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En je leunt op de gedachte - Als je wacht op het perron 
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Stel dat je nergens heen bent - En je mist wat je ooit had 
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Stel dat je nooit vertrekken zal - Maar je gaat gewoon naar huis 
Is morgen dan een droom voorbij? - Of ben je dan pas thuis? 
 
 
Het maakt niet uit wat je gisteren deed 
 
Het gaat om dat wat je morgen pas weet 
 
 
Acda & de Munnik, Naar huis, 1998 
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Aim of the thesis 
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SECTION I 

Acute coronary ischemia is predominantly caused by a stenosis  in one of 
the coronary arteries. The extent and localization of the stenosis can be 
visualised on the coronary angiogram. However there is a growing 
understanding about other causes we have to recognize and treat. An 
important role is allocated to the endothelium, a monolayer of cells at the 
inside of all blood vessels. Normal, healthy endothelium produces a basal 
release of nitric oxide (NO). This NO is an anti-atherogeneous molecule in 
early onset as well as progression of coronary vascular disease. 
Endothelial dysfunction can even been seen in patients with only one 
coronary risk factor such as hypercholesterolemia, hypertension or 
diabetes. To diagnose coronary endothelial  dysfunction we use the 
acetylcholine test. Acetylcholine infusion in the coronary artery will cause 
the release of  NO and consequent relaxation of the smooth muscle cell.  
In severe endothelial dysfunction a paradoxal vasoconstriction or spasm 
may be observed. The coronary constrictive response to acetylcholine is 
highly correlated with a constrictive response to cold, stress or exercise in 
patients with coronary vascular disease. The coronary response to 
acetylcholine is dose-related. Therefore an incremental concentration is 
used to study endothelial function.  
 
The test may give additional information in case of suspected or proven 
ischemia with or without a significant coronary stenosis on the angiogram, 
whereas the angiogram only shows a part of the atherosclerotic process. It 
can also be used for endothelial function testing of the microvasculature in 
combination with Doppler blood flow measurement. However, coronary 
spasm is one of the reasons to develop less invasive and less risk full tests, 
especially in the forearm. The peripheral vasculature has also shown 
endothelial dysfunction in the presence of one coronary risk factor, is 
related with coronary atherosclerosis, but a close relation with coronary 
endothelial function was never demonstrated. 
 
The prospective value of endothelial dysfunction is demonstrated recently, 
showing a relation with the occurrence of new coronary vascular events. 
Although it is impossible to treat patients with endothelial dysfunction with 
“evidence based medicine” guidelines based on large prospective 
randomised clinical trials, more and more publications support the 
therapeutic effect of e.g. cholesterol lowering therapy and ACE inhibitors. 
This might be important for future directions, since primary prevention of 
cardiovascular disease is better than cure. 
 
In summary, intracoronary acetylcholine testing can only be justified if it is a 
safe test, with prognostic significance in large cohort studies,  without an 
alternative such as forearm measurements. 
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AIM OF THE THESIS 

 

 
Therefore, the following statements will be addressed: 
 
a. Evaluation of different methods to measure coronary endothelial 
function in patients with angina pectoris: pre and contra 
 
b. Aspects of acetylcholine-induced coronary endothelial function 
testing in clinical practice: different patients have different outcome 
 
c. Treatment of endothelial dysfunction with ACE-inhibitors: a pre-
clinical setting 
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DIFFERENT METHODS TO MEASURE ENDOTHELIAL FUNCTION 

 

Section II 
 
 
 
 

Evaluation of different methods 

to measure coronary endothelial function 

in patients with angina pectoris 

: 

pre and contra 
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EFFECT OF AUTONOMIC ACTIVATION ON CORONARY HEMODYNAMICS 
 

 

CHAPTER 1 

 

A comparison of the cold pressor test and the 

diving test on coronary and systemic 

hemodynamics in patients with and without 

coronary artery disease 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Int J Cardiol. 1999;71(1):7-15 
 
René A. Tio 1, Stefan H.J. Monnink 1, Gillian A.J. Jessurun 1, Hans-Otto J. Peels 1, 
Ad J. van Boven 1, Wiek H. van Gilst 2, Harry J.G.M. Crijns 1 
 
1 Thoraxcentre, Department of Cardiology, University Hospital Groningen, and 
2 Department of Clinical Pharmacology, University Groningen  
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CHAPTER 1 
 

 

ABSTRACT 
 
BACKGROUND AND METHODS  In 8 patients without coronary artery 
disease (controls) and in 6 patients with coronary artery disease coronary 
flow velocity and cardiac output were measured continuously. The effect of 
activation of the autonomic nervous system with the cold pressor test and 
the diving test were compared.  
 
RESULTS The effect of the cold pressor test, the diving test and 
intracoronary papaverine were highly reproducible. The cold pressor test 
did not affect coronary resistance in the control group and caused an 
increased resistance in the coronary artery disease group. The changes in 
coronary resistance during the diving test and papaverine were comparable 
between the groups. In patients with normal coronary arteries, the diving 
test more so than the cold pressor test further differentiated between 
patients with a normal and abnormal PET scan. 
 
CONCLUSIONS  We conclude that the effects of the cold pressor test 
and the diving test on coronary and systemic hemodynamics can 
simultaneously be measured. Differences in response to autonomic 
activation between the control group and the coronary artery disease group 
were most pronounced during the cold pressor test. For further 
differentiation into subgroups the diving test can be useful. 
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EFFECT OF AUTONOMIC ACTIVATION ON CORONARY HEMODYNAMICS 
 

 

INTRODUCTION 
 

Dysregulation of autonomic control of coronary arteries may play an 
important pathophysiologic role in ischemic heart disease (1;2). 
Sympathetic control of coronary arteries can be evaluated by means of the 
cold pressor test. The coronary response to the cold pressor test differs 
depending on which patients are studied. Whereas in normal coronary 
arteries cold pressor test-related sympathetic activation causes a 
vasodilatation, in patients with coronary artery disease the cold pressor test 
causes a paradoxical vasoconstriction (3). Furthermore, a role for abnormal 
autonomic regulation has been suggested in patients with anatomical 
normal coronary arteries and chest pain, so called syndrome-X (4). 
The cold pressor test is a mainly sympathetic test resulting in an increase in 
blood pressure and heart rate, and therefore in myocardial oxygen demand. 
Concomitant changes in coronary flow are the result of the direct effect of 
the test on the coronary circulation and the changes in metabolic demand. 
Another less commonly used autonomic test is the so-called diving test. 
This test causes, next to sympathetic activation a powerful parasympathetic 
activation (5). During this test the blood pressure increases and the heart 
rate decreased. Therefore, the rate pressure product (an indication of 
myocardial oxygen demand) remains stable. The effects of autonomic 
activation on the coronary circulation during the diving test are not blurred 
by changes in metabolic demand.  
In this study we compared the cardiovascular effects of the cold pressor 
test with the diving test in patients with normal coronary arteries and 
coronary artery disease.  
For this purpose changes in systemic hemodynamics were measured with 
a fiberoptic cardiac output catheter. Coronary flow was measured with the 
combination of Doppler flow velocity measurements and quantitative 
coronary angiography. 
 
 

MATERIALS AND METHODS 
 
This protocol was approved by the institutional human review committee 
and conforms to the ethical guidelines of the 1975 declaration of Helsinki. 
Patients were included after written informed consent was obtained. 
Patients, who were referred to our (tertiary) centre for the evaluation of 
anginal complaints in the absence of coronary artery disease, were 
considered for evaluation. The coronary artery disease group consisted of 
patients who were scheduled for an elective PTCA of the LAD. In this group 
the measurements were performed prior to the PTCA in the diseased 
branch.  

19 
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The effect of two forms of activation of the autonomic nervous system the 
cold pressor test and the diving test were performed twice in each patient 
(due to technical reasons in one coronary artery disease patient one in 
stead of two cold pressor test was recorded). Blood samples were taken 
from the ascending aorta and from the coronary sinus, in order to 
investigate activation of the sympathetic nervous system and the release of 
degrading products of nitric oxide. During the procedure cardiac output was 
measured continuously in order to account for systemic effects of the tests. 
 
Instrumentation. All patients underwent the protocol in the morning 
after an overnight fast. All vasoactive medication, including b-blockers and 
ACE-inhibitors was stopped at least 5 half lives before the protocol. The 
right femoral artery and vein were cannulated. An eight or six French 
guiding catheter (Cordis, Roden, the Netherlands) was advanced to the left 
coronary artery. Via the venous sheet a fiberoptic cardiac output catheter 
(Abbott P7110EH; Abbott BV, Amstelveen, the Netherlands) was 
introduced. This catheter was calibrated by drawing a blood sample from 
the pulmonary artery. Transcutanuous oxygen saturation as measured with 
an ear clip served as a reference. With this catheter cardiac output was 
measured continuously. Finally, a 0.018'' Doppler flow velocity wire 
(Flomap; Cardiometrics, Mountain View, California, U.S.A.) was advanced 
into the left anterior descending artery (LAD). A stable signal was searched 
for by careful twisting and moving the wire into a straight segment without 
major side branches. In one patient in the coronary artery disease group no 
stable catheter fit in the left main was possible. In this patient 
measurements were performed in the circumflex artery. Continuous arterial 
blood pressure was measured via the femoral sheet. Right atrial pressure 
was measured continuously via the cardiac output catheter. 
 
Study protocol. After a stabilisation period of 15 minutes a cineangio 
was made from a position such that major side branches could be 
visualised. After the effect of the contrast injection had disappeared 
baseline (pre-test) hemodynamic measurements were performed during 
two minutes. Then the cold pressor test was performed by placing the 
patients left hand in a bucket with ice water for two minutes. At the end of 
the two minutes a cineangio from the same position was made. Only after 
the cineangio was made the hand was removed from the ice water. The 
procedure was repeated after a 10 minute resting period: First a baseline 
cineangio was made from a position at least 60 C apart from the first. After 
the effect of the contrast injection had disappeared again baseline 
hemodynamics were measured during a 2-minute period. After this 
baseline measurement the same cold pressor test procedure was repeated 
with a cineangio at the end of the test from the second camera position. 

20 
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EFFECT OF AUTONOMIC ACTIVATION ON CORONARY HEMODYNAMICS 
 

 

The cold pressor testing was followed by the diving test. This test was 
performed as previously described in detail by Perondi et al (6). In short, a 
cold plastic bag was put on the face of the subject. The plastic bag was 
filled with 1 litre ice water and it was kept in an isolated bucket with ice 
water. This secured that the outside of the bag was wet and cold. The bag 
was placed on the face in close contact with the forehead, the cheeks and 
the chin, covering the nose and mouth. Prior to the test the subject was 
instructed to take a moderate deep breath. Care was taken that the subject 
did not perform a Valsalva manoeuvre during the test. The bag was placed 
on the face for at least 15 seconds. The subject was asked to raise his left 
hand as a sign to end the test. As with the cold pressor test each test was 
preceded by a 10-minute resting period. Also the diving test was performed 
twice and filmed from the same cineangio positions as the cold pressor 
test. All patients underwent the cold pressor test and the diving test one 
day prior to the study protocol in order to get acquainted to the procedure. 
All patients were able to perform the diving test during at least 30 seconds. 
Finally, the vasodilator response was measured with papaverine (10 mg 
bolus, in 1 cc distilled water). Again this was performed twice and filmed 
from the same two camera positions as the cold pressor test and the diving 
test. Between all tests a resting period of at least 10 minutes was taken. 
Each test was preceded by a baseline cineangio and a 2 minute baseline 
hemodynamic measurement. 
All hemodynamic variables were recorded continuously with an online 
computer (LabView, National Instruments B.V., Woerden, the Netherlands; 
Figure 1) and analysed afterwards. Coronary vascular resistance (CVR) 
was calculated from as (mean arterial pressure – mean atrial pressure) / 
volumetric flow. The volumetric flow was calculated, as described by Di 
Mario (7), from coronary diameter as measured with QCA (see below) and 
average peak velocity by the formula Flow = 0.5 x average peak velocity x 
(0.25 x � [ GLDPHWHU

2 ) x 0.6.  
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CHAPTER 1 
 

 

 
Figure 1: An example of the registration of the hemodynamic variables with the 
LabView program. Offline analysis of the individual responses could by performed 
afterwards. 
 
Quantitative coronary angiography. The proximal segments of left 
anterior descending and circumflex arteries were measured off line using 
the cardiovascular measurement system as previously described (8). All 
segments were analysed by two investigators simultaneously until 
consensus was reached. The segment length was chosen between 5 and 
10 cm, a difference in segment length between baseline and test period of 
� �� � ZDV DFFHSWDEOH� 7KH FDOLEUDWLRQ IDFWRU ZDV DFFHSWHG LI LW ZDV

between 0.09 and 0.1 mm/pix. The mean segment diameter was taken for 
each segment. For each segment the mean of the two angiographic 
measurements was calculated. 
 
Internal validation of the method. All tests were performed twice. Figure 
2 shows the hemodynamic changes during the first and the second test. As 
shown all three tests were reproducible, this was confirmed by the analysis 
according to Bland and Altman (9). This analysis showed that the mean of 
the differences between the hemodynamic measurements during the first 
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and second test ranged between 0.2 and 3.9 % for the cold pressor test, 
0.5 and 4.1% for the diving test, and between 0.2 and 4.3 % for papaverine. 
The SD of the differences ranged between 5.5 - 12.2 for the cold pressor 
test, 8.0 – 19.6 for the diving test, 0.7 - 13.9 for papaverine).  
For further comparison between the groups and between the tests the 
mean values of the two tests were calculated. 
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Figure 2: Hemodynamic responses of the cold pressor test (upper panel), the 
diving test (middle panel), and intracoronary administration of papaverine (lower 
panel). The relative changes (% change) during the first and the second test are 
depicted. HR = heart rate, MAP = mean arterial pressure, RPP = rate pressure 
product, CO = cardiac output, APV = average peak velocity, CVRU = coronary 
vascular resistance in units. All values: mean ± S.E.M. 
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Statistical analysis. Differences between and within groups were tested 
using the (paired or unpaired) Students t-test. Regression analysis was 
used to study the relationship between various parameters. The SPSS-PC 
package was used for the statistical analysis. All values are expressed as 
mean ± S.E.M. 
  
 

RESULTS 
 
Patient characteristics. A total of 14 patients were included, 8 without 
coronary artery disease (Control) and 6 with coronary artery disease. In the 
latter group all patients had single vessel disease with a significant stenosis 
in the LAD, except for one patient who had a significant stenosis in the 
circumflex. No differences were found regarding the mean age 46.3 ± 2.8 
(control) vs. 52.8 ± 5.6 (coronary artery disease), current smoking 1 out of 8 
vs. 2 out of 6, nor serum cholesterol 5.6 ± 0.9 versus 6.1 ± 0.5 mmol/l 
(normal value > 6.5). In the control group however 1 patient had a 
cholesterol > 6.5 mmol/l and 2 used lipid lowering drugs versus none in the 
coronary artery disease group. The other medication included ß-blockers (5 
and 4 patients respectively), calcium antagonists (2 patients in each group), 
ACE-inhibitors (1 and 3 patients), nitrates (only 2 coronary artery disease 
patients). 
All patients in the control group underwent a positron emission tomographic 
(PET) scan, except for one without anginal complaints, who was referred to 
our centre for evaluation of a left sided accessory bypass tract. In 4 patients 
an abnormal PET scan was found indicating microvascular angina. 
 
Systemic hemodynamic effects. The baseline values of the 2 groups 
are shown in table 1. No differences between the groups were present.  
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 Control CAD 
HR 85 ± 5 79 ± 6 
BPmean 104 ± 6 94 ± 6 
RA 4 ± 1 4 ± 1 
CO 7.0 ± 0.5 6.5 ± 0.7 
APV 24.7 ± 3.7 34.8 ± 8.3 
CVRU 4.2 ± 0.5 3.0 ± 0.8 
RPP 12050 ± 390 10710 ± 640 
Diameter; LAD  3.20 ± 0.27 (non-stenotic) 3.18 ± 0.43 (stenotic) 
Diameter; LCX 2.85 ± 0.20 (non-stenotic) 3.29 ± 0.30 (non-stenotic) 
Table 1: Baseline hemodynamic parameters: heart rate (HR; 1/min), mean arterial 
blood pressure (BPmean; mmHg), right atrial pressure (RA; mmHg), cardiac output 
(CO; l/min), average peak velocity (APV; cm/s), coronary vascular resistance 
(CVRU; Units), rate pressure product (RPP; mmHg/min). Diameter of the proximal 
segments of left anterior descending (LAD) or left circumflex (LCX): in the control 
group, or stenotic and non-stenotic branch in the coronary artery disease (CAD) 
group. All values: mean ± S.E.M. 
 
The systemic hemodynamic effects of the cold pressor test are shown in 
figure 3.  
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Figure 3: The systemic hemodynamic responses in patients with (CAD) and without 
(Control) coronary artery disease are shown during the cold pressor test (left-hand 
panel), the diving test (middle panel), and intracoronary administration of 
papaverine (right-hand panel). HR = heart rate, BPmean = mean arterial blood 
pressure, RPP = rate pressure product, C.O. = cardiac output. All values: mean ± 
S.E.M. Significant differences are indicated: * p<0.05 
 
As can be seen in this figure the systemic hemodynamic effects of the cold 
pressor test are the same in each group: in both groups heart rate and 
blood pressure increased, and the cardiac output remained stable. Also the 
rate pressure product increased. 
The systemic hemodynamic effects of the diving test (figure 3) also did not 
differ between the groups. During this test, in contrast to the cold pressor 
test, heart rate decreased together with an increase in blood pressure. As a 
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consequence the rate-pressure product did not change, neither did the 
cardiac output.  
The hemodynamic effects of intracoronary papaverine are shown in figure 
3. As expected papaverine did not influence systemic hemodynamic 
parameters except for a higher heart rate response in the control group. 
Blood pressure as well as cardiac output responses during the two tests 
were comparable. 
 
Effect on coronary resistance vessels. From measurements with the 
Doppler flow wire and coronary diameter (off-line quantitative coronary 
angiography), coronary volumetric flow was calculated in order to evaluate 
the effects of the tests on coronary resistance vessels. During the cold 
pressor test the response in the coronary vessels was different between the 
two groups: in the control group coronary flow velocity increased and 
coronary resistance slightly increased whereas in the coronary artery 
disease group flow velocity decreased and resistance increased 
significantly (figure 4). 

Diving Test

-25

0

25

50

75

APV CVR Diameter

*

Cold Pressor Test

-25

0

25

50

75

APV CVR Diameter

C
ha

ng
es

 (%
) f

ro
m

 b
as

el
in

e

*

*

Papaverine

-75

-50

-25

0

25

50

75

100

125

150

175

APV CVR Diameter

Control CAD

Figure 4: The coronary hemodynamic responses in patients with (CAD) and 
without (Control) coronary artery disease are shown during the cold pressor test 
(left-hand panel), the diving test (middle panel), and intracoronary administration of 
papaverine (right-hand panel). APV = average peak velocity, CVR = coronary 
vascular resistance, diameter = luminal diameter by quantitative coronary 
angiography. All values: mean ± S.E.M. Significant differences are indicated: * 
p<0.05 
 
The diving test caused a decrease in flow velocity and an increase in 
coronary resistance in both groups. This increase was higher in the 
coronary artery disease group (figure 4). 
Papaverine as expected caused an increase in flow velocity and a 
decrease in coronary resistance.  This was comparable between the two 
groups (flow velocity change, control versus coronary artery disease: 
p=0.09; and coronary resistance change: p=0.06). 
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Effect on epicardial conductance vessels.  With quantitative 
coronary angiography diameters in proximal LAD and LCX were measured 
from two projections. During none of the tests significant changes were 
found. During the cold pressor test in the control group, the mean coronary 
diameter in the LAD (figure 3) and the LCX did not change (1.1 ± 2.2% and 
2.0 ± 2.5%). In patients with coronary artery disease, the cold pressor test 
caused a small diameter decrease in the stenotic artery (-3.8 ± 2.9%), and 
a small increase in the non-stenotic artery (3.1 ± 2.4%).  
During the diving test in the control group, the coronary diameter in the LAD 
and the LCX did not change (-1.1 ± 2.6% and -1.0 ± 1.9%). In patients with 
coronary artery disease, the diameter slightly decreased in both the 
stenotic artery (-6.1 ± 3.4%) and in the non-stenotic artery (-6.6 ± 2.9%). 
As expected, papaverine caused a small diameter increase in LAD and 
LCX in the control group (6.6 ± 2.8% and 12.6 ± 2.9%).  
 
Comparison between the cold pressor test and the diving test. 
The systemic hemodynamic effects of both tests were comparable, except 
for a heart rate decrease in stead of an increase during the diving test, and 
a smaller increase in rate pressure product.  
The effect of both tests on resistance vessels was different: in the control 
group, the diving test caused a more powerful vasoconstriction: average 
peak velocity decreased instead of increased during the cold pressor test, 
and coronary resistance increased more during the diving test. In the 
coronary artery disease group no differences between the two tests 
regarding coronary hemodynamic effects were found. Due to the more 
powerful vasoconstriction during the diving test differences between control 
and coronary artery disease, as found during the cold pressor test, 
disappeared. 
 
Importance of the coronary microvasculature.  All patients with 
normal coronary arteries and chest pain underwent a PET scan. In case of 
an abnormal PET scan the diagnosis microvascular angina was considered 
(4). Interestingly, the 4 patients with an abnormal PET scan all reacted with 
a vasoconstriction. Indicating that not only the reactivity of the small 
(resistance) arteries but also of the epicardial arteries is affected in these 
patients. When the effect on resistance vessels was considered, the cold 
pressor test did not cause a difference in average peak velocity between 
these two subgroups (4.8 ± 8.8 versus 23.1 ± 8.9 p = ns). Coronary 
vascular resistance however, decreased in normal-PET patients (-8.7 ± 
12.4 %), and increased in abnormal-PET patients (12.4 ± 16.1 p<0.05 
versus normal-PET). In the normal-PET group, neither average peak 
velocity nor resistance changed during the diving test. In contrast to the 
cold pressor test, the diving test caused a different response in the 
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abnormal PET group in both average peak velocity (-13.8 ± 2.9% versus 
normal-PET 2.5 ± 3.7%; p<0.05) and resistance (29.6 ± 9.6% versus –6.3 ± 
5.7%; p<0.005). Interestingly, the four patients with an abnormal PET scan 
reacted similar to the coronary artery disease group (average peak velocity 
–14 ± 3% and coronary vascular resistance 30 ± 10%) during the diving 
test. 
 
  

DISCUSSION 
 
Using the combination of a Doppler flow velocity wire and a fiberoptic 
cardiac output catheter, the effects of the diving test and the cold pressor 
test on coronary and systemic hemodynamics can simultaneously be 
measured. Both tests are practicable in the catheterisation laboratory. An 
advantage of the diving test is that, in contrast to the cold pressor test, the 
rate pressure product during this test does not change. A disadvantage of 
the diving test is that, due to breath holding, the duration of this test varies 
between the patients. In concordance with results found by Perondi et al. 
(6) we also found that this test causes more coronary vasoconstriction than 
the cold pressor test. Because of this 'powerful' vasoconstriction of 
resistance vessels in the control group differences with the coronary artery 
disease group disappeared, whereas they were present during the cold 
pressor test.  
During the cold pressor test the sympathetic nervous system is activated 
resulting in an α-receptor mediated contraction of smooth muscle cells. This 
vasoconstrictive component is opposed by a vasodilatory component. The 
mechanism responsible for vasodilatation during the cold pressor test in 
normal, versus constriction in coronary artery disease has been attributed 
to differences in endothelium dependent vasodilatation. In coronary artery 
disease patients endothelium dependent vasodilatation as well as cold 
pressor test-induced vasodilatation is reduced (10). Vasodilatory 
substances such as nitric oxide may be released during this test either by 
α-adrenergic receptors on endothelial cells (11), or by shear stress induced 
nitric oxide release (12). Therefore, the net effect of the cold pressor test on 
coronary diameter mirrors endothelium dependent vasomotor function. 
In contrast to the cold pressor test, during the diving test sympathetic as 
well as parasympathetic activity is increased. This has a different effect on 
heart rate (decrease) and rate pressure product (no change). Coronary flow 
increases due to increased metabolic demand are smaller than during the 
cold pressor test. On the other hand direct parasympathetic stimulation 
may cause vasoconstriction (13). The total vasoconstrictory components 
are therefore bigger than during the cold pressor test and may therefore 
obscure the concomitant vasodilatory (endothelium dependent) 
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components. 
In the control group no change was found in epicardial vessel diameter 
during the cold pressor test. In the coronary artery disease group the 
stenotic branch reacted with a vasoconstriction and the non-stenotic with 
no change. These data are partly in contrast with data from Nabel et al. (3) 
who found a marked vasodilatation in the control group. When the patients 
were separated in normal and abnormal PET groups, the normal-PET 
group was comparable to the control patients of Nabel et al. (3), whereas 
the abnormal-PET group reacted comparable to the coronary artery 
disease patients.  
The abnormal PET scan in the subgroup of patients with normal coronary 
arteries and chest pain, strengthens the diagnosis microvascular angina, 
one of the possible explanations for syndrome-X (4). Coronary endothelial 
dysfunction as detected with the cold pressor test has been described in 
syndrome-X patients (14). The PET perfusion abnormalities were 
accompanied by abnormal coronary reactivity during the cold pressor test 
as well as diving test. Interestingly, during the cold pressor test an 
abnormal response of the epicardial segments was present, whereas a 
remarkable difference was found in the response of the microvasculature 
during the diving test. The diving test may therefore be more powerful for 
the detection of endothelial dysfunction in these patients. 
 
Limitations. The effects of various drugs on vessel wall reactivity and 
endothelial function and thus responses to the autonomic reflexes have to 
be considered. Although we took care to avoid the direct effect of 
vasoactive drugs (all were stopped at least 5 half lives before testing). 
Especially longer lasting effects of ACE-inhibitors (1 patient in the control 
and 2 in the coronary artery disease group), and cholesterol lowering drugs 
(2 patients in the control group) may have influenced the results because 
both drugs are able to improve endothelium dependent relaxation (15;16). 
When interpreting the data one has to bare in mind that the number of 
patients is small this may have obscured potential differences. However, 
despite the small number important differences were present. This may 
have potential value in evaluation of patients with normal coronary arteries 
and chest pain. 
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CONCLUSION 
 
Simultaneous measurements of coronary and systemic hemodynamics are 
feasible. The effects of autonomic activation can reproducibly be measured 
in the catheterisation laboratory. The cold pressor test shows a bigger 
difference between patients with and without coronary artery disease than 
does the diving test. The diving test may be useful to identify subgroups of 
patients, such as syndrome-X.  
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ABSTRACT 
 

BACKGROUND  Endothelial dysfunction is useful in predicting future 
cardiovascular disease. At present several tests are available to test 
endothelial function i.e. coronary diameter response to acetylcholine, 
forearm blood flow (FBF) response to acetylcholine and brachial artery 
flow-mediated dilative (FMD) response to post-ischemic hyperaemia. This 
study aimed to compare the three most frequently reported endothelial 
function tests. 
 
METHODS Twenty-eight patients (19 males and 9 females, mean age 
57 years) referred for diagnostic coronary angiography were considered for 
endothelial function measurement in the coronary artery as well as in the 
forearm by FBF and FMD. 
 
RESULTS Acetylcholine decreased the mean coronary diameter by 
7.4% (SD 6.3) and increased the mean FBF by 230% (SD 152). 
Hyperaemia increased the mean brachial diameter by 6.7% (SD 4.8). The 
effect of acetylcholine on forearm resistance vessels was significantly 
related to the effect of acetylcholine on the coronary conduit vessels (p = 
0.039). However, FMD was not related to FBF nor to the coronary 
response. 
 
CONCLUSIONS  In patients with mild coronary endothelial dysfunction, 
forearm vasoreactivity is related to the coronary response provided that the 
same stimulus is used. 
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INTRODUCTION 
 

Endothelial dysfunction is a common denominator for a variety of changes 
the endothelium undergoes during atherogenesis (1). In recent years a 
number of tests has been developed in order to quantify endothelial 
function. The use of these tests is widespread, since coronary endothelial 
dysfunction is a useful marker for predicting future cardiovascular events 
(2;3). Endothelial function in these tests is assessed by demonstrating (lack 
of) nitric oxide mediated vasodilatation in an artery (4;5). Due to the 
invasive nature of coronary endothelial function testing, attention has 
shifted to forearm vasoreactivity. At present, the most feasible techniques 
for testing endothelial function in the forearm are: 1) local intra-brachial 
infusion of NO-agonists such as acetylcholine with measurement of the 
blood flow response by strain-gauge plethysmography (FBF; ml/100ml 
forearm volume/min.), 2) local NO release after forearm limb ischemia and 
reactive hyperaemia with measurement of the brachial flow mediated 
dilatation by ultrasound (FMD; �P� (6). However, the underlying 
mechanisms as well as the vessels that are investigated (conduit coronary 
vessels, or forearm micro- and macrovasculature) are quite diverse. 
Interestingly, several authors have shown a correlation between endothelial 
function in micro- and macrovasculature (7;8). And recently, evidence has 
accumulated that FMD in the brachial artery is useful to stratify patients at 
risk for future coronary revascularisation (9). However, the correlation 
between FMD and coronary endothelial function has been weak at best (r-
square = 0.13 (7)) and the value for predicting the presence of coronary 
endothelial dysfunction was only 49%. The predictive value of 'semi-
invasive' FBF for coronary artery disease remains to be established. This 
study aimed to investigate the relationship between three current 
endothelial function tests in a population with a high pre-test probability of 
coronary endothelial dysfunction. We therefore compared acetylcholine- 
and hyperaemia-mediated forearm endothelial responses in patients who 
were referred for coronary angiography with concomitant coronary 
endothelial function testing. 
  
 

METHODS 
 

Patient population. The Intervention Cardiology Risk Stratification 
(ICaRiS)-study included patients with stable angina pectoris referred for 
diagnostic coronary angiography study. Excluded were patients with 
unstable angina, recent myocardial infarction, valvular heart disease 
requiring surgical intervention, clinical evidence of heart failure, or a history 
of previous coronary intervention (PTCA or CABG). Excluded from 
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coronary acetylcholine infusion were patients with significant left main 
coronary artery narrowing (> 50%) or ischemic ECG changes and / or 
progressive angina pectoris during diagnostic catheterisation. In this sub 
study 28 patients, included between July 1998 and July 1999, were 
considered for endothelial function testing in both the coronary artery and 
the forearm (FMD and FBF). 
 
Data collection. Baseline screening included history of coronary risk 
factors, physical examination, and fasting total serum cholesterol. A 
standard diagnostic catheterisation procedure with concomitant 
intracoronary acetylcholine and nitro-glycerine infusion was performed. The 
response to both stimuli was measured by automatic contour detection 
technique (quantitative coronary angiography). FBF responses to different 
stimuli and FMD of the brachial artery were determined on one day within 7 
days from catheterisation (before or after). Plethysmography measured the 
forearm responses to intrabrachial acetylcholine and nitroprusside. The 
brachial artery FMD in response to hyperaemia and sublingual nitro-
glycerine was measured by ultrasound (wall tracking system, Pie Medical, 
Maastricht, The Netherlands). 
 
Definitions. Angiographically significant coronary artery disease (CAD) 
was defined as at least one coronary vessel with > 50% luminal narrowing. 
Coronary endothelial function was defined as the coronary diameter in 
response to maximal concentration acetylcholine as percentage of the 
mean baseline diameter in the most-constrictive coronary artery. A negative 
response represents a vasoconstriction. From that most-constrictive 
coronary artery, the response to nitro-glycerine was also expressed as 
percentage of the mean baseline diameter. FBF by strain-gauge 
plethysmography was expressed as ml per 100ml-forearm volume per 
minute. Validity of individual flow measurements was verified by routine 
check of the correlation coefficient of the curve (> 0.90). Endothelium-
dependent dilative response to intrabrachial acetylcholine and nitroprusside 
was defined as the maximum blood flow response to that stimulus as 
percentage of the mean baseline blood flow. Off-line FMD was calculated 
by a blinded observer using wall track system software analysis package. 
Brachial response to hyperaemia and nitro-glycerine was defined as the 
PD[LPDO EUDFKLDO GLDPHWHU ��P� LQ UHVSRQVH WR ERWK VWLPXOL DV SHUFHQWDJH

of the mean baseline diameter. 
 
Coronary angiography. Before the coronary angiogram as well as 
before the forearm tests, vasoactive agents were discontinued for at least 3 
days (24 hours if recurrent angina was expected). Considered as 
vasoactive agents were long-acting nitrates, calcium channel blockers, 
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angiotensin converting enzyme inhibitors and angiotensin II receptor 
EORFNHUV� 7KH XVH RI �-adrenergic blockers was allowed. Smokers did not 
smoke for at least 4 hours before examination. Using a standard 
percutaneous femoral approach, a 6F diagnostic catheter was advanced 
into the left main coronary artery. Intracoronary nitro-glycerine was not 
given before the diagnostic catheterisation procedure. 
 
Coronary vasomotor function. After completion of the diagnostic 
CAG, the diagnostic 6 French Judkins catheter was left in the left main 
coronary artery. For accurate vasomotor response measurement, the 
subsequent angiographic recordings were made with 25 frames per second 
and care was taken to have an adequate part of the catheter visible for 
calibration. A baseline CAG was done, visualizing the proximal left anterior 
descending artery (LAD) and the circumflex artery (LCX). Then 
acetylcholine-chloride (concentration 0.16 µg/ml; Clinalfa AG, Läufelfingen, 
Switzerland) was infused through the catheter for at least 3 minutes. To 
achieve a coronary blood concentration of 10-8 Molar acetylcholine, infusion 
rate was 82 ml/hour (with the assumption that the blood flow in the left main 
coronary artery was 120 ml/minute). At the end of the infusion, the 
acetylcholine in the catheter was removed carefully and an angiographic 
recording of the endothelium-dependent vasodilative response to 
acetylcholine was made. This procedure was repeated using 1.6 µg/ml and 
16 µg/ml (10-7 M and 10-6 M blood concentration) acetylcholine 
concentrations, respectively. Finally, the endothelium-independent dilative 
response was recorded one minute after an intracoronary bolus of 0.5-mg 
nitro-glycerine. 
 
Plethysmography. Experiments were performed in a quiet room kept at a 
constant temperature of 22-24 C. During the experiments the subjects 
were in supine position with both forearms stabilized slightly above the level 
of the heart. A 22-g needle (Arrow, Pennsylvania, USA.) was inserted into 
the brachial artery of the non-dominant arm after local anaesthesia. FBF in 
both arms was measured at 15-second intervals by R-wave triggered 
venous occlusion plethysmography with mercury-in-silastic strain gauges 
(10;11). The upper arm collecting cuffs were inflated to 40 mmHg. During 
FBF-measurement both hands were excluded from the circulation by small 
wrist cuffs, which were inflated 40 mmHg above systolic pressure. Intra-
arterial blood pressure was recorded continuously. The baseline 
measurements started at least 30 minutes after cannulation of the brachial 
artery, when FBF was stable. Between the various infusions the wrist cuffs 
were deflated and sufficient time (at least 15 minutes) was allowed for FBF 
to return to baseline levels before the next infusion was started. The 
following drugs were infused into the brachial artery: sodium nitroprusside 
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(E Merck, Darmstadt, Germany) and acetylcholine (Clinalfa AG, 
Läufelfingen, Switzerland). Nitroprusside was administered in a cumulative 
dose infusion of 6, 60, 180 and 600 ng/100 ml forearm /min., each dose for 
at least 1.5 minutes. Acetylcholine was administered in a cumulative dose 
infusion of 500, 1000 and 2000 ng/100 ml forearm /min), each dose infused 
for 3 minutes. Both drugs were administered in random order. 
 
Wall-tracking. Patients were studied in supine position. Three ECG 
leads were attached. Flow mediated dilatation was determined as 
published previously (12;13). In short, after a 10-15 minute rest, the 
brachial artery in the right ante-cubital fossa was visualized using a 7.5 
MHz transducer. When a satisfactory optimal image of the brachial artery 
lumen diameter was obtained, the transducer was fixed and a wall tracking 
system was used to measure the lumen diameter. By inflation of blood 
pressure cuff located around the forearm for 5 minutes, ischemia was 
applied to the forearm distal to the location of the ultrasound probe. 
Ultrasonography was continued for 5 minutes to allow for lumen diameter 
measurements at 20 seconds intervals. Wall track data were stored digitally 
(respectively 3 baseline measurements; 8 measurements after cuff release, 
starting 30 seconds after deflation until 170 seconds after deflation at 20 
second intervals). Next, 0.4-mg nitro-glycerine was administered 
sublingually to assess endothelium-independent dilation (respectively 3, 4 
and 5 minutes after NTG administration).  
 
Quantitative coronary angiography.  Quantitative Coronary 
Angiography (QCA) was performed by a previously described and validated 
automatic contour detection technique (CMS, Medis Co., Nuenen, the 
Netherlands) (14;15). End-diastolic frames of a non- stenotic proximal 
segment of the LAD were selected for QCA. User interaction was limited to 
the definition of the start and end points of the coronary segment to be 
analysed. Easily identifiable side branches were used as anatomic 
landmarks to allow the analysis of the same segments in successive 
angiograms. The length of the analysed segment was always within a 
range of 10% from baseline segment length. In case of overlap with other 
branches, the independent analyst manually edited automatic contour 
detection. Segment diameter was determined in millimetres.  
 
Statistical analysis. Baseline characteristics are presented as mean ± 
standard deviation. Categorical data are presented per number of valid 
observations. For the normally distributed continuous variables, differences 
were evaluated by the F-test, for skewed distributed continuous variables 
(p-value Shapiro-Wilk test for normality < 0.05), the Kruskal-Wallis test was 
used. The associations between the coronary response to acetylcholine 
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and the brachial blood flow by plethysmography and wall tracking system 
respectively, were measured by the correlation coefficient. With normally 
distributed responses, the Pearson correlation coefficient was calculated. In 
case of skewed distribution the Spearman rank-correlation coefficient was 
used (p-value Shapiro-Wilk test for normality < 0.05). A p-value < 0.05 was 
considered statistically significant. SAS version 6.12 (Cary, N.C, USA) was 
used for all statistical analyses. 
 
  
Ethics. Written informed consent was obtained from all patients 
before the study and the Institutional Review Board of the participating 
centres approved the study protocol. The study was performed in the 
University Hospital of Groningen, University Hospital Utrecht, and St. 
Antonius Hospital Nieuwegein; The Netherlands, in conform with the 
principles outlined in the Declaration of Helsinki (16). All studies were 
performed in line with institutional guidelines. 
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RESULTS 
 
Characteristics of the study population. The characteristics of the 28 
patients at entrance of the study are listed in table 1.  
 
N  28 
Male gender  68 % 
Age, years  57 ± 8 
Hypercholesterolemia  68 % 
Hypertension  54 % 
Current smoking  36 % 
Diabetes Mellitus  14 % 
Fasting total cholesterol (mmol/l)  5.8 ± 1.2 
Medication ACE inhibitors 14 % 
 Statins 46 % 
 Nitrates 29 % 
 Calcium channel blockers 64 % 
 ASA 57 % 
Coronary artery disease by angiography smooth appearance 21 % 
 wall irregularities 11 % 
 1-vessel disease 29 % 
 2-vessel disease 29 % 
 3-vessel disease 11 % 
Table 1: In four patients the coronary acetylcholine infusion test was not carried out 
because of exclusion criteria during coronary angiography, as described in "patient 
population". In all other patients, mild coronary endothelial dysfunction was 
present, according to criteria described by Suwaidi et al (2). There were seven 
technical failures in measurement of the FBF (causes: unsuccessful cannulation 
(4), R-wave trigger failure (2), impaired responsiveness of the strain gauges due to 
subcutaneous fat deposition (1)). All patients had at least two endothelial function 
tests to evaluate; in 17 patients the results of all three tests were available. 
 
Acetylcholine mediated coronary and brachial artery response. 
The mean coronary diameter before acetylcholine infusion was 2.49 ± 0.6 
mm. In response to acetylcholine, the mean coronary diameter decreased 
by 7.4 ± 6.3 %, whereas nitro-glycerine increased the mean coronary 
diameter by 10.0 ± 8.9 %. The mean FBF before acetylcholine infusion was 
2.72 ± 0.9 ml/100ml forearm volume/min. In response to intrabrachial 
acetylcholine, the mean FBF increased by 230 ± 152 %, whereas 
nitroprusside increased the mean FBF by 306 ± 155 %. Intra-brachial 
infusions of acetylcholine and sodium nitroprusside did not alter mean 
blood pressure, heart rate or FBF in the contra lateral control arm (data not 
shown). To obtain normal distribution, the FBF response to acetylcholine 
was transformed on a log-scale. The response to acetylcholine in both the 
coronary and brachial artery (N=17) showed a significant relation 
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(correlation r = 0.51; p = 0.039 after log-transformation), as shown in figure 
1. No association could be demonstrated between both responses to 
nitrates (r = - 0.18; p = 0.50).  

p = 0.039
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Figure 1: Correlation between the coronary diameter response and the forearm 
blood flow response (log-scale) to acetylcholine (ACH), presented as change from 
baseline.  
 
Brachial responses to acetylcholine and hyperaemia. As described, the 
mean FBF increased by 230 % and 306 % in response to intrabrachial 
acetylcholine and nitroprusside respectively. The mean brachial diameter 
EHIRUH K\SHUDHPLD ZDV ���� � ��� �P� ,Q UHVSRQVH WR K\SHUDHPLD� WKH

mean brachial diameter increased by 6.7 ± 4.8 %, whereas sublingual nitro-
glycerine increased the mean brachial diameter by 15.6 ± 6.4 %. In the 
forearm, no significant relation could be demonstrated between the 
endothelium dependent responses to acetylcholine and hyperaemia (r = -
0.23; p = 0.33) nor between the endothelium-independent responses to 
nitrates (r = 0.06; p = 0.79). When taking into account only the 17 patients 
with valid results in all three tests, the correlations were comparable (r = -
0.27; p = 0.30 and r = 0.04; p = 0.89 respectively). 
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Acetylcholine mediated coronary and hyperaemia mediated brachial 
response. Comparison of the acetylcholine-induced coronary response 
and induced-induced forearm FMD did not reveal a significant correlation (r 
= -0.03; p = 0.89). Also, no association for the endothelium-independent 
response to nitrates was present (r = -0.18; p = 0.39). Using only the 17 
patients with valid results in all three tests, the conclusion remained the 
same (r = 0.06; p = 0.81 and r = -0.17; p = 0.52 respectively). 
 

DISCUSSION 
 

This comparative study shows a correlation between endothelial function in 
the micro-vasculature of the forearm and the conduit coronary vessels. In 
response to acetylcholine, a more constrictive response in the epicardial 
coronary artery is significantly associated with a lower increase in forearm 
blood flow.  
Since an enormous amount of studies have reported microvascular 
endothelial dysfunction in the forearm in presence of traditional 
cardiovascular risk factors, the concept of endothelial dysfunction as a 
generalized disease state has been put forward (1;17;18). As clearly stated 
in the introduction, the use of peripheral endothelial function tests would 
allow broader implementation of the technique in larger intervention trials. 
The present study aimed to compare the most feasible tests. 
Ludmer et al. (19) were among the first to demonstrate that acetylcholine 
could be safely infused selectively into the coronary circulation to assess 
coronary conduit vessel vasomotion. Since then, this test has served as the 
gold standard for endothelial function testing. However, the assessment of 
coronary vascular reactivity requires an invasive approach and 
acetylcholine infusion has its own potential risk (20). Therefore, attention 
has shifted towards ‘peripheral’ endothelial function testing. Two techniques 
have been implemented for peripheral endothelial function assessment, 
namely the 'semi-invasive' blood flow response to acetylcholine by strain-
gauge plethysmography (FBF) as first described by Hokanson et al. (21) 
and the brachial dilative response after forearm induced by ultrasound 
(FMD; mm) as first described by Celermajer et al. (22).  
Recently, evidence has accumulated that FMD in the brachial artery, in an 
identical manner as we report here, may be useful to stratify patients at risk 
for future coronary revascularisation (9). The reported correlation between 
FMD and coronary endothelial function, using the same technique  as we 
report here, has been weak at best (see Anderson et al.: r-square = 
0.13)(7), and the predictive value of 'semi-invasive' FBF for coronary artery 
disease remains to be established. In reference to the correlation 
coefficient of 0.36 as reported by Anderson (7), in our study with 17 
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patients with valid results of both the coronary response to acetylcholine 
and FMD, the power to detect a difference of -0.36 (r0 = 0, ra = 0.36) would 
have been 43%, using a  directional hypothesis test with a significance 
level of 5%.  
The present data show that the correlation between acetylcholine-mediated 
FBF and acetylcholine-mediated epicardial coronary diameter response is 
modest, however it clearly exceeds the previously reported correlation 
between FMD and coronary response. In addition, no association could be 
demonstrated between micro- and macro vascular responses in the 
forearm (hyperaemia-mediated FMD and acetylcholine-mediated FBF) nor 
between hyperaemia and acetylcholine-mediated responses in the 
macrovasculature (brachial FMD and conduit coronary vessels). Our study 
suggests that acetylcholine-mediated forearm microvascular endothelial 
function parallels that in coronary conduit vessels. 
 
Clinical implications. The concept of endothelial dysfunction as a 
generalized disease state and its relation with increased risk for future 
cardiovascular events makes that the implementation of forearm 
endothelial function testing in clinical practice is an attractive diagnostic 
target. However, the underlying mechanisms as well as the vessels that are 
investigated are quite diverse (23). Our study suggests that forearm 
vasoreactivity is more related to coronary endothelial function when the 
same stimulus is used. However, its use in population based studies or 
repetitive measurements will be limited due to its invasive nature. 
 
Limitations of the study.  All patients were referred to the 
catheterisation laboratory for suspected coronary artery disease. As such, 
the patient group we report here is rather homogeneous and  the majority 
of patients had evidence of endothelial dysfunction. However, if endothelial 
function testing will ever prove to be of use , it will be in a high-risk 
population as ours. In contrast to earlier data by Anderson et al. (7), no 
association could be demonstrated between hyperaemia- and 
acetylcholine-mediated response in the macrovasculature (brachial FMD 
and conduit coronary vessels). The population studied by Anderson et al. 
demonstrated a larger range of coronary endothelial function (ranged from 
40% constriction to 20% dilation) compared to our study population (ranged 
from 20% to 0% constriction). Although the main advantage of its non-
invasive nature, the FMD measurement is very sensitive towards 
physiological changes (24) and faces technical difficulties in accurately 
determining the "discrete" changes in brachial artery diameter, thus 
resulting in a "larger" variability. These factors will limit the potential to 
detect coronary endothelial dysfunction. The sample size reported here is 
rather small. Therefore, the results of this study are merely hypothesis-
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generating and further studies will be needed to conform our findings. 
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ABSTRACT 
 
BACKGROUND Recent findings imply prognostic significance of 
intracoronary acetylcholine infusion for endothelial function testing. We 
evaluated whether routine use of this test in coronary angiography patients 
is safe. 
 
METHODS  Patients undergoing a first diagnostic coronary angiography 
were selected to receive intracoronary acetylcholine for endothelial function 
evaluation. The relation between adverse reactions during infusion and risk 
factors was analysed with a logistic regression model. Included in the 
multiple logistic regression model were the variables with a univariate p-
value <0.20.  
 
RESULTS Adverse reactions occurred in 16% (49/299) of the patients. 
This included two life-threatening events due to occlusive spasm and flow 
limitation in the left coronary artery. Other adverse events were chest pain 
(n=38), AV block or sinus bradycardia (n=10), dyspnoea (n=3). Adverse 
reactions were more likely to occur in patients younger than 60 years of 
age. (relative risk 5.6 (2.2-14.3)) 
 
Conclusions Intracoronary acetylcholine infusion is safe but may lead to 
serious adverse reactions. Care should be taken especially in patients 
younger than 60 years of age. Routine use of acetylcholine infusion can 
thus only be justified if it has important prognostic significance. This has to 
be further proven in large prospective studies. 
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INTRODUCTION 
 

In addition to anatomical coronary artery disease, functional abnormalities 
such as coronary spasm are an important cause of angina pectoris. In the 
past ergotalkaloids (ergonovine, methergine) have been extensively used 
for detection of coronary spasm (1;2). Thereafter, pre-clinical evidence 
suggested that coronary spasm be related to a deficit production of 
vasodilating substances by the endothelium (see Drexler and Zeiher for a 
review) (3). Therefore, endothelium specific testing, such as intracoronary 
acetylcholine infusion, has been used more and more. In contrast to 
ergonovine, acetylcholine has intrinsic endothelium dependent modes of 
action, whereas ergonovine will stimulate endothelium dependent 
vasodilator release only via an indirect (i.e. flow or sheer stress mediated) 
mechanism. 
Acetylcholine infusion can thus be used to evaluate subtle changes in 
endothelium dependent vasodilatation, endothelial function, or in case of 
constriction, endothelial dysfunction (3). Endothelial dysfunction is related 
to atherosclerosis and its risk factors such as smoking, hypertension, and 
hyperlipidemia (4-6). The question remains whether endothelial 
(dys)function can be regarded as an independent risk factor in patients 
suspected of coronary artery disease. If it is a proven important prognostic 
factor one could argue in favour of routine clinical implementation. In order 
to investigate this, we started the Intervention CArdiology Risk Stratification 
Study (ICARIS), a prospective study evaluating the prognostic value of 
intracoronary acetylcholine testing in patients undergoing a first diagnostic 
coronary angiography because of suspected coronary artery disease.  
Although acetylcholine is generally considered to be safe, infusion of this 
drug may have potential risks (7;8). In addition, since the start of the study 
we experienced a number of adverse events during acetylcholine infusion. 
In this report, an analysis of the first 312 patients is presented regarding 
adverse reactions.  
 
 

METHODS 
Study population. Patients suspected for coronary artery disease with 
an indication for diagnostic coronary angiography were recruited in the 
outpatient clinics of the University Hospital Groningen. Exclusion criteria 
were: previous coronary intervention (PTCA, CABG), unstable angina 
pectoris, recent myocardial infarction (< 3 months), concomitant valvular 
disease requiring valve replacement surgery, an occlusion or less then TIMI 
3 flow in one or more coronary branches or any serious disease that may 
interfere with the follow-up. Patients were asked permission for endothelial 
function assessment in addition to the diagnostic coronary angiography. 
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Prior to the investigation, all vaso-active drugs (except beta-blockers) were 
temporarily discontinued. A wash-out of 3 days was considered to be 
sufficient, with a minimum of 24 hours if the medical condition did not allow 
3 days discontinuation. The Institutional Review Board of the hospital 
approved the study protocol, which is in accordance with the Helsinki 
Declaration of 1975, (as lately revised at the 48th World Medical Assembly 
in Somerset West, Republic of South Africa, 1996). Written informed 
consent was obtained from all patients before inclusion in the study.  
 
Definitions. At time of the diagnostic catheterisation risk factors for 
coronary artery disease were assessed. Hypercholesterolemia was defined 
as a history of hypercholesterolemia for > 3 months that led to the initiation 
of lipid lowering therapy by the primary physician or fasting serum 
cholesterol value � ��� PPRO�O� Family history of coronary artery disease 
was defined as evidence of the disease in a parent or sibling before 60 
years of age at the time of diagnosis. Hypertension was defined as a 
history of high blood pressure that led to the initiation of antihypertensive 
therapy by the primary physician, an actual systolic blood pressure > 160 
mmHg or an actual diastolic blood pressure > 90 mmHg; both measured 
twice. The smoking status was divided into 3 categories: never smoked, 
stopped cigarette smoking for > 3 months or currently a cigarette smoker. 
Diabetes mellitus was defined as high blood glucose levels requiring 
glucose lowering therapy. Patients were considered to have an old 
myocardial infarction when pathological Q-waves � ���� V LQ GXUDWLRQ ZHUH

present in at least two adjacent leads on the 12-leads ECG (silent 
infarction) or if an infarction had been documented during a previous 
hospitalisation. In the latter case myocardial infarction was considered in 
case of hospitalisation with ST-segment elevation � ��� P9 PHDVXUHG ��

ms after the J-point in two adjacent leads on the 12-leads ECG, eventually 
supported by biological markers of myocardial necrosis. The presence or 
absence of ischemia was based on the result of an exercise test. ST-
segment depression of � ���P9 GXULQJ H[HUFLVH RU UHFRYHU\ ZDV

considered to be diagnostic for ischemia. 
 
Coronary angiography. Coronary angiography was performed after an 
overnight fast, via the femoral or radial approach. First a diagnostic 
coronary angiogram was performed. No intracoronary nitrates were given 
during this part of the procedure. At the end of the diagnostic procedure 
first a baseline angiogram was made at the highest magnification at a 
frame rate of 25 frames per second. After this baseline angiogram graded 
infusions of acetylcholine (final concentration 10-8, 10-7, and 10-6 Mole/l) 
were given during 3 minutes followed by an angiogram. Finally, the 
angiogram was repeated after a bolus of 500 µg nitro-glycerine. All 
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angiograms were quantitatively analysed using an off-line QCA system 
(CMS, Medis Co., Nuenen, the Netherlands). Acetylcholine was infused 
until the maximal dose was reach or until the appearance of any adverse 
reaction requiring cessation of the infusion: typical chest pain, evidence for 
ischemia on the 12 lead electrocardiogram, dyspnoea, arrhythmia’s or 
conduction abnormalities, severe spasm. 
An overall score of the diagnostic angiogram for the presence or absence 
of a significant coronary artery stenosis (> 50%) was based on the 
judgement of two individual blinded observers (AJvB and RAT), blinded for 
the results of the acetylcholine test. 
Spasm was defined as a focal lumen reduction of > 50%, or diffuse lumen 
reduction and flow reduction (TIMI 1 flow). Severe spasm was defined as > 
90% lumen reduction or complete flow obstruction. 
Other adverse events that were scored during the infusion consisted of 
typical chest pain, dyspnoea and  electrocardiographic abnormalities. 
Furthermore, rhythm and conduction disturbances (ventricular tachycardia, 
ventricular fibrillation, asystole, sinusbradycardia, atrioventricular 
conduction delay, supraventricular rhythm disturbances, including atrial 
fibrillation), and hemodynamic instability (hypotension requiring fluid 
administration) and myocardial infarction were registered. 
 
Statistical analysis. First univariate followed by multiple logistic regression 
analysis was performed for sex, age, smoking, hypercholesterolemia, 
hypertension, diabetes mellitus, positive or negative exercise test, previous 
infarction and presence or absence of significant coronary artery disease. 
 
  

RESULTS 
 

A total of 312 patients were included. Of these, 13 patients did not undergo 
acetylcholine infusion because of left main or severe three-vessel disease. 
A summary of the patients that underwent acetylcholine testing is shown in 
table 1. 
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  Non 

adverse 
reaction 
n = 250 

 
Adverse 
reaction 
n = 49 

p-
value 

Male/Female  156/94  29/20 0.75 
Age  58±12  54±9 0.01 
Smoking  71 (28%) 14 (29%) 1.00 
Hypercholesterolemia  125 (50%) 24 (49%) 1.00 
Hypertension  113 (45%) 24 (49%) 0.64 
Diabetes Mellitus  29 (12%) 6 (12%) 0.81 
Family history of CAD  113 (45%) 21 (43%) 0.88 
Ischemia at any test  185 (74%) 33 (67%) 0.38 
Previous infarction  71 (28%) 16 (33%) 0.61 
Interval between 
documented  
MI and angiography 

(months) 3.1 – 40.2 3.2 – 149.4 0.51 

Coronary lesions 0 VD  69 (28%) 16 (33%) 0.45 
 Irregularities 48 (19%)

  
12 (24%)  

 1-VD 61 (24%) 6 (12%)  
 2-VD  49 (20%) 10 (20%)  
 3-VD  23 (9%) 5 (10%)  
Table 1: Values shown are either mean ± SD or total number (percentage). CAD = 
coronary artery disease, VD = vessel disease, MI = myocardial infarction. P-values 
shown are calculated by two-tailed Fishers exact test except for age, and interval 
between MI and angiography (Wilcoxon rank test) and Coronary lesions (Chi-
square test). 
 
In a total of 299 patients acetylcholine testing was started following the 
diagnostic procedure. A total of 49 patients developed an adverse reaction, 
including two patients with complete occlusion of LAD and CX requiring 
resuscitation. Other adverse events were chest pain (n=38), AV block or 
sinus bradycardia (n = 10), dyspnoea (n = 3). Adverse reactions were more 
likely to occur in patients younger than 60 years of age (relative risk 5.6 
(2.2-14.3). Premature cessation of the acetylcholine infusion was required 
in 6 % (19/299) of the patients for a variety of reasons (Table 2).  
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Dose ID Sex Age smoking Hchol Htens DM CAD Reason 
1st  77 f 55 current yes no no no 

abn 
dyspnoea 

 210 f 44 never yes no no no 
abn 

AP, bradycardia, 
 shock, resuscitation 

 218 m 66 never no no no 1-VD AP 
 224 m 50 never yes yes no irreg AP 
 260 f 50 never no no no no 

abn 
AP 

 284 m 50 never yes yes no irreg AP 
 296 f 42 never no no no 2-VD AP 
          
2nd 70 f 58 stopped no no no no 

abn 
occlusive spasm 

 132 m 51 stopped no no no irreg asystole, 
resuscitation 

 188 m 51 stopped yes yes no 2-VD AP 
 246 m 57 current yes no no 3-VD AP 
 274 f 70 never no no no irreg total AV-block 
          
3rd 14 f 55 stopped no no yes 1-VD AP 
 118 m 61 stopped yes no no 3-VD AP, total AV-block 
 153 m 56 stopped no yes no 1-VD AV-block 
 170 f 53 current no yes yes 2-VD AP 
 181 m 51 current yes yes yes no 

abn 
AP 

 270 f 61 never yes no no 1-VD AP 
 277 f 49 current no yes no no 

abn 
sinus bradycardia 

Table 2: Infusion was stopped during the first dose in 7 patients, during the second 
dose in 5, during the third dose in 7. ID = patient ID; Sex: f=female; m=male; 
Hchol = hypercholesterolemia; Htens = hypertension; DM = diabetes mellitus, CAD 
= coronary artery disease, VD = vessel disease, no abn = no abnormalities, irreg = 
irregularities.  
 
The relation between adverse events and risk factors was analysed with a 
logistic regression model. In this model age, gender, smoking, 
hypercholesterolemia, hypertension, diabetes mellitus, total cholesterol, 
ischemia during exercise testing, previous myocardial infarction, and the 
presence or absence of significant coronary artery disease were 
univariately analysed. Included in the multiple logistic regression model 
were the variables with a univariate p-value < 0.20. The final multiple 
regression model contained only an age lower than 60 years (relative risk  
5.6 (2.2-14.3)). In addition predictors for spasm (n = 23) were analysed. 
Regarding all spasms, a negative exercise test, a previous myocardial 
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infarction and the absence of significant coronary artery disease were 
significant predictors for the occurrence of spasm during acetylcholine 
infusion. The estimated relative risks -ratios and 95% confidence intervals 
are shown in figure 1. 

 
Figure 1: Relative risk and 95% confidence intervals for the occurrence of spasm, 
with respect to a negative exercise test (no ischemia), a previous myocardial 
infarction (MI), and the absence of significant coronary artery disease (no CAD). 
 
Finally, the relative risk for spasm was calculated in case of the presence of 
all three ‘risk’-factors. This yielded a risk increase of 7.1 (95% confidence 
interval: 2.8-16.7) for the occurrence of a spasm related event when 
compared to patients with � � µULVN¶-factors. 
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DISCUSSION 
 

These data show that routine use of acetylcholine testing during diagnostic 
coronary angiography is feasible. However, care has to be taken because 
adverse events occurred rather frequently 16% (49/299). The frequency of 
a life threatening adverse reaction 0.7% (2/299) may seem low but is higher 
than the risk of death and myocardial infarction during an elective 
diagnostic procedure (9-11).  
In the ‘pre-acetylcholine’ era coronary vasomotor testing or spasm 
provocation was performed using ergotalkaloids. Although ergonovine itself 
does not have intrinsic endothelium dependent potential it will increase 
sheer stress which can induce NO release. We found 15 reports with 100 
or more patients in the English literature where intracoronary infusion of 
ergotalkaloid or acetylcholine was used to evaluate coronary vasomotor 
function (PubMed-Medline search; Table 3). The largest study using 
ergonovine in 8907 patients (Nobuyoshi et al.) described a relation between 
disease progression and induction of spasm (2). No adverse reactions were 
mentioned in this or in 10 other large trials (Table 3). Although the definition 
of adverse reactions in the other 5 studies was not comparable we feel that 
it is important to summarize all reported adverse reactions. 
 
Reference Ergotalkaloid /  

Acetylcholine 
Number of patients major complications 

(%) 
Bertrand et al. (12) E 321 1.2 
Bertrand et al. (1) E 1089 0.64 
Fournier et al. (13) E 108 - 
Okumura et al. (14) E 163 0 
Bertrand et al. (15) E 437 - 
Nobuyoshi et al. (2) E 239 (8907) - 
Nobuyoshi et al. (16) E 624 (3000) - 
Oike et al. (17) E 150 - 
Anderson et al. (18) A 110 - 
Suzuki et al. (9)  A 100 - 
Yoshimura et al. (19) A 213 - 
Mohri et al. (7) A 117 - 
Sueda et al. (8) A 685 1.3 
Schächinger et al. (20) A 147 - 
Suwaidi et al. (6) A 157 - 
Table 3: Major adverse events reported in the studies were hemodynamic 
important complications such as ventricular fibrillation, sustained ventricular 
tachycardia, complete atrioventricular block, sinus bradycardia and shock with loss 
of consciousness. 
 
Using ergonovine testing Bertrand et al. (1) found an overall incidence of 
adverse reactions of 0.64 % (4 ventricular fibrillation, 1 ventricular 
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tachycardia, 1 AV block, 1 sinus bradycardia). In a study by Sueda et al. (8) 
in 9 out of 685 patients (1.3%) an adverse reaction occurred during 
acetylcholine infusion: 7 ventricular tachycardia, and 2 severe hypotension 
and shock due to complete occlusions of LAD and LCX. Bertrand et al. (12) 
using ergonovine mentioned 1 ventricular fibrillation, 1 ventricular 
tachycardia, 1 transient AV block and 1 myocardial infarction 5 hours after 
the test, in another series of 321 patients. In our study group 0.7% had a 
serious life threatening adverse reaction due to occlusion of LAD and LCX 
during acetylcholine infusion. No ventricular tachycardia or myocardial 
infarction was observed in our study. In the larger ergonovine study of 
Bertrand et al. (1) the incidence of serious adverse events was even higher 
in patients with coronary artery spasm, namely 5.2 %. To our knowledge no 
irreversible adverse events during acetylcholine infusion have been 
described so far. As far as other adverse acetylcholine events are 
concerned incidences as high as 16.6% for paroxysmal atrial fibrillation (8), 
18% for angina pectoris (7), and 24% for ventricular arrhythmia’s (9) have 
been described. The percentage of 16% for all adverse reactions in our 
study group is of the same magnitude. 
Apart from the adverse reactions described in the larger trials, adverse 
reactions have been described in smaller trials and numerous case reports. 
Other adverse reactions in response to acetylcholine comprise prolongation 
of monophasic action potential in long QT syndrome (21), coronary 
microvascular vasospasm (22), and coronary thrombosis (23). Neither in 
our study nor in the other larger studies such complications were found. 
Therefore, no estimation of their incidence can be made.  
Numerous reports describe the relation between coronary spasm and 
smoking (16;24-26) and a recent transmural infarction (1). This is to our 
knowledge the first report on the relation of adverse reactions to 
acetylcholine infusion with risk or any other factors. To our opinion this is an 
important finding because acetylcholine testing is increasingly being 
performed. 
Interestingly, spasms were related to the absence of coronary artery 
disease, a previous myocardial infarction and a negative exercise test. The 
fact that a relation with ‘normal’ coronary arteries and normal exercise 
testing was found may seem remarkable. All patients underwent coronary 
angiography for evaluation of coronary artery disease. Furthermore, a 
previous infarction was present in a large group. As such they do not 
represent ‘normal’ coronary arteries. On the one hand, abnormal 
endothelial reactivity especially in the micro-vasculature may cause anginal 
complaints (7). On the other hand it may explain the fact that these patients 
had a higher incidence of adverse events. 
At this moment intracoronary acetylcholine infusion is mainly used as a 
research tool. Recently, the prognostic value of intracoronary acetylcholine 
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infusion was described (6;20). This issue will also be addressed by the 
follow-up of the ICARIS study population. Next to standard coronary 
angiography, intracoronary acetylcholine testing may therefore become of 
clinical, prognostic importance. If so, intracoronary acetylcholine infusion 
may become routine practice and it will be important to identify patients at 
risk for adverse reaction during the infusion.  
 
Limitations. Because the most vasoconstrictive responses are expected 
to occur in patients with the most advanced atherosclerosis, those with left 
main or severe three-vessel disease did not undergo acetylcholine infusion. 
(the latter up to the judgement of the operator at time of catheterisation). 
This may have introduced selection bias. However, this group was small 
(only 13 patients). Furthermore, due to the stiffness of these severely 
diseased vessels not just vasodilatation but also vasoconstriction may be 
impaired. This is further emphasized by the fact that the nitro-glycerine 
response was comparable to the acetylcholine response in the study by 
Schächinger et al. (20). Infusion of acetylcholine in the left main may add to 
the risk. Selective infusion may be safer. Although also in the ENCORE trial 
(selective infusion) one serious adverse event requiring resuscitation 
occurred (den Heyer personal communication). Furthermore, non-selective 
infusion does not require intracoronary manipulation and therefore this 
seems more convenient for routine use. 

 
 

CONCLUSION 
 
Intracoronary acetylcholine infusion may lead to serious adverse reactions. 
Care should be taken especially in patients with a previous myocardial 
infarction and a negative exercise test, without significant coronary artery 
disease. Skilful operators who are aware of the risks should perform 
acetylcholine testing. We recommend continuous twelve lead 
electrocardiographic monitoring, a 1-minute half dose test-infusion, direct 
availability of intracoronary nitrates as well as atropine in all patients. In 
patients with an a priori high risk on an adverse event a selective infusion 
may be considered. 
Finally, to the background of such high incidence of life-threatening events, 
widespread or routine use of acetylcholine testing can only be advocated if 
proven of important prognostic significance in large prospective studies 
such as ICARIS. 
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ENDOTHELIAL FUNCTION IN CARDIOVASCULAR DISEASE 
 
Since Edward Jenner first attributed angina pectoris to coronary artery 
disease in 1786, there is a growing understanding of the pathophysiology of 
coronary artery disease and its complications. Chronic stable angina is 
most frequently the result of epicardial stenosis that impair the coronary 
flow reserve. More than 40 years following the introduction of coronary 
angiography, this diagnostic modality remains the golden standard for the 
detection of coronary artery disease.  As the coronary flow reserve is 
reduced, stress-induced myocardial ischemia can result in angina pectoris 
(1;2). Unstable angina pectoris has a wide spectrum of presentations, 
ranging from intensification of preexisting exertional angina to severe rest 
pain. It is observed in patients in whom the relation between myocardial 
oxygen supply and demand has become unbalanced by conditions extrinsic 
to the coronary vascular bed, in patients with increasing coronary 
obstruction, and in patients during the early convalescent phase following 
acute myocardial infarction (3-6). Myocardial infarction is defined as the 
necrosis of cardiac tissue due to ischemia that results in the replacement of 
myocardium by dense fibrotic scar. While myocardial infarction is most 
often a sequelae of atherosclerotic disease of the epicardial coronary 
arteries, there are many other diseases which cause myocardial ischemia 
(7-12) and may result in a myocardial infarction (13). Coronary vascular 
endothelial function is suggested to play a key role in angina pectoris, 
coronary spasm and myocardial ischemia (14-20). The primary locus of 
atherosclerotic disease, eventually resulting in coronary stenosis, is the 
layer of the vessel wall immediately under the endothelial monolayer of 
cells lining all blood vessels at the inside.  
 The endothelium is not a simple passive barrier between blood and 
vessel wall, but has been shown to be a multifunctional organ whose 
function is essential to normal vascular physiology. Healthy endothelium 
produces a continuous release of endothelium derived relaxing factor 
(EDRF; now known as nitric oxide, NO). This NO is, among many other 
functions, an anti-atherogeneous molecule (21-29). The anti-
atherogeneous effects are achieved by a combination of vasodilatation, 
inhibition of platelet aggregation, smooth muscle cell proliferation, LDL 
cholesterol oxidation, and leukocyte adhesion.  
 By constant NO production, healthy endothelium contributes to the 
resting epicardial and microvascular tone by counteracting physiologic 
vasoconstrictor forces such as noradrenalin, angiotensin or endothelin. 
Next to basal vessel tone, the endothelium plays a pivotal role in dynamic 
regulation of blood vessel tone (30): an increase in blood flow is associated 
with flow-dependent, endothelium-mediated vasodilatation (31) which is 
also mainly NO-mediated (23;32). In case of a reduced vasodilator 
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response, endothelial dysfunction is considered to play a key role in early 
onset as well as progression of coronary vascular disease (29;33;34). It has 
been observed in patients with only one coronary risk factor such as 
hypercholesterolemia, hypertension, smoking or diabetes (35-40). Under 
these pathological conditions the coronary response to the metabolic 
demand is disturbed, endothelium dependent vasodilatation is diminished, 
and the autonomic regulation is altered (16;41-44). These observations are 
consistent with experimental data suggesting that endothelial dysfunction 
precedes overt atherosclerosis in experimental models of 
hypercholesterolemia and may predispose conduit vessels to vasospasm 
and vasoconstriction (45;46). New insights resulted in adjuvant therapies 
for these selected patients including cholesterol lowering therapy and blood 
pressure control.  
 For this reason it is important to develop methods to evaluate 
endothelial function. Although in-vitro studies can elucidate underlying 
mechanisms of its function, the clinical consequences of endothelial 
function can only be explored by studies in humans in vivo, since cells in an 
in-vitro environment lack the neurohumoral influences present in vivo.  
Therefore, clinical methods were developed to test endothelial function in 
patients with coronary artery disease. This paper will discuss the current 
state of coronary endothelial function testing and its future directions 
towards its role in risk stratification. 
 
 

PERSPECTIVES OF ENDOTHELIAL FUNCTION TESTING 
 
A). Shear-stress induced mechanisms. In metabolic control of 
coronary blood flow, shear stress of blood on the endothelium is one of the 
main factors for NO release (31;47;48). For coronary vasomotor testing, 
three different modes of action are often used.  
 First, spasm provocation has been performed since the early 
eighties using ergotalkaloids (ergonovine or methergine) (34;49-52). 
Although these ergotalkaloids itself do not have intrinsic endothelium 
dependent potential, they will increase shear stress that can induce NO 
release via an indirect mechanism. Two large clinical studies demonstrated 
that ergotalkaloid induced coronary spasm is related to progression of 
coronary artery disease (34;50). The limitations of this test method are 
coronary spasm related serious adverse reactions and release of 
neurohumoral mediators that could also trigger the release of NO (53).  
 Autonomic nerve stimulation is the second mode of action in shear-
stress mediated mechanisms which also results in neurohumoral mediator 
release. The cold pressor test (43) is a sympathetic test in response to a 
cold stimulus to the hand. It causes an increased blood pressure and heart 
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rate, and therefore increased myocardial oxygen demand. Concomitant 
changes in coronary flow are the result of the direct effect of the test on the 
coronary vasculature and of changes in metabolic demand. Dysregulation 
of autonomic control of coronary arteries plays an important 
pathophysiologic role in ischemic heart disease (54;55), and in patients with 
coronary artery disease the cold pressor test causes a paradoxical 
vasoconstriction (42). This paradoxical vasoconstriction to the cold pressor 
test is paralleled by a paradoxical vasoconstriction in response to 
acetylcholine (endothelial dysfunction). Another autonomic test is the so-
called diving test. In response to a cold stimulus to the face sympathetic as 
well as parasympathetic activation occurs (56). During this test the blood 
pressure increases and the heart rate decreases. Therefore, the rate 
pressure product (an indication of myocardial oxygen demand) remains 
stable. During the diving test the effects of autonomic activation on the 
coronary circulation can be evaluated without big changes in metabolic 
demand. 
 Maximal hyperaemia via smooth muscle relaxation post-ischemia or 
after infusion of endothelium-independent agents such as nitro-glycerine, 
papaverine, or adenosine is the third mode of action in shear-stress 
mediated mechanisms. An impaired response is demonstrated in patients 
with early atherosclerosis and its risk factors (51;57;58).  
 
B). Receptor dependent modes of action.  In contrast to 
shear stress induced mechanisms, a number of physiochemical stimuli, 
neurohumoral mediators and the calcium ionophore A23187 can evoke 
endothelium-dependent responses in blood vessels because they evoke 
the release of NO through activation of specific endothelial receptors. The 
release of NO in response to acetylcholine has been demonstrated in many 
arteries and is used to diagnose coronary endothelial function. To perform 
the intracoronary acetylcholine test, a catheter is positioned in the origin of 
the left main coronary artery and acetylcholine is infused with incremental 
concentration. After each injection a coronary angiogram is made in the 
same angiographic position as the angiogram before acetylcholine. The 
coronary diameter can be quantified by quantitative coronary angiography 
by automatic contour detection techniques (59;60) or intravascular 
ultrasound (46). Also a qualitative interpretation is possible: vasodilatation 
(normal function), no response (slightly disturbed) and vasoconstriction 
(severe endothelial dysfunction) (61;62).  
 Impairment of endothelium-dependent dilation of the 
microvasculature, which is more prominent in patients with angina pectoris 
in syndrome X and variant angina (8;10) or dilated cardiomyopathy (63),  
can be measured by coronary blood flow (CBF) after correction for cross-
sectional area or coronary flow velocity reserve (CFVR) with a Doppler 
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guidewire (FloWire) advanced proximal in the coronary segment in 
response to acetylcholine (64) or hyperaemia of the microvasculature (65). 
Acetylcholine infusion in the coronary artery will cause the release of NO 
through activation of the muscarinic receptor on the surface of the 
endothelial cell and consequent relaxation of the smooth muscle cell. This 
mechanism is disturbed in case of endothelial dysfunction. Furthermore, 
muscarinic receptors are also present on the surface of smooth muscle 
cells. In contrast to the endothelial cell in which acetylcholine induces 
release of vasodilating substances, it has a direct effect on the smooth 
muscle cell of vasoconstriction. Thus in severe endothelial dysfunction a 
paradox vasoconstriction may be observed (15;66;67).  
 With acetylcholine as a research-tool it has been demonstrated that 
hypercontractility of the arterial wall is associated with atherosclerosis 
(36;40;68;69), as a result of a deficit production of vasodilating substances 
by the endothelium (67;70). The coronary constrictive response to 
acetylcholine is highly correlated with a constrictive response to cold, stress 
or exercise in patients with coronary vascular disease (51;71). The test may 
give additional information in case of suspected or proven ischemia without 
a significant coronary stenosis on the angiogram. Furthermore, the test 
may give insight in the actual vascular status of the patient in order to 
stratify his risk for future coronary events. Due to the invasive character of 
the intracoronary acetylcholine test and the associated risks (72), a less 
invasive endothelial function test which correlates with the intracoronary 
acetylcholine test is desirable.  
 
C). Alternative tests for intracoronary acetylcholine testing. 
The invasive character of the tests makes it less convenient for repetitive 
use. Although there are alternatives, one should realise that the patients 
undergoing the test are highly selected patients. They have a high 
probability of coronary stenosis or have already proven ischemia in non-
invasive tests. And especially in those patients with angiographic non-
significant coronary stenosis, a functional acetylcholine test may give 
important additional information. Adverse reactions occur, especially in 
younger patients suffering myocardial infarction with no-significant stenosis 
on the angiogram (72),  and special care should be taken despite the fact 
that acetylcholine is metabolised very quickly and nitro-glycerine can be 
given in case of coronary spasm. Therefore, acetylcholine testing can only 
be justified if prognostic significance has been proven in large cohort 
studies.  
 Due to the invasive nature of coronary endothelial function testing, 
surrogate tests for endothelial dysfunction have been evaluated, such as 
forearm blood flow measurements. Since a larger amount of studies have 
reported microvascular endothelial dysfunction in the forearm in presence 
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of traditional cardiovascular risk factors, the concept of endothelial 
dysfunction as a generalized disease state has been put forward (5;24;29). 
The test can be performed by local intrabrachial infusion of NO-agonists 
such as acetylcholine with measurement of the blood flow response by 
strain-gauge plethysmography (FBF) as first described by Hokanson et al. 
(73). The test represents peripheral endothelial function in the 
microvasculature of the forearm. An alternative, more convenient test 
induces local NO release after forearm limb ischemia and reactive 
hyperaemia with measurement of the brachial flow mediated dilatation by 
ultrasound (FMD) as first described by Celermajer et al. (45). It represents 
endothelial function in large peripheral arteries. It is important for these 
alternative tests that they have a high correlation with the intracoronary 
acetylcholine test, as was studied by Anderson (74) and Monnink (75). 
Other alternative tests for acetylcholine testing are circulating adhesion 
molecules such as ICAM  or p-selectin (76-78), or microalbuminuria (79). 
 
 

PROGNOSTIC VALUE OF ENDOTHELIAL DYSFUNCTION 
 
The endothelium regulates coronary blood flow and therefore might play a 
key role in the success rate of coronary angioplasty (65;80;81). 
Furthermore, endothelial dysfunction is correlated with the atherosclerotic 
process. It’s prognostic value assessed by acetylcholine was presented by 
Suwaidi (62), Schächinger (64), Halcox (82) and Neunteufl (83). Suwaidi 
studied prospectively 157 patients with mild coronary artery disease by 
intracoronary acetylcholine provocation testing. Within 28 months follow-up, 
no patients with normal or mild endothelial dysfunction had adverse events. 
However, 6 (out of 42) with severe endothelial dysfunction had 10 cardiac 
events (62). Schächinger studied 147 patients with mild coronary artery 
disease by cold pressor test and acetylcholine provocation. After a follow-
up of 7.7 years, 16 patients suffered a cardiovascular event. All these 
patients had a significantly increased vasoconstrictor response to both cold 
as well as acetylcholine (64). Halcox prospectively evaluated 308 patients 
with or without coronary artery disease and demonstrated that both 
epicardial as well as microvascular endothelial dysfunction predict acute 
microvascular events in both groups (82). Neunteufl described the 5-year 
prognostic value of endothelial function testing in the brachial artery in 
patients with angina pectoris (83). These primary results, although not 
“evidence-based medicine” point in the direction of the important role of the 
endothelium. 
 
 

71 



CHAPTER 4 

TREATMENT STRATEGIES OF ENDOTHELIAL DYSFUNCTION 
 
As far as treatment strategies for endothelial function improvement are 
considered, two primary as well as secondary prevention strategies stand 
out: angiotensin converting enzyme (ACE)-inhibitors and cholesterol 
lowering therapy. Cholesterol reduction with statin therapy reduces risk of 
fatal coronary events or nonfatal myocardial infarction (84-89) and reduced 
ischemic events compared with coronary angioplasty (90). Because 
angiographic trials have shown little reduction in minimal lumen diameter 
after lipid-lowering therapy (91), other mechanisms of benefit to the 
vasculature have been proposed. Several groups have shown that statin 
therapy reduces the constrictor effect of acetylcholine on coronary arteries 
of patients with atherosclerosis and hypercholesterolemia (92;93). 
Restoration of NO-mediated arterial dilator responsiveness might, in part, 
explain the additional effects of statins to reduce stress-induced ischemia 
(94). Therefore, improved endothelium-dependent dilator responsiveness 
after statin therapy has been considered as a useful alternative mechanism 
for reduced cardiovascular risk by that therapy. However, not all studies 
found benefit of statin therapy in restoration of endothelial dysfunction (95), 
suggesting other biological mechanisms of action.  
 Another important factor is the presence on endothelial cells of the 
angiotensin-converting enzyme (ACE). ACE activates angiotensin-I into the 
potent vasoconstrictor angiotensin-II and inactivates bradykinin, which 
causes vasodilatation. ACE-inhibition therapy improves survival and 
reduces mortality in chronic heart failure patients (96-98) as well as patients 
suffering acute myocardial infarction (99;100). The observed time course in 
the reduction of ischemic events resembles the results of trials of 
cholesterol lowering therapy and suggests that the mechanism for the 
observed anti-ischemic action is unlikely to be related solely to the 
beneficial hemodynamic effects of these drugs. In clinical and in-vitro 
studies, endothelial vasodilator function in the coronary and systemic 
circulation of patients with coronary artery disease can be improved by 
ACE-inhibitors (101-106). Restoration of NO-mediated arterial dilator 
responsiveness might, in part, explain the additional effects of ACE 
inhibitory therapy to reduce the incidence of ischemia-related events after 
myocardial infarction (107) and rates of major cardiovascular events (108). 
Direct proof of potential benefits of ACE-inhibitors in patients without left 
ventricular dysfunction is currently not available and is under investigation 
in several large ongoing clinical trials.  
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CONCLUSION 
 
Endothelial specific testing can be performed in coronary as well as 
peripheral arteries. However, non-coronary tests have a low correlation with 
the coronary vasomotor response, as assessed by acetylcholine. In large 
clinical prospective placebo-controlled trials, ACE-inhibitors and lipid 
lowering drugs reduce morbidity and mortality after myocardial infarction or 
myocardial infarction induced heart failure. The same drugs restore 
endothelial dysfunction after myocardial infarction, as was demonstrated in 
small experimental and clinical studies. Recent studies in patients with 
coronary artery disease showed a relation with endothelial dysfunction and 
the occurrence of adverse coronary events. Placebo-controlled prospective 
treatment strategies of patients with endothelial dysfunction have not been 
performed. A less invasive test to evaluate a large population during a long 
follow-up period is preferable. 
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Introduction.  Angina pectoris and acute myocardial infarction are 
the main cardiac manifestations of atherosclerosis. Atherosclerosis is a 
pathological condition that underlies several important disorders including 
coronary artery disease, cerebrovascular disease, and diseases of the 
aorta and peripheral arterial circulation. Since Edward Jenner first attributed 
angina pectoris to coronary artery disease in 1786, there is a growing 
understanding about the pathophysiology of coronary artery disease and its 
complications. The first coronary artery disease manifestation in woman is 
more likely to be angina, whereas in men it more often presents as a 
myocardial infarction. Even after surviving the acute stage of myocardial 
infarction, the incidence of re-infarction, sudden death, angina pectoris and 
cardiac failure are all substantial. Further innovations in diagnosis and 
treatment of coronary disease will undoubtedly improve the outlook of 
patients surviving the initial attack. 
  

86 



CORONARY VASCULAR FUNCTION IN STABLE AND UNSTABLE ANGINA 

 

Pathogenesis of atherosclerosis. Atherosclerosis begins as intimal lipid 
deposits (fatty streaks of principally cholesterol and its esters) in childhood 
and adolescence. In middle age, fatty streaks in some arterial sites are 
converted into fibrous plaques by continued accumulation of lipids and 
proliferation of smooth muscle cells and connective tissue, some of which 
produce the terminal occlusive episode as a consequence of plaque 
rupture and thrombosis (1) on its intimal surface. The realization that 
atherosclerosis begins early in life stimulated interest in risk factors (serum 
lipoproteins, smoking and blood pressure) management with two 
fundamental objectives. First: reduction of ischemic symptoms due to a 
fixed flow-limiting coronary stenosis, abnormal epicardial vessel tone, 
intermittent arterial vasospasm, microvascular dysfunction or incomplete 
collateral development. Second: prevention of clinical events such as 
cardiac death, myocardial infarction or worsening angina pectoris towards 
unstable angina due to plaque rupture. The primary locus of the 
atherosclerotic disease process is the tunica intima covered by a 
monolayer of cells lining the inside of all blood vessels - the vascular 
endothelium.  
 
The endothelium. Originally viewed simply as a passive barrier, the 
endothelium is now considered to be a multifunctional organ whose 
function is essential to normal vascular physiology. Changes in endothelial 
structure and function provoked by pathophysiologic stimuli can result in 
localized, acute and chronic alterations in the interaction with blood 
components and the vessel wall. These alterations include increased 
permeability to plasma lipoproteins, hyper adhesiveness for leukocytes and 
a functional imbalance in local pro- and antithrombotic factors, growth 
stimulators and inhibitors, and vasoactive (dilator, constrictor) substances. 
These manifestations, collectively termed endothelial dysfunction, play an 
important role in the initiation and progression of vascular disease. 
  
Role of the endothelium in vasomotor tone. In 1980, Furchgott and 
Zawadzki described that the presence of endothelial cells was required to 
elicit relaxation in an isolated artery in response to acetylcholine (Figure 1). 
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Figure 1: The classic demonstration of Furchgott and colleagues showing that rings 
of rabbit aorta require endothelial cells (unrubbed) to relax to acetylcholine (2).  
Ach = acetylcholine; NA = nor epinephrine; W = washout 
 
This discovery triggered a major inquiry into the role of endothelial cells in 
the local control of vasomotor tone. Endothelium-dependent relaxation was 
shown to be due to the release of one or more vasodilator substances 
termed endothelium-derived relaxing factors (EDRF). In recent years it has 
become evident that not only acetylcholine but also a host of other 
neurohumoral mediators can trigger the release of these substances. The 
principle of endothelium-mediated vasodilatation is now established not 
only in vitro but also in the whole organism, and in particular in the human. 
 
Nitric oxide (NO) was found to have major similarities to EDRF: NO is 
responsible for the vasodilator effects of nitrates; it activates the same 
enzyme as EDRF; like EDRF it is destroyed by certain free radicals; 
endothelial cells can provide NO and inhibitors of the synthesis of NO 
prevent most endothelium-dependent relaxations. For these reasons, the 
EDRF described by Furchgott and Zawadzki has been identified as NO. 
The release of NO in response to acetylcholine has been demonstrated in 
many arteries. NO has a very short half-life (5 - 15 seconds) and is 
destroyed by super oxide anions. It is formed enzymatically in the 
endothelial cell from a semi-essential amino acid: L-arginine. The enzyme 
involved has been called NO synthase, and is constitutive in normal 
endothelial cells. This enzymatic transformation can be inhibited 
competitively by the L-arginine analogs, such as LNMMA and NLA. NO 
acts on the smooth muscle by stimulating a cytosolic enzyme, a soluble 
guanylate cyclase. Activation of this enzyme accelerates the formation of a 
cyclic neuropeptide, cyclic 3,5 guanosine monophosphate (cyclic GMP) 
which causes inhibition of the contractile apparatus. NO can not only be 
destroyed by super oxide anions, but also scavenged by oxyhemoglobin 
(Figure 2). 
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Figure 2: Production of nitric oxide by endothelial cells and its action on smooth 
muscle cells (3) Endothelial receptor, (R); competitive analogous of L-arginine (L-
NMMA, NLA, L-NAME); inactive (i) or active (a) soluble guanylate cyclase (sGC). 
 
Role of NO in vasomotor tone. This pharmacological observation has 
major functional repercussions. The endothelial cell secretes NO not only 
towards the underlying vascular smooth muscle but also into the blood 
vessel lumen. Under physiological conditions, the presence of 
oxyhemoglobin in the erythrocytes neutralizes the NO which only has a 
physiological role at the interface between the endothelial cells and the 
blood content. In particular, NO inhibits the adhesion of platelets and 
leukocytes to the endothelium. It also acts synergistically with prostacyclin 
to strongly inhibit platelet aggregation. The contribution of NO to 
vasodilatation in vivo has been demonstrated, using inhibitors of NO 
synthesis (4). Although the discovery of the role of endothelium in local 
vasomotor control was based on the in vitro response to acetylcholine, it is 
unlikely, in the intact organism, that acetylcholine ever reaches the 
endothelial cells. Cholinergic nerve endings are found only in the adventitia 
of blood vessels and acetylcholine is destroyed by cholinesterase before it 
can activate the endothelial muscarine receptors. Nevertheless, there are a 
number of other factors, which can release NO.  In the metabolic control of 
coronary blood flow, shear stress of blood on the arterial wall is one of the 
main factors in the release of NO (5). This conclusion was reached in 
studies that an increased flow rate through an isolated artery substantially 
increases NO release. A similar result is obtained if a stable flow rate is 
replaced by a pulsatile one (6;7)(Figure 3).  
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Figure 3: Relaxation of an endothelium-denuded PGF2α-precontracted coronary 
artery ring through stimulation with the perfusate of a endothelium-intact femoral 
artery segment during increased (2 and 4 ml/min) and pulsatile flow (7). 
 
NO release by shear stress explains why flow-induced vasodilatation is 
endothelium-dependent in the intact organism. Thus the resistance vessels 
in a peripheral organ suddenly dilate, the resulting source of blood causes 
dilation of the large arteries leading to that organ. This dilatation is not 
observed in arteries without endothelium. 
 
Another factor in the release of NO is due to activation of endothelial 
receptors. The endothelial cell membrane contains many receptors acting 
to a variety of endogenous substances such as hormones, autacoids or 
platelet products. The receptors are connected to NO synthesis by various 
kinds of coupling proteins. Some responses mediated by the endothelium 
can be inhibited by pertussis toxin, a well-known inhibitor of a subgroup of 
these coupling proteins. The hormones that contribute to endothelium-
dependent regulation at increased oxygen demand are the catecholamines 
(epinephrine and nor epinephrine) (8-10) and vasopressin. The autacoids 
histamine and bradykinin, responsible for local vasodilatation, are also 
potent stimulators of the release of NO. In the prevention of unwanted 
intravascular thrombosis, thrombin and the release products of activated 
platelets (serotonin and ADP) trigger NO release. NO exerts a negative 
feedback on platelet aggregation and vasodilatation helps to flush the micro 
aggregates away (Figure 4). 
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Figure 4: Illustration showing the paracrine function of the endothelium and some 
of the processes involved (see text) (11). Epinephrine (EPI); α2 adrenergic 
receptor (α2); serotonin (5-HT); serotonin receptor (5-HTID); adenosine 
diphosphate (ADP); purinergic receptor (P2y); bradykinin (BK); kinin receptor 
(BK2); transducer proteins Gi and Gp; endothelium derived relaxing factor (EDRF); 
nitric oxide (NO); cyclic GMP (cGMP). 
  
Abnormal endothelium-dependent responses have been reported in 
many models of vascular disease studied to date.  At aging, 
endothelial cells tend to disappear and to be replaced by the growth of 
surrounding cells. Following the removal of coronary artery endothelium, 
endothelial regrowth was satisfactory and the number of endothelial cells in 
the formerly denuded area is approximately double that over the control 
area. Unfortunately these regenerated cells have lost some of their ability to 
release NO, in particular using the pertussis toxin-sensitive response via 
thrombin and platelet aggregation. There are clinical consequences to this 
inability of regenerated endothelium to response to platelet aggregation. 
The area of the regenerated endothelium becomes a site of predilection for 
triggering exaggerated vasoconstriction in response to platelet aggregation. 
It is interesting to note that one of the early characteristics of human 
coronary artery disease is a tendency to hyper constriction in response to 
serotonin or acetylcholine (12). Endothelial dysfunction, as demonstrated 
by the abnormal response to ergonovine (13), is believed to be the 
fundamental step in the progression of atherosclerosis. Aging, coupled with 
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risk factors such as hypertension, smoking and stress, accelerate 
endothelial aging and hence the process of endothelial regeneration, 
endothelial dysfunction and atherosclerosis (14-16). The development of 
atherosclerosis and especially coronary artery disease, which continues to 
be a leading cause of morbidity and mortality, is one presentation in a 
continuum of events that can lead to end-stage heart disease (17-20). 
Therefore it is of clinical importance to improve or restore endothelial 
function in the prevention of end-stage heart disease.  
 
Reversal of endothelial dysfunction. Endothelial dysfunction is 
associated with cholesterol levels in humans (21;22) and endothelium-
dependent dilatation in hypercholesterolemic patients can be restored by 
short-term administration of the EDRF substrate L- arginine (23). In 
symptomatic men with significant coronary atherosclerosis and normal to 
moderately elevated serum cholesterol, Jukema et al. observed less 
progression of coronary atherosclerosis and fewer new cardiovascular 
events in the group of patients treated with lipid lowering drugs (24). 
Treasure et al. demonstrated that cholesterol lowering significantly 
improved endothelium-mediated responses in the coronary arteries of 
patients with atherosclerosis. Such improvement in the local regulation of 
coronary arterial tone could potentially relieve ischemic symptoms and 
signal the stabilization of the atherosclerotic plaque (25), which was 
demonstrated by van Boven et al. They showed a reduced transient 
myocardial ischemia in men with documented coronary artery disease and 
optimal lipid lowering therapy (26). 
 
Also medical intervention by angiotensin-converting enzyme (ACE) 
inhibition may improve endothelial function. This was not only 
demonstrated in the TREND study in normotensive patients who did not 
have severe hyperlipidemia or evidence of heart failure (27;28) but also in 
patients who had evidence of heart failure (29). The benefits of ACE 
inhibition are likely to be due to attenuation of the contractile effects and 
super oxide-generating effects of angiotensin II and to enhancement of 
endothelial cell release of nitric oxide secondary to diminished breakdown 
of bradykinin.  
 
Future directions. Despite all efforts of risk factor management, 
improvement or restoration of endothelial function, and (aggressive) 
treatment by anti-ischemic medication, coronary balloon angioplasty even 
with stent implantation or coronary bypass surgery, coronary artery disease 
is still of major importance in total morbidity and mortality. In a recently 
published trial it was demonstrated that, 5 years after successful coronary 
angioplasty, a substantial number of patients developed recurrent 
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ischemia (30). However, recurrent ischemia may occur in the absence of 
restenosis, probably due to coronary endothelial dysfunction at the dilated 
coronary segment. Nowadays, intracoronary stents are implanted in 50-
60% of all coronary angioplasty procedures, and substantially reduce 
angiographically detected restenosis (31-33). After successful balloon 
angioplasty, a drug-induced coronary artery spasm at the dilated segment 
frequently is associated with restenosis (34). This suggests that initial 
endothelial dysfunction is associated with subsequent restenosis of the 
lesion. Balloon angioplasty in experimental studies causes denudation of 
endothelial cells in the acute phase (35), but re-endothelialisation occurs in 
weeks with a reversal to normal function within 4 - 6 weeks (36). Also after 
stent implantation endothelial cells regenerate, but their function will be 
impaired shortly after implantation (37). The long-term effect of stents on 
the human coronary endothelial function at the site of the implantation and 
on the segments adjacent to the stent was never studied before. It was 
hypothesized that a long time after re-endothelialisation of the stent 
surface, the endothelial function of the adjacent segments is restored. 
However, two recent studies (Caramori et al. 1997 abstract American Heart 
Association, and Monnink et al. 1998 submitted to The Lancet) showed a 
marked coronary endothelial dysfunction six months after stent implantation 
without a loss of vasodilative capacity. This endothelial dysfunction might 
be caused by a downstream release of mediators from the site of the stent 
implantation that chronically affect the distal endothelial function. These 
findings may be of clinical importance since stents are implanted more 
frequently during angioplasty procedures without a proven benefit on 
cardiac mortality, compared to conventional balloon angioplasty. 
Furthermore, endothelial dysfunction might be associated with restenosis, 
post-angioplasty angina pectoris and ischemia. Therefore additional 
therapy directed towards normalization of endothelial function may reduce 
cardiac morbidity and mortality in the future. 
 
  
General literature 
V. Fuster, R. Ross and E.J. Topol. Atherosclerosis and Coronary Artery 
Disease. Pennsylvania, USA: Lippincott-Raven Publishers, 1996. 
C.M. Boulanger and P.M. Vanhoutte. The endothelium: a pivotal role in 
health and cardiovascular disease. Courbevoie Cedex, France: Servier 
International, 1994. 
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ABSTRACT 
 
Background Disturbed endothelium dependent vasodilatation in coronary 
arteries, i.e. endothelial dysfunction, is considered to be the first step in the 
development of atherosclerosis and may contribute to the potential risk for 
a future ischemic coronary event. On the other hand, it is unknown how the 
presence of a previous coronary event, such as an old myocardial 
infarction, influences the endothelial function. The objective of this study 
was to investigate the relation between endothelial function and the extent 
of coronary artery disease (CAD) in the presence and absence of a 
previous myocardial infarction. 
 
Methods In this cross-sectional study, stable angina pectoris patients 
referred for a first diagnostic coronary angiography, were included. 
Endothelium dependent vasodilatation in response to intracoronary 
acetylcholine infusion was assessed by quantitative coronary angiography.  
 
Results A total of 286 patients were included (mean age 57 year 
(±11), 181 males (62%)). Fifty-five patients (19%) had a more than 3 
months old myocardial infarction. In the absence of a previous myocardial 
infarction, the impairment of endothelium dependent vasodilatation was 
related to the extent of CAD. In contrast, in the presence of an old 
myocardial infarction, endothelium dependent vasodilatation was more 
impaired in case of minor CAD than in patients with severe CAD.  
 
Conclusions Endothelial dysfunction is related to the extent of CAD in 
patients without a previous infarction and inversely related in patients with a 
previous infarction. These findings support the clinical importance of 
coronary endothelial vasomotor testing after myocardial infarction, 
especially in patients with minor coronary artery disease. 
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INTRODUCTION 
 
Patients presenting with chest pain are often referred to the cardiologist for 
evaluation of potential underlying coronary artery disease (CAD). The 
typical presentation of angina pectoris is a strangling retrosternal pain that 
radiates down the inner aspect of the left arm, lower jaw, neck or teeth, and 
can be provoked by exercise or cold exposure. In addition to the clinical 
presentation, diagnostic tests such as exercise testing, or stress 
myocardial-imaging techniques can be used to substantiate the probability 
of CAD. The final diagnosis however has to be determined by coronary 
angiography. More than 40 years following the introduction of coronary 
angiography this diagnostic modality remains the golden standard for the 
detection of CAD.  
Historically, the ideas about the pathophysiologic mechanism of myocardial 
ischemia varied between static or dynamic occlusions of coronary arteries. 
At present, the most plausible cause appears to be a combination of both 
explanations (1). After the pioneering years of coronary angiography the 
application of spasm provocation protocols using ergotalkaloids during 
standard coronary angiography was described by several high volume 
centres (2-5). Currently, intracoronary acetylcholine infusion in combination 
with quantitative coronary angiography has become a generally accepted 
method (6). Subtle changes in endothelium dependent vasodilatation, or 
'endothelial function' can now be assessed. 'Endothelial dysfunction' is 
present when acetylcholine induces vasoconstriction (6). Endothelial 
dysfunction has been shown to be related to risk factors such as smoking, 
hypertension, and hypercholesterolemia (7-10) and also with the degree of 
atherosclerosis (11). Endothelial dysfunction is considered to be the first 
step in the development of atherosclerosis (5;12) and may contribute to the 
potential risk for a future ischemic coronary event. On the other hand, it is 
unknown how the presence of a previous coronary event, such as an old 
myocardial infarction, influences the endothelial function. 
The objective of this study was to investigate the relation between 
endothelial function and the extent of coronary artery disease in the 
presence and absence of a previous myocardial infarction. The relation 
between the extent of coronary artery disease and degree of endothelial 
dysfunction was assessed in patients suspected of CAD during their first 
diagnostic coronary angiography. The study group consisted of a 
heterogeneous group of patients including patients with and without an old 
myocardial infarction. 
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METHODS 
 
Study Population. Patients between 18 and 80 years with angina 
pectoris referred for their first diagnostic coronary angiography since 
November 1996 were considered for enrolment in the Intervention 
Cardiology Risk Stratification (ICaRiS) study. Excluded were patients with 
unstable angina, recent (< 3 months) myocardial infarction, valvular heart 
disease requiring surgical intervention, clinical evidence of heart failure, a 
history of previous coronary intervention (PTCA or CABG) or any serious 
disease that may interfere with the follow-up. Excluded from acetylcholine 
infusion were patients with significant left main coronary artery narrowing, 
severe angiographic abnormalities with ischemic electrocardiographic 
changes and / or progressive angina pectoris during diagnostic 
catheterisation. 
 
Data Collection. Baseline screening included history of coronary risk 
factors, physical examination, 12-lead electrocardiogram (ECG) and fasting 
whole blood collection for serum lipid profile and blood glucose. A standard 
diagnostic catheterisation procedure with concomitant intracoronary 
acetylcholine and nitro-glycerine infusion was performed. The response to 
both stimuli was measured by automatic contour detection technique 
(quantitative coronary angiography). 
 
Definitions. Hypercholesterolemia was defined as a fasting serum 
cholesterol value > 6.5 mmol/l or a history of hypercholesterolemia for > 3 
months that led to the initiation of lipid lowering therapy by the primary 
physician. Family history of coronary artery disease was defined as 
evidence of the disease in a parent or sibling before 60 years of age at the 
time of diagnosis. Hypertension was defined as a systolic blood pressure > 
160 mmHg or a diastolic blood pressure > 90 mmHg (measured twice), or a 
history of high blood pressure that led to the initiation of antihypertensive 
therapy by the primary physician. The smoking status was divided into 2 
categories: no cigarette smoking for > 3 months or currently a cigarette 
smoker. Patients had a history of a myocardial infarction when pathological 
Q-waves > 0.04 s in duration were present in two adjacent leads on the 12-
leads ECG or had a history of hospitalisation with ST-segment elevation 
> 0.1 mV measured 80 ms after the J-point in two adjacent leads on the 12-
leads ECG, eventually supported by biological markers of myocardial 
necrosis. Diabetes was defined as high blood glucose levels requiring 
glucose lowering therapy. The coronary angiogram was evaluated by two 
independent angiography experts and categorized in two groups: Minor 
CAD (up to single vessel disease), and severe CAD (2- and 3-vessel 
disease). The coronary vasomotor responses were tested uniformly in the 
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proximal part of the left anterior descending coronary artery (LAD). The 
response was the change in diameter in response to maximal concentration 
acetylcholine and nitro-glycerine respectively, expressed as the percentage 
of the mean baseline diameter. A negative response represents a 
vasoconstriction. 
 
Coronary angiography. Before the coronary angiogram, vasoactive 
agents were discontinued for at least 3 days (24 hours if recurrent angina 
was expected). Considered as vasoactive agents were long acting nitrates, 
calcium channel blockers, angiotensin converting enzyme inhibitors and 
angiotensin II receptor blockers (adrenergic blockers were allowed). 
Smokers did not smoke for at least 4 hours before examination. Using a 
standard percutaneous femoral approach, a 6F diagnostic catheter was 
advanced into the left main coronary artery. Intracoronary nitro-glycerine 
was not given before the diagnostic catheterisation procedure. 
 
Vasomotor function test. After completion of the diagnostic CAG, the 
diagnostic 6 French Judkins catheter was left in the left main coronary 
artery. For accurate vasomotor response measurement, the subsequent 
angiographic recordings were made with 25 frames per second and care 
was taken to have an adequate part of the catheter visible for calibration. A 
baseline coronary angiogram was done, visualizing the proximal left 
anterior descending artery (LAD). Then acetylcholine-chloride 
�FRQFHQWUDWLRQ ���� �J�PO� &OLQDOID $*� /äufelfingen, Switzerland) was 
infused through the catheter for at least 3 minutes. To achieve a coronary 
blood concentration of 10-8 mol/L acetylcholine, infusion rate was 82 
ml/hour (with the assumption that the blood flow in the left main coronary 
artery was 120 ml/minute). At the end of the infusion, the acetylcholine in 
the catheter was removed carefully and an angiographic recording of the 
endothelium-dependent vasodilative response to acetylcholine was made. 
This procedure was repeated using 10-7 mol/L and 10-6 mol/L acetylcholine 
concentrations, respectively. Finally, the endothelium-independent dilative 
response was recorded one minute after an intracoronary bolus of 0.5-mg 
nitro-glycerine. 
 
Quantitative coronary angiography.  Quantitative Coronary 
Angiography (QCA) was performed by a previously described and validated 
automatic contour detection technique (CMS, Medis Co., Nuenen, the 
Netherlands) (13). End-diastolic frames of the non- stenotic proximal 
segment of the LAD were selected for QCA. User interaction was limited to 
the definition of the start and end points of the coronary segment to be 
analysed. Easily identifiable side branches were used as anatomic 
landmarks to allow the analysis of the same segments in successive 
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angiograms. The length of the analysed segment was always within a 
range of 10% from baseline segment length. In case of overlap with other 
branches, the independent analyst manually edited automatic contour 
detection. Mean segment diameter of the proximal LAD was determined in 
millimetres.  
 
Statistical analysis. Baseline characteristics are presented as mean 
(standard deviation), and number of valid observations by the subgroups of 
patients based on their coronary artery disease status assessed by 
coronary angiography. Categorical data are presented per group 
percentage. For the normally distributed continuous variables differences 
between disease status subgroups were evaluated by the T-test, for 
skewed distributed continuous variables (p-value Shapiro-Wilk test for 
normality <0.05), the Kruskal-Wallis test was used. For qualitative 
parameters (categorical or ordered), frequency counts and percentages of 
each category were calculated by disease status. Differences between 
status subgroups were evaluated by the use of the Fisher exact test or the 
Chi-square test. A p-value < 0.05 was considered statistically significant. 
SAS version 6.12 (Cary, N.C) was used for all statistical analyses. 
 
Ethical considerations. Written informed consent was obtained from 
all patients before the study and the Institutional Review Board of the 
University Hospital of Groningen approved the study protocol. The study 
was consistent with the principles outlined in the Declaration of Helsinki. All 
studies were performed in line with institutional guidelines. The Netherlands 
Heart Foundation that partly funded this study did not have any influence 
on study conduct, analysis nor interpretation and presentation of the 
results. 
 
 

RESULTS 
 
A total number of 312 patients undergoing a first diagnostic angiogram for 
the suspicion of coronary artery disease were included. Of these, 13 
patients did not undergo acetylcholine infusion because of left main or 
severe three-vessel disease. In addition, 13 patients were excluded 
because of a recent myocardial infarction (between 11 days and 3 months 
before the diagnostic angiogram). These patients were excluded from 
further analysis. The remaining 286 patients had a mean age of 57 years (± 
11), and 181 (62%) of them were male (table 1). 
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Variable Overall 

(n=286) 
Minor CAD 

(n=204)  
Severe CAD 

(n=82) 
P-value 

 
Male / Female 
Age (years) 
Smoking 
Hypercholesterolemia 
Hypertension 
Diabetes mellitus 
Family history of CAD 
Previous MI 

 
176/110 
57±12 

82 (29%) 
144 (50%) 
133 (47%) 
31 (11%) 

127 (44%) 
55 (19%) 

 
114/90 
56±12 

57 (28%) 
95 (47%) 
89 (44%) 
19 (9%) 
90 (44%) 
23 (11%) 

 
62/20 
61±9 

25 (30%) 
49 (60%) 
44 (54%) 
12 (15%) 
37 (45%) 
32 (39%) 

 
0.002 

< 0.001 
0.67 
0.05 
0.15 
0.21 
0.90 

< 0.001 
Table 1: Values shown are either mean ± standard deviation or total number 
(percentage). CAD = coronary artery disease, MI = myocardial infarction.  
 
29,4% of the patients had normal smooth coronary arteries, 20,6% had 
vascular wall irregularities (<50% luminal narrowing in all coronary arteries), 
21,3% had 1-vessel disease, 19,6% had 2-vessel disease and 9,1% had 3-
vessel disease. A substantial number of patients had normal coronary 
arteries. A positive exercise test was present in 31% of these patients, a 
positive nuclear test in 27% and 90.5% had angina pectoris according the 
CCS classification. Patients with more severe CAD were significantly older 
than patients with minor CAD. Furthermore, more males were present in 
the group with severe CAD and more patients had hypercholesterolemia 
and a previous myocardial infarction in comparison to the group with minor 
CAD (table 1). 
 
As shown in figure 1, the mean ± standard deviation epicardial luminal area 
change after infusion of the maximum dose of acetylcholine was –4.65 ± 
11.73 % in the group with minor CAD versus –5.85 ± 10.30 % in the group 
with severe CAD (p = 0.26). In contrast, the endothelium independent 
vasodilatation, induced by intracoronary nitro-glycerine, was significantly 
different between the two groups. The mean ± standard deviation nitrate 
response was 10.72 ± 9.06 % in patients with minor CAD and 5.55 ± 7.72 
% in patients with severe CAD (p<0.001). Due to technical failure, nine 
values of the vasomotor response of the LAD were missing during the 
procedure. 
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Figure 1: The response to intracoronary acetylcholine and nitro-glycerine in 
patients with minor and severe CAD.  
 
Multivariate analysis on all relevant variables including second order 
interactions revealed a previous myocardial infarction as only significant 
interaction variable. Based on this analysis, data were further analysed in 
strata by the presence or absence of a previous myocardial infarction. A 
total of 55 patients (19%) had a history of a more than 3 months old 
myocardial infarction, 23 (11%) in the minor CAD group, and 32 (39%) in 
the group with severe CAD. The median (range) interval between the 
documented MI and the diagnostic coronary angiography was 14.1 (5.0-
70.0) months.  
The groups with and without infarction were comparable regarding age and 
common risk factors except for sex (73% male in the myocardial infarction 
group versus 58% in the group without previous infarction). The number of 
patients using angiotensin converting inhibitors and statins was significantly 
higher in the group with a previous myocardial infarction. The response to 
acetylcholine, divided by the presence of a previous myocardial infarction, 
is shown in figure 2. 
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Figure 2: The response to intracoronary acetylcholine in patients divided by the 
presence of a previous myocardial infarction.  
 
In the group without a previous infarction, the mean ± standard deviation 
response to acetylcholine infusion was more negative when the coronary 
artery disease was more severe, -3.96 ± 11.29 % in the minor CAD group 
versus –7.22 ± 11.16 % in the more severe group (p = 0.052). In contrast, 
in patients with a previous myocardial infarction, there was an inverse 
relation between acetylcholine response and the extent of coronary artery 
disease, the mean ± standard deviation endothelial vasodilatation was –
9.95 ± 13.89 % in the patients with minor CAD versus –3.70 ± 8.52 % in 
patients with more severe CAD (p = 0.049).  
 
Although endothelium dependent vasodilatation was investigated in the left 
anterior descending coronary artery, the presence of an old anterior wall 
myocardial infarction had no effect on the inverse relation between 
endothelium dependent vasodilatation and extent of coronary artery 
disease. The use of angiotensin converting enzyme inhibitors and statins 
was significantly related to a smaller vasoconstrictive response. In the 
group without previous myocardial infarction, no significant interaction 
variables were found. In the group with an old myocardial infarction the 
severity of the coronary artery disease was a significant interaction 
variable. 
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DISCUSSION 
 
In the present study, endothelium dependent and endothelium independent 
vasodilatation was investigated in a heterogeneous group of patients with 
the clinical suspicion of symptomatic CAD. We demonstrated that the 
endothelium independent vasodilatation, induced by nitro-glycerine 
infusion, is significantly impaired in patients with more sever CAD. 
Furthermore, our results confirmed that endothelial dysfunction was related 
to the extent of CAD. However, this was only found in the group of patients 
without a previous myocardial infarction. Interestingly, in the group with a 
previous infarction (more than 3 months before endothelial testing), an 
inverse relation between endothelial function and extent of coronary artery 
disease was present. 
The impaired dilative response to exogenous nitric oxide in patients with 
severe CAD, suggests that the vascular dysfunction in high-risk patients is 
not only present in the endothelium, but might also be located in the 
smooth muscle cells. One explanation for this finding could be the 
increased stiffness of the vessel wall in patients with severe 
atherosclerosis, which could cause the impaired endothelium independent 
vasodilatation. Another, more likely, explanation for this impaired nitrate 
response is a selective defect of the smooth muscle cell function, in 
particular of the soluble guanylate cyclase / cyclic guanosine 
monophosphate signalling system (14). 
The coronary endothelium plays an important role in maintenance of 
myocardial perfusion and hence myocardial function. Nitric oxide produced 
by the endothelium is essential in vasodilatation, and inhibits vascular 
smooth muscle cell proliferation, monocyte adhesion and platelet 
aggregation. For these reasons, the observed reduction in endothelium 
dependent vasodilatation after myocardial infarction might have important 
implications in terms of risk stratification. 
 In most studies on coronary endothelial function, it has been mainly 
investigated in small or selected groups of patients. Few large scale studies 
in heterogeneous patient groups have been performed (2;5;15;16). 
Bertrand et al. (2) were the first to describe the effect of a previous 
myocardial infarction on ergonovine-induced spasm, a form of 'endothelial 
dysfunction'. They evaluated intracoronary ergonovine in eight different 
groups of patients. When patients had an old myocardial infarction, they 
found that a recent (< 6 weeks previously) infarction coincided with a high 
incidence of coronary spasm. Spasm was provoked by ergonovine in 20% 
of these patients. A myocardial infarction longer than 6 weeks previously 
was not related to such a high incidence of spasm (6.2%). Sueda et al. (16) 
studied, amongst others, a group of patients with a recent myocardial 
infarction (4 weeks) and a group with an older infarction (> 1 month old; 
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range 2-36, mean10.6±7.4 months). In both groups comparable incidences 
of acetylcholine induced spasm were found (37.5 and 37.8). This study was 
performed in a Japanese population. In these two studies, no indication 
about the relation between post-myocardial infarction, endothelial 
dysfunction and the extent of coronary artery disease was given.  
Our results indicate that endothelial dysfunction persists after myocardial 
infarction for a longer period than has been described thus far. This is 
especially true in patients without significant coronary artery stenosis. 
These results suggest that in patients with an old myocardial infarction and 
minor coronary artery disease extra attention should be given to the 
presence of endothelial function as a possible cause of the previous 
infarction, and potentially future events. This observation is also 
underscored by studies on the prognostic significance of endothelial 
function in patients with mild coronary artery disease (17;18). Furthermore, 
it is known that myocardial infarction develops predominantly in coronary 
vessels with mild or moderate stenosis, and especially in coronary vessels 
known to have endothelial dysfunction. In fact, endothelial dysfunction was 
found to be the most important predictor for future myocardial infarction (5). 
Also in our study group a causal role of endothelial dysfunction with respect 
to the previous infarction can not be excluded. 
Angiotensin converting inhibitors as well as statins are known to improve 
coronary endothelial function (19;20). Although all vasoactive drugs were 
stopped prior to the study a longer-term benefit cannot be excluded. At 
present the use of both drugs after a myocardial infarction is widely 
accepted. The results of our study provide a mechanistic rationale for the 
implementation of daily secondary preventive care. 
 
In conclusion, our observation supports the clinical importance of coronary 
endothelial vasomotor testing after myocardial infarction, especially in 
patients with minor coronary artery disease. 
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ABSTRACT 
 
BACKGROUND Myeloperoxidase (MPO) is an oxidant generating enzyme 
implicated in coronary artery disease (CAD) through its ability to consume 
the vasodilator nitric oxide and oxidize LDL, and by recent findings that 
higher levels of MPO activity correlate with risk for CAD. In addition, a 
functional –463G/A MPO promoter polymorphism has been linked to risk 
for CAD.  
 
METHODS In this report, we assay for association of the MPO promoter 
polymorphism with clinical aspects in 283 cases from the Netherlands 
referred for diagnostic coronary angiography due to angina pectoris.  
 
RESULTS In females, but not in males, the higher expressing GG 
genotype was associated with impaired dilative response to nitro-glycerine: 
the percent dilation of cardiac vessels relative to baseline was 12.4 % for 
GG versus 16.2 % for GA/AA genotypes (P = 0.027). Also, the GG 
genotype was associated with increased incidence of angina pectoris in 
females, but not males, who were past smokers (P = 0.046). In males, 
there was association of GA/AA genotypes with increased frequency of 
hypercholesterolemia (55.6% of GA/AA males versus 40.1% of GG males, 
P = 0.048).  
 
CONCLUSIONS These findings suggest gender-dependent effects of MPO 
gene expression on vasodilative responses and serum cholesterol levels. 
Possible mechanisms are discussed. 
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INTRODUCTION 
 
Myeloperoxidase (MPO) is secreted by reactive neutrophils and monocyte-
macrophages at sites of inflammation, where it catalyses a reaction 
between hydrogen peroxide and chloride to produce the potent oxidant, 
hypochlorous acid (HOCl)(1). MPO generated oxidants function as 
antimicrobial agents, yet can also inadvertently damage bystander cells, 
such that MPO has been implicated as a contributory agent in a number of 
inflammatory or autoimmune diseases (2-18).  
Atherosclerosis and coronary artery disease are chronic inflammatory 
states with early stages marked by fatty streaks in vessel walls, formed by 
infiltrating monocyte-derived macrophages and T cells, along with deposits 
of extracellular lipid (19;20). Inflammatory responses cause the 
endothelium to become more adhesive and permeable, allowing monocyte-
macrophages to infiltrate the subendothelial intima, and phagocytise 
accumulating LDL particles. Oxidative modification of LDL greatly increases 
its rate of uptake by macrophages through scavenger receptors (21), 
leading to formation of lipid-laden foam cells, a hallmark of early 
atherosclerotic lesions. The eventual death of foam cells at the site 
releases oxidized lipid to an accumulating pool at the necrotic core of the 
lesion, whose eventual rupture results in myocardial infarction.  
Several lines of evidence suggest MPO plays a role in atherosclerosis and 
coronary artery disease (CAD). Levels of MPO in neutrophils or serum are 
significantly higher in patients with established CAD (22). Earlier studies 
link MPO levels to endothelial dysfunction (ED), an early indicator of CAD 
or atherosclerosis (23;24). ED is detected as impaired vasodilative 
responses of coronary arteries to acetylcholine, an inducer of eNOS, or 
nitro-glycerine, as an endothelium-independent source of the vasodilator, 
nitric oxide (NO). MPO is suspected to contribute to ED by reducing 
bioavailability of NO, due to direct consumption by the MPO enzyme or by 
its by-product substrate radicals (25;26). MPO has been found to effectively 
reduce NO levels in blood plasma even though this medium contains many 
other physiological competitive substrates of MPO (26).  
MPO is detected in macrophage foam cells at atherosclerotic lesions (27), 
colocalizing with MPO-dependent oxidation products such as 3-
chlorotyrosine (28;29). These observations place MPO at lesions, but do 
not prove the enzyme contributes to pathology, as opposed to being a 
marker for reactive monocyte-macrophages at the site. A functional 
promoter polymorphism provides a means to assay for a causative role for 
MPO in a disease state (3). The –463 G/A polymorphism is situated within 
an Alu-encoded hormone response element (30) and creates an SP1 site in 
the G allele  promoter (3), and  an estrogen  receptor ELQGLQJ VLWH LQ WKH $

promoter (4). The GG genotype is predominant, present in 60-66% of the 
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population (5;14;17), and supports two to three fold higher expression of 
MPO mRNA and protein than GA/AA genotypes (5). This higher expressing 
GG genotype has been associated with increased incidence of coronary 
artery disease (6), as well as myeloid leukaemia (3;5;31), multiple sclerosis 
(7), Alzheimer’s disease (8), MPO-ANCA vasculitis (15), chronic 
granulomatous disease (9), lung cancer (10;14), Helicobacter infections 
(12) and periodontal disease (17). The GA/AA genotypes are associated 
with increased risk for certain disease aspects, such as relapse frequency 
in MPO-ANCA vasculitis (15), or degree of hepatic fibrosis in HCV-induced 
hepatitis (16). The GA/AA genotypes have also been associated with risk in 
older Finnish males for Alzheimer’s (4) or lung cancer (13), and with risk of 
severe infections following transplant of GA/AA bone marrow (18). Gender 
differences in MPO genotype association have been observed in some 
studies (4;7;8;12;14-17), but not others (6;9-11). GG genotype was found to 
be a female specific risk factor in periodontal disease (17) and MPO-ANCA 
vasculitis (15), and a male specific risk factor in lung cancer (14). These 
findings suggest gender differences in regulation of the MPO alleles. 
In the present study, we correlate MPO genotypes with clinical aspects of 
coronary artery disease in 283 cases from The Netherlands. Findings 
indicate a gender-dependent association of MPO genotype with 
vasodilative responses and hypercholesterolemia.  
 
 

MATERIAL AND METHODS 
 
Study population. Data was collected for 283 patients (180 males and 
103 females) from the Netherlands who had experienced angina pectoris 
and been referred for diagnostic coronary angiography with concomitant 
intracoronary acetylcholine and nitro-glycerine infusion. Excluded were 
patients with unstable angina, recent myocardial infarction, valvular heart 
disease requiring surgical intervention, clinical evidence of heart failure, a 
history of previous coronary angioplasty, coronary bypass surgery, or any 
serious disease that may interfere with the follow-up. Other clinical data 
analysed for these cases included age, sex, smoking history and serum 
lipid profile. ApoE genotype was determined for 223 cases. The MPO 
genotype was determined for the 283 cases, along with 129 ethnically 
matched healthy controls with no history of heart disease. This study was 
approved by an institutional review committee and the subjects gave 
informed consent. 
 
Quantitative Coronary Angiography.  Quantitative Coronary Angiography 
(QCA) was performed by a previously described and validated automatic 
contour detection technique (CMS, Medis Co., Nuenen, the Netherlands. 
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End-diastolic frames of the non- stenotic proximal segment of the LAD and 
LCX were selected for QCA. User interaction was limited to the definition of 
the start and end points of the coronary segment to be analysed. Easily 
identifiable side branches were used as anatomic landmarks to allow the 
analysis of the same segments in successive angiograms. The length of 
the analysed segment was always within a range of 10% from baseline 
segment length. In case of overlap with other branches, automatic contour 
detection was manually edited by the independent analyst. Segment 
diameter was determined in millimetres. The coronary vasomotor 
responses were the changes in mean LAD and LCX coronary diameter, in 
response to maximal concentration of acetylcholine and nitro-glycerine 
respectively, expressed as the percentage of the mean baseline diameter. 
A negative response represents a vasoconstriction.  
 
Genotyping of MPO.    Genomic DNA was extracted from white blood cells 
by standard procedures. Polymerase chain reaction (PCR) was performed 
with 50-100 ng of genomic DNA with 0.2 µJ RI HDFK SULPHU LQ D �� µ O

reaction volume containing 50 mM KCl, 10 mM Tris-HCl pH 8.3, 1.5 mM 
MgCl2, 200 µ0 QXFOHRWLGHV� DQG � XQLW RI 7DT SRO\PHUDVH �3HUNLQ (OPHU

Cetus). Primers (Genset, Inc.) were 5' CGGTATAGGCACACAATGGTGA 3' 
and 5' GCAATGGTTCAAGCGATTCTTC 3'. The cycling conditions were 
95Û& IRU � PLQXWHV� IROORZHG E\ �� F\FOHV DW ��Û& IRU �� VHF� ��Û& –0.3Û&
per cycle, for 1 min, and 72Û& IRU �� VHF� 7KH ��� ES UHDFWLRQ SURGXFW ZDV

digested overnight with 10 units of AciI restriction enzyme, which cuts at –
463 of the G allele and a second common site to give rise to fragments of 
169, 120, and 61 bp. The A allele gives rise to fragments of 289 and 61 bp.  
 
Statistical methods. Statistics were determined using Statview or 
Mathematica software (SAS Institute, Cary, NC). The relationship between 
MPO genotypes and disease parameters was assessed by ANOVA, or 2 x 
2 contingency matrices. Analyses of gender differences are presented 
without a correction for multiple statistical significance tests based on 
previously established gender differences in MPO genotype association 
with disease states (4;7;8;12;14-17). A p value below 0.05 is considered 
significant, while p values between 0.05 and 0.08 are considered 
noteworthy trends. 
 
 

RESULTS 
  
MPO genotype is not associated overall with incidence in a 
Netherlands cohort referred for angina pectoris.  MPO genotypes 
were determined for 283 patients who were referred for coronary 
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angiography due to angina pectoris. Overall, the MPO genotype 
frequencies did not differ between the 283 cases and 129 controls. The 
genotype frequencies were homozygous GG 63.6 %, heterozygous G/A 
33.6 %, and homozygous AA 2.8 %. The control genotype frequencies 
were 64.3 % GG, 34.1 % GA, and 2.3 % AA. These genotype distributions 
were in Hardy-Weinberg equilibrium, did not differ between males and 
females, and were consistent with MPO genotype frequencies previously 
reported for Caucasian populations (5;11;15;17). Due to the low numbers of 
AA genotypes, G/A and AA genotypes are combined in analyses in this 
study as MPO A allele carriers (GA/AA).  
 
In females, GG genotype is associated with impaired vasodilation in 
response to infusion of nitro-glycerine.  Endothelial dysfunction is 
assayed as the dilative response of coronary vessels to infusion of nitro-
glycerine or acetylcholine. Acetylcholine induces endothelial nitric oxide 
synthase (eNOS) to produce NO, which signals underlying smooth muscle 
cells to relax, allowing vessel dilation. Nitro-glycerine infusion measures the 
endothelium-independent dilative response of vessels by providing an 
independent source of NO. In this study, the GG genotype was associated 
with impaired vasodilation in response to nitro-glycerine in females. The 
vasomotor responses were scored as the percent change from the baseline 
diameter. Following nitro-glycerine administration, the mean percent 
increase in vessel diameter (+ SEM) was 12.4 (± 1) % for GG females and 
16.2 (± 1.3) % for GA/AA females; P = 0.027. In contrast, GG genotype did 
not correlate with impaired vasodilation in male cases; Percent increase in 
vessel diameter was 14 (± 1) % for GG males compared to 12.7 (± 1) % for 
GA/AA males; P = 0.3 (Table 1).  
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 Sex GG GA/AA P value 
N (%) Female 

Male 
 63 (61 %) 
117 (65 %) 

40 (39 %) 
63 (35 %) 

ns 

Age  Female 
Male 

62 ± 1 
56 ± 1 

60 ± 2 
57 ± 2 

ns 

Response to NTG 
 

Female 
Male 

12.4 ± 1.0 
14.0 ± 1.0 

16.2 ± 1.3 
12.7 ± 1.0 

0.027 S 
0.30 

Response to Ach Female 
Male 

-7.7 ± 0.8 
-11.0 ± 1.2 

-10.6 ± 1.7 
-12.3 ± 1.6 

0.08 
0.46 

Hchol (%) Female 
Male 

34 (54 %) 
47 (40 %) 

20 (50 %) 
35 (56 %) 

0.69 
0.048 S 

ApoE4 yes/no (%) Female 
Male 

19/30 (39 %) 
30/61 (33 %) 

7/21 (25 %) 
17/38 (31 %) 

0.32 
0.86 

Smoking history N (%) 
Non smoker: 
Past smoker (>3 mo) 
Current 

 
Female 
 
 
 
Male 

 
25 (40) 
28 (44) 
10(16) 
 
16 (14) 
62 (53) 
39 (33) 

 
20 (50) 
10 (25) 
10 (25) 
 
12 (19) 
32 (51) 
19 (30) 

  
ns 
0.046 S 
ns 
 
ns 
0.78 
ns 

 
Table 1. Clinical characteristics and MPO genotype (mean ± SEM) of 283 patients 
referred for diagnostic coronary angiography according to -463 G/A MPO promoter 
genotype. NTG = nitro-glycerine, Ach = acetylcholine, Hchol = 
hypercholesterolemia (total cholesterol > 6.5 mM or on lipid lowering drugs). ApoE 
was determined for 223/283 cases. ANOVA derived P value. 
 
MPO genotype associates with smoking related risk in females. 
Tobacco smoking is a risk factor for CAD and atherosclerosis. The GA/AA 
genotypes have been associated with reduced smoking-related risk for lung 
cancer (10;14) and periodontal disease (17). This led us to assay for 
correlations between smoking and MPO genotype in the present study. 
Females with GG genotype who were past smokers were over represented 
(Table 1): Forty four percent of female GG cases were past smokers, as 
compared to 25 % of GA/AA females (P = 0.046). In contrast, there was no 
correlation between smoking history and MPO genotype in males: 53 % of 
GG male cases were past smokers, compared to 51 % of GA/AA males (P 
= 0.78). 
 
The GA/AA genotype is associated with hypercholesterolemia in 
males.  Endothelial dysfunction often correlates with 
hypercholesterolemia, a risk factor for atherosclerosis (32). The MPO 
GA/AA genotypes were recently linked to increased levels of total 
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cholesterol, LDL cholesterol, and triglycerides in a healthy population (33), 
leading us to assay for associations between hypercholesterolemia and 
MPO genotype in the present study. Hypercholesterolemia was here 
defined as being on cholesterol lowering medications for at least 3 months 
or having total cholesterol levels greater than 6.5 mmol/L (Table 1). The 
GA/AA genotype was found to be associated with hypercholesterolemia in 
males: 55.6 % of GA/AA males were classified as hypercholesterolemic as 
compared to 40.1% of GG males (P = 0.048). In contrast, MPO genotype in 
females did not associate with hypercholesterolemia: 53.9 % of GG and 50 
% of GA/AA females were hypercholesterolemic (P = 0.69). We also looked 
for associations between MPO genotype and presence of ApoE4 allele, 
based on earlier findings that ApoE4 is linked to risk for CAD (34), and our 
prior findings of interaction between MPO GA/AA and ApoE4 genotypes in 
males with Alzheimer’s disease (4). There was a potential trend for 
interaction between GG and ApoE4 genotypes in females, which did not 
reach significance (Table 1). Similarly there was a trend towards 
association of GA/AA genotype and response to acetylcholine in females, 
which did not reach significance (Table 1).  
 
 

DISCUSSION 
  
These findings suggest that the –463G/A promoter polymorphism 
associates with two risk indicators for coronary artery disease, impaired 
vasodilative responses and serum cholesterol levels. The patients in this 
study had been referred for diagnostic coronary angiography due to angina 
pectoris, a symptom of inadequate oxygenation of heart tissue, potentially 
reflecting impaired vasodilation. Infusion of nitro-glycerine as NO donor 
resulted in less vasodilation in GG females than GA/AA females. Based on 
prior evidence that GG is the higher expressing genotype, this implies that 
higher levels of MPO correlate with impaired vasodilation. A likely 
explanation, based on recent studies, is that MPO and its by-products 
consume nitric oxide, effectively reducing levels of this vasodilator. 
Depletion of NO could be due to reaction with MPO free in serum, or MPO 
may be secreted locally by reactive monocytes adhering to inflamed 
vascular endothelial cells, or by monocyte-macrophages invading the 
subendothelial intima.  
Females (but not males) who were past smokers and GG genotype were 
over represented in this study group, relative to GA/AA females. This 
suggests that smoking enhances the deleterious effects of GG genotype, 
possibly due to selective transcriptional activation of the G allele in 
leukocytes activated by smoking (35). Consistent with these observations, 
a recent study of 1083 patients and 2065 controls showed that GA/AA 
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genotype reduced the smoking related increase in risk for severe 
periodontal disease in females (OR = 0.5), but not males (17). Thus, past 
smoking exacerbates risk in GG females for angina pectoris or periodontal 
disease. 
A gender difference was observed in MPO genotype association with both 
vasodilative responses and cholesterol levels. Males, but not females, with 
GA/AA genotype had higher incidence of hypercholesterolemia. Some prior 
studies (4;7;8;12;14-17), but not others (6;9-11), have noted gender 
differences in MPO genotype association with disease. The GG genotype 
was found to be a female-specific risk factor for MPO-ANCA vasculitis (15), 
periodontal disease (17), multiple sclerosis (7) and Alzheimer’s (4;8), while 
GG has been found to be a male risk factor in lung cancer (14) and 
Helicobacter infections (12). These findings suggest the two alleles are 
regulated differently in males and females, possibly through estrogen 
receptor binding to the –463A site (4). Several lines of evidence suggest 
estrogen can impact MPO activities. Estrogen is reported to enhance MPO 
activity in isolated neutrophils (36). The level of MPO in neutrophils is 
higher in females than males, and fluctuates with serum estrogen levels 
(37;38), while serum MPO levels is lower in females than males (33), 
perhaps reflecting estrogen effects on degranulation. Consistent with that 
hypothesis, treatment of post surgical males with 17� �HVWUDGLRO UHGXFHG WKH

serum levels of MPO (39). Estrogen appears to modulate myeloid cell 
numbers, in that the numbers of monocytes increase at menopause, and 
decline following estrogen replacement therapy (40). Thus estrogen has 
been found to alter MPO activity levels by influencing gene expression, 
monocyte number, or the degree of release of vesicular MPO through 
degranulation. The latter mechanism could alter levels of MPO in serum 
which could impact the levels of vasodilator NO or serum cholesterol. 
Prior studies have suggested that MPO affects vasodilative responses by 
altering NO concentrations. MPO has been shown to react with, thereby 
consuming NO (25). Recent findings using rodent models of inflammation 
and human serum suggest MPO modulates NO signalling and vasodilative 
responses, perhaps due to catalytic consumption of NO by MPO generated 
substrate radicals (26). The latter study suggests that serum MPO, 
secreted by activated leukocytes, permeates the vascular endothelial cells 
and subendothelial matrix. In other studies, incubation of rat aortic rings 
with chlorinated arginine was shown to inhibit acetylcholine-induced 
vasorelaxation, apparently due to chlorination by HOCl of L-arginine, 
creating an inactive substrate for eNOS, thereby inhibiting NO production 
(41). In other studies, neutrophil adherence to endothelial cells inhibited 
generation of NO (42), and infusion of HOCl into guinea pig coronary 
vessels reduced blood flow and blocked the dilative response to 
acetylcholine (43). In rat models of traumatic shock, increased levels of 
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MPO were found to correlate with severe endothelial dysfunction (44;45). 
Thus, MPO secreted into the serum, or released locally by monocytes or 
neutrophils adhering to the vascular endothelium, or released by invading 
macrophages in the subendothelial intima, could reduce local NO levels, 
impairing vasodilative responses. The findings presented here are 
consistent with these prior studies, indicating that the higher expressing GG 
genotype is associated with impaired vasodilative response to nitro-
glycerine, suggesting MPO consumes nitro-glycerine generated NO. 
In an earlier study using French Canadian patients, the GG genotype was 
associated with increased incidence of CAD (6). The present study did not 
detect a difference in MPO genotype frequencies in patients versus 
controls. A key difference between these studies is the selection criteria. 
This study selected cases referred for diagnostic coronary angiography due 
to angina pectoris, while the French Canadian study included patients with 
angiographically proven plaques in coronary arteries with stenosis 
obstructing the lumen by at least 30% (6). The GG genotype may be 
associated with increased incidence of more advanced coronary disease, 
but not angina pectoris. A second distinction between the two studies is the 
genetic background of the patient population. 
The association of GA/AA genotypes with hypercholesterolemia in males is 
consistent with a recent report linking GA/AA genotypes to higher levels of 
total cholesterol, LDL cholesterol, and triglycerides in a healthy population 
(33). There is prior evidence linking MPO to cholesterol metabolism or 
transport. MPO dependent tyrosyl radical modification of HDL was found to 
enhance cholesterol efflux from macrophages (46). Also, MPO-oxidized 
LDL has been found to inhibit lecithin-cholesterol acetyltransferase, an 
enzyme required for HDL maturation and the reverse cholesterol transport 
pathway (47). Third, oxidation of LDL by MPO promotes its uptake by 
macrophage foam cells (21). While these observations suggest ways in 
which MPO could alter cholesterol levels, the mechanism has yet to be 
elucidated. 
The association of GA/AA genotype with hypercholesterolemia in males 
may provide an explanation for previous findings of early mortality for 
Finnish GA/AA males (4;13). The AA genotype is normally present in 5 % 
of the Finnish subpopulation, yet AA genotypes were absent from a cohort 
of 159 elderly Finnish males, including Alzheimer’s cases and controls (4). 
A study of lung cancer cases and controls similarly found reduced 
frequency of GA/AA genotypes in aging Finnish males (13). 
Hypercholesterolemia leading to CAD could underlie this selective 
mortality. Interestingly, the GA genotype was also associated with 
increased risk for Alzheimer’s disease in Finnish males (4), suggesting that 
the MPO A allele enhances risk for aging males in diseases involving MPO. 
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In summary, the findings of this preliminary study suggest that the –463 
G/A MPO polymorphism associates with vasodilative responses and 
hypercholesterolemia in patients with angina pectoris. The association of 
the higher expressing GG genotype with impaired vasodilative response to 
nitro-glycerine suggests that MPO released to serum may reduce NO levels 
generated by nitro-glycerine. This hypothesis is consistent with recent 
findings that MPO in serum is able to significantly reduce NO levels (26), 
and that the GG genotype (6) and high MPO protein levels (22) associate 
with risk for CAD. Thus one interpretation of our findings is that GG 
genotype, in patients with angina pectoris, correlates with higher serum 
levels of MPO, reducing NO levels thereby inhibiting vasodilation in 
response to infusion of nitro-glycerine, and presumably inhibiting 
vasodilation to endogenous NO inducers, contributing to angina pectoris.  
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ABSTRACT 
 

Background Endothelial 'dysfunction' is considered to be an early step in 
the development of atherosclerosis and has been shown to have a long-
term predictive value for future cardiac events in patients with mild 
atherosclerosis. The aforementioned hypothesis is supported through 
coronary vasomotor testing in which flow reserve measurements have been 
shown to predict cardiovascular events in patients undergoing angioplasty 
or deferral of angioplasty. In this study the prognostic value of reference-
artery coronary flow reserve measurements in patients with extensive 
coronary artery disease was evaluated during a two year follow-up period. 
 
Methods In this report the value of coronary flow reserve (CFR) was 
prospectively assessed in a reference coronary artery as a useful predictor 
of adverse outcome. The study population comprised subjects with two-
vessel disease undergoing coronary angioplasty. 
 
Results During a follow-up of 2 year, 38 out of 152 patients 
experienced 55 cardiovascular events. Patients were equally divided over 
three groups, based on the CFR. The highest CFR showed an improved 
event-free survival compared to the lower two CFR groups (p=0.042).  
 
Conclusion The present study emphasises the prognostic value of flow 
reserve measurements in a reference artery of patients with multi-vessel 
coronary artery disease. 
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INTRODUCTION 
 

Coronary artery disease (CAD) is a widespread disease with a high 
incidence. The extent of CAD is closely related to morbidity and mortality 
(1). The endothelium is an active cell layer responsible for interaction 
between blood born components and vessel wall (2). It plays an essential 
role in vascular homeostasis because of its ability to prevent abnormal 
vasoconstriction, platelet activation and smooth muscle cell proliferation. 
Endothelial 'dysfunction', more specifically endothelial vasomotor 
dysfunction, is considered to be a first sign in the development of 
atherosclerosis. It has been shown to have a predictive value for future 
cardiac events (3-5). With endothelium dependent vasomotor testing, 
endothelial function in larger epicardial arteries can be evaluated. In 
addition, coronary vasomotor function in the resistance vessels can be 
evaluated through coronary flow reserve measurements. These 
measurements have been used to guide coronary angioplasty procedures. 
At present, available clinical evidence provided by prognostic studies 
regarding coronary endothelial function have been limited to patients with 
no or single vessel coronary artery disease (4;5) . Evaluation of the 
prognostic value of flow reserve measurements is limited to measurements 
in the diseased vessel (6;7). The value of endothelial testing in the 
presence of extensive CAD remains unclear. In severely stenotic coronary 
arteries, vasomotor function is significantly disturbed (8-10). In such 
patients blood flow measurements in coronary arteries without significant 
CAD might have a superior clinical impact. We hypothesize that, in a 
population with two-vessel disease, the coronary flow reserve (CFR) of the 
reference coronary artery may represent a useful predictor of an adverse 
outcome. The two-year adverse outcome was determined by cardiac 
events, which could be related to progression of atherosclerosis or 
restenosis. 
 
 

METHODS 
 

Patient population. Included were 152 patients with stable angina or 
unstable angina (Braunwald classification I or II) who were accepted for 
coronary angioplasty (PTCA). Patients had two-vessel disease, which was 
defined by significant stenosis on visual assessment after mutual 
agreement between an interventional cardiologist and a cardiac surgeon. A 
CFR measurement in the reference (<40% angiographic luminal narrowing) 
coronary artery was performed and all patients were prospectively studied. 
Excluded were patients with recent myocardial infarction, clinical evidence 
of heart failure, a history of previous CABG, significant left main coronary 
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artery narrowing (>50%), or any serious disease that may interfere with the 
follow-up.  
 
Data collection. Baseline screening included a history of coronary risk 
factors, physical examination, fasting whole blood collection, such as a lipid 
profile and blood glucose. All patients underwent coronary angiography 
with concomitant intracoronary derived Doppler flow-velocity measurement. 
Baseline average peak flow velocity (APV), hyperaemic APV and its ratio 
(CFR) were determined. Subsequently, at least one of the lesions was 
treated by coronary angioplasty. Coronary lesion severity was measured by 
quantitative coronary angiography (QCA). Patients were studied 
prospectively for the occurrence of cardiac events for one year.  
 
Angiography.  Coronary angiography and intracoronary 
hemodynamic measurements, were performed according to a standard 
procedure. All patients received aspirin (100 mg), orally the night before the 
procedure; heparin was given (5.000 IU) as an intravenous bolus at the 
beginning of the procedure. In all patients cardiac catheterisation was 
performed by the percutaneous femoral approach, using a 6 French guiding 
catheter without side holes. Coronary angiography was performed after the 
administration of an intracoronary bolus nitro-glycerine (0.1 mg), in at least 
two different, preferably orthogonal views displaying each index lesion with 
minimal foreshortening and no vessel overlap.  
 
Intracoronary derived Doppler flow velocity measurement. 
Intracoronary flow velocity was measured in a reference (<40% 
angiographic luminal narrowing) coronary artery; i.e. "reference vessel". An 
intracoronary bolus of 0.1 mg nitro-glycerine was administered every 30 
minutes. The measurement was performed at baseline and during 
hyperaemia. Hyperaemia was induced by administering an intracoronary 
bolus of adenosine (15 µg in the right coronary artery and 20 µg in the left 
coronary artery). Blood flow velocity was measured with a 0.014" Doppler 
guide wire (FloWire; Endosonics/Jomed, Rancho Cordova, CA). The 
FloWire was positioned to allow full development of a parabolic flow profile. 
Baseline and hyperaemic flow velocity data were obtained and the Doppler 
signals were processed by a real time spectral analyser, using the 
Flowmap (formerly Endosonics, Rancho Cordova, CA).  
 
Quantitative coronary angiography. Quantitative Coronary 
Angiography (QCA) was performed by a previously described and validated 
automatic contour detection technique (11), using the CMS-QCA software 
version 3.32 (MEDIS, Leiden, Netherlands). Image calibration was 
performed on the saline-flushed catheter. Coronary lesion severity was 
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expressed as the percent diameter stenosis (% DS) from reference 
diameter. Coronary lesion severity was assessed in two, if possible, 
orthogonal views. The projection showing the most severe coronary 
narrowing in percentage diameter stenosis was used in the analysis. 
 
Events. Patients were followed for 2 years to document the 
occurrence of major adverse cardiac events (MACE) after initial coronary 
angioplasty. Objective clinical endpoints were defined as: 1) hospitalisation 
for recurrent angina with documented ischemia; 2) revascularisation (PTCA 
or coronary artery bypass grafting); 3) myocardial infarction as identified 
from medical history, standard electrocardiography and/or elevation of 
cardiac isoenzymes; 4) cardiac death. An independent critical event 
committee to confirm the occurrence of one of these events reviewed the 
complete data set. The committee also verified whether the event was 
possibly related to the initial PTCA-lesion. 
 
Statistical analysis. Baseline characteristics are presented as mean (SD). 
Categorical data are presented per group percentage. Statistical 
comparisons were made by the F-test if data were normally distributed; 
otherwise (p-value Shapiro-Wilk test for normality < 0.05), they were made 
by the nonparametric Kruskal-Wallis test. A paired t-test was used to 
evaluate within-patient changes of hemodynamic characteristics during 
adenosine bolus. Cumulative event rates were estimated by Kaplan-Meier 
survival ("freedom of event") analysis for categorical variables. Continuous 
variables were categorized by grouping categories of compatible risk. 
Probability values were determined by the use of the log-rank statistic. 
Multivariate analysis was performed by Cox-regression analysis. All 
clinically relevant risk factors were considered for the analysis. Univariately 
significance at a level of 0.2 stepwise backward regression method was 
used. A p-value < 0.05 was considered statistically significant. SAS version 
6.12 (Cary, N.C, USA) was used for all statistical analyses. 
 
Ethics. Written informed consent was obtained from all patients 
before the study and the Institutional Review Board of the participating 
centres approved the study protocol. The study was performed in conform 
to the principles outlined in the Declaration of Helsinki.  
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RESULTS 
 
Characteristics of the study population. The characteristics of the 152 
patients at study entrance are listed in table 1.  
 
N 152 
Age, years 61 (10) 
Male gender 72 % 
Body Mass Index (kg/m2)  26.8 (2.8) 
CCS classification   class 1,2 
    class 3 
    class 4 

16 % 
58 % 
26 % 

History of myocardial infarction 37 % 
History of previous PTCA 11 % 
Family history 57 % 
Hypertension 38 % 
Dyslipidemia 57 % 
Smoking    former 
    current   

47 % 
26 % 

Diabetes mellitus 7 % 
fasting total cholesterol (mmol/l) 5.4 (1.2) 
fasting triglyceride (mmol/l) 1.8 (1.0) 
Medication   Diuretics 
    ACE inhibitors 
    Statins 
    Calcium channel blockers 
    Nitrates 
    Beta blockers 

7 % 
19 % 
57 % 
58 % 
67 % 
82 % 

Table 1: Value is mean (SD) or %; CCS indicates Canadian Cardiovascular Society 
classification 
 
The coronary blood flow response to adenosine in the reference vessel was 
obtained in the left anterior descending (35 %), circumflex (50 %) or right 
(15 %) coronary artery. Adenosine significantly increased heart rate from 
65 b.p.m. (SD 12) to 67 b.p.m. (SD 12); p = 0.017, systolic blood pressure 
decreased significantly from 137 mmHg (SD 26) to 134 mmHg (SD 24);  
p < 0.001 and diastolic blood pressure decreased significantly from 72 
mmHg (SD 12) to 68 mmHg (SD 11); p < 0.001. The mean average peak 
flow velocity at baseline was 19.0 cm/sec. (SD 7.1) and at hyperaemia was 
51.9 cm/sec. (SD 17.8). The mean coronary flow-velocity reserve (CFR) 
was 2.8 (SD 0.7). The mean follow-up time was 639 days (90% central 
range: 143 to 1014 days). During follow-up, a total of 38 patients 
experienced 55 cardiovascular events. Three patients had a procedure 
related complication (2 patients experienced an acute myocardial infarction 
within a few hours after initial PTCA, resulting in one redo PTCA; in 1 
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patient revascularisation failed and immediately coronary artery bypass 
grafting was carried out). In summary, 23 patients experienced 1 event, 7 
patients had 2 events and 4 patients had 3 events (Table 2). 
 
Number of events Number 

Of patients 
"de novo" or PTCA related event Number 

of patients 
1 24 MI (P) 

MI (N) 
revascularisation (P) 
revascularisation (N) 

1 
1 
13 
9 

2 8 MI (P) & revascularisation (N) 
MI (N) & revascularisation (N) 
revascularisation (P + P) 
revascularisation (P+ N) 

1 
1 
4 
2 

3 5 MI (P) & MI (N) & revascularisation (N) 
MI (P) & revascularisation (P+P) 
MI (P) & revascularisation (P+N) 
revascularisation (P+P+P) 
revascularisation (N+P+P) 

1 
1 
1 
1 
1 

Table 2: MI = myocardial infarction; revascularisation = coronary angioplasty or 
bypass grafting; N = de Novo; P = PTCA related. One patient experienced a 
sudden death. The relation with either the PTCA vessel or a de novo lesion could 
not be established. 
 
Prognostic value of CFR in a reference coronary segment. The 
primary variable of interest in this study was the CFR in the reference 
vessel. Using grouping method to identify risk in different levels of CFR, 
resulted in a categorisation of  the lowest 2 tertiles versus the highest tertile 
with a cut-off point CFR ≤ 3.2. All events were verified by an independent 
event committee to confirm the occurrence and the nature of the events. 
The events were scored as either PTCA related or unrelated, so-called 'de 
novo' events. The highest CFR group showed an improved combined 
(PTCA-related and "de novo") event-free survival compared to the lowest 
CFR (p = 0.042; Figure 1).  
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Figure 1: Kaplan-Meier survival curves of MACE for coronary flow reserve in 
tertiles. Coronary flow reserve (CFR) in the reference artery was predictive for 
event free survival. Patients in the lowest CFR tertile (� 3.2) showed a worse 
survival than patients in the two upper tertiles (>3.2). 
 
For PTCA-related events, event-free survival was not significantly (p = 
0.068) prolonged in patients with high compared to low CFR. Also no 
difference was present for "de novo" events (p = 0.35). Of all other clinically 
relevant risk factors related to the occurrence of cardiovascular events, only 
the CFR ≤ 2.5 (6) in the dilated segment after angioplasty showed 
statistical significance (p = 0.020) for the occurrence of a PTCA related 
event. 
 
 

DISCUSSION 
 
The present study emphasizes the prognostic significance of coronary flow 
reserve measurements in references arteries of patients with significant 
multivessel coronary artery disease after a short (two year) follow-up 
period. The highest coronary flow reserve was significantly associated with 
a prolonged event-free survival. Coronary vasomotor function can be 
assessed in large epicardial vessels through endothelium dependent 
vasodilators such as acetylcholine. In addition coronary vasomotor function 
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can be assessed at the resistance vessel level. In this case, infusion of 
directly vasodilating drugs will cause a decreased coronary vascular 
resistance and hence an increased coronary flow. This increment in flow is 
subsequently responsible for an increased shear stress. Therefore, in 
addition to the direct effect, an endothelium dependent component is 
involved as well. 
Recently, the first studies on the prognostic value of endothelial dysfunction 
were published (4;5). In the first study, Suwaidi et al. found that endothelial 
dysfunction in the left anterior descending coronary artery as measured 
with acetylcholine infusion was related to events in a group of patients 
without significant lesions. The authors used the combination of QCA and 
intravascular ultrasound Doppler flow velocity measurements to calculate 
the flow. In the lowest tertile, all events were found during a follow-up 
period of 11 - 52 months (mean 28 months). In the second study by 
Schächinger et al. the effect of various endothelium-dependent 
manoeuvres on epicardial diameter was assessed in patients with pre-
existing single-vessel disease or during a diagnostic catheterisation. They 
found that all endothelium dependent responses as well as the 
endothelium-independent reaction to nitro-glycerine infusion, discriminated 
high and low risk patients. Considering the flow-dependent dilatation in their 
study, patients in the lowest tertile had the most events during a follow-up 
1.1 - 10.6 year (median 7.7 years). These previous studies were being 
conducted in patients with mild sclerosis or one-vessel disease. Our data 
extend these findings to patients with more extensive coronary artery 
disease. 
In prior studies, the prognostic value of coronary flow reserve 
measurements has been described for balloon angioplasty as well as 
coronary stenting (6;12-15). Interestingly, the use of flow reserve 
measurements in relation to the flow reserve in a reference artery, the so-
called relative flow reserve has previously been shown (16). Our study 
corroborates these results for the flow reserve in a reference artery as 
such. In patients with extensive CAD during a follow-up period of 1 year, 
the flow dependent response in a reference coronary artery appeared to be 
a prognostic factor in patients undergoing PTCA. The finding that CFR 
measurement in a reference artery is predictive for events related to the 
PTCA vessel, seems surprising as endothelial dysfunction is 
heterogeneously distributed. However, in the aforementioned two studies 
(4;5) not all events in the dysfunctional endothelium groups were related to 
the coronary artery studied. In the study by Suwaidi et al. (LAD 
measurements with mild coronary sclerosis), 2 patients had multi-vessel 
coronary artery disease requiring bypass surgery during follow-up. In the 
study by Schächinger et al. it should be mentioned, that also extra cardiac 
events were found. 
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In the DEBATE study, the prognostic value of intracoronary flow velocity 
was determined distal to the dilated segment after balloon angioplasty. The 
DEBATE study showed a value of hyperaemic CFR <  2.5 after PTCA 
predictive for restenosis (6). As a result, flow reserve guided coronary 
angioplasty has been proven to be as good as stenting (12;15).  Next to the 
measurements in a reference artery, our study also underscores the 
prognostic significance of CFR measurements in the dilated segment for 
clinical events after angioplasty. 
 
 
Clinical implications. During balloon angioplasty, the inflation of the 
balloon will disrupt the morphologic structure of the vessel wall and lumen 
such as dissections, plaque rupture, and lacerations. It can be assumed 
that in these cases of pseudo-angiographic success, flow reserve 
assessment in the dilated vessel will be abnormal. Therefore the clinical 
implication of the prognostic significance of coronary vasomotor testing in 
patients with multivessel disease is strengthened.  
 
Limitations of the study. The follow-up period was relatively short 
compared to other prognostic studies (4;5). During this period more events 
were PTCA-related (67%) than 'de novo' (33%).  The significance of this 
difference may be related to the fact that restenosis is another 
pathophysiologic process than progression of atherosclerosis (2).  
 
 

CONCLUSIONS 
In addition to previous studies in patients with mild coronary artery disease, 
the present study supports the hypothesis that coronary vasomotor testing 
is also of prognostic significance in patients with extensive (multivessel) 
coronary artery disease. Furthermore, both the dilated segment and the 
reference coronary artery can be used as a prognostic factor in patients 
undergoing PTCA.  
 
Acknowledgement. This study is supported by a grant of the Dutch 
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ABSTRACT 
 
BACKGROUND As endothelial dysfunction can be responsible for myocardial 
ischemia even in the absence of significant coronary lesions, we aimed to 
assess the correlation between endothelium-dependent vasomotor function 
and inducible ischemia late after successful coronary angioplasty.  
 
METHODS In 30 patients without angiographic restenosis or coronary 
disease progression, coronary endothelial function was determined by 
acetylcholine infusion, 6 months after elective single-vessel stenting of the 
left coronary artery. Acetylcholine-induced diameter changes were 
assessed in the proximal and distal segments, both of the stented and the 
contra-lateral vessel, by means of quantitative coronary angiography. A 
maximal workload ergometric test was also performed prior to endothelial 
function testing.  
 
RESULTS Acetylcholine induced significant vasoconstrictive responses 
in the distal, but not in the proximal segments, both of the stented (-11±7% 
vs. baseline; p<0.01) and the contra-lateral vessel (-11±6%; p<0.01), which 
were significantly correlated (R=0.48;p<0.05) and were completely reverted 
by nitro-glycerine. Inducible ischemia was the only predictive factor for 
distal vasoconstriction in the stented (p<0.01) but not in the contra-lateral 
vessel (p=0.06). Patients with minor signs of ischemia at the ergometric 
test showed a greater vasoconstriction than those with a completely normal 
tests (-16±7% vs. -7±6%; p<0.01).  
 
CONCLUSIONS Exercise-induced ischemia late after successful PCI is 
related to distal coronary endothelial dysfunction. 
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INTRODUCTION 
 

Inducible myocardial ischemia can be frequently detected also in the 
absence of significant coronary stenosis (1) and after successful 
revascularisation procedures (2). Endothelial dysfunction has been held 
responsible for impaired coronary vasomotor function, cardiac adverse 
events and myocardial ischemia, also in the presence of mild coronary 
artery disease (3-6). Percutaneous coronary interventions (PCI) have 
proven to be an effective treatment for occlusive coronary disease, and, 
among all the available techniques, coronary stenting is by far the best in 
obtaining long-term clinical and angiographic results (7;8). However, 
evidences of persistent endothelial dysfunction in reperfused coronary 
vessels have been provided both after successful balloon angioplasty (9) 
and stenting (10). Aim of this experimental study was to assess the impact 
of endothelial dysfunction on inducible ischemia in a stented and contra-
lateral coronary vessel in the absence of angiographically detectable 
coronary artery disease late after successful stenting. 
 
 

METHODS 
 
Patients’ selection. Consecutive patients submitted to elective 
percutaneous coronary intervention with stent placement for the presence 
of a flow-limiting stenosis (lumen reduction in percentage >80%) in a single 
vessel disease involving a major branch of the left coronary artery were 
asked permission for re-catheterisation and a provocative test with 
acetylcholine for endothelial function assessment at 6 months follow-up. 
Exclusion criteria were severe systemic hypertension, previous myocardial 
infarction, primary stenting or small vessels (≤ 2.5 mm), or left bundle block 
at basal ECG. Stenting procedures had been performed accordingly to 
conventional techniques and under intravascular ultrasound guidance in 
order to achieve an optimal post-deployment result. Inclusion criteria for the 
follow-up investigation were: low (0-1) Canadian Cardiovascular Society 
(CCS) class angina at follow-up and suitability for acetylcholine provocation 
testing. Three days before the endothelial function measurement, all 
patients were asked to discontinue any vasoactive medication, and the day 
before re-catheterisation they underwent a maximal workload test at 
bicycle ergometry. The study protocol was approved by our Institutional 
Review Board and a written informed consent was obtained from all 
patients. 
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Signs of ischemia during bicycle ergometry. Standard exercise 
stress testing was performed by upright bicycle ergometry, beginning at a 
workload of 50W and increasing in 10 W increments every 30 seconds. 
Exercise was terminated if the patients was unable to maintain a cycling 
frequency > 50 rpm due to physical exhaustion, angina or dyspnoea, or 
evidence of myocardial ischemia with documented planar or down sloping 
ST-segment depression, with both major and minor signs of inducible 
ischemia (11). 
 
Coronary angiography. The angiographic study was performed by 
femoral approach with 6F common diagnostic catheters (Cordis BV, 
Roden, The Netherlands). Selective coronary angiograms were acquired in 
at least two orthogonal projections, both for the left and the right coronary 
artery. On-line quantitative coronary analysis was then performed, using a 
validated computerized system (CMS, Medis Co., Nuenen, the Nether-
lands), to assess: reference lumen diameter (rld), minimal lumen diameter 
(mld) and lumen reduction percent (rld-mld/rld %) at the site of stent 
placement and of any angiographically-detectable lumen narrowing: a 
lumen reduction >50% was taken as cut-off value for the diagnosis of 
significant coronary stenosis. Patients with in-stent restenosis, or newly 
developed stenosis on any branch of the left or in the right coronary artery 
were excluded from further endothelial function testing. 
 
Acetylcholine-mediated endothelial function testing. In the remaining 
patients a radiological projection was chosen in order to visualize the 
proximal and distal part both of the stented and the contra-lateral vessel of 
the left coronary artery, and an angiogram was repeated as baseline 
reference. Acetylcholine was then injected in three increasing dosages (10
8, 10-7, 10-6 Molar; 3 minutes each), under continuous ECG and blood 
pressure monitoring. Angiograms were acquired within 1 minute after each 
infusion. Finally, a bolus (500 µg) of nitro-glycerine (NTG) was 
administered and the angiogram was repeated. Images were digitally 
stored for post-processing analysis. 
 
Quantitative coronary analysis. Off-line quantitative coronary analysis 
was performed by an independent observer (SHJM) with a high volume 
experience (12-14) using the same system as above. End-diastolic frames 
were chosen from each angiographic sequences and mean lumen 
diameter was calculated at baseline, after the maximal acetylcholine dose 
achieved, and after nitro-glycerine, both for the proximal and the distal part, 
in the stented and the contra-lateral vessel. Coronary segments selected 
for analysis had to be straight, devoid of side branches, long at least 1 cm, 
and, in the case of the stented vessel, far at least 1 cm from the edges of 
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the stent. Given the range of vessel diameters explored, and being the 
inter- and intra-observer variability of the computerized system 
approximately 10-1 mm, diameter changes of < 5 % were considered not 
relevant (15).  
 
Statistical analysis. Descriptive statistics are reported as Mean ± 
standard deviation (SD), and percentages, respectively for continuous and 
dichotomous variables. Absolute mean diameter values at baseline, after 
acetylcholine and nitro-glycerine, were compared by means of a General 
Linear Model for repeated measures, separately for proximal and distal 
coronary segments, in stented and contra-lateral vessels. Linear regression 
analysis between stented and contra-lateral vessels was performed for 
diameter changes (%) vs. baseline after acetylcholine and nitro-glycerine. 
To determine the predictive factors for diameters changes (%) vs. baseline, 
in stented and contra-lateral vessels, we performed univariate regression 
analysis including clinical and procedural features, and ergometric pre-
catheterisation results. Variables with a p value less than 0.40 were 
incorporated in a multivariable regression analysis to derive a model with 
statistically significant factors. All p values were two-sided. Only p values 
less than 0.05 were considered to be significant. Statistical analysis was 
performed using SAS software, version 6.12 for Windows (SAS, Cary, NC - 
USA).  
 
 

RESULTS 
 

From January 1998 to July 1998, 37 patients fulfilled the inclusion criteria 
and gave their permission to perform redo angiography including 
acetylcholine testing 6 months after inclusion. In two patients no redo 
angiography was performed due to stent thrombosis within 48 hours after 
initial therapy. From the remaining patients, acetylcholine testing at 6 
months follow-up was not performed in 5 patients due to severe restenosis 
(2) or logistic reasons (3) respectively, and they were excluded from further 
analysis. General and procedural characteristics of the 30 patients 
representing the study population (21 males; mean age: 59 ± 8 years) are 
reported in Table 1. Among them, no patient demonstrated major inducible 
ischemia at pre-test bicycle ergometry. However, while 17 patients showed 
no sign of ischemia at all, in 13 patients one or more minor signs of 
inducible ischemia were evident (typical angina without significant ECG 
changes (5); either ST down sloping < 0.1 mV or T-waves inversion, with or 
without atypical chest pain (9); and a-symptomatic frequent ventricular 
ectopic activity (1)). 
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  Patients 
(n=30) 

Males (n)  21 (70 %) 
Age (years)  59 ± 8 
Coronary Risk Factors: Diabetes mellitus (n) 3 (10 %) 
 Smoking habit (n) 7 (23 %) 
 Hypercholesterolemia (n) 10 (33 %) 
Stented vessel: LAD (n) 14 (47 %) 
 D/AL (n) 6 (20 %) 
 CX (n) 6 (20 %) 
 MO/LPL (n) 4 (13 %) 
Therapy with: Statins (n) 9 (30 %) 
 ACE-inhibitors (n) 6 (20 %) 
Ischemia at follow-up (n)  13 (43 %) 
In-stent lumen reduction (%)  17 ± 9 
Table 1: Patient characteristics (n; %): LAD: left anterior descending artery; D/AL: 
diagonal/anterolateral branch; CX: circumflex artery; MO/LPL: obtuse margin/left 
posterolateral branch 
 
Acetylcholine provocative test. Acetylcholine test was successfully 
completed in all but 6 patients. In these 6 patients acetylcholine infusion 
was interrupted because of severe chest pain with or without ECG changes 
(14) after 10-8 and 10-7 Molar (2 and 4 patients respectively). In that case 
final angiograms were promptly acquired and nitro-glycerine was 
administered with rapid restoration of the basal conditions. At off-line 
quantitative analysis, the proximal segment of the stented coronary artery 
was not evaluated in 6 patients (four out of six had an interrupted 
acetylcholine test; see above), given the very proximal position of the stent. 
Moreover, because of vessel overlapping, tortuous course or inadequate 
filling, three contra-lateral vessels (proximal and distal segments) and one 
distal segment in another patient could not be evaluated (all with an 
interrupted test). Basal mean diameters for proximal and distal segments, 
in the stented and in the contra-lateral vessel , were 3.5 ± 0.6, 2.7 ± 0.5, 
3.4 ± 0.5, and 2.6 ± 0.5 mm, respectively. The proximal coronary 
segments, both in the stented and in the contra-lateral vessel, did not show 
any significant change, after acetylcholine and after nitro-glycerine (Figure 
1). 
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Figure 1: Mean diameters (±SD) of proximal (black) and distal (white) coronary 
segments in stented (♦ n=24; ◊ n=30) and contra-lateral (v Q ��� � Q ��� YHVVHOV

at six months follow-up, as assessed by quantitative coronary angiography. Values 
are reported at baseline (BL), after acetylcholine (AC) and nitro-glycerine (NTG). * 
indicates p<0.01 vs. baseline; # indicates p<0.01 vs. acetylcholine. 
 
On the other hand, the distal coronary segments showed a significant 
vasoconstriction after acetylcholine, both in the stented (2.4 ± 0.6 mm; -11 
± 7 % vs. baseline; p<0.01) and in the contra-lateral vessel (2.3 ± 0.6 mm; -
11 ± 6%; p<0.01). Nitro-glycerine administration induced vasodilatation with 
restoration of basal diameters in the stented (2.8 ± 0.5 mm; +17 ± 12 %; 
p<0.01 vs. acetylcholine) and in the contra-lateral vessel (2.6 ± 0.6 mm; 
+13 ± 9 %; p<0.01 vs. acetylcholine) (Figure 1). The vasoconstrictive 
response (% from baseline) of the distal segments of stented and contra-
lateral vessels in the same patient were significantly correlated (R= 0.48; 
p<0.05) (Figure 2). 
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Figure 2: Linear regression analysis for vasoconstriction (%) after acetylcholine in 
distal segments of stented (Y axis) and contra-lateral (X axis) vessels. A significant 
correlation was found (R:0.48; p<0.01).  
 
At univariate analysis, the occurrence of inducible ischemia was the only 
predictive factor for vasoconstriction in the distal segment (n=30) of the 
stented vessel (p<0.01). The odds ratio could not be calculated because all 
patients without a constrictive response to acetylcholine had a normal 
stress test (6 out of 17 patients), whereas all patients with inducible 
ischemia had a more or less constrictive response to acetylcholine (13 
patients). No other parameter reported in Table 1 showed statistical 
significance nor reached the cut-off value (p<0.40) to be incorporated in a 
multivariable analysis. On the other hand, no parameter was found 
predictive for distal vasoconstriction in the contra-lateral vessel (n=26). 
Inducible ischemia (p=0.06) and smoking (p=0.38) showed a tendency 
toward statistical significance.  
 
While patients with signs of ischemia at pre-catheterisation ergometric test 

148 



EXERCISE-INDUCED ISCHEMIA RELATED TO CORONARY ENDOTHELIAL FUNCTION 

 
 

showed a significantly higher vasoconstrictive response to acetylcholine 
than controls in the distal segments of the stented coronary artery (-16 ± 7 
% vs. –7 ± 6 %; p<0.01), they showed only a tendency toward increased 
vasoconstriction in the distal segments of the contra-lateral vessel (-14 ± 
7% vs. –9 ± 6%; p=0.06) (Figure 3). 
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Figure 3: Vasoconstriction (%) after acetylcholine in distal segments of stented and 
contra-lateral vessels, according to the occurrence (black columns) or the absence 
(white columns) of inducible ischemia at ergometric test. * indicates p<0.01 
ischemic vs. controls.  

 
DISCUSSION 

 
The main findings of this study are: a) a distal vasoconstrictive response to 
acetylcholine in non-stenotic stented and contra-lateral vessels, six months 
after successful coronary stenting; and b) a correlation between inducible 
ischemia and distal impaired endothelium-dependent vasomotor function in 
stented but not in contra-lateral non-treated vessels. 
 
Paradoxical vasoconstriction to acetylcholine in the distal epicardial 
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coronary segments of our study cohort can be reasonably explained by the 
pre-existence of diffuse atherosclerosis. In fact, as already demonstrated 
by other authors (16;17), angiographically normal coronary arteries can 
show pathological vasomotor responses, both in patients with proven 
atherosclerosis and in patients with only strong risk factors, due to the 
occurrence of endothelial dysfunction, i.e. unable to counteract the direct 
vasoconstrictive action of acetylcholine. As confirmed in the present study, 
blunted endothelium-dependent vasomotor function is homogeneously 
distributed both in contra-lateral non-stenotic, and in reperfused non-
stenotic coronary vessels, thus suggesting that aberrant vasomotion is an 
independent event from the presence of a flow-limiting stenosis.  
 
Differences in terms of vasomotor function between proximal and distal 
segments have been previously described after PCI (18;19). Mandinov et 
al. (19) suggested that changes in coronary flow, distending pressure, or 
both, could induce an aberrant vasoconstrictive response immediately after 
reperfusion. El-Tamimi et al. (9) demonstrated the presence of sustained 
endothelium-dependent vasomotion abnormalities still eight days after a 
successful coronary angioplasty. The prolonged release from the disrupted 
plaque of vasoactive substances and inflammatory mediators was 
suggested to be the reason for these findings (20-23). However, the 
present study demonstrated a blunted endothelium-dependent vasomotor 
function homogeneously distributed both in contra-lateral non-stenotic, and 
in reperfused non-stenotic coronary vessels, six moths after the 
angioplasty procedure, thus suggesting that aberrant vasomotion is an 
independent event from the presence of coronary stent implantation. 
 
Though stents have proved to be superior to only-balloon angioplasty in 
terms of acute and long term success (1;2), nevertheless they exert a 
strong mechanical injury, and require a long period before complete re-
endothelisation (24). Stents are also indicated to trigger a diffuse 
inflammatory process in the coronary artery (25). Our results confirm the 
findings of Caramori et al. (10), who showed a sustained impairment of 
endothelium-dependent vasomotor function in distal coronary segments 
after coronary stenting. They also proved that coronary stenting induces 
endothelial dysfunction at a higher extent than balloon angioplasty and 
directional atherectomy. However, they could not demonstrate endothelial 
dysfunction in the contra-lateral vessel. 
 
As distal coronary segments mirror the influence of vasoactive stimuli on 
the tributary microvascular circulation (26), vasomotion abnormalities in the 
epicardial segments may be associated with the presence of microvascular 
diffuse endothelial dysfunction. According to this hypothesis, in patients 
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with suspected early atherosclerosis, Zeiher et al. (27) proved a strong 
correlation between an aberrant vasoconstriction to acetylcholine in distal 
epicardial vessels and an increase in vascular resistances in the 
microvascular district. Pre-existing endothelial dysfunction both in the 
epicardial and the microvascular system, possibly worsened by stent 
implantation, can make reperfused districts more sensitive to circulating 
catecholamines (28) or to sympathetic stimuli (29), and lead to myocardial 
ischemia. Endothelial dysfunction in resistance vessels has been already 
described as a cause of ischemia in patients with angiographically normal 
coronary arteries (30). Both a reduction in distal epicardial vasodilative 
reserve (31) and microvascular spasms (32) claim a role in the 
pathophysiological mechanism causing ischemia in patients without 
significant coronary lesions. Though the impairment in endothelium-
dependent vasomotor function also found in the contra-lateral vessel might 
give its contribution, in our study population a clear correlation was found 
only between inducible ischemia and the presence of marked 
vasoconstriction in the stented vessel. Thus, for the first time, our study 
demonstrates that exercise-induced ischemia after successful PCI is 
related to distal coronary endothelial dysfunction in absence of a significant 
angiographic stenosis.  
 
Clinical implications. Coronary revascularisation (particularly with 
stents) can be an effective treatment for epicardial coronary stenosis, but it 
seems inadequate in reverting, when not responsible for worsening, the 
functional and metabolic abnormalities underlying coronary artery disease. 
Though in our highly-selected low-risk population no significant correlation 
was found, medical treatment such as Statins and Ace-inhibitors have 
proven to reduce ischemic events in patients with coronary atherosclerosis, 
mainly by restoring endothelial functionality, and may be proposed as a 
helpful complement for hindering myocardial ischemia after successful 
coronary stenting (33-35).  
 
Limitations of the study. Though untreated contra-lateral vessels can 
provide an effective in-patient control arm (36), endothelium-dependent 
vasomotor function was not assessed prior to revascularisation, so that it 
has not been possible to assess the degree of endothelial dysfunction pre-
existing to coronary stenting. However, we expected that the presence of a 
flow-limiting stenosis would have compromised the correct angiographic 
assessment of acetylcholine-induced vasomotion. Moreover, though ECG 
changes have been reported as a reliable index for endothelium-related 
inducible ischemia (37), no myocardial perfusion test (scintigraphy or PET 
scan) was performed, so the actual impairment in myocardial perfusion due 
to distal vasoconstriction could not be quantified.  
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CONCLUSIONS 
 
Endothelium-dependent vasomotor function both in reperfused and non-
stenotic contra-lateral vessels appears impaired, six months after 
successful coronary stenting. Marked endothelial dysfunction in the 
epicardial vessels submitted to coronary stenting, and possibly in the 
tributary microcirculation, can be the cause for mild inducible ischemia at 
late follow-up.  
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SUMMARY 
 

1. We evaluated the role of SH-groups in improvement of endothelial 
dysfunction with ACE-inhibitors in experimental heart failure. To this end, 
we compared the vasoprotective effect of chronic treatment with zofenopril 
(plus SH-group) versus lisinopril (no SH-group), or n-acetylcysteine (only 
SH-group) in myocardial infarcted (MI) heart failure rats. 
 
2. After 11 weeks of treatment, aortas were obtained and studied as 
ring preparations for endothelium-dependent and –independent dilatation in 
continuous presence of indomethacin to avoid interference of vasoactive 
prostanoïds, and the selective presence of the NOS-inhibitor LNMMA to 
determine NO-contribution. 
 
3. Total dilatation after receptor-dependent stimulation with 
acetylcholine (ACh) was attenuated (-49%, p<0.05) in untreated MI (n=11), 
compared to control rats with no-MI (n=8). This was in part due to impaired 
NO-contribution in MI (-50%, p<0.05 versus no-MI). At the same time the 
capacity for generation of biologically active NO after receptor-independent 
stimulation with A23187 remained intact. 
 
4. Chronic treatment with n-acetylcysteine (n=8) selectively restored 
NO-contribution in total dilatation to ACh. In contrast, both ACE-inhibitors 
fully normalised total dilatation to ACh, including the part mediated by NO 
(no significant differences between zofenopril (n=10) and lisinopril (n=8)).  
 
5. Zofenopril, but not lisinopril, additionally potentiated the effect of 
endogenous NO after A23187-induced release from the endothelium 
(+100%) as well as that of exogenous NO provided by nitro-glycerine 
(+22%) and sodium nitrite (+36%) (for all p<0.05 versus no-MI). 
 
6. We conclude that ACE-inhibition with a SH-group has a potential 
advantage in improvement of endothelial dysfunction through increased 
activity of NO after release from the endothelium into the vessel wall. 
Furthermore, this is the first study demonstrating the selective normalising 
effect of n-acetylcysteine on NO-contribution to ACh-induced dilatation in 
experimental heart failure. 
 
Abbreviations: ACh, acetylcholine; AUC, area under curve; BW, body weight; 
CHF, chronic heart failure; INDO, indomethacin; LIS, lisinopril; LNMMA, NG-mono-
methyl-L-arginine; MI, myocardial infarction; NAC, n-acetylcysteine; NO, nitric 
oxide; NT, not treated; NTG, nitro-glycerine; PhE, phenylephrine; RAS, renin-
angiotensin system; SH, sulfhydryl; SN, sodium nitrite; RV and LV, right and left 
ventricle; ZOF, zofenopril. 
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INTRODUCTION 
 

Patients with chronic heart failure (CHF) display an attenuated response to 
the endothelium dependent vasodilator acetylcholine (ACh) in a setting of 
preserved responsiveness to the endothelium independent vasodilator 
nitroprusside (1). Such manifestation of endothelial dysfunction has been 
implied to underlie the characteristically increased peripheral vascular 
resistance in CHF, thereby contributing to its progression (2). 
Consequently, prevention or reversal of endothelial dysfunction is 
considered an important target for pharmacological intervention in CHF (2). 
Angiotensin-converting enzyme inhibitors have been reported to favourably 
affect endothelial dysfunction both in clinical (3) and experimental CHF, 
including in the rat coronary occlusion-myocardial infarction (MI) model of 
heart failure (4). Previous studies using this rat model of heart failure have 
reported progressive deterioration of endothelial function after MI, first 
demonstrable in the aorta at approximately 8 weeks (4-6). These former 
studies also suggested little or no role for vasoactive prostanoïds in neither 
the normal nor the abnormal aortic response to ACh in control and heart 
failure rats, respectively (5;7). More recent studies investigating endothelial 
dysfunction in this model suggest that attenuated dilatation to ACh in CHF 
may rather involve the impaired contribution of NO (8). Recent findings also 
indicate that heart failure is associated with increased oxidative stress as 
well as an anti-oxidant deficit (9-11), including in the rat MI-model (12). 
Both processes may contribute to increased NO-breakdown to underlie 
endothelial dysfunction in CHF. Reduction of oxidative stress has been 
implicated to explain the favourable effects of ACE-inhibition in other 
models of endothelial dysfunction (13;14). Such view also provides a 
rational for ACE-inhibitor therapy aimed at reduction of oxidative stress to 
improve endothelial dysfunction in CHF, thereby amply explaining previous 
observations. It additionally provides a rational for therapy with anti-
oxidants and/or radical scavengers. It would thus appear that ACE-
inhibitors containing a sulfhydryl (SH-) group with radical scavenging 
properties may have an additional advantage (15;16). 
Both non-SH ACE-inhibitors and ACE-inhibitors containing SH-groups have 
been reported to exert beneficial effects on endothelial dysfunction in 
experimental CHF in separate studies (4;6;7). So far, however, a direct 
comparison between ACE-inhibitors of both classes on endothelial 
dysfunction in CHF has been lacking. In the present study, MI-induced 
heart failure rats were studied for improvement of aortic endothelial 
dysfunction after chronic ACE-inhibition. The role of SH-groups in ACE-
inhibition was evaluated by comparison of zofenopril (an ACE-inhibitor 
containing SH-groups) and lisinopril. To test for the role of SH-groups 
without ACE-inhibition we used n-acetylcysteine. 
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METHODS 
 

Coronary Ligation-Myocardial Infarction. All procedures were 
reviewed and approved by the Animal Research Committee at the 
University of Groningen. Normotensive male Wistar rats (250-300g) were 
obtained from Harlan (Zeist, The Netherlands) and housed at the Central 
Animal Laboratory, University of Groningen (The Netherlands). Rats were 
housed group-wise and had free access to food and water. At the time of 
operation anaesthesia was induced with isoflurane (2.0 - 2.5 % in oxygen), 
after which rats were intubated and mechanically ventilated with this gas-
mixture (Amsterdam Infant Ventilator, Hoek/Loos, Schiedam, The 
Netherlands). MI (n = 87) was induced by direct coronary ligation (17), as 
described previously (18). Briefly, a left-sided thoracotomy was performed 
and the anterior descending coronary artery occluded with a 6-0 silk suture 
1-2 mm after the bifurcation. Care was given to obtain a blanching of the 
myocardium distal to the ligature to confirm MI; if necessary the procedure 
was repeated by placement of a second or third ligature. 
 
Stratification. One week after surgical procedures, survival amongst 
the MI-rats was 67 % (58/87); the majority of the rats that died did so within 
24 hrs after the operation. Surviving rats were anaesthetised (isoflurane 2.0 
% in oxygen) and subjected to ECG-measurements, based on which 
individual rats with ECG-evidence (averaged QT-interval prolongation in 3 
precordial leads) for MI (n = 50) were assigned to one of three active 
treatment regimens (n = 12 each) or a no treatment (n = 14) regimen. MI-
operated rats with minor or no ECG-evidence for MI were additionally 
allocated to the no treatment regimen (i.e. no-MI, n = 8) to function as a 
control group, thus generating the five experimental groups in total. As 
described previously (19), ECG-stratification was used for a balanced 
distribution of MI-rats with different MI-size over the experimental groups 
only, and in all cases group stratification was checked at post mortem by 
quantitative left ventricular histopathology. 
 
Treatment. Rats allocated to one of the three active treatment regimens 
received (mixed with the chow, Hope Farms, Woerden, The Netherlands) 
either zofenopril (ZOF, n = 12), lisinopril (LIS, n = 12) or N-acetylcysteine 
(NAC, n = 12); the remaining rats (i.e. n = 8 for no-MI, n = 14 for MI) served 
as non treated controls. Based on drug analysis of the food (Dr. S. Villa, 
Menarini Ricerche, Pomezia (Rome), Italy) together with the assessment of 
food-intake and body weight (BW), the average daily dose of ZOF, LIS and 
NAC was approximately 6 mg kg-1, 2 mg kg-1 and 40 mg kg-1, respectively. 
The dose of ZOF was chosen based on previous experiments in our 
laboratory (20;21). The dose of LIS was chosen relative to ZOF based on 
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the clinical defined daily dose for LIS (10 mg) and ZOF (30 mg) (ATC 
INDEX, 1998). The dose of NAC was comparable to that used by Pieper et 
al. (22) and who reported its favourable effects on diabetes-induced 
endothelial dysfunction in rats. To avoid a potential effect of early 
pharmacological intervention on infarct-size and wound healing (6;23), 
treatment was started at two weeks after induction of MI (i.e. established 
MI). Tail cuff systolic blood pressure was recorded immediately before 
surgical procedures and ECG-measurements at one week, and was 
repeated after 10 weeks of active treatment. Treatment lasted for 11-12 
weeks and animals were studied at 13-14 weeks after initial surgical 
procedures. Three rats, all untreated MI, additionally died during the active 
treatment period. All groups were studied concurrently and at the same 
age. 
 
Sacrifice. At sacrifice, heparin (5000 IU kg-1) was administered to 
anaesthetised rats (isoflurane in 2 % oxygen) via the tail vein, before 
arterial blood was sampled from the abdominal aorta for assessment of 
plasma NOx concentrations. Plasma nitrite (NO2-) and nitrate (NO3-) 
concentrations (together referred to as NOx) were used as a measure for 
the production of NO radical. The assay used is based on the determination 
of nitrite, but not nitrate, in the Gries reaction, as previously described by 
Moshage et al. (24). The heart was rapidly excised and arrested in icy-cold 
0.9 % NaCl, and transferred to an organ perfusion set-up in which it was 
mounted. Retrograde perfusion of the aorta (at 38 C), essentially by the 
Langendorff method, was achieved immediately. The hearts started to beat 
spontaneously and after equilibration for 10 minutes baseline 
measurements were performed on left ventricular (LV) pressure, systolic 
and diastolic dP dT-1, heart rate, and coronary flow, as described in detail 
elsewhere (15;18). Thereafter, hearts were arrested in diastole in 2 mol l-1 
KCl and weighed, before the atria and great vessels were dissected from 
the ventricles. The right ventricular free wall (RV) was separated from the 
left ventricle (LV), before ventricular weights were obtained. A transversal 
slice through the midst of the LV containing the infarcted area was fixed in 
Bouin's fluid, embedded in paraffin and 5 µm sections were cut for 
histological analysis. Infarct size was determined by planimetry and was 
expressed as the percentage of scare to total LV circumference, as 
described in detail elsewhere (23). Rats that were assigned to MI-groups 
but which appeared to have an infarct-size < 20 % (2/12 for ZOF, 4/12 for 
LIS and 4/12 for NAC) were excluded from analysis. 
 
Organ baths studies with isolated aortic rings.  Immediately after 
removal of the heart, the thoracic descending aorta was excised and placed 
in a Krebs bicarbonate solution of the following composition (mmol l-1): 
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NaCl, 120.4; KCl, 5.9; CaCl2, 2.5; MgCl2, 1.2; NaH2PO4, 1.2; glucose, 
11.5; NaHCO3, 25.0; continuously aerated with 95% O2 and 5% CO2. The 
vessel was cleaned of adhering fat tissue and rings of 2 mm in length were 
cut with a sharp razor blade, with care not to touch the luminal surface. 
Rings were mounted between two stirrups in organ baths filled 10 ml of 
Krebs solution containing 10 µmol l-1 indomethacin to avoid potential 
production and interference of vasoactive prostanoïds. One stirrup was 
anchored inside the organ bath and the other connected to a displacement 
transducer to determine isotonic changes, as described previously (25). 
Rings were subjected to 14 mN and allowed to stabilise for 60 min before 
they were primed and checked for viability by evoking a contraction with 1 
µmol l-1 phenylephrine (PhE). After washout and renewed stabilisation, 
rings were pre-contracted with 1 µmol l-1 PhE for subsequent determination 
of the dilatory response to the endothelium-dependent vasodilators 
acetylcholine (ACh: 10 nmol l-1 to 10 µmol l-1) and calcium ionophore 
A23187 (1 nmol l-1 to 1 µmol l-1) - both in absence and presence of 100 
µmol l-1 NG-mono-methyl-L-arginine (LNMMA)) – and to the endothelium-
independent vasodilators nitro-glycerine (NTG: 1 nmol l-1 to 10 µmol l-1) and 
sodium nitrite (SN: 10 µmol l-1 to 10 mmol l-1) - in absence of LNMMA only. 
Drugs were given in cumulative fashion and all concentration ranges 
represent the final bath concentrations. 
 
Drugs.  Krebs buffer and drug solutions were freshly prepared daily. 
Except nitro-glycerine (University Hospital Pharmacy, Groningen, The 
Netherlands) and sodium nitrite (E. Merck, Darmstadt, Germany), all 
compounds were purchased from Sigma (St. Louis, MO, USA). 
 
Calculations and Statistical Analysis. Vasodilator responses to ACh, 
A23187, NTG and SN were expressed as a percentage of PhE-induced 
pre-contraction before individual concentration-response curves were 
generated and the Area Under each individual Curve (AUC) determined 
(Sigma Plot scientific graphing software package, Jandell Scientific). The 
AUC was used to represent the individual response-size to a given 
vasodilator in a given condition, and where appropriate, to calculate the 
individual difference in response-size between different conditions (i.e. 
difference in response-size in presence of indomethacin versus 
indomethacin plus LNMMA for ACh and A23187, respectively). The AUC 
was also used to calculate and present the average response-size per 
group, and for subsequent analysis of differences in the response-size 
among experimental groups. The preference for AUC to present and 
analyse response-size rather than using whole concentration-response 
curve was based on practical reasons and reasons of clarity only. Unless 
stated otherwise, all data are expressed as mean (SEM). Untreated MI-rats 
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were compared to no-MI rats using Students unpaired t test. The four 
experimental MI-groups were compared among each other using one-way-
analysis of variances (ANOVA) in combination with Dunnett post-hoc 
analysis for multiple comparison, using untreated MI as control category 
(SPSS for windows Standard Version 8.0). Differences were considered 
significant at a level of p < 0.05 (two-tailed).  
 
 

RESULTS 
 
Characteristics of myocardial infarction-induced heart failure-rats. 
We have previously shown that LV pressure and dP dT-1 are significantly 
decreased and become progressively attenuated in rats with MI-induced 
heart failure (18). Concurrent hemodynamic abnormalities in this MI-model 
of heart failure are related to increased cardiac weight and infarct-size 
(17;26). In the present study, untreated MI-rats - displaying an infarct size 
of 34% on average - were characterised by LV-dysfunction (Table 1), 
reduced arterial blood pressure (Table 2), and increased right and left 
ventricular weights (Table 3), all of which are indicative of MI-induced heart 
failure. 
 

PARAMETER no-MI 
(n=8) 

MI 
(n=11) 

ZOF 
(n=10) 

LIS 
(n=8) 

NAC 
(n=8) 

one-way 
p-value 

       
Infarct-size (% ) 4 ± 2 34 ± 3* 35 ± 4 36 ± 4 33 ± 5 0.968 
 
Langendorff heart 

      

LV- pressure 
 (mmHg) 

104 ± 3 71 ± 6* 74 ± 7 74 ± 6 59 ± 9 0.460 

Contractility  
 (+dP/dT;mmHg/sec) 

4104 
 ± 119 

3186 
 ± 228* 

2915 
 ± 161 

2887 
 ± 247 

2504 
 ± 425 

0.373 

Relaxation  
 (-dP/dT;mmHg/sec) 

3514 
 ± 163 

1859 
 ± 148* 

1968 
 ± 167 

2009 
 ± 147 

1687 
 ± 293 

0.665 

Heart rate  
 (b.p.m.) 

295 
 ± 21 

267 
 ± 9 

269 
 ± 14 

294 
 ± 10 

282 
 ± 15 

0.375 

Coronary flow  
 (ml/min/g) 

 14.4 
 ± 1.1 

11.7 
 ± 0.7* 

13.2 
 ± 0.5 

14.6 
 ± 0.6 

11.7 
 ± 0.5 

0.098 

Table 1: Infarct size and baseline cardiac function for all groups. Data are mean ± 
SEM. Untreated MI-rats were compared to no-MI rats using Students unpaired t 
test. The four experimental MI-groups were compared using one-way-analysis of 
variances (ANOVA) in combination with Dunnett post-hoc analysis for multiple 
comparison, using untreated MI as control category. Abbreviations used: MI, 
myocardial infarction; ZOF, zofenopril; LIS, lisinopril; NAC, n-acetylcysteine; b.p.m., 
beats per minute. *p<0.01 compared to no-MI 
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Mean infarct size was evenly balanced between the four experimental MI-
groups (Table 2). Active treatment with zofenopril and lisinopril, but not n-
acetylcysteine, significantly reduced body weight and systolic blood 
pressure to a similar extent (Table 2).  
 

PARAMETER No-MI 
(n=8) 

MI 
(n=11) 

ZOF 
(n=10) 

LIS 
(n=8) 

NAC 
(n=8) 

one-way 
p-value 

       
Body weights (g)       
Before MI  
 (at t=0) 

280 ± 3 278 ± 3 277 ± 3 285 ± 4 287 ± 5 0.211 

Before treatment 
 (at t=1) 

292 ± 4 279 ± 7 267 ± 9 281 ± 6 291 ± 7 0.208 

Before treatment 
 (at t=2) 

304 ± 4 295 ± 7 285 ± 6 300 ± 6 297 ± 8 0.434 

During treatment 
 (at t=12) 

490 ± 14 482 ± 17 380 ± 9 # 376 ± 17 # 469 ± 16 <0.001 

       
BPS (mmHg)       
Before MI  
 (at t=0) 

106 ± 4 107 ± 3 103 ± 4 109 ± 2 104 ± 3 0.591 

Before treatment 
 (at t=1) 

94 ± 5 89 ± 4 89 ± 6 96 ± 4 96 ± 5 0.580 

During treatment 
 (at t=12) 

117 ± 3 98 ± 4 * 65 ± 4 # 67 ± 5 # 101 ± 4 <0.001 

Table 2: Time course of body weight and systolic blood pressure (BPS) for all 
groups. Data are mean ± SEM. Untreated MI-rats were compared to no-MI rats 
using Students unpaired t test. The four experimental MI-groups were compared 
using one-way-analysis of variances (ANOVA) in combination with Dunnett post-
hoc analysis for multiple comparison, using untreated MI as control category. 
Abbreviations: MI, myocardial infarction; ZOF, zofenopril; LIS, lisinopril; NAC, n-
acetylcysteine; b.p.m., beats per minute; t=0 (1, 2, or 12), time of operation (weeks 
after the operation); t=2, start of treatment. * p<0.001 compared to no-MI; # 
p<0.001 compared to untreated MI 
 
Although this was accompanied by some tendency towards normalisation 
of ventricular weight ratio’s, statistically significant reduction of heart weight 
ratio's was not observed with any of the active treatment regimens (Table 
3). 
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Parameter no-MI 

(n=8) 
MI 

(n=11) 
ZOF 

(n=10) 
LIS 

(n=8) 
NAC 
(n=8) 

one-way 
p-value 

       
absolute weight (g)       
Body weight  502 

 ± 14 
489 

 ± 19 
403 

 ± 10 # 
397 

 ± 17 # 
476 

 ± 16 
<0.001 

Heart 2.00 
 ± 0.09 

2.71 
 ± 0.24 * 

2.09 
 ± 0.14 

1.93 
 ± 0.16 # 

2.50 
 ± 0.23 

0.034 

Left Ventricle 1.23 
 ± 0.05 

1.63 
 ± 0.13 * 

1.28 
 ± 0.07 # 

1.19 
 ± 0.11 # 

1.53 
 ± 0.10 

0.021 

Right Ventricle 0.23 
 ± 0.01 

0.37 
 ± 0.06 * 

0.25 
 ± 0.02 

0.24 
 ± 0.02 

0.38 
 ± 0.06 

0.039 

       
organ/bodyweight 
  ratio (mg/g) 

      

Heart 4.00 
 ± 0.21 

5.60 
 ± 0.54 * 

5.17 
 ± 0.29 

4.83 
 ± 0.27 

5.25 
 ± 0.44 

0.636 

Left Ventricle 2.45 
 ± 0.10 

3.36 
 ± 0.29 * 

3.17 
 ± 0.16 

2.96 
 ± 0.19 

3.21 
 ± 0.16 

0.642 

Right Ventricle 0.46 
 ± 0.02 

0.77 
 ± .12 * 

0.61 
 ± 0.03 

0.60 
 ± 0.03 

0.80 
 ± 0.11 

0.299 

Table 3: Final absolute body and cardiac weights, and cardiac & body weight 
ratio's, for all groups. Data are mean ± SEM. Untreated MI-rats were compared to 
no-MI rats using Students unpaired t test. The four experimental MI-groups were 
compared using one-way-analysis of variances (ANOVA) in combination with 
Dunnett post-hoc analysis for multiple comparison, using untreated MI as control 
category. Abbreviations: MI, myocardial infarction; ZOF, zofenopril; LIS, 
lisinopril; NAC, n-acetylcysteine. * p<0.05 compared to no-MI; # p<0.05 compared 
to untreated MI 
 
Studies with isolated aortic rings.  In the present study potential 
interference of vasoactive prostanoïds in dilatory responses was avoided 
with indomethacin to block cyclo-oxygenase in all vascular experiments - 
hence, a condition hereafter referred to as “total dilatation”. 
 
Endothelial dysfunction in MI-induced heart failure rats. Consistent with 
the studies mentioned in the introduction section, total aortic dilatation after 
receptor-dependent stimulation with ACh (calculated and presented as 
AUC in Figure 1; see also Methods) was significantly reduced at 13-14 
weeks after induction of MI (-50 % on average, see also Table 4) in our 
rats. Inhibition of NOS using LNMMA significantly reduced total dilatation to 
ACh (p<0.001, not specified in Figure 1) in the present study, indicating the 
important involvement of NO. However, this LNMMA-sensitive part of the 
dilator response was significantly smaller in untreated MI-rats (-49 % on 
average), indicating a decreased NO-contribution to ACh-induced dilatation 
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as compared to control rats with no-MI. Moreover, the part of the total 
dilatation to ACh resistant to LNMMA (hence, and indomethacin) was also 
significantly decreased in untreated MI-rats (-49% on average), pointing at 
a decreased contribution of a non-prostanoïds/non-NO vasodilator 
substance as well. Consequently, despite significant reduction in total 
dilatation to ACh in untreated MI the relative contribution of LNNMA-
sensitive (i.e. NO) and LNNMA-resistant (i.e. non-prostanoïds/non-NO) 
vasodilator pathways in response to ACh remained unchanged (see also 
Figure 4). 
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Figure 1: Response-size (displayed as the area under the curve; AUC) of 
acetylcholine (ACh)-induced dilatation in isolated aortic rings from treated 
(zofenopril, ZOF, n = 10; lisinopril, LIS, n = 8; n-acetylcysteine, NAC, n = 8) and 
untreated rats with chronic myocardial infarction (MI, n = 11) or no-MI (n = 8). 
Dilatations were studied in presence of 10 µmol l-1 indomethacin, either with or 
without 100 µmol l-1 NG-mono-methyl-L-arginine (LNMMA) as indicated. The 
response-difference between both conditions representing the LNMMA-sensitive 
part of the dilatation is shown in the small graph on the right-side top; identification 
of the bars from left to right is in same order as below. Data are mean ± SEM; * 
indicates p<0.05 versus no-MI and # indicates p<0.05 versus MI. 
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In contrast to ACh, total dilatation after receptor-independent stimulation 
with A23187 was unaffected in untreated MI, compared to controls with no-
MI (Figure 2). Also the LNMMA-sensitive NO-mediated part of the response 
to A23187 was not attenuated in untreated MI, indicating that the capacity 
of the endothelium for generation of biologically active NO was intact in our 
heart failure rats. Since the LNMMA-resistant part remained similarly intact, 
the relative contribution of both dilator pathways (i.e. NO and non-
prostanoïds/non-NO) in response to A23187 remained unchanged in 
untreated MI (see also Figure 4). 

A
U

C
 f

o
r 

A
23

18
7 

(A
rb

it
ra

ry
 U

n
it

s)

0

40

80

120

160

n
o

-M
I

M
I

Z
O

F

L
IS

N
A

C

n
o

-M
I

M
I

Z
O

F

L
IS

N
A

C

#

0

30

60

90

120

150
LNMMA-sensitive part

+ LNMMA- LNMMA

#

 
Figure 2: Response-size (displayed as the area under the curve; AUC) of A23187-
induced dilatation in isolated aortic rings from treated (zofenopril, ZOF, n = 10; 
lisinopril, LIS, n = 8; n-acetylcysteine, NAC, n = 8) and untreated rats with chronic 
myocardial infarction (MI, n = 11) or no-MI (n = 8). Dilatations were studied in 
presence of 10 µmol l-1 indomethacin, either with or without 100 µmol l-1 NG-mono-
methyl-L-arginine (LNMMA) as indicated. The response-difference between both 
conditions representing the LNMMA-sensitive part of the dilatation is shown in the 
small graph on the right-side top; identification of the bars from left to right is in 
same order as below. Data are mean ± SEM; * indicates p<0.05 versus no-MI and 
# indicates p<0.05 versus MI. 
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The intact response to the SN (i.e. a direct donor of exogenous NO (27)) 
rules out that a potential impairment at the level of vascular smooth muscle 
reactivity to NO might have accounted for the attenuated response to ACh 
in untreated MI-rats in the present study (Figure 3B). The intact response to 
NTG – a donor of exogenous NO that requires additional metabolic 
activation to release NO (27) – further indicates that the availability of 
cofactors (i.e. thiols) for bio-transformation of NTG was not limited in our 
heart failure rats (Figure 3A). 
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Figure 3: Response-size (displayed as area under the curve; AUC) of A: nitro-
glycerine (NTG) and B: sodium nitrite (SN)-induced dilatation in isolated aortic rings 
from treated (zofenopril, ZOF, n = 10; lisinopril, LIS, n = 8; n-acetylcysteine, NAC, n 
= 8) and untreated rats with chronic myocardial infarction (MI, n = 11) or no-MI (n = 
8). Dilatations were studied in presence of 10 µmol l-1 indomethacin. Data are 
mean ± SEM; # indicates p<0.05 versus MI. 
 
Effects of chronic treatment with n-acetylcysteine, zofenopril and lisinopril. 
Impaired total dilatation to ACh in untreated MI (i.e. compared to no-MI) 
was moderately increased (p = 0.09) after treatment with NAC, and 
significantly improved after treatment with zofenopril and lisinopril (i.e. all 
compared untreated MI; Figure 1). Apparently, the increase after NAC was 
due to a selective normalising effect on NO-contribution since the LNMMA-
sensitive part of the dilatation to ACh was significantly increased after NAC, 
whereas the LNMMA-resistant part was not significantly altered. 
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Consequently, the relative contribution of the LNMMA-sensitive pathway 
(i.e. NO) to ACh-induced dilatation increased from 50 % on average in 
untreated MI to approximately 74 % on average after treatment with NAC 
(Figure 4). In contrast, ACE-inhibition significantly increased the 
contribution of both LNMMA-sensitive and LNMMA-resistant endothelial 
vasodilators after ACh without dramatically changing relative contribution of 
both vasodilator pathways in response to ACh; if anything relative NO-
contribution after ACh tended to be lower after ACE-inhibition (Figure 4). 
 

no-MI MI NAC ZOF LIS

ACh

A23187

57% 58% 74% 47% 51%

54% 54% 79% 61% 50%

NO EDHF (other)

 
Figure 4: Relative contribution of LNMMA-sensitive (i.e. NO-mediated) and 
LNMMA-resistant (i.e. EDHF/other) vasodilator pathways to acetylcholine (ACh) 
and A23187-induced dilatation in isolated aortic rings from treated (zofenopril, 
ZOF; lisinopril, LIS; n-acetylcysteine, NAC) and untreated rats with chronic 
myocardial infarction (MI, n = 11) or no-MI (n = 8). 
 
Intact total dilatation to A23187 in untreated MI (i.e. compared to no-MI) 
remained unaffected after treatment with NAC and lisinopril, but was 
significantly increased after zofenopril (Figure 2). Apparently, the increase 
after zofenopril involved an increased contribution of NO since the LNMMA-
sensitive part of the dilatation to ACh was significantly increased after 
zofenopril (+100 % on average). Of note - in spite of the fact that statistical 
significance was not achieved - a similar trend was observed after NAC, 
which also tended to increase the LNMMA-sensitive part (+68 % on 
average), as it seemed, at the expense of the LNMMA-resistant part (-50 % 
on average, again p = NS). Interestingly, the relative contribution of the 
LNMMA-sensitive dilator pathway (i.e. NO) to total dilatation after A23187 
increased from approximately 54 % on average in untreated rats (i.e. no-MI 
and MI) to approximately 61 % and 79 % on average after zofenopril and 
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NAC, respectively (i.e. SH-treated rats), irrespective of absolute differences 
in total dilatation (i.e. increased after zofenopril and unchanged after NAC), 
and this shift was not observed after lisinopril (Figure 4). 
Finally, neither NAC nor lisinopril treatment significantly affected 
endothelium-independent dilatation to SN or NTG (Figure 3). By contrast, 
endothelium-independent dilator responses to both drugs were significantly 
increased after zofenopril. 
A summary of directional changes in the above vasodilator responses in 
treated and untreated MI-rats relative to control rats with no-MI is given in 
Table 4. Furthermore, a summary of relative contributions of LNMMA-
sensitive and –resistant vasodilator pathways in response to ACh and 
A23187 in individual groups is given in Figure 4. 
 
 

% 
 
Part of dilatation 

 
no-MI 

 
MI 

 
NAC 

 
ZOF 

 
LIS 

Likely mediator 

       Endogenous 
ACh Total dilatation 100 -50 -26 +23 +11 NO, EDHF 
 LNMMA-sensitive 100 -49 +1 +2 -1 NO 
 Indo+LNMMA 

resistant 
100 -49 -53 +51 +26 EDHF 

A23187 Total dilatation 100 0 +16 +78 +56 NO, EDHF 
 LNMMA-sensitive 100 0 +68 +100 +18 NO 
 Indo+LNMMA 

resistant 
100 -12 -50 +33 +24 EDHF 

       Exogenous 
SN Total dilatation 100 -13 -13 +36 -5 NO (direct) 
NTG Total dilatation 100 -3 -4 +22 +6 NO 

(metabolised) 
Table 4: Summary of directional changes (%; relative to no-MI) in aortic vasodilator 
responses to endothelium-dependent and –independent stimuli in treated and 
untreated rats with experimental myocardial infarction. The average vasodilator 
response in the no-MI group was set to 100% for each individual stimulus and for 
each specific condition that stimulus was studied in, and the relative change in 
treated and untreated MI-groups was calculated accordingly. 
 
Plasma NOx. Plasma NOx concentrations, which were not significantly 
altered after MI, were profoundly increased after zofenopril and lisinopril, 
but not after NAC (Figure 5). This increase was more pronounced after 
zofenopril as compared to lisinopril, although statistical significance 
between both ACE-inhibitors was not reached. 
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Figure 5: Plasma NOx levels in treated (zofenopril, ZOF, n = 10; lisinopril, LIS, n = 
8; n-acetylcysteine, NAC, n = 8) and untreated rats with chronic myocardial 
infarction (MI, n = 11) or no-MI (n =8). Data are mean ± SEM; # indicates p<0.05 
versus MI. 
 
 

DISCUSSION 
 
The role of the SH-group in improvement of aortic endothelial dysfunction 
with ACE-inhibitors in experimental CHF was studied in MI-induced heart 
failure rats, chronically treated with zofenopril (ACE-inhibitor with SH-group) 
or lisinopril (ACE-inhibitor only), or with n-acetylcysteine (SH-group only). 
Results of our vascular studies first of all confirm that in rats with heart 
failure secondary to experimental MI, endothelium-dependent dilatation is 
attenuated after receptor-dependent stimulation with ACh but not after 
receptor-independent stimulation with A23187. Using LNMMA, we 
demonstrated that impaired NO-contribution in part underlies the 
attenuated dilator response to ACh, despite an intact capacity for 
generation of biologically active NO after A23187. Our results also confirm 
that chronic ACE-inhibition (irrespective of SH-groups) prevents 
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deterioration of the dilator response to ACh in heart failure, as it appeared 
through preservation of both the NO- as well as a non-prostanoïds/non-NO 
vasodilator pathway. We here additionally report that chronic ACE-inhibition 
with a SH-group (i.e. zofenopril) - but not without a SH-group (i.e. lisinopril) 
– also potentiated the effect of endogenous NO after A23187-induced 
release from the endothelium as well as that of exogenous NO provided by 
NTG and SN. Moreover, this is the first study to demonstrate the effect of n-
acetylcysteine (i.e. SH-groups per se) in selectively normalising NO-
contribution to ACh-induced dilatation in experimental heart failure. 
 
Aortic endothelial dysfunction in rats with heart failure secondary to 
experimental myocardial infarction. Our present results with ACh 
are in agreement with recent studies reporting marked down-regulation of 
NO-mediated dilatation after ACh and P2Y-receptor stimulation in isolated 
mesenteric arteries in this model (8). On the other hand, our results with 
A23187 also confirm previous findings by Ontkean et al. (7), indicating that 
the capacity for generation of biologically active NO is still intact in CHF. 
The discrepancy between ACh and A23187 probably reflects the different 
mechanisms for endothelial cell activation (i.e. involvement of receptors 
after ACh but not A23187) and/or transfer of a relaxing factor(s) from the 
endothelium to vascular smooth muscle (i.e. involvement of gap-junctions 
after ACh but not A23187 (28)). Underlying mechanisms that may explain 
the above decrease in NO-contribution after ACh include alterations/defects 
at the receptor level and/or signal transduction pathways (subsequently) 
leading to impaired NOS-activation (i.e. decreased NO-formation). It may 
also include the concomitant or increased stimulation of NO-inactivating 
pathways (i.e. increased NO-breakdown) after receptor-dependent 
stimulation, leading to decreased availability of biologically active NO after 
ACh. Recently, Bauersachs et al. (29) reported impaired ACh-induced 
dilatation in CHF rats to be associated with elevated aortic NADPH-
stimulated O2- production. They also showed that this could be partially 
restored by pre-treatment with exogenous super oxide dismutase, and 
concluded that inactivation of NO may be an essential mechanism for 
endothelial dysfunction in heart failure. Finally, a potential role of 
impairment at the level of gap junctions involved in the transfer of a factor 
after ACh – but not A23187 – in CHF has yet to be studied. 
The part of the total dilatation to ACh resistant to LNMMA (and, hence, 
indomethacin) was also decreased in untreated MI-rats in the present 
study, pointing at decreased contribution of a non-prostanoïds/non-NO 
vasodilator substance. Although EDHF would be the most likely candidate 
according to the criteria denoted by the literature, true identification of 
EDHF also requires evidence for hyperpolarisation and relaxation of 
vascular smooth muscle cells that can be blocked by certain potassium 
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channel blockers. Since we did not include such experiments, our studies 
do not allow to comment on the precise nature of the LNMMA-resistant part 
of total dilatation after ACh other than that it was decreased in untreated MI 
and likely to have been mediated by EDHF. 
 
Effects of chronic treatment with n-acetylcysteine and ACE-inhibitors. 
Recently, chronic treatment with n-acetylcysteine was reported to abrogate 
the attenuated aortic dilatation to ACh in streptozotocin-induced diabetic 
rats (22). To explain their findings, the authors of the latter study discuss 
the direct (i.e. antioxidant) radical scavenging properties of n-acetylcysteine 
in relation to the enhanced · OH formation in experimental diabetic rats. 
More generally, they point at increased oxidative stress (i.e. increased 
production of reactive oxygen) that may underlie endothelial dysfunction 
(hence, NO-breakdown) in various cardiovascular disorders. This 
corroborates with our above discussion on endothelial dysfunction in heart 
failure rats, and is consistent with our present finding that n-acetylcysteine 
selectively restored the NO-mediated - but not the non-prostanoïds/non-
NO-mediated – dilatation to ACh in MI-rats. 
Reduction of oxidative stress has also been implicated to explain the 
favourable effects of ACE-inhibition in (various) models of endothelial 
dysfunction, especially those related to increased angiotensin II-activity 
(13;14). This seems to include heart failure in which the activated (tissue) 
renin-angiotensin system (RAS) has been implied to underlie and to 
contribute to the deterioration of cardiovascular function (30;31)). The 
important implication with respect to the present study would then be that 
both ACE-inhibitors may have exerted their beneficial effect on ACh mostly 
by interference at “trigger-level” (i.e. prevention of RAS-related increase in 
oxidative stress and subsequent impairment of biologically active NO) while 
n-acetylcysteine may have dealt relatively more with the “consequence-
level” (i.e. scavenging of RAS-related increase in oxidative stress that 
underlies diminished NO activity). 
Normalisation or even potentiation of ACh-induced dilatation after chronic 
ACE-inhibition may also involve the accumulation of endogenous 
bradykinin (and possibly angiotensin 1-7) to increase NO-availability (32). 
The latter may be substantiated by the significantly increased plasma levels 
of NO-metabolites (NOx) after ACE-inhibition, but not after n-
acetylcysteine, in the present study. In addition to NO, bradykinin may also 
increase vasodilator prostanoïds and EDHF (32). The latter might have 
accounted for the intact (or even increased) part of response to ACh after 
ACE-inhibition that was mediated by a non-prostanoïds/non-NO 
vasodilator. 
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Similarities and discrepancies between lisinopril, zofenopril and n-
acetylcysteine. In contrast to ACh, both ACE-inhibitors clearly 
differed in their effect on dilator responses to NTG, SN, as well as A23187. 
Zofenopril, but not lisinopril, potentiated the response to the NTG and SN, 
as well as the NO-contribution to the dilator response to A23187. These 
results demonstrate the enhanced effect of endogenous and exogenous 
NO after chronic treatment with an ACE-inhibitor with SH-group compared 
to those without. 
Such data are very suggestive for a favourable interaction between NO and 
the SH-group, but seem to be contradicted by our results obtained after n-
acetylcysteine treatment, which lacked the above potentiating effects of 
zofenopril. One plausible explanation for this discrepancy may be that n-
acetylcysteine and zofenopril deliver/provide their SH-groups to different 
compartments in the vascular wall. N-acetylcysteine is a hydrophilic SH-
donor and anti-oxidant which easily penetrates the cell membrane (33). 
There, it could function as an antioxidant to protect NO from acute 
breakdown during synthesis in endothelial cells after ACh-induced 
stimulation. 
Zofenopril on the other hand - being an ACE-inhibitor - may be anticipated 
to be importantly localised on circulating and bound ACE, and that (in 
addition to the intra-cellular compartment) its SH-groups are available to 
the extra-cellular environment in the vascular wall. Here, it could function to 
stabilise NO (either after release from the endothelium, or when 
administered exogenously) through formation of R-SNO and/or prevent its 
breakdown by scavenging free radicals in the extra-cellular environment. 
Hence, this closely relates to discussions regarding the discrepancies 
between NO and EDRF and whether or not EDRF rather may be a closely 
related adduct of NO, such as RS-NO (34). 
 
Limitations to the study. Important confounding factors in the present 
study are the differential effects on blood pressure (altered hemodynamics 
after both ACE-inhibitors but not after n-acetylcysteine) and plasma levels 
of NOx, clearly reflecting the different mechanisms of action between ACE-
inhibitors and n-acetylcysteine. This difference is further exemplified by the 
property of n-acetylcysteine to favourably affect the contribution of NO in 
endothelium-dependent dilation in heart failure rats, irrespectively whether 
total dilatation is impaired (i.e. after ACh) or intact (i.e. after A23187). 
Another complicating factor is the proposed difference in the site of action 
between zofenopril (intra- and extra-cellular) and n-acetylcysteine 
(relatively more intra-cellular). All these factors may in part have contributed 
to the differential effects on ACh-induced relaxation, and complicate 
evaluation of the role of the SH-group in improvement of endothelial 
function with ACE-inhibitors in heart failure. 
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Furthermore, to address this issue we employed aortic endothelial 
dysfunction as a read-out model, mainly because of practical reasons. It is 
well recognised, however, that the small resistance arteries are more 
important in increased vascular resistance in heart failure. Studies 
performed on mesenteric arteries of heart failure rats have reported 
preservation (35) as well as attenuation of ACh-induced relaxation (36), but 
these are not further discussed in the present paper for reasons of space-
limitation. It should be noted, however, that important differences exist 
between vessels of different size and of different vascular beds regarding 
the relative contribution of different endothelial mediators to ACh-induced 
relaxation, so that our present results with the aorta not automatically apply 
for other vessels. Rather they may serve to develop future studies 
evaluating resistance vessels for the above issue. 
 
 

CONCLUSIONS 
 
ACE-inhibitors with a SH-group have a potential advantage in improvement 
of endothelial dysfunction in CHF through increased protection/stability of 
NO after release from the endothelium from into the vessel wall. In addition, 
this is the first study demonstrating the selective normalising effect of n-
acetylcysteine on NO-contribution to ACh-induced dilatation in experimental 
heart failure. 
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SUMMARY 
 
The endothelium plays a key role in onset and progression of coronary 
vascular disease, endothelial dysfunction has indicated prospectively to be 
related with the occurrence of new coronary vascular events, and there is 
support that dysfunction is not irreversible. Intracoronary acetylcholine 
testing can only be justified if it is a safe test, with prognostic significance in 
large cohort studies,  without an alternative such as forearm 
measurements. 
 
This thesis describes the aspects of endothelial function testing in coronary 
vascular disease by discussing the following statements: 
a. Evaluation of different methods to measure coronary endothelial 
function in patients with angina pectoris: pre and contra 
b. Aspects of acetylcholine-induced coronary endothelial function 
testing in clinical practice: different patients have different outcome 
c. Treatment of endothelial dysfunction with ACE-inhibitors: a pre-
clinical setting 
The different methods of statement a. are described in section II, clinical 
practice is shown in section III, and experimental ACE-inhibitor therapy in 
section IV. 
 
Section II 
Since Edward Jenner first attributed angina pectoris to coronary artery 
disease in 1786 and Furchgott described that the presence of endothelial 
cells is required to elicit vascular relaxation in 1980, tests were developed 
to measure the function of the endothelium. In similarity with angina 
pectoris after exposure to cold, the first endothelial function tests were 
based on the response of coronary vessels to a cold stimulus. Chapter 1 
studied the effects on blood pressure, heart frequency, coronary blood flow 
velocity and coronary vessel tone in response to cold in patients with 
angina pectoris during a heart catheterisation. Coronary vessel tone 
increased in response to both different techniques of expose to cold. 
However, a difference in heart rate response discriminates between both 
tests. Sympathetic activation increases oxygen demand by rate pressure 
product and differentiates between patients with and without significant 
coronary artery disease. A combined sympathetic and parasympathetic test 
was more powerful in vasoconstriction, even in patients without significant 
stenosis. The concept of endothelial dysfunction as a generalised disease 
state makes that the implementation of forearm endothelial function testing 
in clinical practice is an attractive diagnostic alternative. However the 
underlying mechanism as well as the vessels that are investigated are quite 
diverse. Chapter 2 compared the endothelium dependent intracoronary 
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acetylcholine response with two most frequently used forearm 
measurements: A) local intra-brachial infusion of acetylcholine with 
measurement of the blood flow in the microvasculature.  B) local NO 
release after forearm limb ischemia with measurement of the brachial flow 
in this large peripheral artery.  Our results demonstrated a weak correlation 
between forearm vasoreactivity and the coronary response provided that 
the same stimulus (i.e. acetylcholine) is used. However its invasive nature 
will limited repetitive measurements. Because of the weak correlation, the 
intracoronary acetylcholine test is still the “golden standard” to measure 
endothelial function. The invasive character of the test may not be the 
reason to withhold endothelial function measurement, as these patients are 
nominated to undergo a catheterisation because of suspected coronary 
artery disease. The Intervention CArdiology Risk Stratification (ICaRiS) 
study prospectively evaluates endothelial function in response to 
intracoronary acetylcholine in patients with angina pectoris. Chapter 3 
describes that routine use of acetylcholine testing during diagnostic 
coronary angiography is feasible but adverse responses occur: angina 
pectoris (13%), heart rhythm disturbances (3%) or coronary spasm (0.7%).  
Care has been taken especially in younger patients suffering a myocardial 
infarction without an angiographically significant stenosis. This indicates an 
important role of endothelial dysfunction in relation with a myocardial 
infarction. 
 
Section III 
This section will start with two clinical reviews. Chapter 4 describes the role 
of the endothelium in cardiovascular disease, historical perspectives of 
endothelial function testing, the prognostic value of endothelial dysfunction, 
and treatment strategies. Chapter 5 describes the pathogenesis of 
atherosclerosis, the role of the endothelium in vasomotor tone, the release 
of nitric oxide (NO) and its relation with vascular disease. The next chapters 
will discuss endothelial function in different patient cohorts. Chapter 6 
describes coronary endothelial function in patients with or without a history 
of a myocardial infarction in the ICaRiS cohort. The results confirmed that 
endothelial dysfunction was related to the extent of coronary artery disease 
in the group of patients without a previous myocardial infarction. In the 
group with a previous myocardial infarction an inverse relation between 
endothelial function and the extent of coronary artery disease was present, 
suggesting an important contribution of endothelial dysfunction in onset of a 
myocardial infarction. Plaque rupture and thrombosis may be responsible 
for as many as 50 percent of cases of acute coronary syndromes and 
myocardial infarction. Advances in molecular genetics have made it 
possible to identify DNA that should yield information about which genes 
are expressed in lesions from different persons and at different sites and 
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may provide clues regarding genetic differences in responsiveness. 
Chapter 7 studied the association of the promoter polymorphism for 
myeloperoxidase (MPO), an oxidant generating enzyme implicated in 
coronary artery disease through its ability to oxidize LDL and consume the 
vasodilator nitric oxide, in the ICaRiS cohort with clinical as well as 
functional aspects. This study demonstrates that MPO influences 
endothelial-dependent responses to acetylcholine as well as endothelial-
independent responses to nitro-glycerine. This influence is gender 
dependent;  the promoter polymorphism is associated with differences in 
vasodilative responses in females, but not in males. In the previous studies 
endothelial function was investigated in a heterogeneous group of patients 
with the clinical suspicion of symptomatic CAD. The next studies evaluate 
the prognostic value of endothelial dysfunction in patients with extensive 
coronary artery disease. Chapter 8 prospectively studied coronary flow 
reserve in a reference coronary artery as a useful predictor of adverse 
outcome in a population with two-vessel disease undergoing coronary 
angioplasty. After two year follow-up, the highest coronary flow reserve was 
significantly associated with a prolonged event-free survival. It underscores 
the prognostic significance of generalised endothelial dysfunction in 
patients with significant multivessel coronary artery disease even after a 
successful PTCA. In chapter 9 consecutive patients previously submitted 
to percutaneous coronary intervention (PTCA) were selected for a maximal 
workload test at bicycle ergometry and redo coronary angiography at 6 
months with concomitant intracoronary acetylcholine testing. This study 
demonstrates that exercise-induced ischemia late after successful PTCA is 
related to distal coronary endothelial dysfunction. After recognition of these 
patients by acetylcholine test, reversal of endothelial dysfunction by 
medical intervention is optional. Its clinical relevance in prognosis has to be 
evaluated in future studies. 
 
Section IV 
These clinical implications underscore further research to study the 
prognostic significance of endothelial dysfunction in large cohorts 
(forthcoming; ICaRiS). Thereafter, “evidence-based medicine” guidelines, 
based on large prospective randomised clinical trials are needed to study 
treatment of endothelial dysfunction. ACE-inhibitors already demonstrate 
improvement of endothelial dysfunction. In chapter 10 we evaluated the 
role of the SH-group in improvement of endothelial dysfunction in 
experimental myocardial-induced endothelial dysfunction. It demonstrates 
that ACE-inhibition with a SH-group has a potential advantage in 
improvement of endothelial dysfunction through increased activity of NO 
after release from the endothelium. Its relevance in patients with acute or 
chronic heart failure has to be investigated. 
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SAMENVATTING 
 
Angina pectoris wordt meestal veroorzaakt door een vernauwing in één van 
de kransslagaderen. Dat kan zichtbaar gemaakt worden tijdens een 
hartkatheterisatie. Naast een vernauwing kunnen andere oorzaken een rol 
spelen; één daarvan is de verminderde functie van het endotheel, de 
binnenbekleding van bloedvaten. Gezond endotheel produceert stikstof 
oxide (NO), wat vaatverwijdend werkt en een vaatvernauwing kan remmen. 
Endotheeldisfunctie wordt waargenomen bij patiënten met slechts één 
risicofactor voor hart en vaatziekten, zoals bijvoorbeeld hypertensie, een 
hoog cholesterol gehalte of diabetes mellitus. De functie van het endotheel 
wordt gemeten door de reactie op acetylcholine; vaatverwijding duidt op 
goed functionerend endotheel terwijl een verhoging van de vaattonus duidt 
op een slechte functie. Het is gebleken dat zo’n verhoogde vaattonus op 
acetylcholine vergelijkbaar is met angina pectoris in reactie op stress, 
koude of inspanning. 
 
De reactie van de kransslagader op acetylcholine is dosis afhankelijk; 
daarom wordt een oplopende dosering gebruikt. Ook in afwezigheid van 
vernauwingen is het nuttig om de acetylcholine test te doen, daar deze iets 
kan vertellen over veranderingen van de endotheelfunctie op capillair 
niveau. Voor dit laatste zijn ook andere technieken zoals Doppler 
beschikbaar, welke de snelheid van de bloedstroom door de vaten kan 
meten.  Het injecteren van acetylcholine in de kransslagader brengt risico’s 
met zich mee. Daarom wordt gezocht naar minder risicovolle alternatieven 
zoals metingen in de onderarm. Ook hierin is endotheeldisfunctie 
waargenomen bij patiënten met één risicofactor, echter een duidelijke 
relatie met de endotheelfunctie in de kransslagaderen is nooit goed 
aangetoond. 
 
Meerdere publicaties hebben aangetoond dat er een relatie bestaat tussen 
endotheeldisfunctie en het ontstaan van nieuwe ziekenhuisopnames t.g.v. 
hart- en vaatziekten. Tevens zijn er steeds meer gegevens over de 
mogelijke behandeling van endotheeldisfunctie. ACE remmers en 
cholesterol verlagers zijn in dit opzicht het best gedocumenteerd. Dit laatste 
is natuurlijk belangrijk wanneer via vroege opsporing een patiënt met 
endotheeldisfunctie wordt gezien. 
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Dit proefschrift beschrijft de verschillende aspecten van endotheelfunctie 
testen in de kransslagaderen en omvat de volgende onderdelen: 
 a. Evaluatie van verschillende methoden om de endotheelfunctie te 
meten, inclusief de relatie met de endotheelfunctie in de onderarm en de 
risico’s op vaatspasme. 
 b. De functie van het endotheel in de kransslagaderen bij patiënten 
met vernauwingen in één of meerdere vaten, inclusief het optreden van 
klinische events. 
 c. Het herstel van endotheeldisfunctie na een aangebracht 
hartinfarct bij ratten door ACE remmers.   
De verschillende testmethoden van onderzoeksdeel a. worden beschreven 
in sectie II, metingen bij verschillende patiënten groepen in sectie III en het 
dierexperimentele onderzoeksdeel in sectie IV. 
 
Sectie II 
Sinds de beschrijving door Edward Jenner in 1786 dat angina pectoris een 
uiting is van afwijkingen in de kransslagaderen, en Furchgott in 1980 
beschreef dat endotheel cellen nodig zijn voor vaatverwijding, zijn testen 
ontwikkeld om de functie van het endotheel te meten. Zoals angina pectoris 
kan worden uitgelokt door koude, zo ontstonden ook de eerste 
endotheelfunctie testen gebaseerd op de response op koude. In hoofdstuk 
1 wordt beschreven de reactie op de bloeddruk, de hartslag, de snelheid 
van de bloedstroom door de kransslagaderen en de mate van verhoging 
van de vaattonus in reactie op koude bij patiënten met angina pectoris 
welke een hartkatheterisatie ondergingen.  De twee onderzochte testen 
lieten beide een verhoogde vaattonus zien bij patiënten met afwijkingen in 
de kransslagaderen, echter de reactie op de hartfrequentie zorgde voor 
een verschil tussen deze testen. Daar een test met acetylcholine de 
hartslag niet verhoogt, beïnvloed deze test dus niet de zuurstofbehoefte 
van het hart. Het meten van de endotheelfunctie is minder risicovol indien 
deze niet in de kransslagader maar in een eenvoudiger te bereiken 
bloedvat zoals in de arm gemeten kan worden. Helaas komen 
vaatwandafwijkingen met name voor in de kransslagaderen en niet in de 
arm. Toch worden deze bloedvaten gebruikt als alternatief voor de meting 
in de kransslagader. Hoofdstuk 2 vergelijkt twee alternatieve metingen aan 
de onderarm en vergelijkt deze met de acetylcholine test in de 
kransslagader. Hieruit blijkt dat het moeilijk is om de endotheelfunctie in 
perifere vaten te vergelijken met de endotheelfunctie zoals gemeten in de 
kransslagaderen. De testen komen nog het beste overeen als bij de test in 
de onderarm óók acetylcholine wordt gebruikt. Omdat de alternatieve 
methoden nauwelijks correleren met de meting in de kransslagader, is de 
acetylcholine test in de kransslagaderen nog steeds de gouden standaard 
voor endotheelfunctie metingen. Aangezien bij deze patiënten groep een 
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hartkatheterisatie standaard wordt uitgevoerd, mag het invasieve karakter 
van de test geen belemmering zijn de acetylcholine test achterwege te 
laten. De Intervention Cardiology Risk Stratification (ICaRiS) studie 
onderzoekt de voorspellende waarde van de endotheelfunctie in reactie op 
acetylcholine op het ontstaan van nieuwe ziekenhuisopnames ten gevolge 
van hart- en vaatziekten bij patiënten met angina pectoris. In deze 
patiënten populatie werd de veiligheid van de acetylcholine test tijdens de 
standaard hartkatheterisatie onderzocht. In hoofdstuk 3 wordt beschreven 
dat het doen van de acetylcholine test uitvoerbaar is, echter dat rekening 
moet worden gehouden met angina pectoris klachten (13%), 
hartritmestoornissen (3%) en / of vaatspasme (0.7%) en dat hier adequaat 
op gereageerd dient te worden. Een hoger risico hebben met name jongere 
patiënten met een doorgemaakt hartinfarct zonder ernstige vernauwingen 
in de kransslagaderen. Dit kan dus een aanwijzing zijn dat 
endotheeldisfunctie een rol speelt bij het ontstaan van hartinfarcten. 
 
Sectie III 
Deze sectie begint met twee overzichtsartikelen. Hoofdstuk 4 beschrijft de 
rol van het endotheel bij het voorkomen van hart- en vaatziekten en een 
historisch overzicht van de verschillende testen om de functie van het 
endotheel te meten. Hoofdstuk 5 gaat meer in op de werking van het 
endotheel en het vrijkomen van vaatverwijders zoals stikstof oxide. De 
volgende hoofdstukken beschrijven endotheelfunctie in de klinische setting. 
In hoofdstuk 6 wordt ingegaan op het verschil in endotheelfunctie tussen 
patiënten die wel of niet een hartinfarct in het verleden hebben 
doorgemaakt, en deelnemen aan de ICaRiS studie. Hierin worden twee 
dingen duidelijk: in de groep welke geen hartinfarct door heeft gemaakt is 
er een duidelijke relatie tussen het voorkomen van endotheeldisfunctie en 
de ernst van de kransslagader vernauwing. Maar bij de patiënten die wel 
een hartinfarct hebben doorgemaakt is er juist een omgekeerde relatie: hoe 
minder afwijkingen aan de kransslagaders, hoe hoger de vaattonus. Dit kan 
opnieuw een aanwijzing zijn dat endotheeldisfunctie een rol speelt bij het 
ontstaan van hartinfarcten of dat een hartinfarct lijdt tot endotheeldisfunctie. 
Het is al langer bekend dat hartinfarcten vaker ontstaan op plekken met 
minder ernstige vaatvernauwingen, vaak ten gevolge van een plaque 
ruptuur op plaatsen met een ontstekingsreactie. Met het voortschrijden van 
de moleculaire genetica wordt het mogelijk inzicht te verkrijgen in genen 
met een bepaalde functie, welke een rol kunnen spelen bij het ontstaan van 
hartinfarcten. Hoofdstuk 7 beschrijft de relatie van endotheelfunctie met 
een genetische variant voor myeloperoxidase (MPO), een enzym dat een 
rol speelt bij ontstekingsreacties, de oxidatie van het slechte LDL 
cholesterol en de afbraak van het gunstige stikstof oxide. Het MPO-gen is 
geassocieerd met minder endotheel-onafhankelijke dilatatie (12% tegen 
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16%) bij vrouwen maar niet bij mannen. Daarentegen is het MPO-gen bij 
mannen geassocieerd met een verhoogd cholesterol (40% tegen 56%); dit 
was niet zo bij vrouwen. De vorige studies zijn verricht in een heterogene 
patiënten groep; de twee komende hoofdstukken beschrijven de 
voorspellende waarde van endotheeldisfunctie bij ernstig kransslagader 
lijden. Hoofdstuk 8 beschrijft de voorspellende waarde van de snelheid 
van de bloedstroom door de vaten, gemeten met Doppler, bij patiënten 
welke een dotterbehandeling ondergaan. De meting werd verricht in het vat 
welke niet gedotterd werd. De endotheelfunctie van dit vat had een 
voorspellende waarde op het dotter resultaat in het andere vat twee jaar na 
de behandeling. Dit ondersteunt dan ook de gedachte dat 
endotheeldisfunctie een gegeneraliseerd proces is en een voorspeller van 
slechte uitkomst, ook na een succesvolle dotterbehandeling. Hoofdstuk 9 
beschrijft de relatie tussen de functie van de kransslagaderen van patiënten 
welke een dotterbehandeling hebben ondergaan en de mate van 
zuurstoftekort bij inspanning. Uit deze studie is gebleken dat patiënten met 
zuurstof tekort in de hartspier tijdens een inspanningsfietstest een hogere 
vaattonus vertonen in het verloop van de kransslagader vanaf de plaats 
van dotteren.  Kortom bij deze patiënten groep met een goed dotter 
resultaat is endotheeldisfunctie gerelateerd met een zuurstoftekort in de 
hartspier bij inspanning. Deze groep patiënten zou middels de acetylcholine 
test opgespoord kunnen worden en aansluitend aanvullend kunnen worden 
behandeld.  
 
Sectie IV 
Gezien bovengenoemde klinische implicaties is het belangrijk te weten wat 
de voorspellende waarde is van endotheeldisfunctie in een grotere 
patiënten groep dan tot op heden onderzocht. Derhalve is in 1996 gestart 
met het ICaRiS onderzoek, waar we de komende jaren zeker vaker van 
zullen horen. Evenzo belangrijk is de behandeling van endotheeldisfunctie, 
zodanig dat events kunnen worden voorkomen. Verbetering van 
endotheeldisfunctie is reeds aangetoond door het gebruik van ACE-
remmers en in hoofdstuk 10 evalueren we de rol van de SH-groep van 
ACE-remmers in een dierexperimentele setting van endotheeldisfunctie bij 
acuut hartfalen na een toegebracht hartinfarct. Met deze studie is 
aangetoond dat ACE-remmers de door het hartinfarct teweeg gebrachte 
endotheeldisfunctie volledig kunnen herstellen. Tevens is behandeling met 
een ACE-remmer met SH-groep gunstiger omdat de vaatwand meer kan 
dilateren in reactie op zowel in de endotheelcel gemaakt NO als op 
toegediende nitraten, in vergelijk met behandeling met een ACE-remmer 
zonder SH-groep. Wat de klinische betekenis hiervan kan zijn voor 
patiënten met acuut en chronisch hartfalen zal verder getoetst moeten 
worden. 
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DANKWOORD 
 
Mijn gevoelens over het doen van promotie onderzoek kan ik nog het beste 
verwoorden met de muzikale omlijsting van Acda & de Munnik met hun lied 
“ Zwerf’ on”. Gedurende de vele uren die ik als promovendus alleen met het 
proefschrift doorbracht leek het soms op een zwervend bestaan zonder te 
weten waarheen de reis gaat. Ondanks de belofte op “een rijdende trein” te 
stappen gingen de eerste meters van de reis, op zoek naar dé methode om 
endotheel functie te meten, naar prof. Zeiher in Freiburg, Duitsland. Tot 
mijn opluchting was “onze” Groningse  methode niet anders en konden we 
doorgaan met het includeren van patiënten. Maar ook gaandeweg de reis 
volgde het hoofd niet altijd het hart en werden tussentijdse conclusies weer 
weersproken in de loop van de tijd. Toch is het doen van prospectief 
onderzoek gekoppeld aan het nastreven van je verwachtingspatroon en 
niet af te gaan op tussentijdse analyses. Daarom maakt het niet uit wat je 
gisteren deed, want het gaat om dat wat je morgen pas weet.  
Bij deze zoektocht waren en zijn nog steeds een groot aantal mensen 
betrokken geweest, die ik hartelijk wil danken voor de steun en 
medewerking die ik ondervonden heb.  
 
Allereerst dank ik mijn eerste promotor, prof. dr. W.H. van Gilst. Beste 
Wiek, al tijdens mijn studie geneeskunde maakte ik kennis met de klinische 
farmacologie en jouw rustige manier van hoor en wederhoor. Toen jij de 
afdeling cardiologie kwam versterken werd duidelijk dat het ICaRiS 
onderzoek en mijn promotie het vertrouwen van je kregen, waarvoor dank. 
 
Mijn tweede promotor, prof. dr. D.J. van Veldhuisen, was meer op de 
achtergrond aanwezig. Beste Dirk Jan, als opvolger van prof. dr. H.J.G.M. 
Crijns kreeg je ook de erfenis van  de ICaRiS toebedeeld. Mede dankzij de 
kritische opmerkingen tijdens het ochtend rapport is in breed verband en 
overleg de toekomst van ICaRiS (en gelukkig niet Icarus) veilig gesteld, 
waarvoor dank. 
 
Mijn referenten, dr. R.A. Tio en dr. A.J. van Boven. Beste René, als 
grondlegger van de ICaRiS studie en als drager van de basis van dit 
proefschrift ben ik je bijzonder dankbaar. Hoewel onze karakters erg 
verschillend zijn, denk ik dat onze gezamenlijke aanpak de basis is voor 
een reeks aan gegevens, welke de komende jaren nog tot vele publicaties 
kunnen leiden. Beste Ad, als hoofd van de afdeling hartkatheterisatie heb je 
me alle ruimte gegeven voor het doen van mijn onderzoek. Tevens vond jij 
financiële support voor het verrichten van dit onderzoek. Zonder jouw 
vertrouwen zou de ICaRiS aan een vroege dood  gestorven zijn, waarvoor 
mijn dank. 
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De leden van de beoordelingscommissie, Prof. dr. P.W. Boonstra, Prof. dr. 
P.A. de Graeff, en Prof. dr. J.J. Piek dank ik voor de bereidheid om mijn 
manuscript kritisch door te lezen. 
 
Een aantal personen zijn nauw betrokken geraakt bij de totstandkoming   
van enkele hoofdstukken uit dit proefschrift. In willekeurige volgorde wil ik 
zeker noemen: Paul van Haelst, Thijs Plokker, Andries Smit en Erik Stroes 
voor de endotheel functie metingen aan de onderarm; Steven Chamuleau 
en Jan Piek voor het beschikbaar stellen van de ILIAS data met betrekking 
tot endotheel functie meting in een referentie vat, en Hendrik Buikema voor 
de dierexperimenten op de Klinische Farmacologie en de prettige 
samenwerking daarbuiten.  
 
Echter deze publicaties hadden nooit tot stand kunnen komen zonder de 
steun van velen. Zeker achter de dagelijkse gang van zaken ontrent het 
ICaRiS project verschuilt een enorme logistieke eenheid. Allereerst de 
medisch-ethische commissie, welke het ICaRiS onderzoek goedkeurde. 
Het includeren van patiënten lukt alleen als de patiënt weet dat hij 
gevraagd kan worden voor een onderzoek. Hiervoor werd bij de oproep 
voor een hartkatheterisatie een patiënten voorlichtingsformulier door Joke, 
Ria, Liesje of Alice meegestuurd. Na mondelinge toestemming werd door 
Baukje een extra bloedafname tijdens de opname geregeld voor 
risicostratificatie. Een deel van dit bloed werd op de Klinische Farmacologie 
door Edith Olthof bewerkt voor genetisch polymorfisme bepaling. Op de 
afdeling hartkatheterisatie werd, onder leiding van Gerrit Gaasterland, de 
patiënt ontvangen door de verpleegkundigen, die de patiënt dan moesten 
voorbereiden op de acetylcholine test. Na het aansluiten van het ECG 
apparaat (niet vergeten) moesten bordjes gefilmd worden om de weg 
tussen de verschillende opnames van een patiënt niet kwijt te raken. Met 
name Margriet Cuperus moest het ontgelden als de Leontien (Borsato) van 
dit rad van avontuur. Maar ook de technische ondersteuning van Arie 
Buurma, Arend Bergstra, Fokko Albronda en Rudie v.d. Meer waren 
onontbeerlijk. Alle gegevens werden uiteindelijk in een case record form 
gedocumenteerd. De eerste gegevens werden ingevoerd door Lisa Pont,  
die met haar Australische achtergrond goed weg kon met de vertalingen 
naar het Engels. Deze werkzaamheden werden later verricht door Henriëtte 
van de Wal, Harm Nijboer en Margriet. Margriet, die nu bij cardio-research 
werkt, houdt nog steeds het adressenbestand up-to-date en verzorgt het 
vergaren van informatie met betrekking tot de follow-up.  Nadat alle 
informatie gedocumenteerd was, moest het in het data bestand terecht 
komen door twee maal data entry; dit gebeurde op het TCC-extern.  Tot 
slot moesten de events geclassificeerd worden door een team aan 
cardiologen. Hiervoor stelden zich beschikbaar Frits Bär (AZM, Maastricht), 
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Peter den Heijer (Amphia Ziekenhuis, Breda), en Ron Peters (AMC, 
Amsterdam). Last but not least moest alle data statistisch bewerkt worden. 
Hiervoor heb ik enorm veel steun gehad aan Nic Veeger. Hij is samen met 
René Tio dé drijvende kracht achter de ICaRiS studie. Omdat de ketting zo 
sterk is als de zwakste schakel en de ketting nog steeds alle krachten heeft 
kunnen weerstaan zonder te breken, is mijn dank groot aan een ieder die 
onderdeel van deze ketting mag zijn. 
 
Verder wil ik de bewoners van de “green house”, het personeel op de poli, 
functie afdelingen van het AZG en de klinische farmacologie bedanken 
voor de plezierige tijd die ik daar heb mogen doorbrengen. 
 
Mijn verdere dank gaat uit naar Peter Molhoek en Bonno Hylkema, die mijn 
opleidingsjaren Cardiologie en Inwendige geneeskunde aan het Medisch 
Spectrum Twente in Enschede verzorgen. Tevens spreek ik mijn dank uit 
naar het personeel en collega’s van het Medisch Spectrum Twente waar ik 
heden werkzaam ben en een prettige tijd beleef.  
 
In aansluiting hierop wil ik mijn paranimfen bedanken. Niet alleen om de 
steun rondom deze promotie, maar meer nog de steun die ik van hen 
ondervond de afgelopen jaren. Lieve Astrid, sinds onze ontmoeting in 
Barcelona in 1999 heb ik veel steun aan je gehad als goede vriendin, zowel 
in goede als in slechte tijden. Jij was er als ik een luisterend oor nodig had. 
Ik hoop op een blijvende, langdurige vriendschap. Beste Jack, ook jouw 
steun in het Enschedese heb ik erg gewaardeerd, zowel op medisch-
inhoudelijk als op persoonlijk vlak. Ik hoop nog vaak van jouw visie gebruik 
te mogen maken. 
 
Als laatste wil ik mijn naaste familie bedanken. Lieve Pa en Ma, zonder 
jullie was ik nooit hier geweest. Door jullie heb ik geleerd om met beide 
benen op de grond te blijven staan en vertrouwen te hebben in mijn 
ingeslagen weg. Lieve Silvia en Olaf, beste Jos en Claudia, lieve Mikella, 
Nina, Rico en Justin, jullie maken mijn naaste familie compleet en bij jullie 
voel ik me thuis. 
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De auteur van dit proefschrift werd op 15 april 1966 geboren te Enschede. 
In 1984 behaalde hij het HAVO diploma en in 1986 het Atheneum-� 
diploma aan het Jacobus college te Enschede. In datzelfde jaar moest hij 
zijn militaire dienstplicht vervullen bij de Koninklijke Marechaussee, Willem 
de Zwijger, te Wezep. In 1987 werd aangevangen met de studie 
geneeskunde aan de Rijks Universiteit Groningen (RUG). In 1991 behaalde 
hij het doctoraal diploma en in 1994 het artsexamen. Zijn interesse voor 
wetenschappelijk onderzoek begon in 1989 tijdens een student-
assistentschap bij de klinische farmacologie (dr. C.D.J. de Langen, RUG), 
later als artsonderzoeker bij de Bloed Interactie Onderzoeksgroep van de 
Thoraxchirurgie (dr. W. van Oeveren, Academisch Ziekenhuis Groningen; 
AZG). Vanaf 1996 was hij werkzaam als artsonderzoeker op de afdeling 
cardiologie (AZG), waar het in dit proefschrift beschreven onderzoek werd 
verricht. Vanaf februari 2001 is hij werkzaam in het Medisch Spectrum 
Twente (MST) te Enschede, waar hij vanaf juli 2001 is gestart met zijn 
opleiding tot cardioloog (opleider prof. dr. D.J. van Veldhuisen, AZG).  
 
Hij volgde verschillende cursussen waaronder een Scientific Writing 
Course, een QCLA Training Course on Quantitative Coronary and Left 
Ventricular Angiography, een cursus Elementaire Elektrocardiografie en 
een presentatie cursus. Op sportief vlak was hij naast waterpolo 
scheidsrechter ook trainer en coach van verschillende teams. Tevens 
doceerde hij EHBO- en reanimatie-lessen. 
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