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LVEDP were significantly related to CFI (F = 5.31, p = 0.002, 
adjusted r 2  = 0.12). In patients without beta-blockers, a low 
HR and absence of aHT were independent predictors of CFI 
(F = 8.03, p  !  0.001, n = 50, adjusted r 2  = 0.30).  Conclusions:  
A low HR and absence of aHT are both related to collateral 
preformation in humans. We suppose that bradycardia fa-
vors fluid shear stress in coronary arteries, thus triggering 
collateral growth.  Copyright © 2011 S. Karger AG, Basel 

 Introduction 

 Cardiac disease is the most common cause of death 
worldwide, and coronary artery disease (CAD) is its ma-
jor contributor  [1] . CAD is characterized by mechanical 
and arrhythmic cardiac disorders as a consequence of 
myocardial ischemia. Successful treatment consists of re-
storing sufficient blood supply to the ischemic myocar-
dium, the very aim of percutaneous coronary interven-
tions and surgical revascularization. The promotion of 
coronary collaterals may become an alternative approach 
since these vessels represent natural bypasses able to sus-
tain myocardial regions jeopardized by coronary lesions. 

 Key Words 
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 Abstract 

  Background:  Coronary collaterals protect myocardium 
jeopardized by coronary artery disease (CAD). Promotion of 
collateral circulation is desirable before myocardial damage 
occurs. Therefore, determinants of collateral preformation in 
patients without CAD should be elucidated.  Methods:  In 106 
patients undergoing coronary angiography who were free 
of coronary stenoses, a total of 39 clinical test variables were 
collected. The coronary collateral flow index (CFI) was mea-
sured. Stepwise multiple linear regression analysis was per-
formed after choosing a restricted number of candidates 
emerging from univariate testing. Separate multiple regres-
sion analyses were performed in patients with and without 
beta-blocker therapy.  Results:  Nine parameters were found 
to be possible determinants of CFI by univariate analysis: 
 arterial hypertension (aHT), dyslipidemia, statins, diuretics, 
age, height, heart rate (HR), pulse pressure amplitude, and 
left ventricular end-diastolic pressure (LVEDP). After multiple 
regression analysis, a low HR, absence of aHT, and elevated 
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Walk-through angina pectoris, a probable feature of cor-
onary collaterals  [2] , was first described in the 18th cen-
tury by William Heberden  [3] , and CAD was later identi-
fied to be directly related to their formation  [4] . Well-
developed collaterals are associated with reduced 
mortality in patients with stable CAD  [5]  and with a re-
duced infarct size, the most important prognostic factor 
in patients with acute myocardial infarction  [6] . Unfor-
tunately, collateral formation varies considerably be-
tween individuals. In about one third of patients with 
stable CAD, collaterals are sufficiently developed to pre-
vent myocardial ischemia during brief coronary occlu-
sion  [7] .

  Over centuries, it has been debated whether structural 
human coronary collaterals exist ubiquitously. In a post-
mortem study published in 1963, Fulton  [8]  elegantly re-
solved this issue using a new radiographic technique and 
demonstrated that a large number of arterio-arterial 
anastomoses can be found in all human hearts regardless 
of the presence or absence of cardiac disease. However, 
this ubiquity only applied to vessels smaller than 500  � m 
in luminal diameter and mostly within the range of 40–
200  � m  [9] . Such small vessels may be considered non-
functional because they are too resistant to flow and, 
therefore, not capable of transmitting sufficient perfu-
sion pressure to the collateral-receiving artery. For ade-
quate blood supply, anastomoses must enlarge and evolve 
into arteries that show all of the histological features of 
arterial conductance vessels. This process is referred to as 
arteriogenesis and includes remodeling of the adventitia 
and formation of a muscular tunica media providing the 
vessel with vasomotor capabilities such as sympathetic 
and flow-mediated dilation  [10, 11] . Coronary collateral 
arteriogenesis has been attributed exclusively to patients 
with CAD. However, in a study by Wustmann et al.  [12] , 
the presence of well-developed collaterals could be dem-
onstrated in about one fourth of patients with normal 
coronary arteries, indicating that there are determinants 
of collateral  pre- formation, i.e. determinants different 
from those of CAD-induced arteriogenesis.

  The aim of this study in humans without CAD was to 
assess determinants of quantitatively measured collateral 
preformation.

  Methods 

 Patients 
 106 patients who underwent quantitative collateral assess-

ment but had normal coronary angiograms were included. All 
patients were referred for coronary angiography because of chest 

pain or a positive treadmill exercise test. A coronary angiogram 
was considered normal if the coronary artery tree was free of ste-
noses. Nonstenotic wall irregularities with  ! 10% diameter re-
duction were not an exclusion criterion. Patients with previous 
percutaneous coronary intervention, coronary bypass grafting, 
previous myocardial infarction, or acute coronary syndrome 
were excluded from the study. Since beta-blockers have a known 
constrictive effect on coronary collaterals  [13–16] , an additional 
analysis in patients with and without beta-blockers was per-
formed. All patients gave written informed consent to participate 
in the study. 

  Study Protocol 
 The protocol was approved by the local ethics committee. As 

the authors of the manuscript we certify that we complied with 
the Principles of Ethical Publishing in the International Journal 
of Cardiology  [17] . 

  Left heart catheterization was performed using the right fem-
oral approach. An intravenous bolus of 5,000 IU heparin and 2 
puffs of oral isosorbide dinitrate was administered to all patients. 
A 5-Fr pigtail catheter was placed in the left ventricle (LV) for 
pressure measurement and biplane left ventricular angiography. 
A 5- to 6-Fr guiding catheter was then inserted into the ostium of 
the right (RCA) and left coronary arteries (LCA) for aortic pres-
sure (P ao ) measurement during coronary catheterization. A 0.014-
inch guide wire equipped with a pressure sensor at the tip (Pres-
sureWireP; RADI Medical Systems, Uppsala, Sweden) was insert-
ed into the distal portion of the coronary tree after being zeroed 
and calibrated against the pressure derived from the guiding 
catheter. A 5-Fr pigtail catheter was placed in the right atrium via 
the right femoral vein for central venous pressure (CVP) measure-
ments. Coronary collateral assessment was obtained during a 
proximal 1-min balloon occlusion of the coronary artery at a low 
inflation pressure (1–3 atm). Complete arterial occlusion was con-
trolled by radiographic contrast injections, and distal coronary 
occlusion pressure (P occl ) was measured ( fig. 1 ). Coronary collat-
eral function was determined using simultaneously obtained 
mean P ao , P occl , and CVP [collateral flow index (CFI) = (P occl  – 
CVP)/(P ao  – CVP)]  [18, 19] . In 37 patients, a single 18- or 12- � g 
bolus of adenosine was injected into the LCA or RCA, respective-
ly. The fractional flow reserve was calculated as the ratio of the 
mean distal coronary pressure to the mean P ao  under maximal 
hyperemia.

  Clinical and Hemodynamic Patient Data 
 Clinical data were assessed focusing on current symptoms of 

cardiac disease, cardiovascular risk factors, personal history of 
cardiovascular disease, and current medication. In particular, ar-
terial hypertension and diabetes mellitus were defined according 
to international diagnosis guidelines. Patients underwent a phys-
ical examination and standard laboratory blood tests, including 
lipid profiling. Hemodynamic measurements included: mean 
systemic blood pressure, blood pressure amplitude and heart rate 
under resting conditions prior to cardiac catheterization, mea-
surement of left ventricular end-diastolic pressure (LVEDP), and 
peak aortic gradient during catheterization. The left ventricular 
ejection fraction was assessed quantitatively from biplane ven-
triculograms. A total of 39 test variables were collected in all pa-
tients.
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  Statistical Analyses 
 In order to assess the independent predictors of CFI, a 2-step 

approach was chosen:
  In the first step, univariate analysis comparing all available 

clinical test variables (see above) with CFI as the dependent vari-
able was performed to restrict the choice of candidates for further 
multivariate testing. Univariate testing consisted of linear regres-
sion analyses for metric and unpaired Student’s t tests for dichot-
omous, categorical test variables. A threshold of p  !  0.10 was used 
to select candidates for multivariate analysis. A stepwise multiple 
linear regression model was chosen to determine the independent 
predictors of CFI in all patients.

  In the second step, patients were divided into 2 groups accord-
ing to the current intake of beta-blockers. The variables found to 
be significant predictors in the overall multivariate analysis were 
entered into a standard multiple regression model in both groups.

  Dichotomous variables were used as dummy variables in all 
multiple regression analyses. Assumption testing was performed 
following each completion of a multiple regression calculation us-

ing the following 3 statistical procedures: (1) a Durbin-Watson 
test to check the assumption of independence of the residuals, 
with a value between 1.5 and 2.5 being mandatory; (2) colinearity 
statistics to exclude multicolinearity between the test variables, 
including all variables not entered into the stepwise procedure or 
excluded in the standard procedure (a tolerance value  1 0.10 was 
defined as mandatory), and (3) a Kolmogorov-Smirnov (KS) test 
of the standard residuals requiring p  1  0.05 to satisfy the assump-
tion of normality of the residuals.

  The results of the overall regression fittings were calculated, 
including the intercept and standardized coefficients of the mul-
tiple regression equation ( � ), adjusted coefficient of determina-
tion (adjusted r 2 ), and ANOVA F and p values of the overall re-
gression model. Only variables with significant nonzero slopes in 
the regression equation were considered independent predictors 
of CFI. Unless otherwise indicated, p  !  0.05 was statistically sig-
nificant. All analyses were performed using the SPSS 15.0 soft-
ware package (SPSS Inc., Chicago, Ill., USA) and Prism GraphPad 
5 (GraphPad Software, La Jolla, Calif., USA).

I

II

aVL

aVF

Pao

Poccl

CVP

120

80

40

0

mm Hg

RCA LCA LCA occlusion

  Fig. 1.  Angiographic images of a patient subjected to coronary angiography because of chest pain. The RCA and 
LCA were normal. The right upper panel shows a balloon occlusion of the left anterior descending artery (white 
arrowhead) and the distally placed guide wire equipped with a pressure sensor (gray arrowhead). The same ves-
sel is well visible before occlusion (black arrowhead). The lower panel shows the 3 pressure curves, each as pha-
sic and mean tracing, and 4 peripheral ECG leads on top (I, II, aVL, aVF). The occlusive pressure was well above 
the CVP, yielding a CFI of 0.319. Note that the collateral-derived perfusion was sufficient to prevent ECG ST 
segment elevations. 
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  Results 

 Univariate Analysis 
 A total of 106 patients were included in the study. 

Their clinical baseline characteristics are listed in  table 1 . 
The univariate comparison between the initial test vari-
ables and CFI are listed in  table 2  for continuous data and 
in  table 3  for categorical data. Based on the selection cri-
teria described above, the following 9 variables were cho-
sen for further multivariate testing: arterial hyperten-
sion, dyslipidemia, intake of statins, intake of diuretics, 
age, height, heart rate, pulse pressure amplitude, and 
LVEDP.

  Multivariate Analysis 
 The subsequent stepwise multiple regression analysis 

could be performed in 101 patients. Five patients were 
omitted due to missing values for 1 or more variables. The 
results of the stepwise regression are listed in  table 4 .

  A significant overall model was found (F = 5.31, p = 
0.002, n = 101). The adjusted r 2  value was 0.12. The LVEDP 
( �  = 0.264, p = 0.008) was positively related to CFI, where-

Table 1.  Patient characteristics

Hemodynamic parameters
CFI 0.17780.100 (0.012–0.625)
Fractional flow reserve (n = 37) 0.9480.05 (0.76–1.00)
Age, years 60810 (20–86)
Weight, kg 79816 (44–124) 
Height, cm 170810 (145–192) 
Body mass index 2785 (19–44)
Mean blood pressure, mm Hg 95815 (67–151)
Pulse pressure amplitude, mm Hg 55819 (2–11)
LVEDP, mm Hg 1085 (1–28)
Peak aortic gradient, mm Hg 486 (0–48)
Heart rate, bpm 70812 (48–115)
LV ejection fraction, % 66810 (20–89)

Laboratory findings
Glucose, mmol/l 5.9881.78 (3.62–20.00)
Triglycerides, mmol/l 1.7781.44 (0.46–12.40)
Total cholesterol, mmol/l 5.3580.95 (3.62–7.89)
HDL cholesterol, mmol/l 1.4780.43 (0.48–3.06)
LDL cholesterol, mmol/l 3.5280.91 (1.34–5.92)
HDL/LDL ratio 3.9581.37 (1.67–11.04)
Creatinine, mmol/l 80.4820.9 (45.0–138.0)
Potassium, mmol/l 4.0080.35 (2.70–4.90)
Sodium, mmol/l 14082 (135–145)
Hemoglobin, mmol/l 138814 (9–170)
Leucocytes, !109/l 7.3487.03 (4–74)
Platelets, !109/l 242861 (146–414)

General/clinical characteristics
Male gender 65 (61.3%)
Diabetes mellitus 8 (7.5%)
Angina pectoris 44 (41.5%)
Arterial hypertension 56 (52.8%)
Smoker 28 (26.4%)
Body mass index >30 26 (24.5%)
Dyslipidemia 48 (45.3%)
Family history positive for CAD 36 (34%)

Cardiovascular medication
Calcium channel blockers 15 (14.2%)
Beta-blockers 51 (48.1%)
Nitrates 19 (17.9%)
Aspirin 57 (53.8%)
Clopidogrel 2 (1.9%)
Statins 23 (21.7%)
ACE inhibitors 18 (17%)
Angiotensin receptor blockers 11 (10.4%)
Diuretics 19 (17.9%)

M etric variables are given as means 8 standard deviation 
(range). Categorical variables are given as numbers. ACE = An-
giotensin-converting enzyme; HDL = high-density lipoprotein; 
LDL = low-density lipoprotein.

Table 2.  Linear regression analyses between the different metric 
test variables and CFI

Variables Inter-
cept

Slope r r2 p

Age 0.28 –0.0017 –0.17 0.03 0.07a

Weight 0.11 0.0008 0.13 0.02 0.20
Height –0.12 0.0017 0.17 0.03 0.08a

Body mass index 0.15 0.0011 0.05 0.001 0.58
Mean blood pressure 0.25 –0.0008 –0.12 0.01 0.23
Pulse pressure amplitude 0.22 –0.0009 –0.16 0.03 0.09a

LVEDP 0.13 0.0047 0.24 0.06 0.02a

Peak aortic gradient 0.17 0.0024 0.15 0.02 0.15
Heart rate 0.31 –0.0020 –0.23 0.05 0.02a

LV ejection fraction 0.11 0.0010 0.11 0.01 0.28
Glucose 0.14 0.0057 0.10 0.01 0.32
Triglycerides 0.16 0.0062 0.09 0.01 0.37
Total cholesterol 0.15 0.0033 0.03 0.001 0.75
HDL cholesterol 0.19 –0.0142 –0.06 0.004 0.53
LDL cholesterol 0.16 0.0048 0.05 0.002 0.66
HDL/LDL ratio 0.16 0.0042 0.06 0.003 0.56
Creatinine 0.17 –0.00003 –0.007 0.0001 0.94
Potassium 0.27 –0.0241 0.09 0.007 0.40
Sodium 1.40 –0.0086 0.21 0.04 0.12
Hemoglobin 0.13 0.0003 0.04 0.002 0.69
Leucocytes 0.18 –0.0001 –0.08 0.006 0.45
Platelets 0.18 –0.000003 0.02 0.003 0.87

H DL = High-density lipoprotein; LDL = low-density lipoprotein.
a Variables selected for further multivariate analysis.
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as arterial hypertension ( �  = –0.216, p = 0.027) and heart 
rate ( �  = –0.201, p = 0.036) were negatively related to CFI. 
Assumption testing yielded satisfactory results (Durbin-
Watson 2.38, tolerance  1 0.95 for all test variables, KS p  1  
0.17).

  Fifty-two patients took beta-blockers at the time of 
 inclusion, and 51 patients did not take beta-blockers. 

LVEDP, arterial hypertension, and heart rate were en-
tered into a standard multiple regression analysis. The 
results are summarized in  table 4 .

  In patients with beta-blockers the overall model did 
not show a significant p value by ANOVA testing (F = 
2.17, p = 0.11, n = 51), and the adjusted r 2  value was 0.07, 
although LVEDP was significantly related to CFI ( �  = 

Table 3.  Independent group comparisons of CFI means between different categorical test variables

Variable n (no/yes) CFI (no) CFI (yes) p value

Male gender 41/65 0.17580.085 0.17580.108 0.96
Angina pectoris 62/44 0.16480.100 0.19080.096 0.18
Diabetes mellitus 98/8 0.17380.101 0.20380.064 0.41
Arterial hypertension 50/56 0.19280.105 0.16080.092 0.09a

Smoker 78/28 0.18380.102 0.15380.087 0.18
Body mass index >30 80/26 0.17180.091 0.18980.121 0.42
Dyslipidemia 58/48 0.15980.086 0.19580.110 0.06a

Family history positive for CAD 70/36 0.17280.096 0.18280.106 0.62
Calcium channel blockers 91/15 0.17880.102 0.15780.075 0.44
Beta-blockers 55/51 0.18380.105 0.16680.093 0.39
Nitrates 87/19 0.17480.092 0.18080.131 0.81
Aspirin 49/57 0.18380.110 0.16980.0897 0.48
Clopidogrel 104/2 0.17480.099 0.22080.114 0.52
Statins 83/23 0.16580.101 0.21180.084 0.05a

ACE inhibitors 88/18 0.17380.100 0.18580.097 0.64
Angiotensin receptor antagonists 95/11 0.17980.102 0.14080.062 0.22
Diuretics 87/19 0.18380.102 0.14080.079 0.09a

C FI values are given as means 8 standard deviation. ACE = Angiotensin-converting enzyme.
a Variables selected for further multivariate analysis.

Table 4. R esults of the multiple regression analyses in all patients and in the subgroups with and without beta-
blockers

Variable All patients No beta-blockers Beta-blockers

Patients, n 101 50 51
Overall regression model

Adjusted r2 0.12 0.30 0.07
F 5.31 8.03 2.17
p value 0.002a <0.001a 0.11

� p value � p value � p value

Coefficients
Constant – <0.001a – <0.001 – 0.51
LVEDP 0.264 0.008a 0.234 0.06 0.376 0.014a

Arterial hypertension –0.216 0.027a –0.355 0.006a –0.106 0.46
Heart rate –0.201 0.036a –0.468 <0.001a 0.104 0.47

a  Statistically significant values.
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0.376, p = 0.01). Neither arterial hypertension ( �  = –0.106, 
p = 0.46) nor heart rate ( �  = 0.104, p = 0.47) was related 
to CFI. Assumptions were satisfied (Durbin-Watson 1.61, 
tolerance  1 0.86 for all test variables, KS p  1  0.10).

  In patients without beta-blockers, the regression mod-
el was significant (F = 8.03, p  !  0.001, n = 50) and yielded 
an adjusted r 2  value of 0.30. Heart rate ( �  = –0.468, p  !  
0.001) and arterial hypertension ( �  = –0.355, p = 0.006) 
emerged as independent predictors of CFI. LVEDP had no 
significant p value ( �  = 0.234, p = 0.06). The mandatory 
values in assumption testing were achieved (Durbin-Wat-
son 1.74, tolerance  1 0.94 for all test variables, KS p  1  0.17).

  Discussion 

 The present study in patients with normal coronary 
arteries found a low heart rate, absence of arterial hyper-
tension, and a high left ventricular filling pressure to be 
‘independent’ determinants of preformed functional col-
lateral vessels. There appear to be mechanisms other than 
hemodynamically relevant coronary stenoses in adult life 
capable of adapting collateral function in the human 
heart. In the subgroup of patients without beta-blockers, 
close to one third of the collateral flow variability could 
be explained by 2 clinical factors: resting heart rate and 
arterial hypertension. The present study reveals determi-
nants of collateral function that may have been masked 
in a previous study in CAD patients  [7] , possibly due to 
the strong remodeling influence of stenoses and differ-
ences in pharmacologic treatment.

  Low Heart Rate as a Promoter of Fluid Shear Stress 
 Among the 3 determinants, heart rate is of particular 

interest because the finding is in line with the pathogenic 
model of arteriogenesis. There is compelling evidence that 
arteriogenesis is triggered by fluid shear stress at the 
 endothelial wall  [20, 21] . Fluid shear stress is known to 
invoke endothelial activation, although the exact bio-
mechanical cascade of events is not exactly known. The 
production of chemoattractants in the context of arte-
riogenic triggering leads to endothelial binding of circu-
lating monocytes and to perivascular accumulation of 
macrophages, both involved in the vascular remodeling 
process. In patients with coronary stenoses, blood flow is 
driven by pressure gradients between collateral-supplying 
and collateral-receiving segments. Consequently, fluid 
shear stress is increased inside the collateral channels. As 
a result, we found that stenosis severity was the most im-
portant determinant of collateral flow in a multivariate 

analysis in 450 patients with CAD  [7] ; this finding quan-
titatively confirmed recent and historical clinical obser-
vations. It is not known to what extent such interarterial 
pressure gradients can be built up in the absence of coro-
nary stenoses. We speculate that there is sufficient fluid 
shear stress to support arteriogenesis, depending on the 
in- and outlet of the collaterals, the latter of which gives 
rise to a pressure gradient along a collateral path of a few 
millimeters of mercury. How does heart rate play a bio-
logically reasonable role in the context of fluid shear 
stress? The diastolic period compared to the systolic pe-
riod is affected overproportionally by heart rate changes. 
Since coronary flow is predominantly diastolic, the dura-
tion of flow, and therefore fluid shear stress and endothe-
lial activation, is inversely related to heart rate. Bradycar-
dia-related stimulation of collateral growth has been 
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  Fig. 2.  Linear regression analyses of the heart rate and CFI. There 
was an inverse relationship in all patients (upper panel, y = 0.31–
0.0019x). In patients taking beta-blockers (BB; middle panel), this 
relationship disappeared, whereas it was accentuated in patients 
without beta-blockers (no BB; lower panel, y = 0.46–0.0039x). 
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 demonstrated in experimental animal models  [22, 23] 
and observed angiographically in humans with CAD  [24] .

  Thus, it seems that heart rate and collateral flow are 
causally related. Heart rate reduction might therefore be 
an interesting concept for the promotion of collateral 
growth in humans. Prediction calculation using the re-
sults of the present study shows that a decrease in heart 
rate from 80 to 60 bpm in nonhypertensive patients with-
out beta-blockers is associated with an increase in CFI 
from 0.18 to 0.26. In patients receiving beta-blockers, the 
positive effect of bradycardia on collateral function is 
probably annihilated by concomitant collateral vasocon-
striction ( fig. 2 ).

  Arterial Hypertension: Hindering Arteriogenic 
Remodeling Activities? 
 The present study consistently shows that in individu-

als without CAD arterial hypertension is inversely related 
to coronary collateral function. The role of arterial hy-
pertension in coronary collateral formation has been dis-
cussed controversially in the past. In patients with CAD, 
Kyriakides et al.  [25]  found that well-developed collater-
als are found more frequently in hypertensive patients 
than in nonhypertensive patients. On the other hand, 
 Koerselman et al.  [26]  reported an inverse relation be-
tween collaterals and blood pressure. In both studies, col-
lateral assessment was based on visual inspection of cor-
onary angiograms without vessel occlusion, a method 
known to represent a crude estimate of collateral flow 
and one particularly lacking sensitivity for small vessels 
compared to quantitative occlusive pressure measure-
ments  [27] . Additionally, predictors other than stenosis 
severity are difficult to extract in a CAD population even 
if quantitative collateral measurements are performed 
 [7] . The present study has none of these limitations. One 
can only speculate about the underlying pathophysiolog-
ic mechanisms. Several structural and functional chang-
es are typically encountered in hypertensive heart dis-
ease. These include: medial thickening and perivascular 
fibrosis in myocardial arteriolar vessels  [28] , increased 
external vessel compression, rarefaction of the microcir-
culation  [28, 29] , diminished adenosine-induced vasodi-
lation capacity  [30] , and retarded myocardial relaxation 
 [31] . The arteriogenic process of arterial remodeling, es-
pecially the renewal of adventita to allow outward vessel 
growth, may thus be hampered by arterial hypertension. 
In addition, arteriolar luminal narrowing and oblitera-
tion, vasomotor abnormalities, and diastolic LV dysfunc-
tion may all impede fluid shear stress-triggered growth 
activation through hemodynamic flow impairment.

  Taking the abovementioned considerations together,
it can be speculated that the excess mortality of myocar-
dial infarction in the presence of arterial hypertension is 
partly attributable to the reduced presence of functional 
coronary collaterals with larger infarcts in the course of 
coronary atherosclerotic occlusion  [32] .

  LVEDP and Collateral Assessment: Independent 
Variables? 
 Physiologically, we do not consider LVEDP to be an 

independent predictor of collateral flow, although it was 
statistically significant in the multivariate analysis in all 
patients. The opposite influence of high LVEDP and arte-
rial hypertension on CFI is contradictory since left ven-
tricular diastolic dysfunction and increased LVEDP are 
common in arterial hypertension. The influence of left 
ventricular diastolic wall stress (and thus LVEDP) on cor-
onary wedge pressure measurements has been studied 
previously  [33] . Collateral flow tends to be overestimated 
when the LVEDP during coronary occlusion exceeds 27 
mm Hg and collateral function is insufficient to prevent 
ECG signs of ischemia. It has been suggested that collapse 
of the microvascular bed at a low arterial (occlusion) 
pressure may disconnect the arterial vascular bed from 
the venous vascular bed, thus potentially leading to zero 
flow despite a positive arteriovenous pressure difference 
 [34, 35] . Although this phenomenon is rarely encoun-
tered  [33] , it seems to be sufficient to establish the statisti-
cal relationship with CFI found in the present study. A 
certain a priori dependence between CFI measurement 
and LVEDP must therefore be assumed. Thus, we do not 
consider it to reflect a real determinant of collateral flow.

  Unrelated Variables 
 Interestingly, other conditions known to lead to myo-

cardial microvascular disease, such as diabetes mellitus 
 [36] , dyslipidemia  [37] , and smoking  [38] , were all found 
to be unrelated to CFI. The analysis was unlikely to reveal 
any role of diabetes mellitus because of the remarkably 
low number of patients in this study (7.5%). We suppose 
that only a few patients with diabetes who were subjected 
to coronary angiography showed normal coronary arter-
ies and could therefore be included in the study. CAD 
populations under investigation at our institution usu-
ally reveal diabetes mellitus at a rate exceeding 15%, but 
a role in collateral formation has never been found  [5, 7] . 
In addition, is has been shown that microvascular disease 
is related to hyperglycemia rather than to the presence or 
absence of diabetes mellitus per se  [36] .
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  Dyslipidemia and use of statins were both entered into 
the stepwise regression analysis because they consistently 
emerged in the univariate analyses, but they were then 
found not to be independent predictors in multivariate 
testing. The natural influence of dyslipidemia on collateral 
channels may have been masked by statins. It is possible, 
however, that this study was underpowered for the assess-
ment of the role of dyslipidemia in collateral formation.

  Smoking has also been associated with myocardial 
microvascular disease  [38] . Although 26% of our study 
population consisted of current smokers, the lack of any 
relation to CFI was consistent.

  Nonobserved Variables 
 According to the criteria of Cohen et al.  [39] , a relation 

yielding an r 2  value of 0.30 can be considered a ‘strong re-
lationship’ in multiple regression analysis. Considering 
that pressure measurements are occasionally prone to 
baseline shifts, the remaining scatter is surprisingly low 
but still sufficient to expect that other, nonobserved deter-
minants of collateral formation exist. We assume that ge-
netic factors play an important role and are likely to fill 
part of the gap. Very recently, we identified 203 and 56 
genes that were related to CFI in patients with and without 
CAD, respectively  [40] . Seventy-six of these genes be-
longed to the 4 following biological signaling pathways: 
angiogenesis, integrin, platelet-derived growth factor, and 
transforming growth factor- � . In the present study, how-
ever, we renounced to include a genetic analysis because it 
would have severely hampered the explanatory power of 
the multivariate statistics due to an excessive number of 
test variables compared to the overall population size.

  Limitations 

 An important limitation of the present study relates to 
nonobserved variables. As mentioned above, a genetic 
analysis was not included in this study. In addition, no 
data on LV mass were collected by routine echocardiog-
raphy. Substituting arterial hypertension by a metric 
variable such as LV mass might have provided more in-
sight into mechanisms of collateral deprivation in hyper-
tensive patients. Similarly, no data on physical exercise 
and glycosylated hemoglobin were collected.

  Two statistical outliers were found in multiple regres-
sion analysis. A 69-year-old woman who suffered from in-
termittent but rarely occurring atrial fibrillation was sub-
jected to coronary angiography. The coronary arteries 
were normal. At the time of cardiac catheterization, atrial 

fibrillation was present, and the heart rate was 115 bpm. 
This condition could not be considered to reflect her ha-
bitual cardiac status. In a 67-year-old man suffering from 
myotonic dystrophy, intracoronary pressure measure-
ment revealed an extraordinarily high collateral flow
(CFI = 0.63). The statistical results, however, were not rel-
evantly altered after tentative exclusion of the cases. On the 
contrary, the r 2  value of the multiple regression in patients 
without beta-blockers exceeded 0.40 after exclusion, and 
statistical outlier diagnostics did not show a relevant influ-
ence on the overall multiple regression. In order to present 
unfiltered data, we decided not to exclude these cases.

  Conclusions 

 We conclude that there are at least 2 factors in adult 
life in the absence of coronary stenoses that influence col-
lateral formation in the human heart: a low heart rate and 
the absence of arterial hypertension.
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