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INTRODUCTION 

Portal Vein Thrombosis (PVT), blood clot formation in the Portal 
Vein (PV), is a potentially life-threatening condition. Possible 
causes may include decreased flow and pressure in the portal 
venous system and reduced liver circulation [1]. A very high index 
of suspicion for those at risk, early detection, and prompt 
treatment results in a favorable outcome in most patients [2]. 
Surgery involving the liver and the spleen has been described as a 
risk factor for PVT [3,4]. In addition, several case series have 
reported PVT after laparoscopic Sleeve Gastrectomy (SG) to treat 
morbid obesity [5,6]. 

The increased pressure and flow resistance caused by the 
anatomical and vascular changes following the devascularization of 
the greater curvature of the stomach has been hypothesized as a risk 
factor for PVT [7]. However, this theory raises the question of 
whether variability in the surgical technique results in PVT after 
SG. Therefore, we specifically looked at the extent of 
devascularization of the greater curvature of the stomach as a risk 
factor and a possible cause of PVT. We also modeled dehydration 

and hypercoagulability as alternative causes for PVT without any 
anatomical changes. 

In our modeling and simulation, ligation of the left gastroepiploic 
artery and, to a much lesser degree, the vein results in significant 
flow reduction in splenic and portal veins. This reduced flow in 
the portal vein may be a substantial factor in flow disruption 
resulting in portal vein thrombosis. The dissection of the greater 
curvature should be adjacent to the stomach to preserve the left 
gastroepiploic artery and vein. Hypercoagulability caused by 
dehydration appeared to be a less significant factor. 

We have created a model for the flow dynamics of PV using 
electrical circuitry. The model was subjected to emulating surgical 
changes to identify possible variations in flow resistances resulting 
in PVT. This was accomplished using the Simulink module of 
MATLAB (R2021a). 

PVT is considered a rare event in the general population, with an 
incidental finding rate of usually less than 1% [8]. There has been 
an increasing awareness of PVT and  its complications in cancer 
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ABSTRACT 

Background: This study was performed to study possible causes of Portal Vein thrombosis, a potentially deadly 

complication of specific foregut surgical procedures. 

Methods: Mathematical models of blood flow to the foregut organs, stomach, duodenum, spleen, and liver, were 

created in MATLAB. Pathologic conditions were created by removing or adding the electrical components in the 

circuit modeled in MATLAB. These modifications represented surgical variation and hemodynamic changes. 
Comparing the input and output waveforms and comparing them to the known wave from live subject samples were 

able to model conditions where the likelihood of portal vein thrombosis is most likely to occur. 

Results: Ligation of the gastroepiploic vessels produce significant flow disruption in our model, significantly more 

than dehydration, causing portal vein flow reduction and possible portal vein thrombosis. 

Conclusion: Summary and potential implications. 

Trial registration: No registration or IRB was required. The study did not involve any human or animal subjects. 
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in cancer patients [9]. In non-surgical patients, it is recognized 
that most PVT patients have liver cirrhosis and portal 
hypertension. The pathophysiology may be related to the 
decreased flow through the liver, possibly by increased pressure 
secondary to decreased compliance of the vascular space. PVT has 
been reported after weight-loss surgical procedures [10,11]. 
Increased intra-abdominal pressure, the release of Vasopressin, 
and dehydration have all been suspected to be risk factors for 
PVT [12,13]. Cases of PVT may rise as the number of SG 
performed increases. The current literature reports an incidence 
of 0.3-0.6% for PVT after SG [14,15]. Even though the incidence 
may be low [16], its outcome is potentially fatal, and avoidance of 
the complication and early detection and treatment is critical to 
successful recovery. 

Causes 

The etiology and risk of PVT have been classified and reported 
into local (50%-70%) and systemic (30%-70%) factors [17,18]. 
PVT's frequently reported localized risk factors include cirrhosis 
and abdominal inflammatory conditions. In addition, 
Hepatocellular, pancreatic, and cholangiocarcinoma have been 
implicated as PVT risk factors [19,20]. Inflammatory bowel 
disease, pancreatitis, cholecystitis, liver transplantation, 
hypercoagulable states, myeloproliferative disorder, and protein C 
or S deficiency also increase the risk of PVT [21,22]. As for the 
surgical causes, specifically SG, local and systemic causes should 
be considered. The local causes may include any changes to flow 
dynamics similar to those noted in cirrhosis. Systemic causes after 
SG may include Insufflation [23], manipulation of portosystemic 
vessels [24], dehydration, and hyper coagulopathy [21,25,26]. 
These proposed mechanisms have been hypothesized with no 
definitive scientific clinical evidence [24]. Furthermore, no 
randomized trials have been conducted due to the ethical and 
technical limitations of such a study. 

Clinical presentation 

The clinical presentation of PVT is vague and non-specific. The 
patients may complain of abdominal pain, persistent nausea, and 
vomiting and sometimes may present with ascites [27]. In acute 
cases, the physical finding may be indistinguishable from 
immediate post-operative ones. A delay in the diagnosis of PVT 
will progress to fever and sepsis secondary to mesenteric and 
bowel ischemia. In cases where PVT is not recognized, and 
treatment is not initiated swiftly, it could result in intestinal 
perforation, shock, and death [16,24]. Chronic PVT usually 
presents with sequelae of portal hypertension, with gastric and 
esophageal variceal bleeding being reported as the most noticeable 
symptom. 

Diagnosis 

With a high index of suspicion, imaging studies are used for the 
early diagnosis of PVT. The most sensitive test for diagnosis of 
PVT is the Computed tomography of the abdomen with IV 
contrast to include both arterial and venous images [28,29]. 

Treatment 

If possible, the management of PVT involves early anticoagulation 
and hydration. In rare circumstances, in patients with cirrhosis, 
Trans-jugular Intrahepatic Portosystemic Shunt (TIPS) placement 
may be indicated [30]. Resolution of symptoms and prevention of 
thrombus extension is the ultimate goal of treatment [31]. 

 

METHODOLOGY 

Method of modeling 

The blood flow dynamics of PVT in surgical patients have only 
been hypothesized based on possible suspected causes such as 
dehydration, insufflation of the peritoneal cavity, and vascular 
flow dynamic changes [24]. Our model created was based on the 
most common radiologic findings defining the arterial and 
venous anatomy of the stomach, liver, and spleen [32,33]. 

To examine the vascular flow changes as a possible contributing 
factor to PVT, we designed and emulated an electrical model 
based on the vascular system of the Celiac axis, portal, and 
systemic venous drainage of the stomach, spleen, and liver. 

There were several assumptions made. First, the blood viscosity 
was assumed to be constant throughout the vascular system, 
arterial and venous. Second, the distributive effect of the 
circulation in the unnamed vessels was nominal and not 
modeled. Third, the electrical modeling was based on matching 
the waveform obtained from ultrasonography of the significant 
vessels [34]. Forth, the descriptive subcircuit of each vessel was 
based on the presumption that the waveform into and out of the 
blood vessel will maintain the same shape with different aptitudes 
given the resistance and compliance of the blood vessel. 
Therefore, each major named artery after the celiac axis was 
constructed based on the above assumption and modeled 
accordingly. Fifth, we assumed a net-zero volume loss in and out 
of the spleen and stomach. Our model assumed no lymphatic 
losses. 

We hypothesize that sleeve gastrectomy's surgical technique may 
contribute to the increased incidence of PVT in SG. Although 
the procedure of SG may be well defined, there is a significant 
variation between the methods and dissection used by surgeons 
when mobilizing and de-vascularizing the greater curvature of the 
stomach. Variations include the size of the Bougie, the extent of 
dissection proximally and distally on the greater curvature and the 
proximity of devascularization on the stomach, and avoidance of 
ligation of left gastroepiploic and gastrosplenic branches of the 
splenic artery. Given the broad variation in the surgical approach 
of SG, we elected to examine possible vascular causes as 
contributing factors to PVT. Specifically, we looked at the ligation 
of the left gastroepiploic and gastrosplenic branches as potential 
risk factors for PVT. 

Electrical modeling 

The electrical model of arterial flow has been defined by 
Windkessel's model [35,36]. As a mathematical model, 
Windkessel provides a predictable and reproducible analog of 
vascular flow in electrical circuitry [37]. Blood pressure, stroke 
volume, heart rate, blood vessel size, vessel thickness, and 
compliance are all described in terms of voltage potential 
differences, current, frequency, capacitance, resistance, and a 
mathematical function of those variables [38,39]. 

Numerical modeling and electrical circuitry emulation have 
been published  previously  for  significant  branches  of  the 
aorta, including the carotids and circle of Willis, and 
conditions such as arterial stenosis [40-42]. In addition, the 
simulation of blood flow in the abdominal aorta has been 
described using   a   three-dimensional   deformable   model   to 
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describe vascular compliance, blood flow velocity, and pressure 
gradients [43]. Our analysis is the first in mathematical modeling 
of visceral arterial and venous flow for a specific surgical 
pathology of abdominal organs. 

For the electrical circuit simulation, we designed the simplified 
circuit model representing blood vessels to and from the stomach 
and spleen (Figure 1). 

In the block diagram, red and blue blocks represent arteries and 
veins, respectively, while the stomach and spleen are illustrated in 
black. Each anatomical structure (vessel, organ) is represented by a 
sub circuit comprising a resistor, capacitor, and inductor. The 
vessel size, wall thickness, and compliance differences are reflected 
in the difference in the resistance, capacitance, and inductance 
values of the represented circuit [44] (Figure 2). 

Each block, including the stomach and spleen, is modeled with 

the resistance (R),  the compliance (C), and the inertia (L)  of 
blood vessels and organs, as shown in Figure 2. The values of 
circuit elements are calculated based on blood viscosity, vessel 
diameters, and the thickness of blood vessels [44], and the values 
are summarized in Table 1. The input waveform of the system is 
modeled to replicate the ultrasonography of the abdominal aorta 

[45] with the modulation frequency and the carrier frequency of 
1.33 Hz (which corresponds to 80 bpm of the heart rate) and 1 

kHz, respectively (Figure 3). The amplitude of the input waveform 

is simulated as 1.2 V and 0.8 V at the first and second plateaus 
to mimic the blood pressure of 120 mmHg and 80 mmHg, 
respectively. The output waveform is measured at the terminal of 
portal veins (V2 blocks in Figure 1). 

 

 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2: RLC circuit model of the blood vessels and the organs. The resisitance (R), the inertia (L), and 
the compliance (C) values of each component are calculated based on the characteristics of blood vessels 
and summarized. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: Electrical circuit schematic of blood vessels around the stomach and the spleen. Each block 
represents the RLC circuit model (Figure 2).The annotated number in the blocks indicates a specific blood 
vessel and they are described. 
Note: Red, blue and black colored blocks mean the arteries, veins and organs respectively. 
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Table 1: Description and RLC values of blood vessels and organs. 
 

Vessel number Description Compliance (µF) Resistance (kΩ) Inertia (µH) 

A1 Ascending aorta 1211.813 0.011 0.197 

A2 Thoracic aorta 2153.308 0.126 1.215 

A3 Abdominal aorta 261.917 0.81 2.221 

A4 Abdominal aorta 303.276 0.067 0.427 

A5 Left gastric 13.562 13.847 7.898 

A6 Right gastric 4.572 161.958 30.749 

A7 Splenic 166.666 5.984 7.291 

A8 Left gastroepiploic 1.553 131.056 18.689 

A9 Right gastroepiploic 0.137 433.116 40.608 

A10 Common hepatic 97.888 0.184 0.582 

A11 Gastroduodenal 6.487 1.93 1.565 

A12 Proper hepatic 19.88 4.401 3.342 

V1 Left gastric 0.401 79.714 214.213 

V2 Portal vein 1.839 51.97 139.659 

V3 Splenic 0.758 115.294 309.828 

V4 Inferior mesenteric 17.907 2.658 7.144 

V5 Left gastroepiploic 0.002 877.605 2358.371 

V6 Left gastroepiploic 0.002 877.605 2358.371 

Stomach Stomach 29.452 2238.72 6016.070 

Spleen Spleen 0.236 55968.000 150401.8 

 

 
 

RESULTS AND DISCUSSION 

The circuit model was simulated using licensed MATLAB (R2021a) 
and its Simulink module. Simulating the effect of the ligation of the 

Left and right gastroepiploic artery (A6, A8) and left gastroepiploic 

veins (V5 and V6) was emulated in the circuit model by deleting 

the corresponding blocks in Simulink. Figure 4 shows the output 
waveforms before and after ligating the arteries and veins described 

above. The simulation results revealed that the ligation of said 

vessels lowers the amplitude (pressure) on portal veins by a factor 
of 3.5, from 0.7 mV to 0.2 mV, a 70% reduction. 

The model was then disrupted based on the number of possible 

scenarios suspected to contribute to the incidence of PVT. Namely, 
these were interruptions in the arterial and venous system, which 

could lead to either stagnation off the floor of the portal vein or 
significant disruption of the pressure gradient between dirt arterial 
input and venous output [46]. 

We demonstrated that ligation of the branches of the Left 
gastroepiploic and splenic-gastric vessels (artery and vein) results in 

significant flow reduction in the portal vein by over 70%. This was 
significantly more than a 50% increase in viscosity, resulting in a 

15% decrease in flow. 

To simulate hypercoagulable states, we added the resistance at the 

input side of the whole circuit. Higher viscosity decreases the blood 

flow, and it can be mimicked in the circuit model by increasing the 

resistance (decreasing the current flow). We chose the resistance 

value to be the same as the magnitude of impedance value of the 

whole circuit. Figure 5 shows the magnitude of impedance curve 

of the whole circuit model over the frequency. At the carrier 

frequency (l kHz), the magnitude of the impedanceis measured to 

be 115 Ω. Adding the resistance at the input node of the circuit 
model (Figure 1) decreases the simulated output voltage from 0.7 

mV to 0.6 mV as shown in Figure 6. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3: (a)  Input waveforms replicate the abdominal  aorta’s ultrasonography with1.33Hz of the 
modulation frequency and 1 kHz of the carrier frequency. (b) The magnified image shows the modulated 
sinusoidal signal having 1 kHz frequency. (c) The ultrasonography image of the abdominal aorta. 
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Figure 6: Output voltage waveform simulated from portal veins (V2 in Figure 1), showing the normal 
coagulation state (black) and the hypercoagulable state (blue). The hyper coagulation decreases the output 
voltage only 0.1mV (0.7mV to 0.6mV). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 5: The impedance curve of the whole circuit with a different frequency of the signal.1kHz (Carrier 
frequency of the simulated signal), the magnitude of the impedance value is measured as 115 Ω. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4: Output waveform simulated from portal veins (V2 in Figure 1), showing with (black) and 
without (red) ligation left gastroepiploic artery (A8) and veins (V5 and V6). With ligation, the output 
voltage decreases by 3.5 (from 0.7mV to 0.2mV). 
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CONCLUSION 

Portal vein thrombosis remains to be a challenging condition with 

significant morbidity and mortality. Our modeling has identified 

a possible cause for the higher incidence of PVT with SG. With 

ligation of gastroepiploic vessels in SG, the risk of PVT may be 

significantly increased. Dehydration in our model represents a less 
likely risk factor as a cause for PVT. 

For ethical reasons, randomized human clinical trials are not 
possible. However, animal studies may be used as viable alternatives 
to support our modeling study. Our modeling shows that it may be 

clinically significant to de-vascularize the greater curvature of the 

stomach directly on the serosa to avoid ligation of the gastroepiploic 

vessels. 

ACKNOWLEDGEMENTS 

None 

AUTHORS' CONTRIBUTIONS 

Ara Keshishian, Study Design, Outline, anatomical and 

pathological perspective, Jaehoon Lee, Electrical engineering 

modelling, Santiago Salgado, Literature search, proofreading. 

FUNDING 

No funding was provided. 

COMPETING INTERESTS 

No competing interest to Report. 

AVAILABILITY OF DATA AND MATERIAL 

All the basic MATLAB Data are available and provided with the 

submission. 

DECLARATIONS 

Ethics approval and consent to participate 

No Ethics approval or IRB was needed since no live subjects were 

included. 

REFERENCES 
1. Ponziani FR, Zocco MA, Campanale C, Rinninella E, Tortora A, Di 

Maurizio L, et al. Portal vein thrombosis: Insight into physiopathology, 
diagnosis, and treatment. World J Gastroenterol. 2010;16(2):143. 

2. Sogaard KK, Astrup LB, Vilstrup H, Gronbaek H. Portal vein 

thrombosis; risk factors, clinical presentation and treatment. BMC 

Gastroenterol. 2007;7(1):1-6. 

3. Han JH, Kim DS, Yu YD, Jung SW, Yoon YI, Jo HS. Analysis of 
risk factors for portal vein thrombosis after liver resection. Ann Surg 

Treat Res. 2019;96(5):230-6. 

4. Kinjo N, Kawanaka H, Akahoshi T, Tomikawa M, Yamashita N, 
Konishi K, et al. Risk factors for portal venous thrombosis after 
splenectomy in patients with cirrhosis and portal hypertension. Br J 
Surg. 2010;97(6):910-6. 

5. Belnap L, Rodgers GM, Cottam D, Zaveri H, Drury C, Surve A. Portal 
vein thrombosis after laparoscopic sleeve gastrectomy: presentation 

and management. Surg Obes Relat Dis. 2016;12(10):1787-94. 

 
6. Rosenberg JM, Tedesco M, Yao DC, Eisenberg D. Portal vein 

thrombosis following laparoscopic sleeve gastrectomy for morbid 

obesity. JSLS. 2012;16(4):639. 

7. Huang L, Yu Q, Wang J. Association between changes in splanchnic 

hemodynamics and risk factors of portal venous system thrombosis 
after splenectomy with periesophagogastric devascularization. Med 

Sci Monit. 2018;24:4355. 

8. Ögren M, Bergqvist D, Björck M, Acosta S, Eriksson H, Sternby 

NH. Portal vein thrombosis: Prevalence,  patient  characteristics 
and lifetime risk: A population study based on 23 796 consecutive 

autopsies. World J Gastroenterol. 2006;12(13):2115. 

9. Zanetto A, Campello E, Spiezia L, Burra P, Simioni P, Russo FP. 
Cancer-associated thrombosis in cirrhotic patients with hepatocellular 
carcinoma. Cancers. 2018 Nov 16;10(11):450. 

10. Rosenberg JM, Tedesco M, Yao DC, Eisenberg D. Portal vein 

thrombosis following laparoscopic sleeve gastrectomy for morbid 

obesity. JSLS. 2012;16(4):639. 

11. Denne JL, Kowalski C. Portal vein thrombosis after laparoscopic 

gastric bypass. Obes Surg. 2005 ;15(6):886. 

12. Punnonen R, Viinamäki O. Vasopressin release during laparoscopy: 
role of increased intra-abdominal pressure. The Lancet. 
1982;319(8264):175-6. 

13. Sternberg A, Alfici R, Bronek S, Kimmel B. Laparoscopic surgery 

and splanchnic vessel thrombosis. J Laparoendosc Adv Surg Tech A. 
1998;8(2):65-8. 

14. Shoar S, Saber AA, Rubenstein R, Safari S, Brethauer SA, Al-Thani 
H,et al. Portomesentric and splenic vein thrombosis (PMSVT) after 
bariatric surgery: A systematic review of 110 patients. Surg Obes Relat 
Dis. 2018 ;14(1):47-59. 

15. Luo L, Li H, Wu Y, Bai Z, Xu X, Wang L, et al. Portal venous system 

thrombosis after bariatric surgery: A systematic review and meta- 
analysis. Surgery. 2021;170(2):363-72. 

16. Goitein D, Matter I, Raziel A, Keidar A, Hazzan D, Rimon U, et al. 
Portomesenteric thrombosis following laparoscopic bariatric surgery: 
incidence, patterns of clinical presentation, and etiology in a bariatric 

patient population. JAMA Surg. 2013;148(4):340-6. 

17. Sogaard KK, Astrup LB, Vilstrup H, Gronbaek H. Portal vein 

thrombosis; risk factors, clinical presentation and treatment. BMC 

Gastroenterol. 2007;7(1):1-6. 

18. Denninger MH, Chaït Y, Casadevall N, Hillaire S, Guillin MC, 
Bezeaud A, et al. Cause of portal or hepatic venous thrombosis 
in adults: The role of multiple concurrent factors. Hepatology. 
2000;31(3):587-91. 

19. Hassn AM, Al‐Fallouji MA, Ouf TI, Saad R. Portal vein thrombosis 
following splenectomy. Br J Surg. 2000;87(3):367-8. 

20. Sarin SK, Agarwal SR. Extrahepatic portal vein obstruction. 
InSeminars in liver disease . 2002;22(01) 

21. Robles R, Fernández JÁ, Hernández Q, Marín C, Ramírez P, Bueno 

FS, et al. Eversion thromboendovenectomy in organized portal vein 

thrombosis during liver transplantation. Clinical Transplant. 2004 
;18(1):79-84 

22. Amitrano L, Guardascione MA, Brancaccio V, Margaglione M, 
Manguso F, Iannaccone L, et al. Risk factors and clinical presentation 

of portal vein thrombosis in patients with liver cirrhosis. J Hepatol. 
2004;40(5):736-41. 

23. Rottenstreich A, Elazary R, Kalish Y. Abdominal thrombotic 

complications following bariatric surgery. Surg Obes Relat Dis. 2017 
;13(1):78-84. 



J Biomed Eng, Vol.7 Iss.10   No:1000241 7 

OPEN ACCESS Freely available online 

 

 

 
24. Belnap L, Rodgers GM, Cottam D, Zaveri H, Drury C, Surve A. Portal 

vein thrombosis after laparoscopic sleeve gastrectomy: presentation 

and management. Surg Obes Relat Dis. 2016;12(10):1787-94. 

25. Rosenberg JM, Tedesco M, Yao DC, Eisenberg D. Portal vein 

thrombosis following laparoscopic sleeve gastrectomy for morbid 

obesity. JSLS. 2012;16(4):639. 

26. Muneer M, Abdelrahman H, El-Menyar A, Zarour A, Awad A, Al 
Dhaheri M, et al. Portomesenteric vein thrombosis after laparoscopic 

sleeve gastrectomy: 3 case reports and a literature review. Am J Case 

Rep. 2016;17:241. 

27. Plessier A, Darwish‐Murad S, Hernandez‐Guerra M, Consigny Y, 
Fabris F, Trebicka J, et al. Acute portal vein thrombosis unrelated 

to cirrhosis: A prospective multicenter follow‐up study. Hepatology. 
2010 ;51(1):210-8. 

28. Toyoda H, Kumada T, Tada T, Mizuno K, Kobayashi N, Inukai Y, 
et al. Discrepant imaging findings of portal vein thrombosis with 

dynamic computed tomography and computed tomography during 

arterial portography in hepatocellular carcinoma: Possible cause 

leading to inappropriate treatment selection. Clin J Gastroenterol. 
2017;10(2):163-7. 

29. Margini C, Berzigotti A. Portal vein thrombosis: The role of imaging 

in the clinical setting. Dig Liver Dis. 2017;49(2):113-20. 

30. Sharma AM, Zhu D, Henry Z. Portal vein thrombosis: when to treat 
and how?. Vasc Med. 2016;21(1):61-9. 

31. Wu M, Schuster M, Tadros M. Update on management of portal 
vein thrombosis and the role of novel anticoagulants. J Clin Transl 
Hepatol. 2019;7(2):154. 

32. Vora Z, Goyal A, Sharma R. Radiological anatomy of stomach and 

duodenum with clinical significance. JGAR. 2021 ;4(02):085-93. 

33. Matsuki M, Tanikake M, Kani H, Tatsugami F, Kanazawa S, Kanamoto 

T, et al. Dual-phase 3D CT angiography during a single breath-hold 

using 16-MDCT: assessment of vascular anatomy before laparoscopic 

gastrectomy. AJR Am J Roentgenol. 2006;186(4):1079-85. 

34. Haluska BA, Jeffriess L, Mottram PM, Carlier SG, Marwick TH. 
A new technique for assessing arterial pressure wave forms and 

central pressure with tissue Doppler. Cardiovascular Ultrasound. 
2007;5(1):1-1. 

35. Stergiopulos N, Westerhof BE, Westerhof N. Total arterial inertance 

as the fourth element of the windkessel model. Am J Physiol. 1999 
;276(1):H81-8. 

 
36. Her K, Kim JY, Lim KM, Choi SW. Windkessel model of hemodynamic 

state supported by a pulsatile ventricular assist device in premature 

ventricle contraction. Biomed Eng Online. 2018;17(1):1-3. 

37. Sevcan EM, EVREN V, Şebnem BO. Electrical analogue of arterial 
blood pressure signals. Gümüşhane Üniversitesi Fen Bilimleri 
Dergisi.:61-6. 

38. Sadraie SH, Abdi M, Navidbakhsh M, Hassani K, Kaka GR. 
Modeling the heart beat, circle of Willis and related cerebral stenosis 
using an equivalent electronic circuit. Biomed. Eng. - Appl. Basis 
Com. 2014;26(05):1450052. 

39. Abdolrazaghi M, Navidbakhsh M, Hassani K. Mathematical modelling 

and electrical analog equivalent of the human cardiovascular system. 
Cardiovasc Eng. 2010 ;10(2):45-51. 

40. Abdi M, Karimi A. A computational electrical analogy model to 

evaluate the effect of internal carotid artery stenosis on circle of willis 
efferent arteries pressure. Biomed Mater Eng. 2014;4(9):749-54. 

41. Mirzaee MR, Ghasemalizadeh O, Firoozabadi B. Exact simulating 

of human arteries using lumped model and probing constriction in 

femoral and carotid arteries. Am. J. Appl. Sci. 2009 ;6(5):834. 

42. Dabiri Y, Fatouraee N, Katoozian H. A computer simulation of blood 

flow in arterial networks, including blood non-newtonian models and 

arterial stenosis. Conf Proc IEEE Eng Med Biol Soc. 2006;2312-2315 

43. Figueroa CA, Vignon-Clementel IE, Jansen KE, Hughes TJ, Taylor 
CA. A coupled momentum method for modeling blood flow in 

three-dimensional deformable arteries. Comput Methods Appl Mech 

Eng. 2006;195(41-43):5685-706. 

44. Ghasemalizadeh O, Mirzaee MR, Firoozabadi B, Hassani K. Exact 
modeling of cardiovascular system using lumped method. arXiv 

preprint arXiv:1411.5337. 2014. 

45. Battaglia S, Danesino GM, Danesino V, Castellani S. Color 
Doppler ultrasonography of the abdominal aorta. J Ultrasound. 
2010;13(3):107-17. 

46. Rameshbabu CS, Wani ZA, Rai P, Abdulqader A, Garg S, Sharma M. 
Standard imaging techniques for assessment of portal venous system 

and its tributaries by linear endoscopic ultrasound: A pictorial essay. 
Endosc Ultrasound. 2013;2(1):16. 


