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Introduction

Coronary microcirculation (CM) function is important in nor-
mal cardiac physiology and many disease states. CM dysfunc-
tion commonly accompanies epicardial coronary artery lesions 
(1). Similarly, CM dysfunction has been correlated with anginal 
syndrome in the case of normal epicardial coronary arteries 
(Syndrome X). This can result in myocardial infarction, stroke, 
congestive heart failure, and so on. Many studies have shown 
CM dysfunction in syndrome X patients (2, 3); however, there are 
few studies on CM function in CAD patients. 

The intracoronary Doppler flow wire or thermodilution tech-
nique is considered to be the gold standard for assessing CM 
dysfunction (4). However, Doppler flow wire is expensive and 
invasive. Therefore, non-invasive methods, including positron 

emission tomography, cardiac magnetic resonance imaging, 
and real-time myocardial contrast echocardiography (RT-MCE), 
have become a research focus in this field. Some studies have 
reported that RT-MCE is consistent with intracoronary Doppler 
flow in terms of measurements in animals and humans (5–7). As 
a non-invasive imaging technique, RT-MCE has been validated to 
be able to visualize microvascular perfusion and to detect per-
fusion abnormalities (8). It has higher spatial and time resolu-
tion and is cheaper, more convenient for bedside operation, and 
easier to repeat without radioactive contamination. RT-MCE has 
been used to evaluate microcirculatory dysfunction in patients, 
including those with cardiac syndrome X (9–11). RT-MCE can be 
used to evaluate regional myocardial perfusion and coronary mi-
crovascular integrity. Nowadays, RT-MCE is conventionally used 
in clinical practice to detect significant angiographic CAD and to 
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assess myocardial viability (12, 13). The parameters calculated 
from RT-MCE are useful in assessing CM dysfunction with in-
dices, such as A for myocardial blood flow volume (MBV), β for 
myocardial blood flow (MBF) velocity, and Aβ for mean MBF 
(14, 15). Our study aimed to use RT-MCE to evaluate CM function 
in CAD patients.

Methods

Patients
Sixty-five consecutive patients (48 men and 17 women) were 

divided into CAD (n=52) and no-CAD (n=13) groups using coro-
nary angiography (CAG). All patients underwent RT-MCE at rest 
and CAG within 1 week after RT-MCE. All patients were recruited 
at the department of cardiology with a considered diagnosis of 
stable angina pectoris (16). The inclusion criteria were patients 
over 18 years old with normal left ventricular function on routine 
echocardiography. Patients who had a history of myocardial in-
farction, contraindications to the contrast agent, or insufficient 
acoustic windows on echocardiography were excluded. All can-
didates underwent in-hospital RT-MCE at rest and CAG. 

Ethics statement
The Ethics Committee of the affiliated hospital approved this 

study. Each patient was enrolled after signing informed consent.

Coronary imaging 
CAG was performed in every subject within 1 week after 

RT-MCE. The results of CAG were analyzed by two experienced 
interventional cardiologists. The presence of epicardial arteries 
with >50% diameter stenosis in at least one coronary artery was 
considered as CAD. The severity of CAD was assessed using the 
Gensini score; 0 points represent no abnormal findings, 1 point 
represents <25% degree of stenosis, 2 points represent <50% 
degree of stenosis, 4 points represents <75% degree of stenosis, 
8 points represent <90% degree of stenosis, 16 points represent 
<99% degree of stenosis, 32 points represent was 100% degree of 
stenosis. The points were simultaneously obtained for different 
segments: the points of left main (LM) lesion multiplied by 5, the 
points of left anterior descending (LAD) branch lesion multiplied 
by 2.5, the points of LM middle lesion multiplied by 1.5, the points 
of LM distal lesion multiplied by 1, the points of first diagonal 
(D1) lesion multiplied by 1, the points of the second diagonal 
(D2) lesion multiplied by 0.5, the points of left circumflex (LCX) 
proximal lesion multiplied by 2.5, the points of LCX distal lesion 
multiplied by 1, and the points of right coronary artery (RCA) 
lesion multiplied by 1; the sum of each vascular point represents 
the final points of each patient (17). The results of CAG imaging 
were analyzed by two experienced interventional cardiologists. 
If the results were inconsistent, the final consequence for 
average values was decided by consulting the two cardiologists.

RT-MCE acquisition
The RT-MCE study was performed in all patients using real-

time contrast pulse sequencing on an IE33 ultrasound system 
(Philips IE 33, Philips Medical Systems, Cleveland, OH, USA) with 
a 1–5-MHz scanning transducer of a low-emitting power pre-
set at a pulse inversion power Doppler mode at a rate of 20–22 
frames/s. For the ultrasound contrast agent SonoVue (Bracco, 
Milan, Italy), 59 mg was dissolved in 5-ml saline, half of which 
was administered intravenously within 2 min. No side effect 
was observed in any patient during or after administration. After 
full myocardial contrast filling, a high-energy pulse mechanical 
index (1.6) was triggered to destroy the microbubbles and the 
instrument was turned to a lower energy state of a real-time 
imaging mechanical index (0.1) to show the microbubble filling 
process of the myocardial contrast agent. Apical 2-chamber, 
4-chamber, and long-axis sections were obtained, and wall-by-
wall images were observed to optimize results and avoid arti-
facts of attenuation and rib shadowing. The machine setting was 
adjusted to the best state in order to obtain ideal images. When 
opacification reached a steady state in the cardiac cavity and 
myocardium, a high mechanical index (1.6) burst (eight frames) 
of transient microbubble shatter was applied. There was an au-
tomatic return to the low mechanical index for continuous imag-
ing of microbubble replenishment for at least 10 cardiac cycles in 
end-expiration after post-flash. The performance was repeated 
at least three times in every scan view, and 15 cardiac cycles of 
every destruction-replenishment sequence were captured and 
stored as original data.

RT-MCE analysis
The RT-MCE images were analyzed by Q-Lab (version 

4.2, Philips Medical Systems, Cleveland, OH, USA) and two 
experienced physicians who were blinded to the CAG data. The 
myocardium of the left ventricle was divided into 17 segments 
according to apical 4-chamber, 2-chamber, and long-axis views 
(18). The score of semi-quantitative myocardial perfusion analysis 
was assigned as follow: uniform distribution of contrast as 1, 
non-uniform distribution of contrast as 0.5, and non-visualization 
distribution of contrast as 0 (19, 20). Segments with a score of 0.5 
on RT-MCE associated with coronary artery stenosis in CAG were 
defined as ischemic segments. The end-systolic frames (end of 
T wave) were selected in all cardiac cycles of the replenishment 
sequence using offline electrocardiographically triggered analysis 
software (21, 22). The mean signal intensity (SI) was measured 
automatically at regions of interest (ROIs). The ROIs located in the 
first post-flash end-systolic frame were copied automatically onto 
subsequent selected frames and were manually realigned frame-
by-frame to maintain a central point within the ventricular wall in 
the entire replenishment sequence. The segmental SI was plotted 
against time (t), and the subsequent refilling curve was fitted to the 
following exponential function: y(t)=A(1-exp–βt)+C, as modified by 
Wei et al. (23) The segmental MCE parameters, i.e., A for MBV, 
β for MBF velocity, and Aβ for mean MBF, were obtained and 
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analyzed for each coronary region (Fig. 1). The measurements of 
intra-observer variability for A and β were obtained by repeated 
analysis of 10 randomly selected patients within 8 weeks. The 
results for MCE parameters were analyzed by two experienced 
physicians. If the results were inconsistent, the final consequence 
for average values was decided by two physicians. In addition, the 
intra- and inter-observer coefficients of variance were calculated. 

Statistical analysis
Statistical analyses were performed using SPSS 16.0 (SPSS 

Inc., Chicago, IL, USA). Continuous variables of baseline clini-

cal characteristics were expressed as mean±standard devia-
tion (SD). Variables of skewed distribution were expressed as 
median±interquartile range (M±Q). Grouped data were com-
pared using non-parametric test. Mann–Whitney U test was 
used to evaluate continuous data of skewed distribution of two-
sample comparison, and X2 test was used to evaluate categorical 
data. For more than two groups, Kruskal–Wallis H test was used 
for proportional comparisons. Correlations among A, β, Aβ, 
and Gensini scores were calculated using Kendall correlation 
analysis. A p value of ≤0.05 was considered to be statistically 
significant. Receiver operating characteristic (ROC) curves were 
used to evaluate the ability of A, β, and Aβ to detect ischemic 
segments. Intra- and inter-observer variability was presented as 
the SD of the mean difference (coefficient of variance).

Results

Clinical characteristics and results of CAG
The subjects were divided into CAD patients (52 cases) and 

non-CAD patients (13 cases). A total of 110 narrow coronary ar-
teries were detected by CAG in the 52 CAD patients. The coro-
nary artery lesions were as follows: 4 vessels in LM, 43 in LAD, 
8 in D1, 21 vessels in LCX, 6 in OM, and 28 in RCA. The clinical 
characteristics of all candidates are listed in Table 1. Of the 52 
CAD patients (40 men; mean age, 60.44±8.60 years), 36 had hy-
pertension, 22 had diabetes mellitus, and 20 were current or pri-
or smokers. Of the 13 controls (eight men; mean age, 58.62±7.18 
years), six had hypertension, three had diabetes mellitus, and 
four were current or prior smokers.

RT-MCE
In the 65 study patients, 103 segments were ruled out be-

cause of poor image quality. A total of 1002 segments were ob-
tained. In the 52 CAD patients, 86 segments were excluded, and 
in the 13 non-CAD patients, 17 segments were excluded (Fig. 2). 
In total, 332 ischemic and 466 non-ischemic segments were de-
tected by semi-quantitative analysis in the CAD patients (Table 

Figure 1. Images of RT-MCE. Picture A represents pre-contrast image, and picture B represents post-contrast image

Table 1. Baseline clinical characteristics and the data of 
CAG

Clinical data CAD patients (n=52) Non-CAD patients (n=13)

Age, years 60.44±8.60 58.62±7.18

Male 40 8

Risk factors  

Hypertension 36 6

Diabetes 22 3

Smoking 20 4

TC, mmol/L 5.20±1.03 4.01±1.03a

HDL  1.17±0.29 1.21±0.39

Affected arteries  

LM 4 (3.64%) 0a

LAD 43 (39.09%) 0a

D1 8 (7.28%) 0a

LCX 21 (19.09%) 0a

OM 6 (5.45%) 0a

RCA 28 (25.45%) 0a

D1-first diagonal; HDL-C-high-density lipoprotein cholesterol; LAD-left anterior de-
scending; LCX-left circumflex; LM-left main; OM-obtuse marginal; RCA-right coronary 
artery; TC- total cholesterol; Data are presented as n (%) or mean± SD. aP <0.05, CAD 
vs. non-CAD patients
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2). No segment had a score of 0 points because the patients 
had stable angina pectoris without previous myocardial infarc-
tion. On comparison between the CAD and non-CAD groups, 
significant differences were found in A, β, and Aβ (8.78±2.71, 
0.71±0.26, 5.86±3.57 vs. 3.72±4.33, 0.39±0.39, 1.46±3.19, respec-
tively; p<0.001 for all; Table 3). On comparison between the isch-
emic and non-ischemic groups of CAD patients, significant dif-
ferences were observed in A, β, and Aβ (3.11±2.11, 0.33±0.20, 
1.01±1.16 vs. 4.08±5.33, 0.41±0.41, 1.60±4.02, respectively; p<0.001 
for all; Table 2; Fig. 3). On comparison between the ischemic 
and non-CAD groups, significant differences were observed 
in A, β, and Aβ (3.11±2.11, 0.33±0.20, 1.01±1.16 vs. 8.78±2.71, 
0.71±0.26, 5.86±3.57, respectively; p<0.001 for all; Table 2; Fig. 3). 
On comparison between the non-ischemic and non-CAD groups, 
significant differences were found in A, β, and Aβ (4.08±5.33, 
0.41±0.41, 1.60±4.02, vs. 8.78±2.71, 0.71±0.26, 5.86±3.57, respec-
tively; p<0.001 for all; Table 2; Fig. 3). The intra- and inter-observer 
coefficients of variance were 94.9% and 92.7% and 95.1% and 
93.5% for semi-quantitative and quantitative analyses, respec-
tively.

Gensini scores
For assessing the accuracy of ischemic segments, the ROC 

curves of A, β, and Aβ were 0.85, 0.79, and 0.83, respectively 
(p<0.01 for all) (Fig. 4). According to the CAG results in the CAD 
patients, the Gensini scores were 1–29 for the low-risk group, 
30–89 for the moderate-risk group, and 90 or higher for the high-
risk group. The values of A, β, and Aβ were significantly different 
among the low-, moderate-, and high-risk groups of Gensini 

scores (p<0.001) (Table 3). A, β, and Aβ were significantly diffe-
rent among the three Gensini scores (p<0.05 for all). The values 
of A and Aβ were significantly different between low- and 
moderate-risk groups as well as between low- and high-risk 
groups (p<0.05 and 0.01, respectively). The values of A, β, and A 
β were significantly different between moderate- and high-risk 
groups (p<0.05). The correlation coefficients of A, β, and Aβ in 
the different Gensini score groups were as follows: –0.87, –0.63, 
and –0.90, respectively, in the low-risk group; –0.85, –0.77, and 
–0.88, respectively, in the moderate-risk group; and –0.94, –0.90, 
and –0.97, respectively, in the high-risk group.

Discussion

CM dysfunction is an important mechanism of myocardial 
ischemia. The advantage of quantitative RT-MCE is the assess-
ment of segmented and total CM function. In this present study, 
we quantitatively assessed CM function in CAD patients using A, 
β, and Aβ. The enrolled patients who successfully underwent 
CAG were classified into CAD and non-CAD groups. The results 
showed that CM function in CAD patients was worse than that 
in non-CAD patients. The myocardial segments of CAD patients 
were classified semi-quantitatively into ischemic and non-isc-
hemic groups using RT-MCE. CM function in ischemic areas was 
worse than that in the non-ischemic areas.

Our previous study used RT-MCE combined with dobutamine 
to detect CAD and viable myocardium; however, we conducted 
no further study on CM function in CAD patients (24, 25). Iko-
nomidis et al. (26) assessed the effect of percutaneous coro-
nary intervention in acute coronary syndrome patients by MCE. 
Shimoni et al. (27) reported the use of MCE to predict its value 
after revascularization in CAD patients with ventricular dysfunc-
tion. However, neither of these studies evaluated CM function in 
CAD patients. The reasons are as follows: Firstly, the impaired 

65 patients (n=1105)

52 CAD patients 13 non-CAD patients

RT-MCE was performed
103 poor imaging acquisition segments were excluded

Segments suitable for observing (n=1002)

There were 332
ischemic segments

Analyze the coronary microcirculation function quantitatively by A, β and Aβ

There were 466
non-ischemic segments

There were 204
non-ischemic segments

Figure 2. The operation flow chart. In the 65 study patients, 103 seg-
ments were ruled out because of poor image quality. A total of 1002 
segments were obtained. In the 52 CAD patients, 86 segments were 
excluded, and in the 13 non-CAD patients, 17 segments were excluded

Table 2. A, β, and Aβ in CAD and non-CAD groups (M±Q)

Groups A β Aβ

Non-CAD group 8.78±2.71*#Δ 0.71±0.26*#Δ 5.86±3.57*#Δ

CAD group 3.72±4.33 0.39±0.39 1.46±3.19

Ischemic group 3.11±2.11** 0.33±0.20** 1.01±1.16**

Non-ischemic group 4.08±5.33 0.41±0.41 1.60±4.02

*P<0.001, Non-CAD vs. CAD group; #P<0.001, Non-CAD vs Ischemic group; ΔP<0.001, 
Non-CAD vs. Non-ischemic group; **P<0.001, Ischemic vs. Non-ischemic group

Table 3. A, β and Aβ in Gensini score among low, moderate and high risk groups (M±Q)

Groups A β Aβ Gensini score

Low risk group 3.82±3.61 0.38±0.41# 1.32±3.25*# 20.00±20.00

Moderate risk group 3.35±3.09*# 0.35±0.27*# 1.18±1.75*# 48.00±29.00*#

High risk group 2.58±1.20**## 0.30±0.2**## 0.76±0.56**## 97.00±32.00**##

*P<0.05, vs. Low risk group; **P<0.01, vs. Low risk group; #P<0.05, vs. moderate risk group. ##P<0.05, vs. moderate risk group
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endothelium dependent or independent release of vasoactive 
substances resulted in both enhanced microvascular constric-
tion and reduced dilation, which caused functional abnormali-
ties (28). Secondly, non-ischemic regions increase work load 
to supply and compensate for decreased function in ischemic 

areas, and ischemic episodes often break down the structure of 
the coronary microvasculature, which results in decreased CM 
function in CAD patients (29–31). Thirdly, coronary artery steno-
sis can slow blood flow of the epicardial coronary arteries and 
accelerate local thrombus formation, resulting in decreased CM 
function in both ischemic and non-ischemic areas of CAD pa-
tients (32).

Some animal studies have shown that the ratio of peak ste-
notic intensity (on behalf of MBV) between narrow and non-
narrow coronary artery areas, as measured by the intravenous 
RT-MCE microbubble technique, positively correlates with the 
corresponding segments of MBF, as detected by radioactive 
microspheres. Decreasing MBV and increasing myocardial vas-
cular resistance can result in decreased coronary blood flow in 
coronary artery stenosis (33). CM function deteriorates when the 
CM system is affected by one or more adverse factors, such as 
capillary swelling, congestion, distal embolism, and vasocons-
triction (34, 35). These factors result in decreased CM function 
in CAD by affecting coronary artery endothelial function (36). 
The similar blood rheology characteristics of red blood cells and 
good-quality backscatter enable quantitative evaluation of MBF 
velocity, MBV, and mean MBF in capillaries using microbubbles 
combined with echocardiographic technology (37). The timing of 
microbubble refilling in the blood zone supply of narrow coro-
nary arteries is significantly longer than that of normal coronary 
arteries. RT-MCE has unique capability of assessing myocardial 
perfusion non-invasively through assessment of capillary blood 
volume. RT-MCE is a good method for measuring MBF (38). 

The Gensini score is a currently recognized method that 
comprehensively reflects the severity of atherosclerotic vascu-
lar lesions (39). It is closely related to the severity and prognosis 
of CAD. This study found that if the severity of coronary artery 
lesions was higher, the Gensini score was higher and the para-
meters of RT-MCE were lower with a negative correlation be-
tween them. This suggests that A, β, and Aβ can be used to 
reflect the stenosis degree of coronary artery lesions and CM 
function. Therefore, RT-MCE can assess CM function in CAD pa-
tients.

Study limitations
The most important limitation of our study is the relatively 

small number of patients in the non-CAD group. Further, the RT-
MCE images needed to be analyzed offline and the image quality 
might have affected the accuracy of the data. We evaluated the 
CM function of CAD and non-CAD patients using RT-MCE and 
CAG. CAG is an invasive method, and we did not choose a non-
invasive method, such as SPECT, as a reference.

Conclusions

Our results showed that RT-MCE can assess CM function 
in CAD patients by evaluating myocardial perfusion. There are 
varying degrees of decrease in CM function in CAD patients in 
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both ischemic and non-ischemic coronary artery areas, with the 
decrease in the former being more severe, although CM function 
deterioration is progressive along with the aggravation of coro-
nary artery stenosis in CAD patients.
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