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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.  
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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. 
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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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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). 
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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). 

26 



EFFECT OF AUTONOMIC ACTIVATION ON CORONARY HEMODYNAMICS 
 

 

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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