. As FFR reflects the limitation of
myocardial perfusion due to the epicardial resistance, FFR is
directly depending on the morphology of stenosis. Further, an
influence of the post-stenotic microcirculation cannot be completely ruled out. Regarding this, QCA and the resistance of the
myocardial microcirculation were assessed at baseline and at
follow-up.
In the ECP group, the FFR increased significantly (Table 3),
whereas in the control no change was observed. Within the
ECP group, we identified 13 ⁄ 14 FFR responders (improvement
of FFR) and 1 ⁄ 14 FFR non-responder (decline of FFR). The
improvement of myocardial blood flow at demand (vasodilation) may be strengthened by the fact that the angiographically
recorded stenosis narrowing (QCA % diameter of stenosis) and
the resistance of the microcirculation remained unchanged
in the ECP group as well as in the control group (Table 3).
Hence, the improvement of FFR reflects the ‘true’ improvement
of myocardial blood flow and is not based on changes in the
degree of stenosis or microvascular resistance [27].
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All study participants were qualified for PCI at baseline [19].
At the end of the therapy course, 6 ⁄ 16 patients in the ECP
group vs. 1 ⁄ 7 patients in the control group were deferred from
angioplasty. In summary, the significant increase in CFIp is
supported by a second functional endpoint, the FFR. Thus pressure-derived myocardial blood flow reserve improved upon
ECP treatment significantly, reflecting the improvement of
myocardial blood flow in the area at risk.
The status of the coronary microcirculation is of clinical and
prognostic relevance. Recently a novel parameter, the index of
IMR, was introduced to assess the microvascular resistances
[28]. IMR seems also to be a reliable index to assess the microvascular status in the presence of a significant stenosis. This is
achieved by taking the contributing collateral blood flow into
account. An IMR 22 (no units) was observed in patients with
stable CAD and without obvious microvascular dysfunction,
and is proposed as a reference for an undisturbed microcirculation [18]. In our study, the mean IMR 12Æ9 at baseline suggests
that most of the patients may have a normal microvascular
function. After ECP treatment, as well as in the control group,
no significant change of the IMR was observed; taking IMR <22
as reference, the resistance of the microcirculation remained
within a normal range. Only one patient in the ECP group had
a pathological IMR (40Æ5) at baseline, which improved clearly at
the end of the therapy (IMR 9).
Regarding the noninvasive endpoints of the trial, a significant
reduction of angina (CCS-Score) and dyspnoea at exercise
(NYHA) was demonstrated after the ECP therapy. These results
are in accordance with previous data [29]. ECP led either to
complete relief from angina or to an increase of symptoms
threshold.
In the current trial, the reduction in angina seen in all of the
pre-ECP symptomatic patients was related to an improvement
of the coronary functional status, suggesting that the amelioration of angina is considerably depending on the improvement
of myocardial blood flow. However, due to the small number
of symptomatic patients, these data have to be further investigated in future trials.
As all patients, including those who were free of angina at
baseline, had an improvement of effort-related dyspnoea, the
latter beneficial effect of ECP is likely to depend on synergistic
effects, including improved diastolic function, increased exercise capacity and decreased peripheral vasculature resistance
[12,30,31].
It is known that the growth of collateral arteries in humans,
contrary to those in animals, is a process which takes place during weeks to months [32]. In this trial, the significant decrease
of CCS and NYHA class was obtained in the second half of the
therapy, suggesting that the commonly used ECP protocol of
about >30 h of therapies is appropriate for an adequate clinical
response.

www.ejci-online.com

The D ⁄ S ratio reflects the haemodynamic effect of ECP.
According to the current knowledge [12], the improvement of
the D ⁄ S ratio mirrors a decrease of the systolic pressure due to
improved arterial stiffness deriving from ameliorated endothelial dysfunction. Within this trial, a significant positive correlation was found between DD ⁄ S ratio improvement and
improvement of FFR; between DD ⁄ S and DCFIp no significant
correlation, but a trend, was observed. This data is in line with
numerous studies reporting that regular exercise results in 1)
improved vascular reactivity related to ameliorated systemic
endothelial function [33] as well as 2) enhanced myocardial
perfusion, mostly due to adaptive collateral artery growth
[7,8,34]. As 60% (ECP group) and 50% of patients (control)
were limited due to orthopaedic problems, treadmill testing
was not suitable as a clinical endpoint.
The protective and beneficial effect of well-developed myocardial collateral circulation on myocardial tissue as well as survival in subjects with vascular occlusive disease was
demonstrated independently by several investigators [2,6].
Thus, the impact of well-developed collateral arteries is beyond
doubt and the therapeutic stimulation of the latter remains to
be an attractive clinical goal.
Some limitations of this study are a) the lack of a sham group
and b) the non-randomised design of the trial: In terms of a) the
local Ethical Committee did not approve to treat patients with
sham treatment, due to the invasive endpoints. Sham ECP treatment (low pressure <80 mmHg) vs. active ECP treatment (low
pressure >220 mmHg) had been applied in previous clinical trials, and therapeutic effects were observed only in the groups
that had received active ECP treatment. To compensate for this
lack of a sham group, we applied for a control group receiving
optimal medication and counselling, 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 no longer feasible.
In conclusion, we present in this study the first data about
noninvasive stimulation of arteriogenesis via ECP in patients
with stable angina pectoris. Based on diastolic augmentation
and consequently enhanced shear forces, this concept of ‘passive coronary training’ may serve as a valuable complementary
treatment strategy to promote myocardial collateral growth in
patients beyond active training as well as experimental cytokine or cell therapies. It is reasonable to speculate that patients,
especially those not being capable to perform regular cardiovascular exercise, might profit from such ‘passive collateral coronary training’. Further studies are under way to prove the
benefit of this noninvasive pro-arteriogenic form of therapy.
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