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Abstract: Enhanced external counterpulsation (EECP) is able to treat myocardial 

ischemia, which is usually caused by coronary artery stenosis. However, the underlying 

mechanisms regarding why this technique is effective in treating myocardial ischemia 

remains unclear and there is no patient-specific counterpulsation mode for different rates 

of coronary artery stenosis in clinic. This study sought to investigate the hemodynamic 

effect of varied coronary artery stenosis rates when using EECP and the necessity of 

adopting targeted counterpulsation mode to consider different rates of coronary artery 

stenosis. Three 3-dimensional (3D) coronary models with different stenosis rates, 

including 55% (Model 1), 65% (Model 2), and 75% (Model 3), were generated, then 

coupled with a 0-dimensional (0D) lumped parametric model of the blood circulatory 

system. EECP was applied to the 0D/3D coupled models to study the hemodynamic 

response of the coronary artery. Under the same counterpulsation mode, the ratio of 

diastolic blood pressure to systolic blood pressure of 3 models during counterpulsation 

was 1.4, and the cardiac output and coronary artery flow rate increased significantly. The 

low wall shear stress (WSS) and high oscillatory shear index (OSI) areas were mainly 

located at the posterior end of the stenosis and coronary artery bifurcation. Moreover, 

with an increase in the rate of coronary artery stenosis, the increased percentage of flow 

rate through the coronary artery stenosis and area-averaged WSS decreased. The 

geometric multiscale model in this study can be used to effectively simulate the 

hemodynamic characteristics of cardiovascular system following the application of EECP. 

Local precise hemodynamic effect of the coronary artery stenosis can be observed. It was 

found from the hemodynamic factors that the coronary artery with lower stenosis rate 

more likely led to better vascular endothelial remodeling. Thus, it is necessary to adopt 

patient-specific counterpulsation mode accounting for different condition of coronary 

artery stenosis.  
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1 Introduction 

Enhanced external counterpulsation (EECP) is able to treat myocardial ischemia, which is 

usually caused by coronary artery stenosis. EECP equipment includes cuffs around the 

calves, thighs and buttocks. The cuffs are rapidly filled with air during the diastole of 

heart, compressing the legs and pushing the blood sequentially from the lower limbs 

towards the aorta, which improves the diastolic blood pressure significantly to promote 

coronary collateral circulation [Sharma, Ramsey, Tak et al. (2013)]. Before cardiac 

contraction, the cuff is rapidly deflated to expand the compressed artery so that it can 

easily accept the blood from the heart. Afterwards, the aortic systolic pressure and 

ventricular ejection resistance are reduced and the cardiac afterload is alleviated 

[Michaels, Accad, Ports et al. (2002); Michaels, Accad, Ports et al. (2005)]. 

Previous studies indicated that the hemodynamic environment of internal vessel was of 

great significance for vascular remodeling [Davies (2009); Casey, Beck, Nichols et al.  

(2011); Han, Starikov, Hartaigh et al. (2016)]. Zhang et al. [Zhang, He, Chen et al. (2007)] 

have found from animal experiments that the increase of wall shear stress (WSS) to 

improve endothelial function is an important mechanism contributing to the favorable 

clinical effect of EECP. Yang et al. [Yang and Wu (2013)] investigated the potential 

mechanisms contributing to the immediate and long-term benefits of EECP from the 

perspective of shear stress-increasing effect. However, the WSS of the vascular 

endothelium is clinically unmeasurable and little is currently known about the accurate 

hemodynamic effect of EECP on local blood vessels.  

EECP equipment can assist cardiac work and improve myocardial perfusion in patients 

with ischemic coronary heart diseases [Bonetti, Barsness, Keelan et al. (2003); Braith, 

Casey and Beck (2003)]. While coronary artery stenosis is one of the main factor that 

affect myocardial ischemia [Libby, Pierre and Theroux (2005)], there was no appropriate 

mode of counterpulsation for patient-specific coronary artery with different rates of 

stenosis. Development of targeted treatment strategies for coronary artery with different 

rates of stenosis is imperative. This study aimed to establish a geometric multiscale 

model to calculate hemodynamic parameters of concerned blood vessels during EECP 

and determine local precise hemodynamic phenomenon. In this study, three 0D/3D 

coupled models were established to simulate the human blood circulatory system and to 

study the hemodynamic effect of coronary artery with different rates of stenosis under the 

same EECP mode.  

2 Materials and methods 

2.1 The 3D coronary model 

The 3D models in this study was established based on a 62 years old patient with 

coronary heart disease. The CT scans of patient were provided by The Eighth Affiliated 

Hospital, Sun Yat-sen University. The physiological parameters of this patient were 

shown in Tab. 1.  
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Table 1: Physiological parameters of patient 

Diastolic blood pressure 

(mmHg) 

Systolic blood pressure 

(mmHg) 

Cardiac output 

(mL/s) 

127        79         83 

The 3D models were reconstructed following threshold segmentation and regional growth 

on CT images [Zhao, Liu and Wang (2015)]. Based on the original 3D model, other 

models were built with the software FreeForm Modeling Puls 2013.0 by modifying the 

stenosis section at the left anterior descending branch. EECP is mainly used to treat 

coronary heart disease with moderate degree of stenosis in clinical, so this study change 

the stenosis section at the same location with rates of 55% (Model 1), 65% (Model 2) and 

75% (Model 3) by the diameter, respectively (Fig. 1).     

 

Figure 1:  3D modified models with different stenosis rates  

The 3D models were meshed to generate the computational models. A hexahedral mesh 

was generated mainly by using the size control method with the assistance of the 

commercial software ANSYS-CFX. The node and element numbers for the models are 

listed in Tab. 2. 

Table 2: The node and element numbers of the 3D model 

Model Nodes Elements 

1 810651 1048638 

2 824175 1085551 

3 840940 1209848 

2.2 The 0D/3D coupled model 

2.2.1 The lumped parametric model of blood circulatory system  

The lumped parametric model of blood circulatory system was able to simulate the 

hemodynamic behavior of the human blood circulation at the system level. The vascular 

resistance, blood pressure and blood flow were compared to the resistance, voltage and 

current, respectively. The heart was compared to the time-varying capacitance, the vascular 

elasticity and blood inertia were compared to the capacitance and inductance. The structure 

of lumped parametric model referred to the study of Jaron and physiological anatomy of 
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blood vessels [Jaron, Moore and Bai (1988); Bai, Ying and Jaron (1992)]. 

The lumped parametric model of blood circulatory is consisted of a cardiopulmonary 

circulation module, 18 arterial and venous modules and 9 peripheral circulation modules. 

Fig. 2 showed the structure of each module in the lumped parametric model, and the 

values of each module were shown in Tab. 3 and Tab. 4. The parameters of lumped 

parametric model in this study referred to the physiological parameters of patient and 

previous literature [Frolov, Sindeev, Lischouk et al. (2016)]. 

 

Figure 2: The structure of each module in the lumped parametric model 

Table 3: Parameters of the cardiopulmonary bypass  

RV 0.1027 CRA 0.594 LV 0.0001 

RRA 0.0035 CL 0.343 LL 0.0002 

RRV 0.0002 CLA 2.500 L0 0.0025 

RL 0.0068 C0 0.250 LA 0.00007 

RLA 0.0070 C1 0.194   

RLV 0.6030 CA 0.180   

R0 0.0377 C 0.006   

RA 0.0025 Cim 0.004   

R 60.254     

R_m 130.50     

R_v 34.002     
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Table 4: Parameters of the blood circulatory system 

Serial 

number 

Arterial module Venous modules Peripheral 

circulation 
R C L R C L Ra Rv C 

1 0.0042 0.040 0.0008 0.0378 0.080 0.00050    

2 0.0039 0.050 0.0001 0.0386 0.095 0.00050 1.30 2.50 0.0010 

3 0.0040 0.047 0.0001 0.0549 0.020 0.00008    

4 0.0069 0.041 0.0001 0.0556 0.020 0.00001    

5 0.0089 0.035 0.0001 0.0603 0.028 0.00010 2.86 2.54 0.0052 

6 0.0093 0.024 0.0002 0.0808 0.010 0.00010 3.83 2.96 0.0010 

7 0.0084 0.016 0.0002 0.1200 0.010 0.00010 4.68 3.35 0.0010 

8 0.0100 0.408 0.0205 0.2000 0.090 0.00520    

9 0.0120 0.260 0.0172 0.1900 0.030 0.01180 5.80 3.80 0.0010 

10 0.1280 0.265 0.0106 0.5100 0.040 0.01580    

11 0.1580 0.153 0.0106 0.5300 0.050 0.01859 5.90 4.30 0.0010 

12 0.1750 0.053 0.0108 1.4200 0.020 0.03130    

13 0.1900 0.011 0.0108 1.4100 0.010 0.04080 6.95 5.05 0.0010 

14 0.1253 0.070 0.0011 1.3300 0.010 0.00110 3.50 3.70 0.0016 

15 0.1191 0.060 0.0009 1.1900 0.010 0.00090    

16 0.0336 0.200 0.0004 0.1800 0.060 0.00040 3.80 3.20 0.0016 

17 0.0283 0.150 0.0004 0.1800 0.070 0.00035    

18 0.0251 0.200 0.0003 0.1600 0.070 0.00039    

The explicit Euler method was used for simulation, and the time step of lumped 

parametric model is 0.000001 s. The variable capacitance CLV(t) and CRV(t) was the 

energy source for the entire circuitry system, to simulate the contraction of left and right 

ventricular. Suga et al. [Suga and Sugava (1974)] established the elastic time-varying 

function E(t) (mmHg/ml) to describe ventricular features by animal experiments, which 

can be expressed as: 

𝐸(𝑡) =
𝑃𝑠𝑣(𝑡)

𝑉𝑠𝑣(𝑡)−𝑉0
                                                                                                                  (1) 

V0 is ventricular reference volume (ml), Vsv(t) is time function of ventricular volume (ml), 

and Psv(t) is time function of ventricular pressure (mmHg). In actual calculation, the 

shape of the elastic curve is best approximated by Eq. (2) [Stergiopulos, Meister and 

Westerhof (1996)].  

𝐸(𝑡) = (𝐸𝑚𝑎𝑥 − 𝐸𝑚𝑖𝑛) ∙ 𝐸𝑛(𝑡𝑛) + 𝐸𝑚𝑖𝑛                                                                          (2) 

𝐸𝑛(𝑡𝑛) = 1.55 [
(
𝑡𝑛
0.7
)
1.9

1+(
𝑡𝑛
0.7
)
1.9] [

1

1+(
𝑡𝑛
1.17

)
21.9]                                                                              (3) 
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Emax (mmHg/ml) is ventricular pressure-volume relation during end-systole and Emin 

(mmHg/ml) is ventricular pressure-volume relation during end-diastolic. En(tn) is double 

hill function, tn is t/Tmax, while the Tmax (s) can be calculated by the cardiac cycle tc (s): 

 Tmax = 0.2 + 0.15𝑡𝑐                                                                                                       (4) 

In this study, the Emax of left ventricle was 6.0, Emin of left ventricle was 0.007; the 

Emax of right ventricle was 0.00042, Emin of right ventricle was 0.00003. The value of 

Emax and Emin is different, because the left ventricular and right ventricular systolic 

intensity is different. By applying E(t) to CLV(t) and CRV(t) in Fig. 2, respectively, 

pressure waveforms simulated left and right ventricular contraction would produce on 

CLV(t) and CRV(t). Combining with patient-specific physiological parameters, the 

solution results indicate the physiological reliability of model and its feasibility to 

execute hemodynamic simulation for the blood circulatory system. 

2.2.2 Coupling method 

The geometric multiscale model was established by coupling the 3D coronary model with 

the lumped parametric model of the patient’s blood circulatory system. According to 

coupling algorithm and boundary conditions [Zhao, Liu, Li et al. (2015)], the lumped 

parametric model and 3D models were able to exchange data. The boundary conditions of 

3D models were the pressure at the outlet and flow rate at the inlet, which were 

calculated by the lumped parametric model. Also the pressure at the inlet(B) and flow 

rate at the outlet(A) calculated by 3D model were imposed to the lumped parametric 

model. The simulation of 3D model and calculation of 0D model were implemented 

based on User CEL Function and Junction Box in ANSYS-CFX. Based on the linear 

interpolation method, the timeline in 0D calculation was consistent with 3D simulation. 

For each coronary branch(a-j) of 3D model, as shown in Fig. 3, coupled with a lumped 

parametric model with a ventricle pressure source [Tayler, Fonte and Min (2013); Kim, 

Vignon, Coogan et al. (2010)]. 



 

 

 

Hemodynamics of Enhanced External Counterpulsation                                          155 

         

    Figure 3: The structure of 0D/3D coupled model 

2.3 The application of EECP 

EECP was applied to the vein and arterial of lumped parametric model lower body 

modules in the form of pressure waveform. The pressure amplitude, pressure duration, 

pressurized moment, pressurized and decompressed rate are four parameters of the 

application of EECP [Bai, Wu and Zhang (2002)].  

 

Figure 4: The control chart of EECP mode 

The inflation and deflation rates of EECP were very fast in clinic, and pressurized 

moment is based on the beginning of diastolic period. Fig. 4 shows the control chart of 

counterpulsation, the pressurization time and decompression time were 5 ms. For patient 

with a cardiac cycle of 0.8 s, the pressurized moment of calves is 0.25 s [Bottom (1999)].  

The detailed values of pressure amplitude and pressure duration are shown in Tab. 5. 
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Table 5: The parameters of EECP mode 

Serial number P(mmHg) th(S) ts(S) te(S) 

1 300 0.5                                    0.1 0.6 

2 200 0.4 0.2 0.6 

3 150 0.25 0.35 0.6 

3 Results  

3.1 Aortic pressure and cardiac output 

The therapeutic target for traditional treatment of EECP is that the diastolic blood 

pressure is 1.2 times greater than systolic blood pressure following counterpulsation. The 

improvement of diastolic blood pressure will promote the establishment of collateral 

circulation, allowing blood through it into the myocardial tissue and relieving the 

ischemic state of myocardial cells. In this counterpulsation mode, the ratio between the 

diastolic blood pressure and systolic blood pressure during counterpulsation is 1.4, and 

the waveform of aortic pressure is in line with the physiological parameters, as shown in 

Fig. 5. These results promised the effectiveness of our simulation. 

 

 

Figure 5: The aortic pressure of 3 models 

The increase in the cardiac output enhances heart, brain, kidney and other organs blood 

perfusion thus it is an important index to evaluate the effect of counterpulsation. But the 

waveform of cardiac output with EECP is different from normal state because of the 

reverse flow by the counterpulsation wave, as shown in Fig. 5. When the counterpulsation 

wave arrived to the aortic root, the reverse flow was generated and the numerical value of 

cardiac output was negative. After the counterpulsation pressure was released, the reverse 

flow turned to be positive again. The negative numerical value of cardiac output was just 

an expression of flow direction. 
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Figure 6: The cardiac output of 3 models 

3.2 Coronary flow 

The coronary flow rate is one of the most important parameters for evaluating the 

myocardial ischemia. The flow through the coronary artery stenosis is depicted in Fig. 7, 

the solid line waveform represents the coronary flow rate before counterpulsation and the 

dashed line represents the coronary flow rate during counterpulsation. After the 

application of counterpulsation, the coronary flow rate during diastole is much higher. 

 

 

Figure 7: The stenosis flow rate of 3 models 

The time-averaged coronary flow rate and the percentage of flow increase are also listed 

in Tab. 6. It can be found that the flow through the stenosis in Model 1 is much higher 

than Model 2, and that Model 2 is much higher than that of Model 3. 

Table 6: Time-averaged coronary flow rate 

Model 1 2 3 

Flow before EECP (mL/s) 1.782 1.720 1.600 

Flow during EECP (mL/s) 2.157 2.076 1.894 

Increased Percentage (%) 21.0% 20.6% 18.3% 
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3.3 Wall shear stress 

Wall shear stress (WSS) is one of the most important parameters and is proposed to relate 

blood flow to atherosclerosis. In arteries, the magnitude of WSS is in the range of 17 Pa. 

Arterial level WSS (>1.5 Pa) induces endothelial quiescence and an atheroprotective gene 

expression profile, whereas low WSS (<0.4 Pa), which is prevalent at atherosclerosis-

prone sites, stimulates an atherogenic phenotype. The stenosis would produce bad 

hemodynamic effect on the distal coronary artery, which was considered in this study. 

The WSS contours during counterpulsation at 0.35 s were shown in Fig. 8. The time is the 

moment of maximum coronary flow rate.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               

  

Figure 8: The WSS counter of 3 models at 0.35 s 

The waveforms of area-averaged WSS on the distal vessels of coronary artery stenosis 

were depicted in Fig. 9. The time-averaged WSS of coronary artery for Model 1, Model 2 

and Model 3 are 3.335 Pa, 3.006 Pa and 2.662 Pa, respectively. It can be seen from Fig. 9 

that the WSS in Model 1 is higher than Model 2, and Model 2 is higher than Model 3. 

 

Figure 9: The area-averaged WSS on the distal vessels of the coronary stenosis  

3.4 Oscillatory shear index 

Oscillatory shear index (OSI) was based on the expression in Eq. (4), and τω is WSS. 

𝑂𝑆𝐼 =
1

2
(1 −

| ∫ τω
→ 𝑑𝑡|
𝑇

0

∫ |τω→ |𝑑𝑡
𝑇

0

)                                                                                                       (4) 
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Figure 10: The OSI counter of 3 models 

The OSI distributions on the distal vessels of the coronary artery stenosis are illustrated in 

Fig. 10. It can be seen that the OSI in Model 1 and Model 2 is higher than Model 3. Also 

high OSI area only appear in bifurcation of coronary. The area-averaged OSI of distal 

vessels was 0.0107, 0.0106 and 0.0081 for Model 1, Model 2 and Model 3, respectively. 

4 Discussion    

4.1 Hemodynamic characters of coronary with stenosis during EECP  

Previous studies indicated that EECP improved myocardial ischemia by promoting 

coronary collateral circulation and modifying vascular endothelium gene expression 

[Hashemi, Hoseinbalam and Khazaei (2008); Davies (2009)]. The EECP device 

compresses lower body sequentially, forcing the blood back to the aorta. Thereby the 

aortic pressure and coronary artery flow rate increase in the diastole of heart [Prasad, 

Ramasamy, Thomas et al. (2010)]. These behaviors are also shown in the results of this 

study, the aortic pressure and cardiac output increased significantly during diastole (Fig. 

5 and Fig. 6). Therefore, the geometric multiscale model was able to simulate coronary 

artery hemodynamic completely following EECP. 

Furthermore, some local precise hemodynamic phenomenon of coronary artery stenosis 

during EECP was observed in the geometric multiscale model. Some studies have 

demonstrated that low WSS is prevalent at atherosclerosis prone sites, and a high OSI 

would increase the probability of vascular intimal hyperplasia [Malek, Alper and Izumo 

(1999); Mori, Hayasaka and Yamaguchi (2002); Chiu, Wang, Chien et al. (2008)]. Our 

results (Fig. 8 and Fig. 10) indicate that the low WSS and high OSI region on coronary 

are mostly located at the back end of the stenosis and bifurcation. Although the 

myocardial ischemia can be effectively relieved by EECP, there are some hemodynamic 

responses that could be improved by changing counterpulation mode in future study.  

4.2 Difference among different coronary stenosis during EECP 

Our results show that no significant difference exists among 3 models in aortic pressure 

and cardiac output during counterpulsation. However, the increase of the stenosis rate 

leads to a decrease of the percentage of blood flow through the coronary artery during 

counterpulsation. The coronary artery flow rate is an important indicator that improve 

myocardial ischemia and hypoxia [Uren, Merlin, De et al. (1994)]. Moreover, it can be 

seen from Fig. 9 that area-averaged WSS of distal vessels of coronary artery stenosis is 

decreased with the increase of the rate of coronary artery stenosis. Studies have indicated 
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that the function of endothelial cells was improved effectively and the occurrence and 

development of atherosclerosis was delayed by increasing the WSS of vascular 

endothelium [Wentzel, Gijsen, Stergiopulos et al. (2003); Carlier, Damme, Blommerde et 

al. (2003)]. Based on the observed hemodynamic features above, it can be found that 

difference exists among different coronary stenosis during EECP. Under this 

counterpulsation mode, the therapeutic effect became worse with the increased rate of 

coronary artery stenosis.  

5 Conclusions   

The 0D/3D coupled models in this study can effectively simulate the hemodynamic 

characteristics of coronary artery after the application of EECP. This model could 

calculate WSS and observe local precise hemodynamic phenomenon of coronary artery 

stenosis. Furthermore, there are some hemodynamic response that would be concerned 

during EECP. 

Under the same counterpulsation mode, different rates of coronary artery stenosis have 

different hemodynamic effects-the lower the stenosis rate is, the better the effect of 

counterpulsation would be. Clinic considerations of the influence of different stenosis 

rates on the coronary should therefore be taken into account. 

6 Future work 

For a specific coronary artery stenosis condition, a specific counterpulsation mode should be 

applied to achieve the best counterpulsation effect. The appropriate counterpulsation mode of 

EECP for different rates of coronary artery stenosis will be studied in our future work.  

Acknowledgemen: This research was supported by National Natural Science Foundation 

of China (11772016, 11472022, 11702008), Key Project of Science and Technology of 

Beijing Municipal Education Commission and Support Plan for High-level Faculties in 

Beijing Municipal Universities (CIT&TCD201804011).                                                                                              

References 

Bai, J.; Wu, D.; Zhang, J. (2002): A simulation study of external counterpulsation.                            

Computers in Biology & Medicine, vol. 24, no. 2, pp. 145-156. 

Bai, J.; Ying, K.; Jaron, D. (1992): Cardiovascular responses to external counterpulsation: 

a computer simulation. Medical & Biological Engineering & Computing, vol. 30, no. 3, pp. 

317-323. 

Bonetti, P. O.; Barsness, G. W.; Keelan, P. C.; Schnell, T. I.; Pumper, G. M. et al. 

(2003): Enhanced external counterpulsation improves endothelial function in patients 

with symptomatic coronary artery disease. Journal of the American College of 

Cardiology, vol. 41, no. 6, pp. 1761-1768. 

Bottom, K. E. (1999): A Numerical Model of Cardiovascular Fluid Mechanics During 

External Cardiac Assist. Massachusetts Institute of Technology.  

Braith, R. W.; Casey, D. P.; Beck, D. T. (2003): Enhanced external counterpulsation for 

ischemic heart disease: A look behind the curtain. Journal of the American College of 

Cardiology, vol. 41, no. 11, pp. 1918-1925. 



 

 

 

Hemodynamics of Enhanced External Counterpulsation                                          161 

Carlier, S. G.; Damme, L. C. A. V.; Blommerde, C. P.; Wentzel, J. J.; Langehove, G. 

V. et al. (2003): Augmentation of wall shear stress inhibits neointimal hyperplasia after 

stent implantation inhibition through reduction of inflammation? Circulation, vol. 107, 

no. 21, pp. 2741-2746. 

Casey, D. P.; Beck, D. T.; Nichols, W. W.; Conti, C. R.; Choi, C. Y. et al. (2011): 

Effects of enhanced external counterpulsation on arterial stiffness and myocardial oxygen 

demand in patients with chronic angina pectoris. American Journal of Cardiology, vol. 

107, no. 10, pp. 1466-1472. 

Chiu, J. J.; Wang, D. L.; Chien, S.; Skalak, R.; Usami, S. (2008): Effects of disturbed 

flow on endothelial cells. Ann Biomed Engineering, vol. 36, no. 4, pp. 554-562. 

Davies, P. F. (2009): Hemodynamic shear stress and the endothelium in cardiovascular 

pathophysiology. Nature Clinical Practice Cardiovascular Medicine, vol. 6, no. 1, pp. 

16-26. 

Davies, P. F.; Civelek, M. (2011): Endoplasmic reticulum stress, redox, and a 

proinflammatory environment in athero-susceptible endothelium in vivo at sites of 

complex hemodynamic shear stress. Antioxidants & Redox Signaling, vol. 15, no. 5, pp. 

1427-1432. 

Frolov, S. V.; Sindeev, S. V.; Lischouk, V. A.; Gazizova, D. S.; Liepsch, D. et al. 

(2016): A lumped parameter model of cardiovascular system with pulsating heart for 

diagnostic studies. Journal of Mechanics in Medicine & Biology, vol. 17, no. 3. 

Han, D.; Starikov, A.; Hartaigh, B. O.; Gransar, H.; Kolli, K. K. et al. (2016): 

Relationship between endothelial wall shear stress and high-risk atherosclerotic plaque 

characteristics for identification of coronary lesions that cause ischemia: A direct 

comparison with fractional flow reserve. Journal of the American Heart Association 

Cardiovascular & Cerebrovascular Disease, vol. 5, no. 12, pp. 1-9.  

Hashemi, M.; Hoseinbalam, M.; Khazaei, M. (2008): Long-term effect of enhanced 

external counterpulsation on endothelial function in the patients with intractable angina. 

Heart Lung & Circulation, vol. 17, no. 5, pp. 383-387. 

Jaron, D.; Moore, T. W.; Bai, J. (1988): Cardiovascular responses to acceleration stress: 

A computer simulation. Proceedings of the IEEE, vol. 76, no. 6, pp. 700-707. 

Kim, H. J.; Vignonclementel, I. E.; Coogan, J. S.; Figueroa, C. A.; Jansen, K. E. et 

al. (2010): Patient-specific modeling of blood flow and pressure in human coronary 

arteries. Annals of Biomedical Engineering, vol. 38, no. 10, pp. 3195-3209. 

Libby, P.; Pierre, M.; Theroux, P. (2005): Pathophysiology of coronary artery disease. 

Circulation, vol. 111, no. 25, pp. 3481-3488.  

Malek, A. M.; Alper, S. L.; Izumo, S. (1999): Hemodynamic shear stress and its role in 

atherosclerosis. Jama, vol. 282, no. 21, pp. 2035-2042. 

Michaels, A. D.; Accad, M.; Ports, T. A.; Grossman, W. (2002): Left ventricular 

systolic unloading and augmentation of intracoronary pressure and doppler flow during 

enhanced external counterpulsation. Circulation, vol. 106, no. 10, pp. 1237-1242.  

Michaels, A. D.; Raisinghani, A.; Soran, O.; Lame, P. A. D.; Lemaire, M. L. et al. 

(2005): The effects of enhanced external counterpulsation on myocardial perfusion in 



 

 

 

162  Copyright © 2018 Tech Science Press           CMES, vol.116, no.2, pp.149-162, 2018 

patients with stable angina: A multicenter radionuclide study. American Heart Journal, 

vol. 150, no. 5, pp. 1066-1073. 

Mori, D.; Hayasaka, T.; Yamaguchi, T. (2002): Modeling of the human aortic arch 

with its major branches for computational fluid dynamics simulation of the blood flow. 

JSME International Journal, vol. 45, no. 4, pp. 997-1002. 

Prasad, G. N.; Ramasamy, S.; Thomas, J. M.; Nayar, P. G.; Sankar, M. N. et al. 

(2010): Enhanced external counterpulsation therapy: current evidence for clinical practice 

and who will benefit? Indian Heart, vol. 62, no. 4, pp. 296-302. 

Sharma, U.; Ramsey, H. K.; Tak, T. (2013): The role of enhanced external counter 

pulsation therapy in clinical practice. Clinical Medicine, vol. 11, no. 4, pp. 226-232. 

Stergiopulos, N.; Meister, J. J.; Westerhof, N. (1996): Determinants of stroke volume 

and systolic and diastolic aortic pressure. American Journal of Physiology, vol. 270, no. 2, 

pp. 2050-2059. 

Suga, H.; Sagawa, K. (1974): Instantaneous pressure-volume relationships and heir ratio 

in the excised, supported canine left ventricle. Circulation Research, vol. 35, no. 1, pp. 

117-126. 

Taylor, C. A.; Fonte, T. A.; Min, J. K. (2013): Computational fluid dynamics applied to 

cardiac computed tomography for noninvasive quantification of fractional flow reserve: 

Scientific basis. Journal of the American College of Cardiology, vol. 61, no. 22, pp. 

2233-2241. 

Uren, N. G.; Merlin, J. A.; De, B. B.; Wijns, W.; Baudhuin, T. et al. (1994): Relation 

between myocardial blood flow and the severity of coronary-artery stenosis. New 

England Journal of Medicine, vol. 330, no. 25, pp. 1782-1788. 

Wentzel, J. J.; Gijsen, F. J. H.; Stergiopulos, N.; Serruys, P. W.; Slager, C. J. et al. 

(2003): Shear stress, vascular remodeling and neointimal formation. Journal of 

Biomechanics, vol. 36, no. 5, pp. 681-688. 

Yang, D. Y.; Wu, G. F. (2013): Vasculoprotective properties of enhanced external 

counterpulsation for coronary artery disease: Beyond the hemodynamics. International 

Journal of Cardiology, vol. 166, no. 1, pp. 38-43. 

Zhang, Y.; He, X.; Chen, X.; Ma, H.; Liu, D. et al. (2007): Enhanced external 

counterpulsation inhibits intimal hyperplasia by modifying shear stress responsive gene 

expression in hypercholesterolemic pigs. Circulation, vol. 116, no. 5, pp. 526-534. 

Zhao, X.; Liu, Y.; Li, L.; Wang, W.; Xie, J. et al. (2015): Hemodynamics of the string 

phenomenon in the internal thoracic artery grafted to the left anterior descending artery 

with moderate stenosis. Journal of Biomechanics, vol. 49, no. 7, pp. 983-991. 

Zhao, X.; Liu, Y.; Wang, W. (2015): Hemodynamic based surgical decision on 

sequential graft and y-type graft in coronary artery bypass grafting. Molecular & Cellular 

Biomechanics, vol. 12, no. 1, pp. 49-66. 


