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ABSTRACT 

Pump thrombosis is the epitome of left ventricular assist device dysfunction for end-

stage heart failure patients. With the increased utilization of implantable, long-term, left 

ventricular assist devices (LVADs), understanding the implications associated with device 

orientation and interaction with the body is exceedingly important. Components associated 

with pump thrombosis in the Thoratec© HeartMate II™ (HMII) and the HeartWare© HVAD® 

devices include the inflow cannula, the outflow graft, and the pump elements as well as pump 

pocket depth for the HMII specifically.  Several studies have been conducted to analyze these 

interactions with the HMII, however there is minimal to no data available analyzing how the 

device orientation of the HeartWare HVAD affects hemodynamics and a patient’s risk for 

developing pump thrombosis. Therefore, the purpose of this pilot study is the simulate the 

hemodynamic implications associated with Suboptimal cannula angulation of the HVAD.  

Using Solidworks 2016 Ed., a simplified, hemostatic model of the left side of the heart was 

created. Dimensions for the atria, ventricle, and mitral valve were determined through the 

combination of Trans-Esophageal Echocardiogram data as well as literature references. Three 

different inflow cannula angle scenarios were developed including a Control, a Clinically 

Optimal, and a Suboptimal. Assumptions included body temperature, no accumulation within 

the ventricle, and no ejection or contraction. The model consists of static continuous flow set to 

5 liters per minute with the assumption that the HeartWare HVAD is completely supporting the 

left ventricle. The results include both qualitative and quantitative data. Flow trajectory plots 



10 

 

for each cannula scenario depict the hemodynamic flow patterns for different time points. 

Results show visible changes in the Suboptimal orientation when compared to both the Control 

and the Clinically Optimal scenario. Additionally, it was determined that there were no 

statistically significant differences in the velocity vectors for any of the scenarios however, the 

shear stress values were determined to be significantly different for all time points, p < 0.001 

for all scenarios when compared to Control. Though there are several limitations of this study, 

with suboptimal inflow cannula angulation, there is a potential increased risk of hemolysis due 

to increased shear stress.  
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INTRODUCTION 

Heart failure is a common condition in the United States, with approximately 5.7 million 

people being diagnosed with the condition [1]. This condition affects adults as well as children 

and current therapies focus on treating symptoms and the underlying causes as the only 

definitive cure is heart transplant. Underlying causes of heart failure can include coronary heart 

disease, hypertension, or diabetes, all of which are also common conditions in the United 

States. Primary intervention in heart failure is mainly pharmacologic, with ACE inhibitors, 

angiotensin receptor blockers, aldosterone antagonists, beta-blockers, diuretics, vasodilators, 

and digoxin being the current mainstays of treatment. As heart failure cannot be cured, it may 

worsen even with lifestyle changes and pharmacologic therapy, at which point pacemakers, 

ICDs, and left ventricular assist devices (LVADs) may be used. A last resort measure for treating 

this disease is heart transplant, which usually requires a bridge via the implantation of an LVAD 

device due to long wait times for organs [1]. 

With an increasing number of patients receiving LVADS, understanding the multiple 

factors that can affect patient outcomes is increasingly important. In terms of device 

complications, pump thrombosis is the epitome of left ventricular assist device dysfunction for 

end stage heart failure patients and with the increasing influence of simulation technology in 

the clinical realm, the ability to create a simulation, specify parameters, and obtain results that 

accurately depict scenarios as well as bring to light areas of potential issues with the device and 

improve patient outcomes.  
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CHAPTER 1: LEFT VENTRICULAR ASSIST DEVICE PUMP THROMBOSIS: A VICIOUS CYCLE OF 

CASCADING RISK FACTORS 

 

1.1: Left Ventricular Assist Device Pump Thrombosis Introduction 

With the increased utilization and prolonged periods of mechanical circulatory support 

(MCS), specifically with Left Ventricular Assist Devices (LVADs), the incidence of device failure 

related to pump thrombosis has become an important issue. Implantable ventricular assist 

devices are used for one of four implantation strategies including bridge to transplant and 

destination therapy [2]. Examples of such devices include the Thoratec© HeartMate II™ (HMII) 

and the HeartWare© HVAD® devices. A highlighted incidence of pump thrombosis and the 

havoc it can cause was shown in 66 patients implanted with HMII were 72 events of pump 

thrombosis and an additional 36 suspected events occurred after March 2011. During this time, 

the occurrence of pump thrombosis at three months’ post implantation, increased from 2.2% 

to 8.4% and the average time before thrombotic events decreased from 18.6 months’ post 

implantation to only 2.7 months [3]. Given the increased risk of morbidity and mortality 

associated with pump thrombosis and device exchange, it is exceedingly important to not only 

analyze the standard factors monitored in clinical management but to also explore other factors 

that are potentially contribute to developing pump thrombosis such as aortic insufficiency. 

There have been multiple studies to demonstrate how various individual elements, such as 

inflammation/infection/sepsis, platelet activation, hemolysis, suboptimal inflow cannula 
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angulation & pump components, hyper-coagulopathy contribute to developing pump 

thrombosis and or pump dysfunction [4], [5].  However, no major efforts have been made to 

tease out the mechanism of how one risk factor induces or amplifies another risk factor, 

accelerating a vicious cycle of risk factors for developing pump thrombosis. As of now, we do 

not know if having multiple risk factors previously associated with the development of pump 

thrombosis and or pump dysfunction have a negative synergic effect. The purpose of this 

review is to determine the mechanism of how these risk factors interact with each other based 

on the literature published in the past. 

1.2: Literature Review Methodology 

An online literature search was conducted on the following databases: PubMed, Science 

Direct, Ovid Medline, NCBI, and the University of Arizona science library between the years of 

2000 and 2016. Only publications in the English language were considered. Searches were 

conducted using combinations of key terms such as: ‘HeartWare HVAD’ or ‘HeartMate II’ or 

‘ventricular assist device failure’ or ‘pump thrombosis’ or ‘left ventricular assist device’ or 

‘mechanical circulatory support’, and ‘aortic insufficiency’ or ‘sepsis’ or ‘inflammation’ or 

“infection” or ‘coagulopathy’ or ‘platelet activation’ or ‘hemolysis’. These publications and 

related references were reviewed. Studies not pertaining to ventricular assist devices were 

excluded as well as studies that included patients under the age of eighteen or patients who 

were pregnant at the time of implantation. Case studies as well as abstracts and publications of 

non-human studies were also excluded. 



14 

 

1.3: Results – RISK FACTORS 

There were 15,100 literatures included. 43 out of 15,100 were selected for the review 

based on the inclusion and exclusion criteria described above. The selected papers 

demonstrated that there is a relationship between these factors in association with pump 

thrombosis and or pump dysfunction however, these relationships are never explicitly 

described. Therefore, Figure 1.1 shows the proposed synergy between the factors and how 

they relate to pump thrombosis. 

 

Figure 1.1: Synergy between risk factors for pump thrombosis   

1.3.1: Platelet Activation 

Some amount of platelet activation is inevitable with any type of mechanical circulatory 

support, whether it be temporary or long term, stemming from the interaction between blood 



15 

 

and non-biological surfaces [6]. Conditions such as AI as well as arrhythmias such as atrial 

fibrillation have been shown to increase a patients’ risk for developing thrombus [7]. The 

presence of AI in patients with LVADs represents the potential for an increased risk for 

thrombus development due to the need for reduced RPM settings on the device as well as a 

risk for increased platelet activation from decreased heat dissipation in the device [4], [5], [8]. 

Though aortic insufficiency and platelet activation are not unanimously linked, evidence has 

shown that the implantation of a LVAD yields shear stress induced platelet activation and when 

coupled with the platelet activation that results from AI, it is plausible that these two risk 

factors could compound to increase the risk for pump thrombosis [5].  When coupled with the 

platelet activation from increased shearing forces associated with the LVAD, the risk of 

activating the coagulation cascade is increased which is depicted by the arrows shown in Figure 

1.1. For example, in a study of 12 patients at eight months’ post LVAD implantation taking anti-

platelet drugs conducted by Steinlechner et al., it was found that factors associated with 

platelet activation including C reactive protein, fibrinogen, factor VIII and von Willebrand factor 

antigen were elevated compared to a Control group consisting of healthy volunteers, (p <0.001) 

[9]. It was proposed that chronic activation of the coagulation cascade due to shear stress from 

the LVAD device causes defects in platelet function. It was also stated that while platelet 

aggregation can still be activated in these patients, it is usually prohibited by the administration 

of platelet inhibiting medications.  

The multifactorial mystery of pump thrombosis in both the HMII and the HVAD with 
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three main categories for understanding pump thrombosis: pump-related, patient- related, and 

management-related issues. Pump related issues include everything from device characteristics 

and physiological interactions with the device, patient related issues incorporate pre-existing 

conditions as well as inflammation and sepsis, and management related issues describe medical 

management and device positioning. Platelet activation appears in two of the three categories 

(pump and management-related) and is a significant risk factor for pump related thrombus. In 

addition to determining physiologic factors relating to platelet activation and the resulting 

formation of a clot, it is important to determine the types of clots that can be formed in the 

event of a thrombus. It has been shown that there are two predominant types of clot 

associated with pump thrombosis. Red thrombus occurs quickly and is composed of mainly red 

blood cells (RBCs) due to stasis whereas white thrombus develops over time and is mainly 

linked to platelet activation from increased shear stress and buildup of debris in the fibrin 

mesh. Treatment and prevention involves adequate management of anti-platelet drugs [5], 

[10]. Though this paper did not draw any direct correlations between coagulopathy, platelet 

activation, and sepsis/inflammation these processes are intertwined as shown in Figure 1.1. 

Since many of the factors associated with platelet activation also play a role in coagulation, 

depletion or inadequate management of these factors can lead to pump thrombosis and/or 

hemolysis.  Namely, fibrin produced from coagulation stabilizes the platelet plug while 

thrombus is derived from the aggregation of fibrin and platelets. Most coagulation factors bind 

to the glycoprotein receptor present on platelets [11]. Therefore, understanding the mutual 
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relation between platelet activation and hypercoagulation seen in pump thrombosis is an 

important step in truly understanding the synergy of factors associated with pump thrombosis.  

1.3.2: Hyper-coagulopathy 

There are potential links between inflammation and sepsis and a hypercoagulable state. 

Coagulation directly influences inflammation by the binding of coagulation proteases to the 

protease activated receptors (PARs). Through the binding of various coagulation factors to one 

of the four types of PARs, located on a variety of cells including endothelial cells, mononuclear 

cells, fibroblasts, platelets, and smooth muscle cells several physiological mechanisms can be 

activated including cytokine and growth factor production, upregulation of inflammatory 

response from macrophages, and neutrophil infiltration [12].  Studies have shown that from the 

moment of LVAD implantation, contact activated proteins, especially Factor XII, Factor, XI, pre-

kallikrein, and high molecular weight kininogen are continuously being activated due to the 

interaction with the blood-biomaterial interface even with standard anti-coagulation. This 

continuous activation along with the increased platelet activation has been shown to 

significantly increase a patients’ risk of thromboembolic morbidity even without the 

complication of infection [13], [14].   

Infection and inflammatory events are factors that can contribute to platelet activation 

and coagulopathy and potentially lead to pump thrombosis as depicted in Figure 1.1 above [4], 

[15]. In a study of patients with LVAD implantation, it was shown that 27% of patients that 

experienced thrombotic/ hemolytic events had recent infections and increased 
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proinflammatory markers leading to a hypercoagulable state [16]. Specific examples of 

inflammation include patients that develop endocarditis, one of the leading causes of LVAD 

failure and explant [17]. In the REMATCH trial, infection and LVAD failure were determined to 

be the major factors in reducing the two year post implantation survival rates from 53 % to 23 

%  [18]. In a review focusing on endocarditis in LVADs conducted by Gordon et al. 2006, it was 

determined that of eight patients with bacterial endocarditis post LVAD implantation, 2 

patients experienced peripheral embolization and five patients expired [17]. Of the seven 

patients with fungal endocarditis, six required LVAD explanation. In extreme cases of infection, 

sepsis mounts a complex immune response which, when coupled to the coagulation cascade, 

leads to a decrease in Protein C and TNF alpha, and increases in Tissue Factor and Interleukin 6. 

This combination leads to systemic activation of coagulation [19]. While chronic activation of 

the coagulation cascade and inflammation can lead to platelet dysfunction and an increased 

risk of pump thrombosis, it can also deplete clotting factors and potentially increase the risk of 

bleeding and hemolysis.   

1.3.3: Hemolysis 

Hemolysis can be caused by a conglomerate of factors including pre-existing conditions 

as well as issues associated with device implant. The hemodynamic properties from the 

implanted devices can introduce additional factors contributing to pump thrombus [20], [21], 

[22]. Additionally, pulsatile versus continuous flow patterns have also been shown to effect 

hemodynamics. A mathematical model using ventricular wall mechanics and the macroscopic 
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ventricular pressure and volume in relation to microscopic tissue properties showed that when 

comparing pulsatile flow to continuous flow the unloading of the ventricle is improved with 

pulsatile support compared to continuous [23]. Other studies have shown that patients on 

continuous flow LVADs have an increased risk of bleeding and hemolysis due to the increased 

shear stress from the pump compared to pulsatile VADs [16].  Recently, the implantation of 

pulsatile LVADs has waned and the majority of LVADs implanted are continuous flow even 

though continuous flow LVADs have a reduced rate of ventricular recovery compared to 

pulsatile LVADs [24]. This evolution has been brought on partially in response to the advantages 

of smaller sizes, increased durability and dependability as well as increased patient survival 

rates.   

In the clinical management realm, there are several ways to characterize hemolysis; 

however, many papers that were reviewed followed either the LDH criteria or the INTERMACs 

criteria for diagnosing hemolysis. LDH is an enzyme present in RBCs that converts the 

bidirectional reaction between lactate and pyruvate during instances of low oxygen supply. 

Therefore, the LDH criteria is derived from the basis that when there is significant RBC damage, 

LDH is released into the blood stream and can be detected at elevated levels in the serum.  A 

study of 182 patients with Heart Mate II devices conducted by Cowger et al. 2014 compared the 

two hemolysis definitions as well as patient adverse events based on their diagnosis criteria 

[25]. The criteria were either a serum free hemoglobin (sfHgb) greater than 40 mg/dL with signs 

and symptoms from INTERMACS or a LDH greater than three times the upper limit of normal. 
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Results showed that hemolysis occurred in 32 patients using the INTERMACS criteria and in 68 

patients based on the LDH criteria over the course of an average of 427 days of support. 

Patients that met the LDH criteria had higher risks of embolism, thrombosis, and device 

exchange in comparison to the INTERMACS group. One year event free survival was 32% +/- 

7.2% for patients who met the LDH criteria compared to only 16% +/- 8.3% in patients who met 

the INTERMACS criteria. Additionally, it was shown that the patients who met the LDH criteria 

had increased time from hemolysis onset to significant adverse events when compared to 

patients who met the INTERMACS criteria. These results indicate that LDH monitoring provides 

earlier evidence for hemolysis and adverse events when compared to monitoring sfHgb. In a 

separate study conducted by Kirklin et al. 2014 at 132 institutions with 6910 patients implanted 

with the HMII between 2006 and 2013 showed a survival rate of 80% at one year and 69% at 

two years free of hemolysis [26]. Several risk factors for pump thrombosis were identified and 

considered significant including inadequate anti-coagulation however, one of the main 

indications for hemolysis was increased LDH within one month of implant. It was shown that 

patients who exhibited elevated LDH levels within the first month had a hazard ratio of 3.16 (p 

< 0.0001). The presence of increased LDH is linked to hemolysis which has been correlated with 

increased risk for pump thrombosis when present with increased power settings on the LVAD 

[27]. The increased power readings on the device could be a result from a pump obstruction or 

thrombosis which in turn increases the trauma to the red blood cells leading to hemolysis.  In a 

separate study of 100 total patients, 18 patients with HMII were diagnosed with hemolysis. 
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These patients had increased LDH levels and bilirubin levels along with decreased INR [27]. A 

Hazard Ratio analysis with a Confidence interval of 95% showed that age, sex, smoking, CAD, 

diabetes mellitus, INR, bilirubin, and inflow and outflow cannulas’ velocities were all statistically 

related to the HRs for death. In patients that exhibited hemolysis, the inflow and outflow 

cannula velocities were unchanged, however patients with hemolysis were determined to have 

turbulent flow at the outflow cannula from an obstruction. Hemolysis can also be associated 

with inflammation and platelet activation as mentioned above. Inadequate positioning such as 

inflow cannula angle can not only lead to obstruction due to interaction with the ventricular 

septum but can also cause turbulent flow that has been linked with platelet activation and 

hemolysis. During the cellular damage that occurs during hemolysis, ADP is released from 

damaged cells such as RBCs. ADP is a known agonist for platelet activation and its receptors are 

common targets for antiplatelet drugs. Additionally, it activates inflammation through multiple 

pathways.   

1.3.4:  Inflow Cannula Angulation & Pump Components 

While inflammation, platelet activation, and coagulopathy are all linked to 

hemodynamic changes, another avenue of hemodynamic interference is the positioning of the 

device itself as well as the device components and non-biological surface interactions. 

Components associated with pump thrombosis in the HMII and the HVAD include the inflow 

cannula, the outflow graft, and the pump elements as well as pump pocket depth for the HMII 

specifically. Shallowness of the pump pocket depth for the HMII at the time of implantation has 
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been found to be correlated with increased incidence of pump thrombosis [28]. Thrombi 

located within the pump elements can be detected by spikes in the power required to maintain 

the specified flow rate due to the increased drag force from the obstruction [29]. In the case of 

the HVAD, the location of the thrombosis or obstruction, (pre-pump, intra-pump, or post-

pump), can be determined based on changes in the devices’ flow and power wave forms. For 

pre-pump thrombosis, such as obstructing the inflow cannula, the flow is acutely affected 

within hours of the obstruction and is signified by an abrupt drop in the flow waveform 

indicating a significant decrease in flow as well as power. In contrast, the decrease in flow from 

post-pump obstruction, such as the outflow graft thrombosis or kinking, occurs over a period of 

days to weeks. Consequently, the HVAD flow waveform will appear to slowly decrease over a 

this extended period of time [30]. Additionally, an equation has been used to determine the 

difference in the normal power and the actual operating power for the HVAD [31]. This 

equation divides the maximum power by the expected power for the same pump speed. This 

equation normalizes the differences in power consumption between patients to allow for 

accurate comparisons.  Even with different detection methods and monitoring, sub-optimal 

inflow cannula angulation is a significant issue for both the HVAD and the HMII. Whether due to 

inaccurate cannula placement at implantation or after ventricular remodeling, suboptimal 

angulation has been shown to contribute to the development of pump thrombosis over time 

[32], [33]. In a study conducted by Taghavi et al. 2013 with patients receiving the HMII, inflow 

cannula angulation and pump pocket depth were analyzed postoperatively. It was found that a 
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greater angulation from optimal was associated with increased likelihood for pump thrombosis 

[28]. Additionally, a lower pump pocket depth was also associated with pump thrombosis most 

likely because as the pocket constricted over time, the inadequate depth allowed for the inflow 

cannula to migrate towards the interventricular septum leading to cannula obstruction and 

pump thrombosis. The conclusions show that an inflow cannula angle greater than 55 degrees 

would reduce likelihood for pump thrombosis and a pump pocket depth of 3 to 4 inches below 

the xyphoid process was recommended to ensure minimal migration. Additionally, in a study of 

93 patients with end stage cardiomyopathy, HMII LVADs were implanted and 25 received 

cardiac computed tomography (CT) scans to analyze the maximum percentage of inflow 

cannula obstruction [34]. Of the 25 patients who received CT scans, seven were determined to 

have adverse events correlating to an inflow cannula obstruction of greater than 30%. The 

longitudinal adverse event correlation was based on a receiver operating characteristics curve 

of 0.829. Here, it was determined that patients who experienced an inflow cannula obstruction 

greater than 30 % had increased risks of adverse events and symptoms of congestive heart 

failure. Inflow cannula obstructions can also develop due to surface characteristics and 

interactions with non-physiological surfaces. In a study of eight patients conducted by 

Strickland et al. 2016  who underwent HVAD implantation, it was shown that the sintered 

characteristic of the inflow cannula yielded fibrous pannus formation over the outer portion of 

the inflow cannula thrombus [35]. Implanting an LVAD increases the risk for pump thrombosis 

due to the non-biological surface interactions and, when coupled with suboptimal orientation 
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of the device, the risk of developing pump thrombosis significantly increases due to the platelet 

activation from increased shear stress and turbulence leading to coagulopathy. 

1.4: INNOVATIONS 

Even though there are a significant number of clinical resources available for monitoring 

and detecting pump thrombosis, there is still a need for technologies that allow for earlier 

detection. In a recent study published by Chiu et al. 2014, computational fluid dynamic 

simulations were used to depict flow patterns and specifically, areas of stagnant platelet 

trajectories in the HMII [36]. Simulations showed that areas of stagnant platelet trajectories 

corresponded with areas of thrombus formation seen in the clinical setting.  Models like this 

may someday be a method for analyzing trouble areas with characteristics and positioning of 

implantable LVADs. Some recent studies show that using continuous vibration monitoring for 

long term MCS was useful in not only determining thrombus formation but also in determining 

the location of the clot.  Vibration monitoring describes a process where the sounds and 

vibrations produced by the device are recorded and then transformed and compared. In 

instances of obstruction or pump thrombosis, the vibration signals from the LVAD are 

distinguishably different from one functioning normally.  Four areas of common thrombus 

formation were analyzed. The vibration signals changed when mechanical failure was present 

such as worn bearings or mechanical cracking as well as pump thrombosis. It was shown that 

abnormal vibration signals were shown at 30 Hz and 15 Hz at 3000 rpms. It was also 

determined that for four different thrombus locations, different abnormal frequencies were 
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exhibited that were easily discernable from normal vibration patterns. A power spectrum 

density analysis was used to determine and categorize the different states of thrombus 

formation in regards to the pump [37], [38]. In a study by Kaufmann et al. 2014 of 105 

HeartWare HVAD recipients conducted by Kaufmann et al., acoustic spectra analysis with the 

Fourier transformation was utilized to determine pump thrombosis [39]. The study compared 

the 97 patients with thrombotic complications with the 8 patients with signs of pump 

thrombosis requiring device exchange. A sound peak three times greater than the pump speed 

was determined to correlate with the presence of thrombosis within the pump. A third 

harmonic analysis was performed on the eight patients who returned post implantation with 

signs of pump thrombosis. Their first and second harmonic readings were 75% greater than the 

patients who did not experience pump thrombosis and the most significant correlation was the 

presence of the third harmonic in patients with pump thrombosis. Other studies have used 

radiographic assistance and monitoring to track pump migration with ventricular remodeling in 

order to ensure the pocket depth and inflow cannula angle remained optimized [40]. 

Proposed methods of early detection include frequent blood analysis, imaging 

modalities, as well as monitoring changes in the pump settings and readings. Given that pump 

thrombosis tends to be a multi-factorial issue, several papers in our search identified factors 

that must be considered in medical management, as well as innovations for safer technology 

since pump thrombosis can occur for a variety of reasons. This process should initially start with 

risk stratification of the patient population. The classification of the patient and their 
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functionality also plays a significant role in their overall outcomes after implant. In a study 

conducted at three different institutions, three groups were studied based on the INTERMACS 

profiles [41]. Group 1 (INTERMACS Profile 1) patients in cardiogenic shock, Group 2 

(INTERMACS Profile 2 & 3) patients who are inotrope dependent, and Group 3 (ambulatory 

advanced heart failure patients).  It was shown that patients in Group 3 had a significantly 

higher 36-month survival rate compared to Group 1, (95.8% vs. 51.1%, p = 0.011).  For instance, 

in a study of 177 patients that were implanted with the HMII, 19 patients experienced device 

thrombosis and required explant within 351 +/- 311 days. Five of the patients were determined 

to have mechanical dysfunction and three of these were attributed to sub-optimal inflow 

cannula angulation and two with a "bend relief disconnect with deformed outflow graft" [42]. 

Other patients who exhibited device thrombosis were due to infection and hypercoagulopathy. 

It was shown that in all patients that exhibited non-mechanical thrombosis, there were 

elevated LDH levels > 2.5 prior to hospital release. Laboratory values that were shown to be 

scientifically relevant were LDH (p = 0.004), WBC count (p = 0.01), BUN (p = 0.01), creatinine (p 

= 0.04), and platelet count (p <0.002). There are no real early markers to project device 

thrombosis but "LDH > 4x normal is 92.5% specific and 100% sensitive" for diagnosis at 

detection stage. Many studies have found that analyzing several markers for pump thrombosis 

including LDH, total bilirubin, creatinine, INR, hemoglobin and hematocrit, and haptoglobin as 

well as utilizing imaging techniques such as chest x-ray, echocardiogram, CT angiogram, and 

cardiac catheterization have been extremely useful in detecting pump thrombosis. The imaging 
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techniques were used to identify the site of the thrombosis such as the inflow graft, outflow 

graft, or inside the pump [43]. Additionally, autoimmune diseases such as Sickle cell anemia can 

predispose patients to hemolysis and platelet activation leading to adverse events [44].  With 

the increasing utilization of LVADs, the need for new and innovative methods for early 

detection of pump thrombosis has become increasingly important. Having multiple markers 

and testing modalities available to monitor risk factors can help not only maintain adequate 

anticoagulation and antiplatelet therapy but also identify risk factors for pump thrombosis early 

enough to prevent need for device exchange.  

1.5: Discussion and Conclusion 

While several conditions resulting in implantable LVAD failure have been studied in the 

past, this review focused particularly on the potential synergistic effects between several 

known and emerging conditions contributing to pump thrombosis.   
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TABLE 1.1: Summary of Literature Review Findings based on Risk Factors 

Risk Factors Studies Summary of Findings Occurrence of Pump Thrombosis 

Platelet 
Activation 

9 Platelet activation is 
exacerbated by aortic 
insufficiency due to the 
requirement for 
decreased flow settings 
on the LVAD as well as 
hemodynamic changes 
and increased shearing 
forces due to MCS. 

• AI in patients with LVADs represents a potential increased risk 
for thrombus development due to the need for reduced RPM 
settings on the device as well as a risk for increased platelet 
activation from decreased heat dissipation in the device [5] 

• 12 patients at eight months’ post LVAD implantation taking 
anti-platelet drugs, it was found that C reactive protein, 
fibrinogen, factor VIII and von Willebrand factor antigen were 
elevated compared to a Control group consisting of healthy 
volunteers, (p <0.001). It was proposed that chronic activation 
of the coagulation cascade due to shear stress from the LVAD 
device causes defects in platelet function [9] 

Hyper-
coagulopathy 

8 Hyper-coagulopathy 
has significant links to 
inflammation and 
sepsis as well as 
platelet activation and 
infections such as 
endocarditis. 

• 14 of 177 patients developed device thrombosis due to 
hypercoagulability or infection [42] 

• Extreme cases of infection, sepsis mounts a complex immune 
response which when coupled to the coagulation cascade 
where Protein C and TNF alpha are decreased and Tissue 
Factor and Interleukin 6 are increased a systemic activation of 
coagulation occurs [19]. 

Hemolysis 9 Hemolysis has been 
linked to the 
hemodynamic changes 
associated with MCS as 
well as device 
obstruction or 
suboptimal pump 
orientation. 
Additionally, elevated 
LDH as well as 
inadequate anti-
coagulation and 
preexisting conditions 
are associated with 
hemolysis. 

• Increased LDH is linked to hemolysis which is correlated with 
increased risk for pump thrombosis when present with 
increased power settings on the LVAD [27] 

• One year event free survival was 32% +/- 7.2% for patients who 
met the LDH criteria compared to only 16% +/- 8.3% in patients 
who met the INTERMACS criteria for detecting hemolysis and 
potential pump thrombosis [27] 

• 18 of 100 patients with HMII were diagnosed with hemolysis. 
These patients had increased LDH and bilirubin levels with 
decreased INR. A HR analysis with a Confidence interval of 95% 
showed that these were all statistically related to the HRs for 
death [27] 

Inflammation 
& Sepsis 

4 Inflammation and 
sepsis interact with the 
coagulation cascade 
through several 
mechanisms yielding 
coagulopathy as well as 
increasing the patient’s 
risk for device 
exchange. 

• 27% of patients with recent infection developed hemolytic or 
thrombotic events [16] 

• In the REMATCH trial, infection and LVAD failure were 
determined to be the major factors in reducing the two year 
post implantation survival rates from 53 % to 23 % [18] 

• In a study of eight patients with bacterial endocarditis in 
LVADs, two patients experienced peripheral embolization and 
five patients died [17] 

• Of seven patients with fungal endocarditis, six required LVAD 
explanation [17] 
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Suboptimal 
Inflow 
Cannula 
Angle & 
Pump 
Components 

9 Suboptimal inflow 
cannula angulation as 
well as device 
positioning can lead to 
adverse events 
including pump 
obstruction or 
thrombosis and an 
increased risk for device 
exchange. 

• Shallowness of pump pocket depth has been correlated with 
increased risk of pump thrombosis [28] 

• Depending on the location of the thrombosis in the HVAD (pre, 
intra, or post pump) the flow and power waveforms exhibit 
characteristic changes [30] 

• Eight of eight patients with sintered HVAD inflow cannula 
developed thrombosis [35] 

 

 

Figure 1.1 above details the interactions between each condition that was evaluated. Each 

factor studied in this review can lead to pump thrombosis as a singular condition but the 

synergy between several factors may lead to vicious circle of increased risk for adverse events. 

Table 1.1 describes the factors that were identified as causing increased risk of pump 

thrombosis individually, the significant findings discovered through the process of completing 

this review, and the number of references that were analyzed for each factor. As evident by the 

Table 1.1, there is more evidence for certain factors contributing to the incidence of device 

failure than others (i.e. we found fewer papers detailing sepsis and inflammation in the 

precluding events to pump thrombosis than we did for hemolysis, platelet activation,  

hyper-coagulopathy, or suboptimal pump components).  

Throughout the literature, there are minimal studies that analyzed and drew decisive 

conclusions on more than one of the topics discussed.  
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TABLE 1.2: Number of References that posed some indication of Synergy between Risk Factors 

Table 1.2 describes the number of references that focused on one or two of the topics 

identified. Although many of the articles identified multiple risk factors including the ones 

above, they did not elaborate on how they can compound on one another. Through the efforts 

of this review, we have determined the following regarding potential synergistic relationships: 

aortic insufficiency (AI) requires the device must be set to lower rotations per minute (RPMs) 

leading to decreased heat dissipation from the device and subsequently increasing platelet 

activation; sepsis and inflammation can induce platelet activation causing coagulopathy; 

suboptimal pump settings including inflow cannula angulation as well as pump pocket depth 

can lead to hemolysis, which is not only a risk marker but also a contributing factor to platelet 

activation due to the release of ADP;  the turbulent flow caused by the suboptimal inflow 

cannula angulation can increase shear stress thus inducing platelet activation causing 

coagulopathy. While most of these factors are monitored for LVAD patients as part of their 

medical management, the relationships between each factor are not always considered and 

thus may not be accounted for when considering the likelihood of an event requiring device 

exchange. The clinical implications associated with understanding the synergistic mechanisms 

 
Platelet 

Activation 
Aortic 

Insufficiency 
Hypercoagulability 

Inflammation 
& Sepsis 

Hemolysis 
Pump 

Components 

Platelet Activation 1 1 4 - 3 - 

Aortic Insufficiency  - - - 1 1 

Hypercoagulability   1 4 - - 

Inflammation & Sepsis    1 1 - 

Hemolysis     4 3 

Pump Components      8 
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between these factors may lead to reduced morbidity and mortality as well as adverse events 

associated with pump thrombosis as well as decreased hospital readmission rates. By better 

understanding the roles each of these factors in one another’s mechanism for pump 

thrombosis, methods for earlier detection of pump thrombosis can be developed and with 

earlier detection, methods for pump thrombosis resolution can potentially be employed so 

device explant is not necessary. Pump thrombosis can be facilitated by inflammation/sepsis, 

hemolysis, suboptimal inflow/ outflow angle, platelet activation, and coagulopathy. VAD failure 

due to pump thrombosis is a multifactorial issue, when combined, the risk factors listed above, 

seem to be involved in a vicious cycle that have a cascading effect on pump thrombosis. Further 

studies are required to identify the compounding risk factors that would synergistically effect 

pump thrombosis.   

 Once specific risk factor was significantly underrepresented in the literature. The clinical 

impact of suboptimal cannula angle for the HeartWare HVAD was almost nonexistent in the 

current literature. Therefore, the next portion of this thesis created specific aims at bridging the 

gap of understanding the clinical implications associated with suboptimal inflow cannula 

orientation for the HVAD.  
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CHAPTER 2: HEMODYNAMIC CHANGES ASSOCIATED WITH SUB-OPTIMAL INFLOW CANNULA 

ANGLE IN THE HEARTWARE HVAD – A HEMOSTATIC MODEL 

 

2.1: INTRODUCTION 

With the increased utilization of implantable, long-term, left ventricular assist devices 

(LVADs), understanding the implications associated with device orientation and interaction with 

the body is exceedingly important. Left ventricular assist device pump thrombosis is a 

devastating complication. Despite the fact that pump exchange can be performed in a relatively 

safe manner, the long-term survival outcomes for patients who experience LVAD thrombosis 

are worse than patients who do not (INTERMACS annual report). In order to minimize the risk 

of pump thrombosis, surgical implantation (pump inflow alignment with the mitral valve, 

adequate pump pocket depth, and fixation of the pump to the rib cage in HMII) along with 

proper INR Control and proper pump speed are all important factors in reducing the risk of 

pump thrombosis [45].  Components associated with pump thrombosis in the Thoratec© 

HeartMate II™ (HMII) and the HeartWare© HVAD® devices include the inflow cannula, the 

outflow graft, and the pump elements as well as pump pocket depth for the HMII specifically. 

Studies have been conducted to show that shallower depth of the pump pocket for the HMII at 

implantation has been correlated with increased incidence of pump thrombosis [28]. Thrombi 

located within the pump elements can be detected by spikes in the power depending on the 

location of the thrombosis. For example, when there is an outflow obstruction in HMII, the 
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required power to maintain the specified flow rate will increase because of increased drag force 

from the obstruction [29]. In the case of the HVAD, the location of the thrombosis or 

obstruction, (pre-pump, intra-pump, or post-pump), can be determined based on changes in 

the devices’ flow and power wave forms. For pre-pump thrombosis, such as obstructions within 

the inflow cannula, the flow is acutely affected within hours of the obstruction and is signified 

by an abrupt drop in the flow waveform indicating a significant decrease in flow readings as 

well as power. In contrast, the decrease in flow from post-pump obstructions, such as with 

outflow graft thrombosis or kinking, occurs over a period of days to weeks. Consequently, the 

HVAD flow waveform will appear to slowly decrease over this extended period of time [30]. 

Additionally, an equation referred to as “the percentage of expected power” has been derived 

to determine the difference in the normal power and the actual operating power for the HVAD 

[31]. This equation divides the maximum power by the expected power for the same pump 

speed. This equation normalizes the differences in power consumption between patients to 

allow for accurate comparisons.  Even with different detection methods and monitoring, sub-

optimal inflow cannula angulation is a significant issue for both the HVAD and the HMII. 

Whether due to suboptimal cannula orientation or due to positioning changes after 

reverse ventricular remodeling, suboptimal angulation has been shown to contribute to the 

development of pump thrombosis over time [32, 33]. In a study conducted by Taghavi et al. 

2013 with patients receiving the HMII, inflow cannula angulation and pump pocket depth were 

analyzed postoperatively. It was found that a greater angulation from optimal was associated 
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with increased likelihood for pump thrombosis [28]. Additionally, a lower pump pocket depth 

was also associated with pump thrombosis most likely because as the pocket constricted over 

time, the inadequate depth can cause acute angulation of the inflow cannula leading to cannula 

obstruction and pump thrombosis. The conclusions show that an inflow cannula angle greater 

than 55 degrees would reduce likelihood for pump thrombosis and a pump pocket depth of 3 to 

4 inches below the xyphoid process to fixate the device was recommended to ensure minimal 

migration in the long term [28].  

Depending on the device design and characteristics, some components’ orientation 

become more important than others when determining risk of device dysfunction and pump 

thrombosis. The design of the HMII includes an inflow cannula oriented towards the mitral 

valve with the reference angle based on the device itself and also requires a pump pocket to 

stabilize the device and insure minimal to no migration with ventricular remodeling. In contrast 

to the HMII, the design of the HVAD is such that when the device is implanted in the left 

ventricle, the inflow cannula is also angled at the mitral valve but the reference angle is 

associated with the mitral plane and not the device. Recently, the HVAD Destination Therapy 

Endurance trial demonstrated higher embolic stroke than HMII, however the subsequent 

results showed a reduced stroke rate, nearly comparable to the HMII. Since the HVAD is not 

fixated to the chest wall or muscle due to its design, the inflow cannula position may be altered 

after reverse remodeling of the left ventricle [46].  Reverse ventricular remodeling can lead to a 

conglomerate of issues when associated with LVADs and their placement. With the 
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implantation of the LVAD, there is reduced hypertrophy, a reduction in ventricular chamber 

size, and improved pumping capacity of the native heart [47]. In the worst-case scenarios, as 

the left ventricle remodels, the inflow cannula orientation and plane changes as well. This can 

lead to obstructions such as suction events of the ventricular septum as well as thrombosis at 

the inflow cannula, within the pump, or in the outflow graft. These obstructions lead to 

increased shear stresses and platelet activation which can compound the issue, increasing the 

patient’s risk for developing thrombosis. Therefore, understanding the clinical implications 

associated with sub-optimal device orientation and specifically, inflow cannula angulation is 

something that severely needs to be investigated [46].   

 Given that there is a significant amount of data and research investigating the clinical 

implications associated with the pump component orientation and implantation of the HMII 

[28, 45], there is a substantial need to investigate the same clinical implications associated with 

the HVAD. Due to this need, a simplified, hemostatic, left heart, in silico simulation model was 

created using Solidworks 2016 ed. The main goal was to analyze the hemodynamic and shear 

dynamic changes within the left ventricle associated with various inflow cannula angles. Several 

assumptions were made to create a simplified pilot study to analyze how HVAD inflow cannula 

angle changes with ventricular remodeling. The simulation was created to look at three 

different cannula angle scenarios including a Control, Clinically Optimal cannula angle, and 

suboptimal angulation. 
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2.2: METHODS 

Using Solidworks 2016 design software as well as the Flow Simulator add on, a three-

dimensional computational fluid dynamics model of the left atrium and left ventricle were 

designed. The origin of the design is located at the center of the mitral annulus between the left 

atrium and the left ventricle.  The dimensions of the left side of the heart was determined 

based on the reference, [48] but also, dimensions were slightly altered to accommodate 

measurements from a few patients ventricular dimensions obtained through Trans-esophageal 

echo (TEE). When combining these measurements, the specific dimensions for the 

constructions described below were obtained.  The left side of the heart part was created by 

choosing File  New Part. 

2.2.1: Left Ventricle Dimensions and Construction 

The left ventricle was constructed using a height of 100.0 mm, a maximum width of 71.0 

mm [48, 49] and the mitral annulus was set as 41.2 mm and was based on the ring dimensions 

reported in “Carpentier’s Reconstructive 

Valve Surgery” [50].  For the purposes of 

the model, given it was assumed the 

patient would be in severe dilated 

cardiomyopathy, the mitral annulus was 

designed as a circle instead of an ellipse due to the fact that as the heart dilates, the annulus 

more aligns with this shape. Additionally, this slight simplification allowed for a more functional 

Figure 2.2: Ventricular Dimensions [48] 
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heart model. The left ventricle was constructed using specific coordinate points placed to mark 

the measurements described above and the shape was created using the Spline tool. The 

corresponding points include coordinates at (0, 0) to represent 

the origin at the center of the mitral valve,  (-20.6, 0) to 

represent the outer radius of the mitral valve annulus, and (- 

35.5, -20.75) to represent the widest portion of the left 

ventricle.  This point is set higher than the middle of the height 

of the left ventricle due to anatomical structure of the left 

ventricle. A representation of the measurement description is 

shown in Figure 2.1.   

Lastly, a point to represent the apex of the left ventricle 

was positioned at (0, -100.00). These points were then 

connected using the Style Spline tool which allowed for the 

drawing to have a rounded structure. Then, a line was drawn to connect the origin to the apex 

point and a separate line was drawn from the origin to the outer radius representing the mitral 

annulus. Once the drawing was fully connected, the Revolve function was used to create a 

three-dimensional sketch of the left ventricle.  

  

Figure 2.3: Three-Dimensional 
Construction of the left side of 
the heart 

Left Atria

a 

Left Ventricle

a 

Mitral Valve

a 
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2.2.2: Left Atrium Dimensions & Construction 

The left atrium was constructed using a height of 66.0 mm, a width of 49.0 mm [48, 49]. 

The standard Pulmonary veins inflow into the left atrium was omitted and instead, a singular 

inflow conduit was utilized to minimize complications for boundary 

conditions. The left atrium was constructed using specific coordinate 

points placed to mark the measurements described above. These 

points include (-20.6, 0) to connect the left atrium to the left ventricle 

via the mitral annulus, (-24.5, 33.0) to represent the widest portion of 

the atrium, (0, 66.0) to represent the center of the top of the left 

atrium, and (-14.5, 66.0) to represent the top of the left atrium and 

the shape was created using the Style Spline tool to create the 

rounded shape of the atrium and similar to the left ventricle 

construction, a line was used to connect points (0, 66.0) and (-14.5, 66.0). From there, the 

Revolve tool was used to create a three-dimensional sketch of the left atrium connected to the 

left ventricle, seen in Figure 2.2.  Once the left atrium and the left ventricle were connected 

into one large sketch, the Shell tool was used to create the ventricular wall with a 10.0 mm 

thickness [49]. The wall built to build around the set dimensions and extruded outward so that 

the internal cavity of the heart remained in the dimensions described above. The 3D model 

with the external wall can be seen in Figure 2.3.   

  

Figure 2.4: Three- 
Dimensional model with 
wall thickness 
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2.2.3: HVAD Cannula Dimensions & Construction 

 The HeartWare HVAD cannula was constructed based on the manufacturer’s 

specifications. The inner diameter was set to 12.5 mm, the outer diameter was 21.0 mm, and 

the length was set to 30.0 mm but the actual manufacturer 

guidelines have the cannula length set as 26.0 mm. The extra 4 mm 

were added to allow for visualization of the cannula outside of the 

ventricle for simulations and testing. The cannula was built as a 

separate part from the left heart design. Using the circle tool, the 

inner diameter of the cannula was defined and built. Then, using the 

Extruded Boss/Base tool, the cannula was lengthened to 30.0 mm as described above. Lastly, 

the Shell tool was used to create the outer wall of the cannula. The thickness was set so that 

the outer diameter was based on manufacturer specifications. The completed part can be seen 

in Figure 2.4.  

2.2.4: Cannula Scenarios Construction 

 First, a plane was created perpendicular to the apex by clicking Insert  Reference 

Geometry  Plane.  The location was set at -110.0 mm to account for not only the length of the 

ventricular cavity but also the wall thickness. The cannula insertion sites were created using the 

Hole Wizard. For each scenario, the diameter of the hole was set to exactly 12.5 mm to 

correlate with the HVAD cannula. From there, 3D sketch positioning was used to create the 

hole for the various scenarios: Control where the insertion site is in the Apex, Clinically Optimal 

Figure 2.5: HVAD 
Cannula  
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where the insertion site is 1.5 cm Lateral to the LV apex, and Suboptimal where the insertion 

site is Lateral to the LV apex with a 55 ° angle towards the LV septum. For the Suboptimal 

orientation, a separate plane was created within the sketch to allow for the insertion site to be 

at the specified angle. The plane was created at 110 degrees, coincident with the plane 

described above. Each of these scenarios were saved as separate parts so that the part could 

then be uploaded into the assembly function.  

 Each scenario had to be assembled as a separate file but the process for assembling 

each scenario was the same. A new assembly was created by clicking File  New Assembly. 

Then, Insert Components was chosen and the files for the HVAD Cannula and the desired 

scenario were uploaded. The heart component was set at the origin while the HVAD cannula 

was not so that it could be placed where the insertion point was on the ventricle. Once the 

HVAD cannula was placed close to the insertion point, the Mate Function was chosen and the 

outside of the HVAD cannula was highlighted as well as the inside of the hole for the insertion 

site. Then the cannula was oriented so that 26.0 mm were within the left ventricle, including 

wall thickness. The same technique was used to build the Control and Clinically Optimal 

scenarios. Then, Lids were added to both the inlet at the top of the left atrium and outlet at the 

external portion of the HVAD inflow cannula. This is done not only to allow for boundary 

conditions to be set for the flow simulations but also because in order to run the simulations, 

each of the assemblies had to be water-tight with no leaks. The Lids were created using the Lids 

tool by highlighting the location were the desired lid would be placed and then clicking the 
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green check mark. Once Lids were added to all the assemblies, their design was checked using 

Check Geometry. If the design passed, it was considered water tight. If it did not, the Leak 

Tracking tool could be used to determine where the hole or discontinuity is located. Then, 

different tools  

could be used to close the whole.  The various assemblies are shown in Figures 2.5, 2.6, and 2.7. 

  

Figure 2.5: Control 
Assembly Model 

Figure 2.6: Clinically 
Optimal Assembly Model 

Figure 2.7: Suboptimal Cannula 
Orientation Assembly Model 
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2.2.5: Flow Simulation Assumptions & Settings 

The Flow simulation assumptions were created based on the conservation equation;  

𝑨𝒄𝒄𝒖𝒎𝒖𝒍𝒂𝒕𝒊𝒐𝒏 = 𝑰𝒏 − 𝑶𝒖𝒕 + 𝑮𝒆𝒏𝒆𝒓𝒂𝒕𝒊𝒐𝒏 − 𝑪𝒐𝒏𝒔𝒖𝒎𝒑𝒕𝒊𝒐𝒏 

Based on physiology, it was assumed that there was no generation or 

consumption within the model. Additionally, the device was set such 

that the flow in from the pulmonary veins into the left atrium was 

equal to the flow out via the HVAD and therefore, Accumulation is 

equal to zero as well.  With these assumptions, the simplified 

conservation equation was;  

𝑰𝒏 = 𝑶𝒖𝒕 

The flow was set to 5 liters per minute (LPM) which when converted to 

S.I. units is equal to 8.333 𝑥 10−5  
𝑚3

𝑠
. This setting was based on 

clinical experience. Additionally, the model was built with the 

assumption of severe cardiomyopathy, therefore, there is no contraction of the left ventricle as 

well as no ejection through the aortic valve. The temperature of the system was set to the 

physiological temperature of 37 ° C which is equal to 310.15 K (S.I. Units). Additionally, the 

pressure was assumed to be atmospheric pressure which is 101,325 Pa.  The Inlet boundary 

condition was set to 5 LPM at the top of the left atrium and the outlet boundary condition was 

also set to 5 LPM at the distal outlet of the HVAD cannula as seen in Figure 2.8.  

Figure 2.8: Boundary 
Conditions 
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 Once all the assumptions were determined, the Wizard tool was used to create a flow 

simulation project. The units were set to S.I. units, the fluid was set to blood which is a Non-

Newtonian fluid with a density of 1003 
𝑃𝑎

𝑠
 and defined by the Power Law model, which looks at 

two factors and as one changes the other changes proportionally. Unfortunately, there was a 

minimal description of the settings that were used to define Blood and which factors that were 

used in the power law model were not specified. The hematocrit setting was unable to be 

determined because the equations specifications were not specified for the pre-programmed 

fluid. The time for each project was set to the desired time; 60s, 120s, or 300s. Several time 

points were included to validate the result values and ensure that steady state was met. The 

roughness of the ventricular wall was assumed to be ideal and smooth. Lastly, the temperature 

was set to 310.15 K. Once the project was fully defined, the boundary conditions were set 

based on the description above, Figure 2.8. Then RUN was chosen, and the simulation began. 

Typically, it took approximately one hour to run a one minute simulation on a Microsoft 64 bit, 

Intel® Core ™ i5-4300U CPU at 1.90 GHz Processor.  

Once the simulation was completed, the results were loaded and various plots were 

created to analyze the flow patterns and the shear stress. A Trajectory Flow plot was used to 

analyze the velocity profile. It was defined with 75 arrows to define the flow pattern originating 

at the left atrium and ending at the distal end of the HVAD cannula. Additionally, a Wall Shear 

Stress plot was created to look at the varying shear stress within the HVAD cannula itself. Lastly, 
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an F test and T test was run comparing the various velocity vectors for each scenario to 

determine statistical significance.  

2.2.6: Statistical Analysis 

 The mean and standard deviations of all scenarios for both velocity and shear stress 

were calculated for each time point in addition to the variances for each data set. Student T-

tests were performed assuming 2-tailed, equal variance between, Control and Clinically 

Optimal, Control and Suboptimal, and Clinically Optimal and Suboptimal. The results for the 120 

second simulation are tabulated in Tables 2.1 and 2.2, tables with results for 60 and 300 second 

time points are included in the Appendix.  

2.3: RESULTS 

The majority of the results for the simulations were qualitative with some statistically 

significant quantitative data associated with inflow cannula shear stress values. With that being 

said, there are some relevant numerical values for each of the scenarios including average and 

maximal velocity, average and maximal wall shear stress as seen throughout the entire model, 

and shear rate. Where the shear rate is defined as the rate by which the velocity changes as 

one layer of fluid passes over another.  These values can be seen for all three cannula 

orientation scenarios for three specific time points. Qualitative images for the flow trajectories 

are only shown for one time point, seen in Figure 2.9.  
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As seen above, the velocity magnitude is comparable for all three angle scenarios, 

however there is noticeable hemodynamic changes when comparing the Suboptimal 

orientation to the Control and Clinically Optimal scenarios. 

TABLE 2.1: Velocity - 120 seconds 

Angle Orientation Control Clinically Optimal Suboptimal 

Maximum Velocity (m/s) 1.013 0.984 0.996 

Average Velocity (m/s) 0.069 ± 0.191 0.07 ± 0.183 0.069 ± 0.182 

 

Figure 2.9: Velocity Flow Trajectories for 300 second time point (Left to Right – 
Control, Clinically Optimal, and Suboptimal cannula angle) 
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Figure 2.10: Comparison of Average Velocities for all scenarios with p values (* = p < 0.001) 

 

TABLE 2.2: Shear Stress - 120 seconds 

Angle Orientation Control Clinically Optimal Suboptimal 

Maximum Shear Stress (dynes/cm2) 132.6 174.6 176.3 

Shear Accumulation (dynes/cm2) 13701.5 18813.0 25221.3 

Average Shear Stress (dynes/cm2) 4.48 ± 10.20 5.53 ± 14.10 6.94 ± 17.50 

Shear Rate  
(s-1) 

4364.65 5746.43 5801.60 

 

Tables 2.1 and 2.2 depict the numerical results for velocity as well as shear stress within 

the system for varying time points. As seen in Tables 2.1, the averages and maximum velocity 

values are similar for all three scenarios. The average velocities for all time points and angle 
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scenarios range from 0.069 – 0.070 m/s with similar standard deviations and the maximum 

velocities are within 20% of each other. Additionally, all velocity data was not statistically 

significant. However, the maximum and accumulation shear stress values as well as the shear 

rate for the Clinically Optimal and Suboptimal are significantly higher than those for the Control 

scenario and the average shear stress values, when comparing the Clinically Optimal to the 

Suboptimal orientation are statistically significant, p < 0.001 as shown in Figure 2.10, for all time 

points as seen in Table 2.2. 

 

Figure 2.11: HVAD Cannula Wall Shear Stress Contour Plots for 120 second time point 
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Figure 2.11 shows the qualitative data for the HVAD cannula wall shear stress contour 

plots. It can be seen that there are visual differences between the three scenarios. The Control 

scenario, shown at the top left, has a lighter color that predominates throughout most the 

cannula and represents a shear stress of approximately 41.4 dynes/cm2 based on the legend, 

whereas the other two scenarios show a combination of a darker colors. When comparing the 

Clinically Optimal and the Suboptimal, both have similar colors representing shear stresses of 

approximately 10.1 to 99.2 dynes/cm2, however, the Suboptimal contour plot shows a different 

pattern than the Clinically Optimal scenario.    

2.4: DISCUSSION 

 The main goals of this in silico simulation model was the analyze the hemodynamic and 

shear dynamic changes associated with various inflow cannula angles for the HVAD within a 

static model. Several times points were run to confirm the simulation had met steady state as 

well as ensure there were no unexpected changes in results between time points for each 

scenario. The results shown above confirm that, in the simplified conditions described, there 

are both qualitative and quantitate changes in shear stress and hemodynamics with varying 

cannula angles.  

First, qualitative, visual results were analyzed to determine if there were any 

hemodynamic changes with the varying inflow cannula angulation with constant flow 

parameters. Qualitative results are shown for the 120 second time point in Figure 2.9, 

comparing all three cannula angle scenarios, results for the 60 and 300 second time points can 



49 

 

be seen in the Appendix. There are flow pattern changes within the left ventricle when the 

cannula scenario is at the Suboptimal orientation with an angle of 55 degrees as seen in Figure 

2.9. Based on the color profile of the flow changes, it was determined that these findings are 

not equated to turbulent flow due to the low velocity values, between approximately 0.0 – 

0.225 m/s, and therefore, the swirling flow patterns cannot be attributed to the Eddy Effect. 

However, there is some literature looking at in vitro simulations that did show that with 

decreasing cardiac function and minimal pulsatility, there are increased risks for hemostasis 

near the left ventricular outflow tract [51]. However, these studies only analyzed the 

implications associated with the HMII as well as did not account for the changes that can occur 

from Suboptimal cannula angle. There are several studies available that do specifically look at 

HMII cannula angle and how angulation changes affect hemodynamics and flow. Results 

confirmed that with more acute angulation of the inflow cannula patient’s had an increased 

likelihood of developing pump thrombosis [28, 33]. Taghavi et al. 2013 studied 49 patients who 

were implanted with the HMII, where 11 developed pump thrombosis within an average of 42 

days post implantation. It was found that patients who experienced pump thrombosis had 

higher degrees of angle acuity both immediately after implantation and 30 days’ post 

operatively compared to patients who did not. Additionally, Sacks et al. analyzed the inflow 

cannula orientation for the HMII using Computed Tomography. Results showed that patients 

who experienced adverse events had a higher degree of inflow cannula obstruction (70% vs. 

14%, p < 0.001).   
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 Further results include quantitative data for the average and the maximum velocities for 

the three scenarios and all the time points are shown in Table 2.1. The velocity results were not 

statistically significant for any of the scenarios. The average velocities for all time points and 

angle scenarios range from 0.069 – 0.070 m/s with similar standard deviations for all scenarios 

and the maximum velocities are within 20% of each other as well.  Given that the assumptions 

for the model included static flow for both the inlet from the pulmonary veins into the left 

atrium and the outlet into the inflow cannula of the HVAD, minimal changes in velocity are 

expected. Additionally, since the model is not pulsatile, the movement of the native heart is not 

a contributing factor to the hemodynamics and flow magnitudes.  

However, when analyzing the shear stress variables in Table 2.2 including average, 

maximum, and shear rate, it was found that the average shear stress values were statistically 

significant between the Control and the Clinically Optimal and the Suboptimal angles (p < 0.001 

and p < 0.001) as seen in Figure 2.10, as well as between the Clinically Optimal and the 

Suboptimal (p < 0.001). This shows that not only is there a significant difference in shear stress 

from the Control to the Suboptimal orientation, but the average shear stress is also significantly 

different between the Clinically Optimal and the Suboptimal, which has greater clinical 

implications. One thing that should be mentioned is the very large standard deviations for all 

scenarios. This is assumed since there are minimal areas for shear within the left ventricle 

based on the flow trajectory images, but as the flow reaches the inflow cannula, there are 

increased velocities and wall shear stress. Figure 2.11 depicts wall shear stress contour plots for 
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all three scenarios within the HVAD cannula. It can be seen that there are visual differences 

between the three scenarios. The Control scenario, shown at the top left, has a lighter blue that 

predominates throughout most the cannula and represents a shear stress of approximately 

41.4 dynes/cm2 based on the legend, whereas the other two scenarios show a combination of a 

darker blue and a greenish color. When comparing the Clinically Optimal and the Suboptimal, 

both have similar colors representing shear stresses of approximately 10.1 to 99.2 dynes/cm2, 

however, the Suboptimal contour plot shows much more greenish color, meaning that the 

shear stress within the Suboptimal cannula is higher in many areas than the Clinically Optimal 

scenario.  Additionally, there is over a 30% difference between the Control maximal inflow 

cannula shear stress (132.6 dynes/cm2) for the 120 second time point when compared to both 

the Clinically Optimal and the Suboptimal angles (174.6 dynes/cm2 and 176.3 dynes/cm2). Shear 

accumulation values, seen in Table 2.2, were also notably different for all three scenarios, with 

the Suboptimal orientation having the largest accumulation of all, with 25221.3 dynes/cm2.  

Though these numbers cannot be directly correlated with any singular study, there are multiple 

references that investigated shear stress and its implications on platelet activation, hemolysis, 

and acquired vWF deficiency. Specifically, Bluestein et al. 2004 conducted a review that 

determined that shear stress values between 1500 – 2500 dynes/cm2 lead to hemolysis 

whereas the shear stress values required to cause platelet activation are as low as 100 – 300 

dynes/cm2 for an exposure time of 102 seconds [52]. Even though the results shown in Table 

2.2 do not show shear stress values high enough to cause hemolysis, the maximum shear stress 
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values for the Clinically Optimal and the Suboptimal show magnitudes that fall within the 

platelet activation ranges. Studies have shown that continuous flow LVADs produce increased 

shearing forces due to the high velocity flow rates through the small pump components [53, 

54]. The increased shear forces have also been linked to hemolysis and platelet activation [2, 

16, 55]. Although there is minimal data and how Suboptimal cannula angulation affects shear 

stress and overall pump function, some mathematical models have been created to describe 

shearing characteristics within LVADs for In Vitro models.  Specifically, Nobili et al. created a 

multifactorial model analyzing various conditions for shear induced platelet activation. What 

was found is that under increased shearing conditions for short periods of time, there is 

minimal platelet activation, however, the multi-pass environment of an implantable LVAD 

allowed for the accumulation of platelet damage that could be attributable to the 

thrombogenic potential of a device [56].  Sheriff et al. 2016 also developed a computational 

fluid dynamics model using what they termed “Platelet Hammer” to not only look at platelet 

activation under constant shear stress but also under various shear accumulation conditions 

which is more comparable to mechanical circulatory support, MCS. They determined that 

platelets activate, change shape, and sensitize whether under single pass or multiple pass 

conditions. The difference is that during long term MCS, there is a significantly higher shear 

accumulation which can have significant effects on thrombosis as well as vWF deficiency [8, 55].  

Our results indicate that Suboptimal inflow cannula angulation does contribute to 

hemodynamic changes within the left ventricle as well as increased shear stress values within 
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the inflow cannula. These two factors have been shown in the literature have clinical 

implications for device dysfunction and risk of pump thrombosis. Though there is no available 

data to directly corroborate the simulation results above, several studies have been conducted 

that show that device orientation has clinical implications, not only platelet activation, 

hemolysis, and vWF deficiency, but also in the patient’s risk for developing adverse outcomes 

such as pump dysfunction and thrombosis.  

2.5: LIMITATIONS 

Based on the assumptions described above, there are several limitations to this model. 

First, given the hemostatic assumptions of the model, the pulsatile flow and the contractility of 

the heart play a significant role in hemodynamics. The native contractility of the heart 

contributes to device angle augmentation with each beat. It also contributes to hemodynamic 

mixing within the left ventricle which could potentially cause turbulence or conversely, it could 

also assist in the reduction of areas of stasis. The aortic and mitral valve function is also 

assumed to be negligible and these factors can also contribute to hemodynamic changes and 

turbulence. Since, valvular function, contractility, and the pulsatility of blood flow are not taken 

into account, factors such as turbulence and areas of stasis as applies to these factors are not 

taken into account.   

2.6: CONCLUSION 

 The main goals of this In Silico simulation model was the analyze the hemodynamic and 

shear dynamic changes associated with various inflow cannula angles for the HVAD within a 
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static model. Even with the assumptions made, it is evident that inflow cannula angle in the 

HeartWare HVAD does have the potential to cause clinical complications. Additionally, the 

shear stress values were statistically significant, p < 0.001, supporting that Suboptimal inflow 

cannula angulation can increase the risk of platelet activation and hemolysis which have been 

determined to be contributing factors to pump thrombosis. The clinical relevance of simulations 

is continuing to grow and be accepted by the medical community.  
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CONCLUSION 

The ability to create a simulation, specify parameters, and obtain results that accurately 

depict outcomes as well as bring to light areas of potential issues is exceedingly important as 

technology becomes an integral part of patient treatment plans and long term care. This is even 

more true for patients with heart failure where, in some cases, mechanical devices are their 

only hope for survival whether that be as a bridge to transplant or for destination therapy and 

long term care. Understanding not only how the device runs in an optimized scenario but also 

in scenarios that align with physiological changes is extremely important for preventing 

morbidity and mortality in patients and improving patient outcomes and survival.  
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FUTUREWORKS 

 There is a clinical need to develop an In Vitro model that not only looks at variations in 

inflow cannula angles, but also takes into account the contractility of the heart as well as 

physiological valve function for both the aortic and mitral valves. Additionally, being able to 

model various cardiac heart failure pathophysiology’s with the correct assumptions can provide 

another facet of information that can contribute to patient care as well as potentially predicting 

scenarios where device dysfunction is increased due to factors such as shearing forces, 

comorbidities, and inadequate antiplatelet and anticoagulation to name a few. Being able to to 

simulate long term scenarios that better align with the time frame patients are supported by 

the device could provide a better understanding of how flow dynamics change with ventricular 

reverse remodeling.  Altogether, computational fluid dynamics and mathematical models are 

becoming increasingly important facet of the medical field. This study just scratches the surface 

of the clinical implications for this scenario, but there are unlimited applications of 

mathematical models and simulations in understanding not only hemodynamics but also 

physiology as a whole.  

 First steps towards creating a model like this would not only include a computer system 

capable of running complex simulations such as these, but also the utilization of a software that 

can truly model computational fluid dynamics within a dynamic system, such as Comsol. Having 

a software that can not only simulate the changes within the system but the changes to the 

system itself is exceedingly important if the model is to have true clinical relevance to the world 
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of heart failure. The cardiovascular system is one of the most physiologically complex systems 

within our bodies and the variations in pathologies for this system are extremely significant. 

Specific aspects that should be taken into account are the variations in ventricular dimensions 

with different heart failure pathologies, contractility and pulsatility of blood flow, functioning 

mitral and aortic valves with ejection through the aortic valve. Additionally, once the baseline 

model is created, implementing settings that account for patient comorbidities including 

diabetes mellitus, hypertension, and various stages of kidney disease, to name a few, would be 

the following step. 
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APPENDIX 

TABLE 2.1: Velocity - 60 seconds 

Angle 
Orientation 

Control 
Clinically 
Optimal 

Suboptimal 

Control/ 
Clinically 
Optimal 
(p value) 

Control/ 
Suboptimal 

(p value) 

Clinically 
Optimal/ 

Suboptimal 
(p value) 

Maximum 
Velocity (m/s) 

1.009 0.982 0.995 - - - 

Average 
Velocity (m/s) 

0.069 ± 
0.191 

0.070 ± 
0.183 

0.069 ± 
0.182 

0.608 0.943 0.627 

 

TABLE 2.3: Velocity - 300 seconds 

Angle 
Orientation 

Control 
Clinically 
Optimal 

Suboptimal 

Control/ 
Clinically 
Optimal 
(p value) 

Control/ 
Suboptimal 

(p value) 

Clinically 
Optimal/ 

Suboptimal 
(p value) 

Maximum 
Velocity (m/s) 

1.013 0.984 0.996 - - - 

Average 
Velocity (m/s) 

0.069 ± 
0.191 

0.07 ± 
0.183 

0.069 ± 
0.182 

0.619 0.954 0.629 

 

TABLE 2.4: Shear Stress - 60 seconds 

Angle Orientation Control 
Clinically 
Optimal 

Suboptimal 

Control/ 
Clinically 
Optimal 
(p value) 

Control/ 
Suboptimal 

(p value) 

Clinically 
Optimal/ 

Suboptimal 
(p value) 

Maximum Shear 
Stress (dynes/cm2) 

130.6 174.7 176.2 - - - 

Average Shear Stress 
(dynes/cm2) 

4.48 ± 
10.20 

5.53 ± 
14.09 

6.94 ± 
17.47 

< 0.001 < 0.001 < 0.001 

Shear Rate (s-1) 4299.51 5751.03 5799.44 - - - 
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TABLE 2.6: Shear Stress - 300 seconds 

Angle 
Orientation 

Control 
Clinically 
Optimal 

Suboptimal 

Control/ 
Clinically 
Optimal 
(p value) 

Control/ 
Suboptimal 

(p value) 

Clinically 
Optimal/ 

Suboptimal 
(p value) 

Maximum 
Shear Stress 
(dynes/cm2) 

130.9 174.8 176.2 - - - 

Average Shear 
Stress 

(dynes/cm2) 

4.47 ± 
10.22 

5.53 ± 
14.10 

6.94 ± 
17.46 

< 0.001 < 0.001 < 0.001 

Shear Rate (s-1) 4308.30 5752.13 5798.74 - - - 
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