
ORIGINAL ARTICLE

High blood pressure is inversely related
with the presence and extent of coronary
collaterals
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Patients with hypertension have an increased case
fatality during acute myocardial infarction (MI). Coron-
ary collateral (CC) circulation has been proposed to
reduce the risk of death during acute ischaemia. We
determined whether and to which degree high blood
pressure (BP) affects the presence and extent of CC
circulation. A cross-sectional study in 237 patients
(84% males), admitted for elective coronary angioplasty
between January 1998 and July 2002, was conducted.
Collaterals were graded with Rentrop’s classification
(grade 0–3). CC presence was defined as Rentrop-grade
X1. BP was measured twice with an inflatable cuff
manometer in seated position. Pulse pressure was
calculated by systolic blood pressure (SBP)�diastolic
blood pressure (DBP). Mean arterial pressure was
calculated by DBPþ 1/3 � (SBP�DBP). Systolic hyper-

tension was defined by a reading X140 mmHg. We used
logistic regression with adjustment for putative con-
founders. SBP (odds ratio (OR) 0.86 per 10 mmHg; 95%
confidence interval (CI) 0.73–1.00), DBP (OR 0.67 per
10 mmHg; 95% CI 0.49–0.93), mean arterial pressure (OR
0.73 per 10 mmHg; 95% CI 0.56–0.94), systolic hyperten-
sion (OR 0.49; 95% CI 0.26–0.94), and antihypertensive
treatment (OR 0.53; 95% CI 0.27–1.02), each were
inversely associated with the presence of CCs. Also,
among patients with CCs, there was a graded, signifi-
cant inverse relation between levels of SBP, levels of
pulse pressure, and collateral extent. There is an inverse
relationship between BP and the presence and extent of
CC circulation in patients with ischaemic heart disease.
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Introduction

Preinfarction systolic blood pressure (SBP) strongly
relates to death and increased case-fatality in
patients with an acute myocardial infarction (MI).1

In a prospective analysis from the Finnmark Study,
in which 46% of the 760 patients with MI died
during follow-up, Njolstad and Arnesen1 found SBP
at baseline to lead to a relative risk of 1.22 (95%
confidence interval (CI) 1.13–1.31) per 15 mmHg.
The prognosis of patients with an acute MI may be
beneficially affected by the presence of coronary
collateral (CC) circulation.2,3 CCs, or ‘natural

bypasses’, are anastomotic connections without an
intervening capillary bed between portions of the
same coronary artery and between different coron-
ary arteries.4 Well-developed CCs may minimize the
infarct area and predict the presence of viable
myocardium in patients with a history of antero-
septal MI.5 Moreover, CCs may increase the number
of ‘golden hours’ from the onset of an acute MI
to successful coronary reperfusion. There appears,
however, to be marked interindividual variability
in the extent of collateral circulation.2

High blood pressure (BP) has been suggested to
influence the development of CCs, but conflicting
results remain, and the exact mechanism is still
unknown at present.6–11 In the present study, we
sought to determine whether high BP is related to
the presence and extent of CC circulation.

Materials and methods

The study was approved by the Medical Ethics
Review Committee of the University Medical Center
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Utrecht (UMC Utrecht). Written informed consent
was obtained from all patients.

Study population

A cross-sectional study was performed as part of
the ‘Second Manifestations of ARTerial disease
(SMART)’ study. The SMART study12 is an ongoing
prospective cohort study conducted at the UMC
Utrecht. For the purpose of the present analyses, the
baseline diagnostic coronary angiograms of 237
patients, who were referred for elective percutaneous
transluminal coronary angioplasty (PTCA) and took
part in the SMART study between 1 January 1998 and
8 July 2002, were reviewed. At enrollment, medical
history was recorded with a standardized question-
naire, and height, weight, and BP were measured.
Blood and urine samples were taken.

CC circulation

The presence of CCs on each baseline coronary
angiogram (CAG) was defined and visually assessed
with Rentrop’s13 classification (grade 0—no filling
of collateral vessels; grade 1—filling of collateral
vessels without any epicardial filling of the recipi-
ent artery; grade 2—partial epicardial filling by
collateral vessels of the recipient artery; grade 3—
complete epicardial filling by collateral vessels of
the recipient artery). Grading was carried out
independently by a trained research physician
(JK) and a cardiologist (PPThdJ), who were blinded
to the clinical data. If an angiogram was graded
differently, consensus was obtained. The pre-PTCA
angiograms were graded in random order. To assess
the interobserver variability of the grading, 100
randomly selected coronary angiograms were scored
by another cardiologist, not involved in the study
and unaware of the results of the reading of the two
other observers and of the clinical data, during a
separate session. The strength of agreement between
the two observers (JK and PPThdJ) and the other
cardiologist was good (k 0.65, 95% CI 0.51–0.79).
The reproducibility of Rentrop’s score has already
been described as high previously (k 0.85, 95% CI
0.77–0.93).14

Measures of BP

At enrollment in the SMART study, BP was
measured by trained observers at each arm with
an inflatable cuff manometer (Omron M5-1, Intelli
Sense, Omron Matsusaka Co., Ltd, Japan; cuff size
Type M or L depending on the patient’s arm
circumference), according to a standardized proto-
col. The patients were seated on a chair with their
arms lying on a table. Prior to the first measurement,
patients were made comfortable and at ease. In
addition, patients were seated for at least 10 min

before this first BP measurement was carried out. BP
was measured twice about 15 min apart. The mean
value of these two BP readings at each arm was
used. If, however, the two BP levels obtained 15 min
apart were very different, a third BP measurement
was carried out, at least 10 min after the second
measurement. This third BP reading then replaced
the second BP reading. Pulse pressure was calcu-
lated by systolic BP�diastolic BP. Mean arterial
pressure was calculated by diastolic BPþ 1/3� (sys-
tolic BP – diastolic BP).15 Systolic hypertension was
defined as systolic BPX140 mmHg and diastolic
hypertension as diastolic BPX95 mmHg. A history
of hypertension and use of antihypertensive treat-
ment was derived from the self-administrated,
standardized questionnaires.

Data analysis

The primary outcome of interest was the presence
of CCs, defined as a Rentrop-grade X1.16–18 Unless
specified otherwise, data are presented as count
with percentage, or mean7standard deviation. The
association between the presence and absence of
CCs and each separate measure of BP was quantified
with binary logistic regression analysis with adjust-
ment for gender, age, history of MI, time-interval
since MI (if previous), and diabetes mellitus. A
history of MI and diabetes mellitus was entered
into the model to adjust for potential confounding
of the relation between BP and the presence of
CC circulation.7,8 Subsequently, the analyses were
repeated with additional adjustment for other
putative confounders namely number of types of
antihypertensive medication, time interval since
diagnosis of hypertension, hyperlipidaemia, use of
statins, current smoking, number of packyears,
duration of anginal complaints, presence of coron-
ary occlusion, degree of most severe coronary
obstruction, and multivessel coronary disease.

The relation between the extent of CC circulation
and measures of BP (as a continuous variable, notably
systolic BP, diastolic BP, pulse pressure, and mean
arterial pressure) was quantified with linear logistic
regression analysis with adjustment for gender, age,
a history of MI, and diabetes mellitus. Then, the
analyses were repeated with further adjustment for
the same, putative confounders, mentioned above.
Odds ratios (ORs), betas, and 95% confidence
interval are presented. A two-sided (multivariate)
P-value o0.05 was considered significant. The
statistical package used was SPSS for Windows,
release 12.0.1 (SPSS Inc., Chicago, IL, USA).

Results

Patient characteristics

Baseline- and clinical characteristics of the study
population are presented in Table 1. CCs were present
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in 88 patients (37%): 13 patients (15%) had grade 1
(no epicardial filling), 31 patients (35%) had grade 2
(partial epicardial filling), and 44 patients (50%) had
grade 3 collaterals (complete epicardial filling).

BP and presence of CCs

Table 2 summarizes the results of the analyses
regarding measures of BP and the presence of CC

Table 1 Baseline- and clinical characteristics of the study population (n¼237)

Characteristic All patients
(n¼ 237)

Collaterals present
(n¼88)

Collaterals absent
(n¼ 149)

P-value

Rentrop¼ 1, 2, or 3 Rentrop¼ 0
n (valid %) or

mean7s.d.
n (valid %) or

mean7s.d.
n (valid %) or

mean7s.d.

Demographics
Male gender 198 (84) 77 (88) 121 (81) 0.21
Age at index-PTCA (years) 57.979.2 57.679.5 58.179.1 0.64

Cardiovascular risk factors
Current smoking 68 (29) 36 (41) 32 (22) o0.01
Current alcohol consumption 181 (77) 68 (77) 113 (76) 0.87
Hypertension 90 (38) 26 (30) 64 (43) 0.04
Diabetes mellitus 47 (20) 24 (27) 23 (15) 0.03
Hyperlipidaemia 196 (83) 72 (82) 124 (84) 0.70
Obesity (BMIX30 kg/m2) 41 (17) 14 (16) 27 (18) 0.68

Blood pressure (BP)
Systolic BP (mmHg) 135721 132718 137722 0.04
Diastolic BP (mmHg) 77710 7679 78710 0.06
Pulse pressure (mmHg)a 58717 56714 59718 0.16
Mean arterial pressure (mmHg)b 97712 94711 98712 0.03
Mean number of types of antihypertensive drugs 1.570.8 1.570.8 1.570.9 0.82
Duration since diagnosis hypertension (years) 11.0712.5 9.0710.1 12.0713.5 0.28

Previous conditions
Prior angina pectoris 219 (92) 82 (93) 137 (92) 0.73
Previous myocardial infarction 102 (43) 44 (50) 58 (39) 0.11
Previous PTCA or CABG 74 (31) 28 (31) 46 (31) 0.88
Previous TIA or stroke 24 (10) 5 (6) 19 (13) 0.08
Previous non-cardiac vascular surgery 19 (8) 9 (10) 10 (7) 0.34

Angiographic characteristics
Degree of coronary stenosis:

50–90%c 149 (63) 20 (23) 129 (87) —
90–99% 39 (17) 30 (34) 9 (6) o0.01
100% 49 (21) 38 (43) 11 (7) o0.01

Coronary occlusion 49 (21) 38 (43) 11 (7) o0.01
Multivessel coronary disease 98 (41) 50 (57) 48 (32) o0.01
Impaired left-ventricle functiond 87 (41) 34 (43) 53 (41) 0.71
1-vessel coronary diseasec 139 (59) 38 (43) 101 (68) —
2-vessel coronary disease 77 (33) 38 (43) 39 (26) o0.01
3-vessel coronary disease 21 (9) 12 (14) 9 (6) o0.01

Type of antihypertensive drugs used
Beta-adrenergic receptor antagonists 184 (78) 70 (80) 114 (77) 0.59
Diuretics 20 (8) 5 (6) 15 (10) 0.24
ACE-inhibitors 44 (19) 17 (19) 27 (18) 0.82
Calcium channel-blockers 96 (41) 34 (39) 64 (42) 0.65
Alpha-1 receptor antagonists 1 — 1 —e

Combined prescription medicines 4 4 — —e

Selective imidazoline receptor agonists 1 — 1 —e

Angiotensin II receptor blockers 3 — 3 —e

Other type of antihypertensive drugs 1 — 1 —e

Statins
Use of statins 130 (55) 52 (59) 78 (52) 0.31

n¼number of patients (valid %) or mean7s.d.
aPulse pressure¼ systolic BP�diastolic BP.
bMean arterial pressure¼diastolic BP+1/3 � (systolic BP�diastolic BP).
cReference category.
dIn 27 patients the ventriculogram turned out not to be performed.
eToo few data.
BMI¼ body mass index; BP¼blood pressure; CABG¼ coronary artery bypass grafting; PTCA¼percutaneous transluminal coronary angioplasty;
SD¼ standard deviation; TIA¼ transient ischemic attack.
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circulation, both unadjusted and adjusted for
gender, age, history of MI, and diabetes mellitus.
Systolic BP, diastolic BP, mean arterial pressure,
systolic hypertension, and antihypertensive treat-
ment were each inversely associated with the
presence of CCs. Pulse pressure and diastolic
hypertension were not associated with CC presence.
Further adjustment for number of types of antihy-
pertensive medication, time-interval since diagnosis
of hypertension, hyperlipidemia, use of statins,
current smoking, number of packyears, duration of
anginal complaints, presence of coronary occlusion,
degree of most severe coronary obstruction, and
multivessel coronary disease left the relations
essentially unchanged. However, in this full model,
antihypertensive treatment (OR 0.85; 95% CI 0.32–
2.27) was no longer associated with collateral
presence.

BP and extent of CC circulation

Among patients with CCs, there was a graded and
significant inverse relation between levels of systo-
lic BP, levels of pulse pressure, and the extent of
CCs (see Table 3). Diastolic BP and mean arterial
pressure were not associated with CC extent.
Additional adjustment for number of types of
antihypertensive medication, time interval since
diagnosis of hypertension, hyperlipidaemia, use of
statins, current smoking, number of packyears,
duration of anginal complaints, presence of coron-
ary occlusion, degree of most severe coronary
obstruction, and multivessel coronary disease did
not materially change the findings. Bar graphs are
presented, displaying the relation between each
continuous measure of BP and each degree of CC
circulation (see Figures 1–4).

Table 2 Measures of blood pressure and their association with the presence of coronary collaterals

Measures of blood pressure (BP) Collaterals present
(n¼ 88)

Collaterals absent
(n¼149)

Unadjusted OR
(95% CI)

Adjusted ORa

(95% CI)
P-value after
adjustment a

Rentrop¼ 1, 2, or 3 Rentrop¼0
n (valid %) or
mean7s.e.m.

n (valid %) or
mean7s.e.m.

Systolic BP (mmHg) 13271.9 13771.8 0.87 (0.76–1.00)d 0.86 (0.73–1.00)d 0.05
Diastolic BP (mmHg) 7671.0 7870.8 0.76 (0.57–1.01)d 0.67 (0.49–0.93)d 0.02
Pulse pressure (mmHg)b 5671.5 5971.5 0.89 (0.75–1.05)d 0.91 (0.75–1.11)d 0.34
Mean arterial pressure (mmHg)c 9471.1 9871.0 0.77 (0.61–0.97)d 0.73 (0.56–0.94)d 0.02
Systolic hypertension
(SBPX140 mmHg)

26 (29.5) 64 (43.0) 0.56 (0.32–0.98) 0.49 (0.26–0.94) 0.03

Diastolic hypertension
(DBPX95 mmHg)

2 (2.3) 9 (6.0) 0.36 (0.08–1.71) 0.33 (0.07–1.59) 0.17

Antihypertensive treatment 22 (25.6) 52 (37.4) 0.58 (0.32–1.04) 0.53 (0.27–1.02) 0.06

aOdds ratios and 95% confidence intervals adjusted for gender, age, history of myocardial infarction (MI), time interval since MI, and diabetes
mellitus.
bPulse pressure¼ systolic BP�diastolic BP.
cMean arterial pressure¼diastolic BP+1/3 � (systolic BP�diastolic BP).
dOdds ratio and 95% confidence interval expressed per 10 mmHg.
BP¼blood pressure; CI¼ confidence interval; DBP¼diastolic blood pressure; OR¼ odds ratio; SBP¼ systolic blood pressure; s.e.m.¼ standard
error of the mean.

Table 3 Blood pressure and its relation with the extent of coronary collateral (CC) circulation

Measures of blood
pressure (BP)

CC-grade 1
(n¼ 13)

CC-grade 2
(n¼31)

CC-grade 3
(n¼44)

Unadjusted betaa

(95% CI)
Adjusted betaa,b

(95% CI)
P-value after
adjustmentb

Rentrop¼1
reference-category

Rentrop¼2 Rentrop¼ 3

Mean7s.e.m. Mean7s.e.m. Mean7s.e.m.

Systolic BP (mmHg) 14176.5 13373.4 12872.0 �0.11 (�0.19;�0.02) �0.11 (�0.20;�0.01) 0.03
Diastolic BP (mmHg) 7672.7 7571.8 7671.3 0.04 (�0.13; 0.21) �0.01 (�0.20; 0.18) 0.94
Pulse pressure
(mmHg)c

6575.0 5872.6 5171.7 �0.18 (�0.28;�0.07) �0.17 (�0.29;�0.05) o0.01

Mean arterial pressure
(mmHg)d

9773.6 9572.1 9471.4 �0.08 (�0.23; 0.07) �0.10 (�0.26; 0.06) 0.21

aBetas and 95% confidence intervals expressed per 10 mmHg.
bBetas and 95% confidence intervals adjusted for gender, age, history of myocardial infarction (MI), time interval since MI, and diabetes mellitus.
cPulse pressure¼ systolic BP�diastolic BP.
dMean arterial pressure¼diastolic BP+1/3� (systolic BP�diastolic BP).
BP¼blood pressure; CC¼ coronary collateral; CI¼ confidence interval; s.e.m.¼ standard error of the mean.
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Discussion

In the present study among 237 patients referred for
elective PTCA, we found that high levels of BP were
inversely related with the presence and extent of
CCs. This was particularly pronounced for systolic
BP and pulse pressure.

To appreciate these results, some aspects of this
study need to be addressed. First, we investigated
the presence or absence of CC circulation cross-
sectionally, but not the development of collaterals
over time. This makes causal inference regarding
the role of high BP in reducing development of
collaterals preliminary.

Second, the use of angiography to define and
assess CCs may have influenced our observations.
Coronary angiography, although the most frequently
used diagnostic technique for the assessment of
collateral vessels, can only identify vessels 4100 mm
in diameter, whereas most collateral vessels are
smaller.19 Furthermore, even though the overlap
between quantitative measures and qualitative
angiographic degrees of collateral flow has been
demonstrated to be quite large,20 quantitative in-
dices of collateral circulation may be better markers
of the functional significance of collateral vessels,
in particular in recruitable (Rentrop-grade 1) collat-
erals.14,21,22 A recent study,23 nonetheless, reported
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Figure 1 Systolic blood pressure across degrees of coronary
collateral circulation. Mean value and standard error of the mean
are displayed for each measure of blood pressure. CC¼ coronary
collateral; grade 0¼no filling of collateral vessels; grade
1¼ filling of collateral vessels without any epicardial filling of
the recipient artery; grade 2¼partial epicardial filling by
collateral vessels of the recipient artery; grade 3¼ complete
epicardial filling by collateral vessels of the recipient artery.
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Figure 2 Diastolic blood pressure across degrees of coronary
collateral circulation. Mean value and standard error of the mean
are displayed for each measure of blood pressure. CC¼ coronary
collateral; grade 0¼no filling of collateral vessels; grade
1¼ filling of collateral vessels without any epicardial filling of
the recipient artery; grade 2¼partial epicardial filling by
collateral vessels of the recipient artery; grade 3¼ complete
epicardial filling by collateral vessels of the recipient artery.
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Figure 3 Pulse pressure across degrees of coronary collateral
circulation. Mean value and standard error of the mean are
displayed for each measure of blood pressure. CC¼ coronary
collateral; grade 0¼no filling of collateral vessels; grade
1¼ filling of collateral vessels without any epicardial filling of
the recipient artery; grade 2¼partial epicardial filling by
collateral vessels of the recipient artery; grade 3¼ complete
epicardial filling by collateral vessels of the recipient artery.
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Figure 4 Mean arterial pressure across degrees of coronary
collateral circulation. Mean value and standard error of the mean
are displayed for each measure of blood pressure. CC¼ coronary
collateral; grade 0¼no filling of collateral vessels; grade
1¼ filling of collateral vessels without any epicardial filling of
the recipient artery; grade 2¼partial epicardial filling by
collateral vessels of the recipient artery; grade 3¼ complete
epicardial filling by collateral vessels of the recipient artery.
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good correlation between a novel angiographic meth-
od of assessment and function. This is to be expected
considering the fundamental physical law describing
that vessel radius is related to the fourth power of
flow.24 It is, thus, likely that the morphologic degree of
collaterals used in this study is closely related with
the functional degree of CC circulation. In addition,
spontaneously visible CCs were found to be most
adequate in preventing cardiac ischaemia during
coronary occlusion, when compared with patients
with recruitable collaterals or no collaterals.14

Finally, a last source of unquantifiable bias could
have been introduced by the selection of patients
admitted for elective coronary angioplasty. This
selection is highly restrictive even within the
domain of patients with known coronary artery
disease. It must be acknowledged that patients with
sufficient collaterals may not undergo diagnostic
catheterization or angioplasty. At the other extreme,
patients with extensive coronary artery disease with
or without collaterals may be referred for coronary
surgery and not angioplasty.

The mechanism of the formation of CCs is subject
to intense preclinical and clinical research. In
addition to high BP as explored in the present
study, genetic factors and a number of other patient
characteristics including age, myocardial ischaemia,
physical exercise, smoking, body mass index,
hyperlipidaemia, hyperhomocysteinaemia, diabetes
mellitus, and use of various cardiovascular drugs
have been proposed.6–9,16,25–35 Yet, results of these
studies are conflicting and the pathophysiologic role
and importance of these patient characteristics is
still unclear.2,3,36

To our knowledge, this is the first study to
show an inverse association between (high) BP

and the presence and extent of CCs. This inverse
relation continued to exist even after additional
adjustment for, among other things, the duration
of hypertension, number of types of antihyper-
tensive drugs, duration of anginal complaints,
coronary lesion severity, and the presence of
coronary occlusion.

Two studies, in patients with carotid artery
disease,37 also reported a lower prevalence of
cerebral collateral circulation among the patients
with hypertension. Yet, three other studies9 found
hypertension to be positively associated with the
presence of CCs. Kyriakides et al9 compared 61
hypertensive patients with total or subtotal occlu-
sion of a single coronary artery, with 252 normoten-
sive patients with similar angiographic findings,
and found that the CC circulation was more
extensive in the hypertensive group. Karpanou
et al10 studied 433 male patients with angiographi-
cally documented coronary artery disease, and
found that CCs were more frequently present in
patients with arterial hypertension, especially high-
grade CCs. Finally, in a series of 200 patients with an
occlusion of a single coronary artery, Kilian et al7

found a positive relation between hypertension and
the number of collaterals with Rentrop-grade 3. Yet,
this was only the case in univariate analysis.

In three other studies,6 no association between
hypertension and CC presence was found.8,11 In a
consecutive group of 112 patients with a chronic
total coronary occlusion,6 hypertension was equally
distributed among the patients, independent of CC
presence or grade. Fujita et al8 studied 248 patients
undergoing coronary angiography within 12 h after
the onset of a first acute MI, and found hypertension
to be equally present among the patients with and

Table 4 What is known on this topic/what this study adds

What is known on this topic
K Coronary collaterals, or ‘natural bypasses’, are anastomotic connections without an intervening capillary bed between portions

of the same coronary artery and between different coronary arteries.
K Patients with hypertension have an increased case fatality during acute myocardial infarction.
K Well-developed coronary collaterals may minimize the infarct area and predict the presence of viable myocardium in patients with

a history of anteroseptal myocardial infarction.
K Coronary collaterals may increase the number of ‘golden hours’ from the onset of an acute myocardial infarction to successful

coronary reperfusion.
K There appears to be marked interindividual variability in the extent of collateral circulation.
K High blood pressure has been suggested to influence the development of coronary collaterals, but conflicting results remain,

and the exact mechanism is still unknown, at present.

What this study adds
K This is the first study to show an inverse association between (high) blood pressure and the presence and extent of coronary

collaterals. This was particularly pronounced for the systolic blood pressure and pulse pressure.
K This inverse relation may be explained by functional and structural remodeling of the coronary arterioles and microvasculature

and venules in response to increased blood pressure.
K This arteriolar remodeling has been referred to as microvascular rarefaction (or rarification or rarefication) and ultimately involves

the obliteration of pre-existing blood vessels.
K The ensuing reduction in blood vessels not only may contribute to hypertensive lesions of target organs, but may also maintain

or even amplify the increased blood pressure by augmenting the peripheral vascular resistance, thus creating a vicious circle.
K We postulate that the increased case fatality in hypertensive patients with an acute myocardial infarction may be related to these

findings.
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without well-developed CCs (defined as Rentrop-
grade 2 or 3). Finally, Heinle et al11 studied 248
patients undergoing selective coronary angiography,
and found no difference in the occurrence of
hypertension among the patients with and without
CCs.

The controversy regarding the role of BP or
hypertension in determining the presence and
extent of CCs may in part be explained by differ-
ences in the patients studied and the methods used.
A positive relation between BP or hypertension
and the presence of CCs may be explained by an
increased myocardial oxygen demand, which may
trigger the formation or development of collaterals,10

or enlargement of collateral arteries.9

Another potential explanation for this controversy
may be in the vasculature under study. We exam-
ined functional collateral vessels that were sponta-
neously visible with contrast angiography, thus
vessels of at least 100 mm. The inverse relation,
currently found between (high) BP and CC presence,
may also be explained by functional and structural
remodelling of the coronary arterioles and micro-
vasculature and venules in response to increased BP,
as proposed by Boudier,38 Boudier39 and Vicaut.40

This arteriolar remodelling has been referred to as
microvascular rarefaction (or rarification or rarefica-
tion) and ultimately involves the obliteration of
pre-existing blood vessels.40 This destructive process
affects the microvascular network, in particular the
arteriolar vessels that are 100–150mm in diameter,
where a large part of the systemic pressure gradient
takes place.39,40 Microvascular rarefaction is comple-
tely different from angiogenesis (the proliferation of
capillaries in ischaemic areas) or arteriogenesis (the
maturation of pre-existing collateral vessels into
functional muscular collateral arteries), that generally
involves vessels less than 100mm in diameter.27

Microvascular rarefaction has been observed even
in very early stages of the development of hyperten-
sion. The ensuing reduction in blood vessels not
only may contribute to hypertensive lesions of target
organs, but may also maintain or even amplify the
increased BP by augmenting the peripheral vascular
resistance, thus creating a vicious circle. Micro-
vascular changes in hypertension may also lead to
an increase in pulse pressure, which may subse-
quently induce lesions of the vessel walls, and of the
endothelium of the large arteries.38 Both genetic
and fetal mechanisms have been proposed to be
involved.39

Recently, in a large prospective cohort study with
2451 normotensive people and 10 years follow-up,41

the potentially important role of the narrowing
of the small blood vessels in the pathogenesis
of hypertension was clearly determined. Wong
et al41 showed that people with smaller retinal
arteriolar diameters were more likely to develop
hypertension over a 10-year-period than people with
larger arteriolar diameters, independent of known
risk factors for hypertension. They also found that

the combined exposure to higher pre-existing BP at
baseline and narrowed arterioles was associated
with a higher risk of hypertension than the effect
of either alone. This finding supports the theory of
microvascular rarefaction described above, that
higher BP may cause arteriolar vasoconstriction,
vascular remodelling, and higher peripheral vascu-
lar resistance, leading to further increases in BP and
the maintenance of the hypertensive state.38,41

In conclusion, the results of this study show that
high BP, and notably elevated systolic BP and
increased pulse pressure, is inversely associated
with the presence and extent of CC (arteriolar)
circulation. Microvascular rarefaction in response
to increased BP may explain our findings. We
postulate that the increased case fatality in hyper-
tensive patients with an acute MI1 may be related to
these findings (Table 4).
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Appendix
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PhD, Y van der Graaf, MD, PhD, DE Grobbee,
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MD, PhD, FLJ Visseren, MD, PhD, Department
of Internal Medicine, BC Eikelboom, MD, PhD, FL

Moll, MD, PhD, Department of Vascular Surgery,
LJ Kappelle, MD, PhD, Department of Neuro-
logy, HA Koomans, MD, PhD, Department of
Nephrology, WPThM Mali, MD, PhD, Department
of Radiology, PAFM Doevendans, MD, PhD,
and PPTh de Jaegere, MD, PhD, Department of
Cardiology, University Medical Center Utrecht,
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