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Abstract

Objective—Endothelial dysfunction is associated with arterial stiffness in large arteries. The 

purpose of this study was to investigate the association between coronary endothelial dysfunction, 

coronary artery compliance and wall shear stress in patients with early atherosclerosis.

Methods—Coronary endothelial function was assessed according to responses to intracoronary 

acetylcholine in 120 patients without significant coronary stenosis. Acceleration of peak velocity 

(ACC), which is inversely related to coronary artery compliance, was derived from coronary flow 

velocity spectra, and wall shear rate (WSR) was calculated. Measurements were performed at 

baseline and after intracoronary nitroglycerin in order to eliminate the contribution of vascular 

smooth muscle tone to coronary artery compliance.

Results—In all patients, heart rate significantly increased (72±1 to 77±1 bpm, p<0.01) and mean 

arterial pressure decreased (97±2 to 93±1 mm Hg, p<0.01) after nitroglycerin. Coronary blood 

flow (CBF) and resistance were not significantly changed, but the diastolic to systolic velocity 

ratio increased significantly (2.15±0.08 to 5.36±0.61, p<0.01). Patients with abnormal endothelial 

function (n=70) had a higher WSR at baseline (559±41 vs 440±26 s−1, p<0.05) and after 

nitroglycerin (457±41 vs 339±29 s−1, p<0.05), and a higher ACC after nitroglycerin (3.9±0.4 vs 

2.8±0.4 m/s2, p<0.05) than patients with normal function (n=50).

Conclusions—The current study demonstrates that intracoronary nitroglycerin does not 

contribute to an increase of CBF but alters the phasic coronary flow pattern. Furthermore, early 

coronary atherosclerosis characterised by endothelial dysfunction is associated with a decrease in 

coronary artery compliance and an increase in wall shear stress. Therefore, coronary wall 

properties are affected early in the atherosclerosis process.
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The endothelium regulates vascular tone and growth by releasing endothelium-derived 

vasodilators and vasoconstrictors.1 Previous studies have demonstrated that endothelial 

dysfunction is a marker of early atherosclerosis and is associated with a greater risk of future 

cardiovascular events.2, 3 In addition, arterial stiffness may also predict cardiovascular 

morbidity or mortality even in healthy individuals.4, 5 Previous studies have also suggested 

that endothelial dysfunction is associated with increased stiffness of large systemic vessels 

such as the radial, brachial and common carotid arteries.6–8 Saito et al9 have demonstrated 

the relationship between large arterial stiffness and coronary flow velocity reserve using 

transthoracic echocardiography. However, no detailed data describe the association between 

coronary endothelial function and mechanical properties, such as stiffness.

Pulse wave velocity, augmentation index and cross-sectional compliance have been used to 

determine arterial stiffness and compliance,4–9 and the phasic coronary blood flow (CBF) 

measurements obtained by intracoronary Doppler guide-wire can be used to assess coronary 

artery compliance. In the absence of significant epicardial coronary artery stenosis, the 

acceleration of peak velocity (ACC) is determined by three major factors; the pressure 

gradient driving blood flow, coronary vascular resistance and the compliance of the coronary 

artery.10 Therefore, ACC may reflect the changes in vascular compliance as long as the other 

two factors do not change remarkably. Coronary artery compliance is in turn influenced by 

the stiffness of the arterial wall and the degree of vascular smooth muscle contribution to the 

resting vascular tone.11 The administration of intra-coronary nitroglycerin results in 

maximal epicardial endothelium-independent vasodilation and thus eliminates the 

contribution of vasomotor tone to coronary artery compliance. The main determinant of 

coronary artery compliance thus becomes the endogenous stiffness of the arterial wall.

The current study was designed to test the hypothesis that coronary endothelial dysfunction 

was associated with alterations in the elastic properties of the coronary artery wall in patients 

with early coronary atherosclerosis.

METHODS

Study population

The Mayo Clinic Institutional Review Board approved the current study. One hundred and 

twenty consecutive patients who were referred to cardiac catheterisation for evaluation of 

coronary artery disease and who had angiographically epicardial coronary diameter stenosis 

less than 30% were included in the current study. Exclusion criteria included a history of 

myocardial infarction, percutaneous coronary intervention, coronary artery bypass graft 

surgery, unstable angina pectoris, or variant angina, ejection fraction of 50% or less, valvular 

heart disease, peripheral vascular disease, uncontrolled hypertension, or significant 

endocrine, hepatic, renal, or inflammatory disease. Some of the subjects of this study were 

included in our previous studies.12, 13

Protocol of study

After diagnostic angiography and the exclusion of significant obstructive coronary artery 

stenosis, endothelium-dependent and endothelium-independent coronary vasoreactivity were 
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assessed as previously described.3 In brief, a 0.014-inch Doppler guidewire (Flowire; 

Volcano Inc, Rancho Cordova, CA USA) within a coronary infusion catheter (Ultrafuse; 

SciMed Life System, Natick, MA, USA) was positioned in the midportion of the left 

anterior descending coronary artery. Then, intracoronary bolus injections of incremental 

doses (18–60 μg) of adenosine were administered until maximal hyperaemia was achieved in 

order to determine the coronary flow reserve (CFR). Subsequently, intracoronary 

acetylcholine at increasing concentrations (10−6, 10−5 and 10−4 mol/l) was selectively 

infused for 3 min at each concentration into the left anterior descending coronary artery. 

Haemodynamic data, Doppler measurements and coronary angiography were obtained after 

each infusion. The infusion was terminated when the largest molar concentration of 

acetylcholine (10−4 mol/l) was reached. Coronary angiography and intracoronary Doppler 

data were analysed according to our previous studies.3 After acetylcholine infusion, 

intracoronary nitroglycerin (200 μg) was administered to achieve maximal vasodilation and 

eliminate the component of epicardial vascular tone on coronary artery compliance,14 and 

adenosine was injected again to determine the endothelium-independent CFR under 

conditions of epicardial vasodilation.

Assessments of coronary endothelial function and vascular compliance

The coronary artery diameter (CAD) was measured by a blinded investigator in the segment 

5 mm distal to the tip of the Doppler wire using a computer-based image analysis system. 

Average peak velocity (APV), ACC and the diastolic to systolic velocity ratio (DSVR) were 

automatically derived from the Doppler flow velocity spectra (figure 1). CBF was 

determined as π(CAD/2)2 × (APV/2)3 and wall shear rate (WSR) using the equation: WSR 

= 4CBF/π(CAD/2).3, 15 Coronary vascular resistance was obtained as the mean arterial 

pressure divided by CBF. Furthermore, the percentage change in ACC was calculated as 

(ACC after nitroglycerin – ACC at baseline)/ACC at baseline × 100. Percentage changes in 

DSVR and WSR were also calculated. Endothelium-dependent CFR was calculated as the 

percentage change in CBF in response to acetylcholine, and endothelium-independent CFR 

was obtained as APV after adenosine injection divided by APV before adenosine injection 

both at baseline and after nitroglycerin. In line with our previous studies, endothelial 

dysfunction was defined as endothelium-dependent CFR of 1.5 or less or an increase in 

CAD of 20% or less in response to the maximum dose of acetylcholine.3

Statistical analysis

Values are expressed as mean±SE. The χ2 test was used to compare the incidence of 

categorical variables, and continuous variables were compared between two groups by the 

unpaired Student’s t test. The paired t test was used to compare the continuous variables 

between baseline and after acetylcholine or nitroglycerin in each group. Statistical analysis 

was performed with JMP version 7.0 (SAS Institute). A value of p<0.05 was considered 

significant.
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RESULTS

Patient characteristics

Fifty patients had normal endothelial function and 70 had abnormal endothelial function 

(table 1). There was a statistically significantly greater number of patients taking statins in 

the endothelial dysfunction group. There were no significant differences in risk factors 

between the groups, although the dysfunction group had a large fraction of patients with 

diabetes mellitus and current smokers.

Effects of intracoronary nitroglycerin

The effects of intracoronary nitroglycerin on systemic and coronary artery haemodynamics 

in all patients are shown in table 2. Intracoronary nitroglycerin resulted in a significant 

increase in heart rate (p<0.01) and a decrease in mean arterial pressure (p<0.01). The 

coronary cross-sectional area had significantly increased (p<0.01), but coronary resistance 

and blood flow did not change significantly. The administration of nitro-glycerin resulted in 

an increase in DSVR (p<0.01) and ACC (p<0.01) and in a decrease in WSR (p<0.01) (table 

2, figure 2).

Relationship between coronary endothelial dysfunction and vascular compliance

The largest molar concentration of acetylcholine (10−4 mol/l) led to a significant increase in 

CBF in both groups (table 3). However, CBF in the normal endothelial function group was 

approximately twice as large as that in the abnormal function group (p<0.01). The cross-

sectional area significantly decreased in both groups, but coronary resistance decreased only 

in the normal endothelial function group. ACC was not significantly changed in both groups. 

When compared with patients with normal endothelial function in response to intracoronary 

nitroglycerin, patients with abnormal function had significantly higher DSVR and WSR at 

baseline and after nitroglycerin (p<0.05 for all) (table 4). Heart rate, mean arterial pressure, 

cross-sectional area, CFR, DSVR and WSR showed the same response to the administration 

of nitroglycerin in both groups. ACC showed no significant change in patients with normal 

function (p=0.206), but increased significantly in the abnormal function group (p<0.01). 

Consequently, ACC was significantly higher in patients with abnormal function after 

nitroglycerin. Furthermore, there was a significant difference in the percentage change only 

in ACC (figure 3).

DISCUSSION

The current study demonstrates for the first time that early coronary atherosclerosis 

characterised by endothelial dysfunction is associated with a decrease in coronary artery 

compliance and an increase in coronary shear stress. These observations may be consistent 

with an interaction between the coronary endothelium and the mechanical properties of 

coronary artery wall and shear stress in humans. In addition, the current study demonstrates 

that intracoronary nitroglycerin does not significantly affect CBF or coronary vascular 

resistance, but alters the phasic CBF.
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Association between coronary endothelial dysfunction and artery compliance

Previous studies have demonstrated that increased vascular stiffness in the large arteries is 

associated with cardiovascular events4, 5 and with endothelial dysfunction.6–8 Furthermore, 

Wilkinson et al16 have shown that an infusion of acetylcholine significantly reduced iliac 

pulse wave velocity, and that an infusion of NG-monomethyl-L-arginine, which inhibits 

nitric oxide synthase, restrained the effect of acetylcholine on the reduction in iliac pulse 

wave velocity. These results suggest that endothelium-derived nitric oxide contributes to the 

regulation of arterial stiffness.16, 17 However, few studies have addressed the relationship 

between coronary endothelial function and the mechanical properties of the coronary 

vascular wall, such as stiffness. ACC may serve as a marker or parameter for the assessment 

of coronary artery stiffness, and ACC in the normal function group was equal to that in the 

abnormal function group after the administration of acetylcholine. However, the cross-

sectional area decreased in both groups and vasomotor tone contributed to coronary artery 

compliance. Therefore, ACC after acetylcholine might not reflect the elastic property of the 

coronary artery wall. ACC is determined by three major factors: the pressure gradient 

driving blood flow; coronary vascular resistance and coronary artery compliance.10 As both 

groups of patients in our study had similar mean arterial pressures, CBF and coronary 

vascular resistance after intracoronary nitroglycerin, the major difference in ACC between 

the two groups was most likely due to the difference in coronary artery compliance, which 

may reflect endogenous vascular elastic properties. This difference became significant after 

the administration of intracoronary nitroglycerin, which mediates the endothelium-

independent relaxation of vascular smooth muscle. This relaxation eliminates the component 

of vasomotor tone and allows the assessment of coronary artery wall stiffness. A less 

compliant artery is stiffer and the pressure wave is propagated faster,18 resulting in an 

increase in ACC. The increase in vascular stiffness leads to a decrease in the capacitance of 

arteries and attenuates the ability to transduce the pulsatile blood flow derived from the heart 

to a steady flow propagating during diastole. In coronary arteries, impairment of coronary 

compliance may result in diminished systolic CBF. This mechanism might explain the 

significant difference in DSVR between the groups. Our results suggest that early coronary 

atherosclerosis characterised by endothelial dysfunction is associated with a reduction in 

coronary artery compliance. This finding extends previous studies, which demonstrated the 

association between endothelial dysfunction and the compliance of larger, non-coronary 

arterial vessels.6–8 To our knowledge, this is the first study to demonstrate the relationship 

between early atherosclerosis detected by endothelial dysfunction and coronary artery 

compliance.

Local haemodynamic forces, such as shear stress, produce nitric oxide, which is recognised 

as an anti-atherogenic factor19 and influences endothelial homeostasis.1 Furthermore, 

previous studies have shown that a localised decrease in shear stress promotes the 

production of atherogenesis factors, while physiological levels of shear stress are 

atheroprotective.20 In this study, WSR was greater in the abnormal endothelial function 

group than in the normal group. In early atherosclerosis, increased shear stress may lead to 

positive remodelling without a marked increase in plaque.20 As atherosclerosis continues to 

progress, increased shear stress may be associated with an accumulation of macrophages, 

which facilitate plaque rupture.21 Furthermore, a recent study demonstrated that in advanced 
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plaque, an accumulation of oxidised low-density lipoprotein was observed at the upstream of 

plaque where increased shear stress prevailed.22 Two mechanisms may explain the 

significant difference in WSR between the two groups. One explanation is that increased 

shear stress may lead to an increase in oxidised low-density lipoprotein even in early 

atherosclerosis, and oxidised low-density lipoprotein may impair nitric oxide synthase.23 

The other explanation is that a long-term increase in shear stress may induce the 

downregulation of acetylcholine receptors and reduce endothelial nitric oxide synthase 

protein expression,24 thereby impairing the response to acetylcholine administration in the 

abnormal function group.

Pharmacological interventions in arterial stiffness and wall shear stress

Previous studies have demonstrated that several drugs, such as statins,25 ACE inhibitors or 

angiotensin receptor blockers,26 and peroxisome proliferator-activated receptor agonists,27 

may reduce non-coronary arterial stiffness in some clinical settings. In some studies, the 

improvement in arterial stiffness was demonstrated after short-term medication.25, 26 It is 

unlikely that structural changes occurred. Therefore, it may be speculated that the 

improvement in endothelial dysfunction contributes to the reduction in vascular stiffness. 

The effects of these drugs on coronary artery compliance is unknown; however, these drugs 

improve endothelial dysfunction. Furthermore, we have demonstrated the relationship 

between coronary endothelial dysfunction and coronary artery compliance. These drugs may 

thus also have the ability to improve coronary artery compliance. On the other hand, the 

effects of these drugs on wall shear stress remain unclear, although Box et al28 have 

demonstrated that statins decrease wall shear stress in the carotid artery.

Effects of intracoronary nitroglycerin administration on systemic and coronary 
haemodynamics

Nitroglycerin is one of the most widely used agents in the treatment of cardiovascular 

disease, and its effects on the alleviation of symptoms are thought to be derived from two 

main mechanisms. One is its direct effect to increase CBF and the other indirect effect is a 

reduction in oxygen demand of myocardium due to a decrease in preload and afterload. In 

the current study, we observed that CBF did not increase significantly following 

intracoronary nitroglycerin, and coronary resistance was unchanged although the cross-

sectional area increased significantly. Previous studies containing small numbers of subjects 

demonstrated that CBF and subendomyocardium flow did not significantly increase after 

intracoronary nitroglycerin,29, 30 underscoring our results. These results support the notion 

that nitroglycerin dilates conduit arteries without affecting smaller resistance-regulating 

arterioles.14, 31 This may be explained by the mechanism as follows: CBF and resistance are 

mainly regulated by the coronary microcirculation. In order for nitroglycerin to exert its 

effect, it has to undergo enzymatic conversion to nitric oxide. However, this enzyme is 

present only in the large arteries but not in the coronary microcirculation.14

Furthermore, nitroglycerin altered the phasic CBF pattern; consequently, DSVR 

significantly increased by increasing the percentage of blood flow that occurs during diastole 

in the current study. Previous studies reported that DSVR increased after intracoronary29 and 

intravenous nitroglycerin,32 and these were concluded by two mechanisms: a decrease in 
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systolic flow due to myocardial contraction, allowing intracavitary systolic pressure to 

overcome the decreased systolic coronary pressure in response to nitroglycerin, and an 

increase in diastolic flow due to the reduction in vascular resistance.32 However, coronary 

resistance was unchanged after nitroglycerin in our study. Another plausible explanation for 

this change is that diastolic flow increased due to a reduction in the extravascular pressure in 

the subendomyocardium by the decrease in left ventricular end-diastolic pressure in 

response to nitroglycerin.29 In the current study, mean arterial pressure decreased 

significantly after nitro-glycerin. This result was compatible with previous studies showing 

significant decreases in mean arterial pressure30, 32 and double product after nitroglycerin 

administration.32 It may thus be speculated that nitroglycerin relieves ischaemic chest pain 

not by increasing CBF, but by decreasing oxygen expenditure of the myocardium, and by 

preferentially shifting blood flow to diastole.

Clinical implications

The current study focused on patients with early coronary atherosclerosis characterised by 

endothelial dysfunction and no significant coronary artery stenosis. Our findings suggest that 

this early phase atherosclerosis may already result in a decrease in coronary artery 

compliance and an increase in wall shear stress. In this setting, patients may be more likely 

to impair coronary circulation and develop structural changes. The ability to detect these 

changes in coronary physiology using the methods employed in this study may thus allow 

the development of preventive measures or intervention with medical therapy before 

progression to advanced atherosclerosis.

Study limitations

The current study has several limitations. First, we indirectly assessed coronary artery 

compliance using the Doppler guide-wire-derived ACC of blood flow, which is related to 

coronary artery compliance but is also influenced by coronary vascular resistance and 

perfusion pressure. As these two factors were similar in both groups, we attributed the 

difference in ACC to changes in coronary artery compliance. Second, in the study WSR was 

calculated using an equation that is directly proportional to APV and inversely proportional 

to CAD, not by direct measurement.15 The abnormal function group had a slightly smaller 

CAD and higher APV than the normal group, although these differences did not reach 

statistical significance. Consequently, a significant difference might occur in WSR between 

the two groups. Third, subjects consisted of patients who had angiographically epicardial 

coronary diameter stenosis less than 30% as early atherosclerosis in the current study. 

However, we did not evaluate the lesion using intravascular ultrasound. Therefore, subjects 

might include some patients with more advanced coronary atherosclerosis. Fourth, there is a 

slight difference in baseline characteristics between the two groups. Patients with abnormal 

endothelial function were more likely to use statins. However, statins in fact improve 

endothelial function and vascular stiffness and probably did not influence the results of the 

current study. Finally, in the current study we used one dose of nitroglycerin based on 

previous in-vitro studies,14 clinical practice and to prevent any systemic homodynamic 

effects. Therefore, we can not rule out that in some cases we did not achieve maximal 

epicardial vasodilation.

Takumi et al. Page 7

Heart. Author manuscript; available in PMC 2016 November 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



CONCLUSION

We have demonstrated that coronary endothelial dysfunction is associated with a decrease in 

coronary artery compliance and an increase in coronary artery shear stress. The results of 

our study may thus support a potential role for the coronary endothelium in the regulation of 

coronary vascular properties and shear stress. Furthermore, we observed that nitroglycerin 

did not significantly contribute to the increase in CBF and the decrease in coronary vascular 

resistance.
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Figure 1. 
Coronary blood flow image derived from the Doppler guidewire in left anterior descending 

coronary artery. The schematic on the right panel shows the component of the curve, which 

is used to calculate acceleration of peak velocity (ACC).
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Figure 2. 
Changes in coronary flow pattern after intracoronary nitroglycerin. Images of coronary flow 

obtained at baseline (top panel) and after nitroglycerin (bottom panel). Coronary blood flow 

(CBF) did not change after nitroglycerin, but acceleration of peak velocity (ACC) and the 

diastolic to systolic velocity ratio (DSVR) increased. APV, average peak velocity; WSR, 

wall shear rate.
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Figure 3. 
Change in coronary haemodynamics parameters (%) in response to intracoronary 

nitroglycerin in patients with normal (white bars) and abnormal (grey bars) endothelial 

function. *p<0.05 versus normal endothelial function. ACC, acceleration of peak velocity; 

DSVR, diastolic to systolic velocity ratio; WSR, wall shear rate.
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Table 1

Patient characteristics

Normal endothelial function (n=50) Abnormal endothelial function (n=70)

Age, years 49±2 49±1

Male/female 22/28 27/43

Body mass index, kg/m2 28.6±0.9 30.0±0.8

Hypertension, n (%) 23 (46) 32 (46)

Diabetes mellitus, n (%) 2 (4) 10 (14)

Dyslipidaemia, n (%) 29 (58) 36 (51)

Current smoker, n (%) 5 (10) 10 (14)

Calcium blocker, n (%) 12 (24) 24 (34)

Nitrate, n (%) 18 (36) 32 (46)

Statin use, n (%) 12 (24) 29 (41)*

LDL-cholesterol, mg/dl 106±5 105±4

HDL-cholesterol, mg/dl 49±2 48±2

Triglycerides, mg/dl 126±11 145±12

Values are mean±SE.

*
p<0.05 versus normal endothelial function.

HDL, high density lipoprotein; LDL, low density lipoprotein.
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Table 2

Systemic haemodynamics and CBF in response to intracoronary nitroglycerin

Baseline After nitroglycerin

Heart rate, bpm 72±1 77±1†

Mean arterial pressure, mm Hg 97±2 93±1†

Cross-sectional area, mm2 4.3±0.2 5.2±0.2†

CBF, ml/min 53.7±3.0 57.3±3.3

Coronary resistance, mm Hg/ml/min 2.37±0.12 2.38±0.15

CFR 3.1±0.1 3.8±0.1†

APV, cm/s 26.2±1.1 23.4±1.2*

ACC, m/s2 2.3±0.2 3.4±0.3†

DSVR 2.15±0.08 5.36±0.61†

WSR, 1/s 510±27 409±27†

All values are mean±SE.

*
p<0.05 versus baseline.

†
p<0.01 versus baseline.

ACC, acceleration of peak velocity; APV, average peak velocity; CBF, coronary blood flow; CFR, coronary flow reserve; DSVR, diastolic to 
systolic velocity ratio; WSR, wall shear rate.
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Table 3

Responses to acetylcholine in patients with normal or abnormal endothelial function

Endothelial function

Baseline After acetylcholine

Normal Abnormal Normal Abnormal

Heart rate, bpm 71±2 72±2 69±2 70±2

Mean arterial pressure, mm Hg 100±2 95±2 99±2 98±2

Cross-sectional area, mm2 4.6±0.3 4.0±0.3 4.2±0.3* 2.5±0.2† §

CBF, ml/min 56.2±4.9 52.0±3.9 123.8±11.4† 65.3±8.3* §

Coronary resistance, mm Hg/ml/min 2.29±0.17 2.41±0.17 1.08±0.08† 2.83±0.29§

CFR 3.0±0.1 3.1±0.1

APV, cm/s 24.2±1.0 27.6±1.4 59.0±2.8† 55.0±3.9†

ACC, m/s2 2.3±0.3 2.4±0.2 2.1±0.3 2.1±0.3

DSVR 1.96±0.07 2.29±0.12‡ 1.72±0.08† 1.71±0.06†

WSR, 1/s 440±26 559±41‡ 1130±73† 1703±169† §

All values are mean±SE.

*
p<0.05 versus baseline.

†
p<0.01 versus baseline.

‡
p<0.05 versus normal endothelial function.

§
p<0.01 versus normal endothelial function.

ACC, acceleration of peak velocity; APV, average peak velocity; CBF, coronary blood flow; CFR, coronary flow reserve; DSVR, diastolic to 
systolic velocity ratio; WSR, wall shear rate.
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Table 4

Effects of intracoronary nitroglycerin on coronary haemodynamics in patients with normal or abnormal 

endothelial function

Endothelial function

Baseline After nitroglycerin

Normal Abnormal Normal Abnormal

Heart rate, bpm 71±2 72±2 75±2† 78±2†

Mean arterial pressure, mm Hg 100±2 95±2 95±2† 91±2

Cross-sectional area, mm2 4.6±0.3 4.0±0.3 5.7±0.3† 4.9±0.3†

CBF, ml/min 56.2±4.9 52.0±3.9 59.4±5.1 55.8±4.3

Coronary resistance, mm Hg/ml/min 2.29±0.17 2.41±0.17 2.22±0.17 2.52±0.24

CFR 3.0±0.1 3.1±0.1 3.9±0.2† 3.7±0.2†

APV, cm/s 24.2±1.0 27.6±1.4 21.3±1.5 24.8±1.7

ACC, m/s2 2.3±0.3 2.4±0.2 2.8±0.4 3.9±0.4† ‡

DSVR 1.96±0.07 2.29±0.12‡ 4.05±0.45† 6.27±0.97† ‡

WSR, 1/s 440±26 559±41‡ 339±29† 457±41* ‡

All values are mean±SE.

*
p<0.05 versus baseline.

†
p<0.01 versus baseline.

‡
p<0.05 versus normal endothelial function.

ACC, acceleration of peak velocity; APV, average peak velocity; CBF, coronary blood flow; CFR, coronary flow reserve; DSVR, diastolic to 
systolic velocity ratio; WSR, wall shear rate.
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