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Abstract 

 
The vascular system gives life to body as its function is to transport oxygen and nutrients via blood 

circulation. When the normal function of the vascular system is altered secondary to a myriad of vascular  

diseases, it can have catastrophic consequences. There are different types of pathologies that can affect 

the vascular system such as aneurysms, thrombosis, varicose veins, stenosis, and peripheral artery disease, 

which are encountered the most frequently. In addition to these, cancers can also manipulate the vascular  

system through angiogenesis, disruption of normal flow, and invasion of vascular networks. Angiographic 

imaging has become a powerful diagnostic tool that is crucial for identifying vascular abnormalities and 

tailoring of optimal treatment strategies. Magnetic resonance angiography and computed tomography 

angiography are the most widely used angiographic imaging techniques, both of which can provide 

detailed three-dimensional vascular anatomy throughout the body for investigation and diagnosis of 

vascular pathologies. While functional information, such as blood flow and velocity, can be 

complimentary to the diagnosis and treatment of vascular diseases, it is less commonly utilized due to 

additional complexity involved with the acquisition and post processing. 

Quantitative angiographic imaging techniques have been developed for ultrasound, x-ray, and 

magnetic resonance methods. In vivo flow quantification is commonly performed with Doppler 

ultrasound as it can provide quick and non-invasive hemodynamic parameters at a relatively lower cost.  

However, analysis with Doppler ultrasound can be limited by vessel depth and a relatively small field of  

view, leading to lengthy examinations for analysis of complex vascular networks. Quantitative x-ray 

methods can provide hemodynamic information through the analysis of temporal contrast kinetics of 
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injected agents. Clinically available software packages can provide indirect quantitative measures related 

to blood flow, such as time of arrival, time to peak, and area under the curve. It has been shown that direct 

measures of blood velocity and flow can be computed with x-ray-based techniques, but limitations exi st 

with repeatability and complexity of analysis. Quantitative magnetic resonance imaging techniques can 

provide meticulous information on functional hemodynamics throughout the body non-invasively. In fact, 

4D flow MRI provides time resolved three-dimensional velocity maps over a large imaging volume, 

allowing for the computation of parameters such as flow, velocity, kinetic energy, and pressure within a 

vascular network. Majority of the clinically available post processing software packages are focused on 

the analysis of the aorta, limiting quantitative 4D flow analysis of complex vascular networks.       

This body of work explores the development and application of quantitative angiographic tools 

for 4D flow MRI and 2D-digital subtraction angiography (DSA). A novel quantitative tool was created to 

calculate blood velocities using time resolved 2D DSA acquisitions in the abdomen. The application of 

the quantitative DSA tool was used to assess intra-procedural blood velocity changes during transarterial 

embolization, which is frequently utilized to interrupt blood flow to an organ or lesion, including the 

treatment of liver tumors. In addition to quantitative DSA, 4D flow MRI was utilized to evaluate blood 

flow and velocity changes in a porcine liver model before and after transarterial embolization. Beyond the 

abdominal applications, a cranial 4D flow MRI post processing tool was developed to simplify and 

automate the analysis steps required for quantitative hemodynamic imaging within the brain, which is 

important for patients with cognitive diseases. Another area that 4D flow MRI could prove useful was in 

the realm of renal cell carcinoma to provide quantitative hemodynamic information for presurgical 

planning with potential implications on patient outcomes. Through rigorous theoretical analysis, phantom 

studies, and, in vivo testing, strides were taken forward to provide quantitative hemodynamic information 

that can complement anatomical angiographic imaging. 
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Chapter 1: Introduction 

 
The first angiographic images were generated using 2D x-ray projections shortly after Roentgen’s 

foundational paper was published (2,3). The potential for medical applications was quickly recognized by 

many and work was completed to develop 2D angiography into a diagnostic tool(4,5). The majority of 

angiographic images were acquired with invasive or minimal invasive procedures, with arterial or venous 

injections respectively, until less invasive techniques were developed utilizing ultrasound (US), magnetic 

resonance angiography (MRA), and computed tomography angiography (CTA). These new techniques 

allowed for a smaller risk of patient complications, an increase in diagnostic capabilities, a reduction in 

cost, and the ability to provide structural information outside of the vascular territories of interest. This 

led to the application of 3D cross-sectional imaging techniques, such as MRA and CTA, to become the 

mainstay of diagnostic angiography. The traditional 2D angiographic x-ray imaging techniques could 

provide real time selective vascular information; thus, it evolved and became a critical imaging modality 

for intra-procedural use. Digital subtraction angiography (DSA) was developed at the University of 

Wisconsin Madison and has become a standard imaging technique for many vascular procedures (6–8).  

As all angiographic imaging modalities continue to develop, they provide additional structural and 

functional vascular information in the assessment of vascular disease.         

Vascular disease encompasses a variety of arterial and venous vessel abnormalities that can affect 

the normal circulation of blood flow throughout the body. Some of the most prevalent vascular  diseases 

include: stroke, peripheral artery disease, coronary artery disease, artheriosclerosis, thrombus formation,  

arteriovenous malformation, varicose veins, pulmonary embolism, and critical limb ischemia. The 

complexity of the arterial and venous vascular network can lead to the development of irregular blood 

flow, which occurs commonly in the coronary arteries, iliac arteries, renal arteries, circle of  Willis,  and 

the aorta. Angiographic imaging techniques are commonly used in the assessment, treatment, and follow 
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up of patients that have vascular disease complications (9–12). There is continued development to provide 

structural and functional vascular information throughout the body, while utilizing minimally invasive to 

non-invasive imaging techniques. MRA and CTA have become the most commonly used angiographic 

imaging techniques for structural vascular assessment. Functional vascular analysis is possible using 

doppler ultrasound, which can provide an inexpensive way to non-invasively measure blood velocities 

and flow. As doppler ultrasound can be limited by operator dependence and imaging depths,  alternative 

functional angiographic methods, using MRI and x-ray based techniques (13,14), have been developed. In 

addition to quantitative angiographic imaging techniques, flow wires and pressure wires can be used to 

measure functional hemodynamic information with minimally invasive procedures.  

As angiographic imaging techniques continue to evolve, the amount of data being acquired and 

post-processed is increasing. Methods that have started as 2D imaging techniques have moved to 4D 

methods, drastically increasing the complexity of data analysis. 4D methods can provide time-resolved 

imaging volumes, with three spatial and one temporal dimensions. Visualization of vascular anatomy has 

become a key component for the determination and diagnosis of vascular diseases. Cross-sectional 

imaging techniques utilizing MRA and CTA can be acquired as 3D or 4D volume data sets; however, 

they are commonly reconstructed and viewed as 2D slices for diagnosis (15,16). As the majority of 

medical images are display on 2D screens, techniques that can provide 3D information in a single image,  

such as volumetric rendering and maximum intensity projection, have been developed. Volume 

renderings of a cranial arteriovenous malformation imaged with 3D MRA and 3D DSA techniques can be 

seen in Figure 1-1. As hemodynamic properties (blood flow, velocity, perfusion, pulsatility index, vessel 

area, etc.) become quantifiable through multidimensional non-invasive imaging techniques, software 

development is needed to allow for quick and robust analysis of the data. There are plenty of software 

tools (FDA approved) to help with basic angiographic analysis: vessel diameter, stenosis percentage, area 

stenosis, etc. However, there is a lack of advanced post processing tools that can provide hemodynamic 

analysis for vessel networks that can be obtained with the new generation of imaging tools such as 4D 
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flow and 4D DSA. 

Figure 1-1: 3D vascular displays for phase contrast magnetic resonance angiography (PC MRA) and 

digital subtraction angiography (DSA) of a patient with an arteriovenous malformation (AVM) in the 

brain. The arteries (red) and veins (blue) are present in the MRA while only arteries are visible in the 
DSA. The acquisition time was on the order of seconds while the MRA was completed in a few minutes.  

The AVM (yellow) inlet and outlet are visible with both angiographic imaging technique.  

 

The purpose of the work completed in this dissertation was the development, implementation, and 

validation of quantitative post-processing tools for angiographic imaging techniques with the goal to 

improve diagnostic workflows and capabilities. Specifically, two independent tools were developed to 

allow quantitative post-processing of 2D digital subtraction angiography (DSA) abdominal images and 

4D flow MRI cranial images. The tools were first validated using a controlled experimental setup, in 

which a flow pump generated realistic pulsatile cardiac waveforms that progressed through 3D printed 

vascular models. The quantitative DSA tool validation was completed by replicating an arterial catheter  

injection in a carotid bifurcation model. The image acquisition parameters such as magnification, 

projection angle, injection rate, and baseline flow rate were tested and compared to a calibrated flow 

sensor. After validating the 2D DSA tool in a phantom, it was tested in an in vivo animal study for a 
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variety of abdominal arterial vessel locations (Iliac, Renal, Hepatic, Splenic). Finally, t he 2D DSA tool 

was used to assess intra-procedural changes in relative blood velocity, as a trans-arterial embolization of  

the left or right hepatic artery was performed. The tool was developed to deliver near-real time 

quantitative velocity measurements, as the application was designed as a method to quantitatively inform 

interventional procedural endpoints. The quantitative 4D flow MRI post-processing tool was validated 

with a realistic arterial vasculature brain phantom. The accuracy of flow and area were compared to 

established ground truths. The tool was then applied in healthy volunteers using internal consistency of 

flow and manual segmentation as the standard reference. This tool provided a statistically significant 

decrease in post processing time need to complete the analysis of a cranial 4D flow MRI. This work was 

completed with the intention of improving upon current post-processing tools utilized by the Alzheimer’s 

Diseases Research Center, which has processed 1000s of cranial 4D flow cases. The final part of this 

dissertation applied quantitative 4D flow MRI techniques to the pre-operative assessment of renal cell 

carcinoma patients. An investigation of arterial renal blood flow asymmetry, inferior vena cava cancer 

invasion, and collateral vessel development was completed. It is thought that the breadth of quantitative 

and qualitative information provided by a single 4D flow MRI could aid in surgical planning and may 

improve patient treatments. The remaining chapters of this dissertation are organized as follows: 

Chapter 2: Principles of Magnetic Resonance and X-ray Angiographic Imaging provides an 

overview of the underlying basics of magnetic resonance and x-ray angiographic imaging. This chapter 

will focus on the phase contrast (PC) technique for MR and digital subtraction angiography (DSA) for the 

x-ray modality. First, the mechanisms for signal generation for both MR and x-ray are discussed, with the 

mention of a few key hardware components. A more in-depth explanation of techniques and principles 

used specifically for PC MRI are presented with the discussion progressing from 2D to 4D applications.  

The basics of DSA image generation will be discussed with some of the methods limitations. Finally, 

advance DSA applications including 4D and quantitative methods will be presented.       

Chapter 3: A Technique for 2D DSA Intra-Procedural Blood Velocity Quantitation explores the 
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feasibility of using quantitative 2D DSA for the assessment of in vivo blood velocities. Phantom 

experiments and in vivo applications, in a swine model, were used to validate the developed post-

processing technique. The phantom experiments varied a variety of imaging parameters and compared 

quantitative DSA velocities to an external flow probe sensor. The in vivo swine studies compared 

triplicate DSA velocity measurement with 4D flow MRI velocities. For both the experimental and in vivo 

studies a strong linear correlation was shown with a slope near unity. This clearly demonstrated the ability 

to calculate average blood velocities from a 2D DSA. This material was presented as poster presentations 

at CIRSE 2019 (17), and, SIR 2020 (18), an oral presentation at RSNA 2019 (19), and is under revision 

for publication in academic radiology. 

Chapter 4: Characterizing Hepatic Arterial Velocity Changes from TAE reviews the application of  

quantitative angiographic imaging techniques before, during and after trans-arterial embolization. 4D 

flow MRI was used to assess hepatic flow distributions before treatment using second order branches.  A 

pre- and post- TAE flow analysis was completed utilizing 4D flow, which was compared to an invasive 

doppler wire measurement. Quantitative DSA was used to monitor velocity changes during TAE 

treatment and was compared to a clinically available parametric processing software. The quantitative 

techniques were able to detect blood velocity and flow changes in the hepatic vasculature. The work 

presented in this chapter was presented as a poster presentation at ISMRM 2018 (20), and SIR 2020 (21) ,  

an oral presentations at SMRA 2019 (22), and is currently under consideration for publication CVIR.  

Chapter 5: Automated Post-Processing of Cranial 4D Flow MRI reviews the development of a 4D 

flow post-processing tool for quantitative cranial analysis. Validation of the tools ability to assess flow 

and area was completed in a phantom and in vivo with a healthy human cohort. A new sliding threshold 

segmentation method was proposed and tested against the currently used k-means segmentation. The tool 

allowed for strong correlations between reference standards and automated techniques. Additional 

automation resulted in a robust analysis tool that reduced the post-processing times need for a 

comprehensive cranial analysis. This material was presented as poster presentations at SMRA 2019 (23) ,  
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an oral presentation at SMRA 2019 (24), and is under revision for publication in magnetic resonance in 

medicine. 

Chapter 6: Preoperative 4D Flow Analysis of Renal Cell Carcinoma presents the results from a study 

that utilized 4D flow MRI (PC VIPR) for the preoperative assessment of renal cell carcinoma (RCC). 

This work investigated the arterial flow distribution between left and right kidneys in the presence of 

RCC. An asymmetry was found to be present in all RCC patients while symmetric flow distribution was 

common for healthy individuals. The RCC invasion in the venous vasculature was assessed in relation to 

collateral lumbar flow enhancement. The arterial to venous flow ratio was used as a metric for 

quantitatively grouping patients and seemed to be related to venous invasion. The material in this chap ter  

was presented in poster presentations at GRC 2016 (25), GRC 2018 (26), and SMRA 2016 (27), and as a 

talk at SMRA 2018 (28). 

Chapter 7: Summary and Recommendations will discuss the novelty of the research presented 

throughout this dissertation. This will be followed with recommendation for potential future work that 

could be completed to build upon the presented work. The presented ideas will be relevant to quantitative 

angiographic imaging that utilizes x-ray and MR techniques. 
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Chapter 2: Principles of Magnetic Resonance and X-ray 
Angiographic Imaging 

 
This chapter presents a brief overview of the basic principles related to magnetic resonance and x-ray 

angiographic imaging techniques. It is meant to introduce provide a basic introduction into how signals 

are generated and acquired in each modality. For a more comprehensive introduction, the reader is 

referred to the following resources (16,29–33). It then further explores the use of these modalities 

specifically for angiographic applications. Next a range of qualitative and quantitative imaging techniques 

will be discussed, all of which allow for hemodynamic assessment throughout the body, from minimally-

invasive to non-invasive procedures.  

2.1  Magnetic Resonance Imaging 

 
2.1 .1  Spin and Net Magnetization 

 

Atomic and subatomic particles such as protons, neutrons, and electrons possess a fundamental property 

known as spin or spin angular momentum. Spin is a quantized variable that is measured in positive or 

negative full or half-integer form and is the property that allows a particle to interact with magnetic fields. 

Due to the Heisenberg uncertainty principle, we cannot know the exact direction of a particle’ s spin but 

we instead measure limited properties such as angular momentum, giving insight into the number of spin 

states for a nucleus. The number of spin states is calculated by multiplying the spin by 2 and adding 1. 

For a Hydrogen nucleus, this leads to the development of 2 spin states, typically referred to as spin-up 

(+1/2) or spin-down (-1/2).  For all elements that have a non-zero spin, a magnetic dipole moment is 

generated and magnetic resonance can occur.  A constant variable that relates the spin to magnetic 

moment is known as the gyromagnetic ratio (ɣ) and is often given in MHz/T. Hydrogen, the most 

commonly imaged nucleus, has a ɣ = 42.58 MHz/T. When there is no magnetic field present the spin state 

energy differences in a material are unobservable. However, in the application of an external magnetic 

field (B0), the energy difference in spin states can be measured and is a function of magnetic field strength 
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given by the Zeeman equation. 

∆E = ɣћB0           Eq 2.1 

Where ɣ is the gyromagnetic ratio for the nucleus of interest (H = 42.58 MHz/T), ћ is the reduced 

Planck’s constant (1.055 *10 -34 J·s), and B0 is the external magnetic field (T). The presence of an external 

magnetic field causes a torque to be applied to the nucleus’s magnetic moment, which tries to align it with 

the main magnetic field. Due to constraints of quantum mechanics, the expectation behavior of  the spin 

angular momentum vector has a continuous torque applied to it and will precess about the external 

magnetic field’s direction. The rate of precession of the magnetic moment is known as the Larmor 

frequency. Relating Eq 2.1 to the Planck relation, the Larmor frequency (34) can be derived as a function 

of ɣ and B0. 

∆E = ћω (Planck relation)      

 ω = ɣB0 (Larmor Frequency)      Eq 2.2 

Eq 2.2 equation shows that the precession of a specific nuclear magnetic moment is proportional to the 

applied magnetic field. It can also be shown that when a magnetic field is applied, there is a preference 

for spin states to be aligned with the field (spin-up) rather than against it (spin-down). At body 

temperature in a B0 field equal to 1.5T, this leads to about 4 extra spins out of a million to be aligned in 

the spin-up direction. The small preference toward the spin-up state gives a vector sum, exactly aligned 

with B0, known as the net magnetization (M0) which is the measurable signal that is collected to generate 

MRI images. A simplistic animation of how the M0 is generated can be seen in Figure 2-1. M0 can be 

calculated using the following equation: 

𝑀0 =
𝜌𝛾2ℎ2 𝐵0

4𝐾𝑏𝑇
               Eq 2.3 

where 𝜌 is proton density, Kb is the Boltzmann constant (1.38x10-23J/K), and T is temperature (K). This 

leads to a signal of approximately 20 μT for an average human head. The M0 signal cannot be measured 

when aligned with the main magnetic field and requires it to be tipped to the transverse plan prior to being 
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recorded. To tip the M0 away from the B0 field direction, a radiofrequency (RF) pulse is applied at the 

Larmor frequency. The application of an RF pulse creates a magnetic field that is perpendicular to B0 and 

oscillating at the Larmor frequency. This is known as the B1 field and, in a rotating reference frame 

matched to the Larmor frequency, appears as a static magnetic field perpendicular to B0. The M0 will 

continue to be tipped for the duration of RF application, with the tip angle (α) calculated as follows.  

α = ɣB1trf     Eq 2.4 

where α is the final tip angle, B1 is the strength of the RF pulse being applied, and trf is the time of RF 

pulse application. During the RF application, M0 spirals away from the B0 field direction and towards the 

transverse plane. Once the M0 vector has been rotated away from the B0 direction, it can be measured by 

detecting voltage changes induced in coils perpendicular to the B0 field (30). The tipping of M0 into the 

transverse plane, through B1 application, can be seen in the stationary and rotating reference frames in 

Figure 2-2. 
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Figure 2-1: In the presence of a magnetic field magnetic moments align with or against the main magnetic 

field direction. There is a slight preference to align with the main field direction creating a net 

magnetization vector (M0). The net magnetization vector is used to generate the signal which is acquired 

for MRI image generation. The representation of spins in the B0 field is exaggerated to show a M0 is 
generated. In reality there is only slight preference which is visually harder to represent.  A spin that is 

shown as neither up nor down is a visual representation of a spin that lives in a superposition of the up 

and down states 

 

 
Figure 2-2: The net magnetization is tipped toward the transverse plane as an orthogonal magnetic field is 

applied (B1). As the magnetization vector is tipped, it continues to precess about the main magnetic field.  

This results as a spiral path (left) or a tip occurring along a single direction for a rotating reference frame 

at the Larmor frequency (right).  

 



11 

 

 

2.1 .2  Signal Decay and Relaxation 

 

 Immediately following the net magnetization tipping, interactions will occur between protons and their  

environment which will lead to transverse and longitudinal relaxation. It is through these processes that 

our image contrast in MRI is derived. Longitudinal relaxation, also known as T1 relaxation, is the process 

that causes the net magnetization to regrow in the B0 direction until it is equal to the initial M0 value. Felix 

Bloch modeled this idea using a simple exponential formula: 

Mz(t) = M0(1 – e-t/T1)     Eq 2.5 

where M0 is the initial net magnetization, t is the time point immediately following RF pulse, and T1 is 

the time required for Mz(t) to reach approximately 63% its max value. T1 values can range from a few 

tenths of a second up to multiple seconds. Throughout the process of longitudinal relaxation, energy from 

the spins is transferred into the external environment as more and more spins return to a lower energy 

state. Transverse relaxation, also known as T2 relaxation, is the process in which the transverse 

magnetization decrease due to spin components dephasing. This process was also described by Felix 

Bloch and was found to follow a simple exponential decay: 

  Mxy(t) = M0(e-t/T2)     Eq 2.6 

where T2 is the time required for Mxy(t) to decay to approximately 37% of its initial value. The transverse 

magnetization (Mxy) will precess about the B0 field direction (in the transverse plane) and will induce a 

current in receiver coils, in turn, generating the MR signal. The transverse signal will decay away as the 

magnetic moments begin to interact with neighboring protons. Each proton resides in a slightly different 

chemical environment and thus experiences a slightly different magnetic field. The variations in magnetic 

field cause the precessional frequencies to vary and leads to a decrease in phase coherence. The decrease 

in phase coherence can arise from either intrinsic or extrinsic field inhomogeneities. This process does not 

result in a loss of energy and occurs simultaneously with longitudinal relaxation.  The application of a 180 

degree RF pulse (spin echo) or a refocusing gradient (gradient echo) are used to generate an echo that will 
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be acquired as the MRI signal. The echo represents the refocusing of spins that have lost their phase 

coherence. T1 relaxation will always be larger than T2 relaxation as longitudinal losses will affect phase 

coherence but not vice versa. An example plot of both T1 and T2 relaxation over time can be found in 

Figure 2-3.  

 

Figure 2-3: T1 and T2 relaxation occur simultaneously with T2 being shorter than T1. T1 relaxation is 

related to the regrowth of the net magnetization vector while the T2 relaxation is associated with the 
signal dephasing in the transverse plane. 1) A short amount of time has passed resulting in primarily T2 

signal effects. 2) Both T1 and T2 effects are present with magnetization vectors in the transverse plane 

and along the main magnetic field axis. 3) The transverse signal is completely out of phase, but signal 

regrowth is still possible showing primarily T1 effects. 

 

MRI is known for its ability to provide a variety of different contrast mechanisms for image 

generation as well as its superior detail of soft tissues. The contrast present in an MRI image depends 
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upon T1 relaxation, T2 relaxation and proton density (PD) of the tissue, along with the selected imaging 

parameters. Two of the most important image parameters that will directly affect image contrast are 

repetition time (TR) and echo time (TE). TR is the time between the initial signal excitation and the 

corresponding subsequent signal excitation. TE is the time between initial RF pulse application and the 

signal echo. A basic gradient-echo pulse sequence can be viewed in Figure 2-4. Multiple excitations are 

needed to acquire enough information to produce a complete image. By selecting these parameters in 

specific combinations, different contrasts can be achieved for a single imaging slice. As previously 

mentioned, the T1 and T2 relaxation processes are occurring simultaneously, but by adjusting TR and TE 

times, one can reduce the effects of each process in an image. An example of a T1-, T2-, and PD- 

weighted images of the brain are seen in Figure 2-5. 

Figure 2-4: A basic gradient-echo sequence with amplitude represented as the vertical axis and time on 

the horizontal axis. The first line is the radiofrequency (RF) pulse used to rotate the spins into the 

transverse plane. The slice selective gradient (GSS) is applied simultaneously with the RF pulse to restr ict 

the spin excitation to a specific slice or slab. The phase (GPE) and frequency (GFE) are encoded by 

applying gradients in the transverse plane. The final line represented the acquired signal.  
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Figure 2-5: Different types of image contrast can be created by altering TR and TE. Here, an axial cranial 
slice was imaged with T1, T2, and proton density (PDW) weighting. A selection of a short TR and a long 

TE is not used for image contrast.   

 

2.2  X-ray Imaging 

 
2.2 .1  Photon Generation 

 

X-ray imaging uses the transmission of high energy photons, known as x-rays, through the human body to 

create diagnostic images. A commonly utilized technique to produces x-rays involves accelerating 

electrons to high speeds and bombarding a metal target inside a vacuum tube. The element that produces 

the fast-moving electrons is known as the cathode and the metal target, typically made of tungsten, is 

known as the anode. A simple diagram of some of the key components used in x-ray production can be 

viewed in Figure 2-6 A). Two different types of x-rays are produced through this technique, known as 

bremsstrahlung and characteristic x-rays. Bremsstrahlung, or breaking radiation, occurs due to the 

interaction between the high-energy electron and a nucleus. As the high-energy electron passes by a 

nucleus it can experience a sudden deflection (deceleration) causing part or all its energy to be converted 
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to electromagnetic radiation (x-rays). This interaction is predicted by Maxwell’s general theory of 

electromagnetic radiation, which states that any accelerating (or decelerating) charged particle will 

produce electromagnetic radiation, in this case x-rays. An example of bremsstrahlung production can be 

viewed in Figure 2-6 B). Because a single electron can undergo multiple bremsstrahlung interactions and 

the electron may lose a whole range of energies, a continuous range of x-ray energies are produced 

through this process. The energy loss from the electron per atom depends upon the square of  the atomi c 

number (Z) of the target element (tungsten Z = 74). The overall efficiency of x-ray production depends 

upon both the atomic number of the target material and the electron energy: 

Efficiency x-ray production = 9x10-10 Z·V         Eq 2.7 

where Z is the atomic number and V is the tube voltage in units of volts (35,36). For tungsten at an energy 

of 100kV, the efficiency is <1%, resulting in the remaining 99% of energy being deposited as heat.  This 

high level of heat deposition into the anode is dealt with by rotating the target, using materials with high 

heat conductivity, and housing cooling oil.  

Characteristic x-ray production occurs from a collision between a high energy electron and orbital 

electron, in which the orbital electron is ejected from a target atom. The electron ejection causes the atom 

to become ionized and leaves one electron shell with a vacancy. An outer orbital electron can fall into the 

vacant electron’s spot and, in doing so, will release energy as electromagnetic radiation (characteristic x -

rays). As the energy difference between electron shells is discrete, characteristic x-rays are emitted at 

specific values depending on the atomic number of the target and which electron shells are involved in the 

ejection and replacement process. For this process to occur, the incoming electron must have an energy 

larger than the ejected electron’s binding energy. After the collision, the excess energy from the pr imary 

electron is imparted as kinetic energy to both the primary electron and ejected electron. An example of 

characteristic x-ray production can be view in Figure 2-6 B). 

Due to both x-ray generating process occurring in the target material, the final x-ray spectrum is 

heterogeneous in energy. There is a continuous distribution provided by the bremsstrahlung interactions 
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and discrete peaks associated with the characteristic x-ray energies. The produced x-ray spectrum is 

filtered, primarily absorbing lower energy x-rays, to create a “hardened” x-ray beam that is enriched with 

higher-energy photons. By increasing filtration, the average energy of the beam and penetrating power 

increases, with the drawback of decreasing the total beam intensity. Optimal imaging intensities are 

created by selecting the beam filtration and x-ray tube parameters (voltage, filament current, tube current,  

exposure time) best suited for specific imaging applications. 

 

Figure 2-6: A) X-ray generation for diagnostic imaging is commonly completed by accelerating electrons 

at high energies toward a metal target. A cathode element generates the electrons while a rotating anode is 

the metal target. B) X-rays are produced by the Bremsstrahlung and characteristic x-ray processes. 

Bremsstrahlung produces a range of x-ray energies while characteristic x-rays are produced as discrete 

energy levels. This results in a heterogenous x-ray energy output with peaks at the characteristic x-ray 
energies.    

2.2 .2  Photon Interactions 

 

Radiographic images are created by positioning a patient between an x-ray source and a detector .  As the 

x-rays travel through the patient, they are absorbed at different rates depending upon local tissue 

properties. From the initial x-ray beam, a small number of photons traverse entirely through the patient 
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unattenuated and it is these x-rays that are captured to generate our image. These unattenuated photons 

travel to the image detector which are recorded in the form of a two-dimensional radiographic projection 

image. The signal intensities in this image represent the degree of absorption of x-rays along the photon 

path to the detector. For instance, a denser material will result in a higher absorption of x-rays and will 

lead to a lower signal intensity in the image. A simple radiographic setup with an example of how 

different tissues can change image intensity is shown in Figure 2-7.  

 

Figure 2-7: Typical radiographic imaging is completed by positioning a patient between an x-ray source 

and a detector. The resulting image intensities represent the degree of absorption of x-rays as the initial 

beam passes through the patient. Denser materials, such as bone, will absorb more x-rays and will appear  

dark while air, which is less absorptive, will appear bright.  

 

There are four major ways in which x-rays can interact with matter: Rayleigh scattering, Compton 

scattering, photoelectric absorption, and pair production. The first three methods can occur for the typical 

diagnostic imaging energy range (~20-150 keV). Rayleigh scattering involves an x-ray interacting with 

the whole atom and then being emitted by the atom with the same energy but at a slightly different angle.  

This occurs mainly for the lower energy x-ray ranges (<30 keV) and accounts for approximately 10% of 

all the x-ray interactions (29). Compton scattering is the predominant interaction process for x-rays in soft 

tissue within the diagnostic imaging range. This process involves an x-ray delivering energy to eject an 
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electron from an atom, typically valence shell, producing a free electron and a scattered photon. The 

energy of the scattered photon is equal to the energy of the incident x-ray minus the electron’s kinetic and 

binding energy. As the initial x-ray’s energy increases, the scattering angles of the electron and scatt ered 

photon being to decrease. While increasing photon energy results in decreased scattering angles, this also 

results in higher energy photons. For photoelectric absorption, the incoming x-ray is completely absorbed 

by an ejected electron, with its kinetic energy being equal to the incoming x-ray minus the electrons 

binding energy. The last method of interaction is pair production, however, this interaction requires a 

minimum energy of 1.022 MeV and will not be considered in the following discussion because its 

minimum energy is well outside of the typical diagnostic energy range. Each of these processes can result 

in the attenuation of an x-ray beam as it travels through a material. The fraction of photons removed for  a 

monoenergetic beam of x-rays per unit thickness of a material, due to all the x-ray interaction processes,  

is known as the linear attenuation coefficient (μ). No matter the thickness of a material, an exponential 

relationship exists (Eq. 2.8) between the number of incoming x-rays and the number of unattenuated x-

rays: 

 N = N0 e-μx         Eq 2.8 

where N is the expectation number of unattenuated x-rays, N0 is the expectation number of incoming x-

rays, μ is the linear attenuation coefficient (cm-1), and x is the material thickness (cm). A related metric is 

the mass attenuation coefficient, which can be computed by dividing the linear attenuation coefficient by 

the material density (Eq 2.9) which removes dependence on a material’s phase (state of matter). This 

results in the equation changing to: 

N = N0 e-(μ/ρ) ρx       Eq 2.9 

where N is the expectation number of unattenuated x-rays, N0 is the expectation number of incoming x-

rays, μ/ρ is the mass attenuation coefficient (cm2/g), ρ is the material density(g/cm3), and x is material 

thickness (cm). All of the various contrasts present in radiographic images are directly related to the 

variety of tissues present in the human, each with different attenuation coefficients and thicknesses.  
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2.2 .3  Geometric Distortion 

 

When interpreting a radiographic image, it is important to understand that a 2D image is being created by 

projecting through a 3D object. This is especially important when the x-ray source used for image 

generation is divergent, creating a fan-like beam, which can lead to geometric distortions. Two common 

geometrical distortions can be caused by an imaged object’s position and shape. For example, an objects 

magnification in the final 2D image, is dependent upon its spatial location between the source and 

detector. As the object is moved closer toward the x-ray source the magnification of the object in the final 

image will increase. This magnification can be calculated by dividing the source to detector distance by 

the source to object distance. In addition to magnification, object foreshortening can occur in non-

symmetrical objects.  The level of foreshortening that occurs is related to the object shape and relation to 

the x-ray source and is crucial when looking at irregularly shaped objects with non-optimal projection 

angles. An example of object magnification and foreshortening can be seen in Figure 2-8.  

                  

Figure 2-8: Geometric distortions in the final projection image can result from object location (relative to 

the x-ray source) and object shape. For diagnostic imaging, a point source is used, which leads to a 

divergent x-ray beam. Magnification will occur as an objects position is moved closer to the x-ray source.  

Object foreshortening can occur depending on the imaged object’s shape and axial location relative to the 

x-ray source.      
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2.3  Angiographic Imaging 

 
Angiography is a medical imaging technique that allows for the assessment of in vivo vasculature 

throughout the human body. Currently, angiographic images are acquired through the application of x-ray 

or magnetic resonance-based techniques. Computed tomography angiography (CTA), digital subtraction 

angiography (DSA), and magnetic resonance angiography (MRA) are the most common angiographic 

imaging techniques and are shown in Figure 2-9. Vascular images can be acquired in 2D, 3D, or 4D 

(time-resolved 3D) formats by each imaging modality. Angiograms provide important structural 

information about human vasculature that can be critical for the diagnostic assessment and treatment of 

vascular diseases. In addition to providing detailed vascular maps, angiographic imaging can be utilized 

to investigate quantitative hemodynamic parameters, further strengthening the potential benefits of 

utilizing angiographic imaging for the assessment of vascular disease states. Below, details on Phase 

Contrast MRA and DSA are provided as they played a major role in the work related to this thesis. 

                                    

Figure 2-9: Angiographic imaging is routinely used to provide details about in vivo vascular structures 

throughout the body. The most commonly applied angiographic techniques include digital subtraction 

angiography (DSA), computed tomography angiography (CTA), and magnetic resonance angiography 

(MRA). DCE – Dynamic Contrast Enhanced; PC – Phase Contrast 
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2.4  Phase Contrast MRI 

 
While several other MRA techniques are widely used in clinical practice, time-of-flight (37), and 

contrast-enhanced methods (38), the remainder of this section will focus specifically on phase contrast 

(39,40). All MRI images are acquired with the application of magnetic field gradients in specific 

combinations to spatially encode an image; the three directions for gradient application include the slice 

selection, frequency encoding, and phase encoding. The acquired signal is complex containing both 

magnitude and phase information. Typically, the phase information is discarded and the magnitude image 

is used for clinical diagnosis. However, in phase contrast (PC) imaging, the phase content of the complex 

image is used in the creation of the PC angiogram. It is known that in the presence of a magnetic field 

gradient, spins will acquire a phase shift that is proportional to the magnetic field strength. For the 

majority of MRI sequences, care is taken to use the phase information to spatially encode a single 

direction while minimizing the phase differences from the frequency and slice selection gradients. This 

works well for stationary tissues, but in the presence of motion, the acquired phase is dependent upon the 

velocity of the moving spin. The phase shift from a spin in the presence of a gradient can be determined 

with the following equation: 

∆ω(r,t) = ɣ∆B + ɣr(t)G(t)    Eq 2.10 

where ∆ω is the phase shift, ɣ is the gyromagnetic ratio, ∆B is local field inhomogeneities, r(t) is the time-

dependent spatial location of the spin, and G(t) is the time-dependent applied magnetic field gradient. For 

the total phase accrual of a spin from initial excitation time to the echo time, Eq 2.10 must be integrated: 

φ(r,t) = ∫ ω(r,t)𝑑𝑡
𝑇𝐸

0 = ∫ ɣ∆B𝑑𝑡
𝑇𝐸

0 +  ∫ ɣ𝐫(t)𝐆(t)𝑑𝑡
𝑇𝐸

0    Eq 2.11 

The first term in the equation represents the background phase,  φ0, while the second term describes the 

spatial and temporal dependent phase accrual. By performing a Taylor series expansion of the spatial r( t)  

term and substituting into Eq 2.11 we get the following: 

φ(r,t) = φ0 + ɣ𝑟0 ∫ G(t)𝑑𝑡
𝑇𝐸

0 +  ɣv ∫ G(t)t𝑑𝑡
𝑇𝐸

0 + ⋯    Eq 2.12 
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Gradient Moments   M0                              M1      

where r0 is the position along the gradient for a stationary spin and v is the velocity of a moving spin 

along the gradient direction. There are higher-order terms, such as acceleration and jerk, but they are not 

considered for most phase contrast acquisitions. Using the third term of Eq 2.12 we can show that for  a 

moving spin, its constant velocity is proportional to its phase shift: 

v =
φ𝑚𝑜𝑣𝑖𝑛𝑔

ɣ𝑀1
      Eq. 2.13 

PC MRI takes advantage of this motion sensitivity to encode velocity into the phase of moving spins 

while leaving stationary spins with a net phase of zero. Eq 2.13 then allows the acquired PC phase to be 

converted to velocity, a quantitative metric that can be utilized for hemodynamic analysis.  

Bipolar gradients are typically utilized in PC MRI, prior to signal acquisition, to generate a non-

zero first moment when encoding velocities for moving spins. An example bipolar gradient application, 

with its associated phase changes on moving and stationary spins, can be viewed in Figure 2-10. The size 

of the initial gradient is equal to the second inverse gradient, causing a net phase shift for moving spins 

while no net phase accrual for stationary spins. In the acquisition of an MRI signal, there are unavoidable 

additional background phase offsets caused by eddy currents, Maxwell term effects, RF saturation, 

hardware imperfections, and off-resonance effects, to name a few. To remove some of the additional 

background phase from the motion-induced phase, a second acquisition is completed using a flow 

compensated acquisition or by applying the same strength gradients but with opposite polarity while 

keeping all parameters the same (41). It is assumed the background phase are constant between the two 

acquisitions, thus, when a subtraction between the acquisitions is completed, only motion-induced phase 

remains. The difference in the first moment gradient, ∆M1, determines the range of velocities that can be 

correctly encoded, which is commonly referred to as Venc. Venc is an input imaging parameter that 

defines the maximum and minimum velocities to a phase shift of π and -π, with the sign signifying the 

direction of velocity. Thus, all correctly encoded velocity values present in a phase-encoded image exist 

between -Venc and Venc. The difference of the first moments can be described as: 
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 ∆𝑀1 =
𝜋

ɣVenc
      Eq 2.14 

By substituting Eq 2.14 into Eq 2.13, a voxel’s velocity can be computed as a function of phase and 

Venc: 

v =
φ𝑣𝑜𝑥

π
𝑉𝑒𝑛𝑐      Eq 2.15 

This allows for the generation of in vivo spatially encoded velocity maps. It should be noted that care 

needs to be taken in selecting the correct Venc prior to acquisition. If it is set too high, the signal-to-noise 

ratio of the image will suffer and the ability to distinguish velocities will be diminished. However,  if  the 

Venc is set too low, then velocity aliasing may occur causing velocities outside of the upper and lower 

Venc limits to be misrepresented.     

Figure 2-10: The application of bipolar gradients is used for encoding the velocity of moving spins into 

image phase (blue) while nulling phase for stationary spins (orange). Phase is linearly encoded as a spin 

moves with a constant velocity and will result in a final variation in phase that can be used to compute 

velocity. 1) At the onset of the first positive lobe, both the moving and stationary spins have no phase 
variations. 2) The first lobe of the motion encoding gradient has been applied, resulting in the moving and 

stationary spins acquiring phase shifts. 3) The inverse motion encoding gradient is applied causing the 

stationary spin phase to return to zero while the moving spin has a net phase shift. 
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Phase contrast imaging techniques can be processed to create magnitude, complex difference,  and 

phase images. For magnitude images, the contrast comes from the strength of magnetization at each 

spatially encoded location. These types of images are similar in appearance to the typical MR imaging 

techniques as it can display anatomical details for the vessels and tissues. Complex difference images are 

generated by subtracting the complex data from the two PC acquisitions. Typically, these images are used 

for visualization and segmentation of vessels because signal from moving spins are highlighted and static 

background tissue is suppressed. Lastly, as discussed previously, phase difference images can be 

generated by performing pointwise subtraction of the phase images from the two PC acquisitions. For 

these images, moving spins in one direction will appear bright and moving spins in the opposite direction 

will appear dark. This allows for artery and vein differentiation as well as retrograde flow detection. In 

addition to providing vessel anatomy, the phase difference image provides quantitative values of blood 

velocities (speed and direction). By defining a vessel area within a PC image, a vessel’s cross-sectional 

area can then be used in combination with blood velocities to quantify volumetric flow rates. 

Furthermore, if phase contrast images are acquired with cardiac gating, then time-resolved reconstructions 

can be completed by binning the data into images over multiple cardiac phases. This allows for the 

quantitative assessment of blood flow over a cardiac waveform. Representations of magnitude,  complex 

difference, and phase images, with an associated time-resolved cardiac waveform, can be viewed in 

Figure 2-11.  
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Figure 2-11: Phase contrast imaging can be used to reconstruct magnitude, complex difference, and phase 
difference images. The magnitude images represent the traditional MRI images routinely used clinically.  

The complex difference images provide bright signals for locations where motion is occurring. The phase 

images can be used to encode the motion’s speed and direction resulting in a velocity vector for all 

voxels. A region of interest (ROI) can be placed to investigate hemodynamics parameters, such as f low,  

for a single image or over a cardiac cycle. The flow profiles are plotted for the lower abdominal aorta and 

inferior vena cava.   
 

Although a majority of MRI acquisitions utilize Cartesian trajectories, this work takes advantage of 

radial acquisition techniques (42). Radial trajectories do not use a phase encoding gradient for image 

acquisition but instead apply multiple frequency encoding gradients to populate k-space, which is the 

frequency space in which MRI images are acquired (43). By utilizing a radial acquisition, we can reduce 

the TR and TE acquisition times while undersampling k-space. Radial acquisitions can be completed for  

2D and 3D acquisitions with sample trajectories shown in Figure 2-12. Major benefits of radial 

trajectories include the relative insensitivity to motion artifacts, flexible cardiac gating, and preserved 

spatial resolution while undersampling. 
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Figure 2-12: Radial gradients can be applied for 2D, 3D, or 4D phase contrast imaging acquisit ions.  The 

radial acquisition equally spaces k-space readout projections while passing through the center of  k-space 

with each readout. This results in an acceleration imaging factor at the cost of under-sampling k-space. 

Radial acquisitions are motion robust and distribute the under-sampling artifacts diffusely allowing for 
minimal reductions in the image quality.   

 

The vast majority of clinical phase contrast scans are two dimensional and quantify through-plane 

velocity or flow. To generate time-resolved velocity vector fields in three-dimensions, termed 4D flow 

MRI (13,44), cardiac-gated sequences with bipolar motion encoding gradients in all three spatial 

dimensions, with an associated flow-nulled background reference sequence, are required. The referenced 

technique is known as 4-point reference velocity encoding, while alternative methods exist such as 4-

point balanced or 5-point balanced (45,46). 4D flow MRI allows for the analysis of complex f low fields 

within vascular networks throughout the body while providing large volumetric coverage. With the 

increase in dimensionality, especially for Cartesian acquisitions, scan times can become prohibitively 
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long, leading to limitations for clinical applications. Acceleration techniques, such as parallel imaging 

(47), compressed sensing (48), non-Cartesian trajectories (48), and view sharing (49), can be utilized to 

mitigate long scans and allow for clinical use. A 4D flow technique, known as Phase Contrast Vastly-

undersampled Isotropic Projection Imaging (PC-VIPR (50,51)), is used throughout this work and takes 

full advantage of 3D radial undersampling to improve spatial and temporal resolution while keeping scan 

times relatively low (5-10 min). Through the application of PC-VIPR, 3D time-resolved blood velocity 

vector fields can be used for visualization and quantification of hemodynamic parameters. An abdominal 

4D flow (PCVIPR) renal scan is shown in Figure 2-13 with quantitative cardiac waveforms and color-

coded vector fields. 

                       

Figure 2-13: 4D flow MRI can acquire time-resolved vectors fields over a large 3D imaging volume. 

Quantification and visualization of these vector fields can be a powerful clinical tool in the assessment of  

vascular diseases. Flow waveforms were calculated for the aorta and inferior vena cava at a suprarenal 

location. The vector fields were color-coded with velocity at systole (1) and diastole (2) for the aorta and 

IVC, with the magnitude image overlaid for anatomical reference.   
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2.5  Digital Subtraction Angiography 

 
The generation of digital subtraction angiography (DSA) images is made possible through the application 

of the x-ray imaging techniques previously described. As the name implies, DSA uses the subtraction 

between two radiographic images to produce diagnostic images of blood vessels (52,53). These images 

can provide a clear representation of vascular networks while lowering contrast doses compared to non -

subtractive techniques.  An initial non-contrast image, commonly referred to as the mask, is taken prior to 

contrast injection and shows the anatomy of a region and appears as a classical x-ray image. A high-

density contrast material, such as iodinated agents, is injected into the vasculature and x-ray images are 

captured as the contrast moves through the vasculature. This image is commonly referred to as the fill 

image, as contrast is filling the vasculature in the imaged region. The high-density contrast agent causes 

an increase in x-ray absorption resulting in the vasculature appearing dark on the fill images. The mask 

image is identical to the fill image except for intensity changes in the vasculature caused by the presence 

of the contrast material. A subtraction between the mask and fill image is completed to remove the 

background structures and preserve the vasculature. With DSA imaging, pixels are converted to a log 

scale prior to subtraction, resulting in an image that is dependent on the contrast mediums presence.  The 

derivation of DSA image generation is shown below using the x-ray intensity equations presented in Eq 

2.8: 

Nmask = N0 e-(μb)(xb) (2)  Nfill = N0 e-(μb)(xb) e-(μc)(xc)    

DSA = ln(Nmask) – ln(Nfill)          

DSA = ln(N0) – μbxb – ln(N0) + μbxb + μcxc     

DSA = μcxc     Eq 2.16 

where μb is the linear attenuation coefficient (cm-1) of the background, xb is the thickness (cm) of the 

background, N0 is the number of initial x-rays, μc is the linear attenuation coefficient (cm-1) of the contrast 

agent, xc is the thickness (cm) of the contrast region. Thus, DSA image intensities are linearly dependent 

upon the contrast agent’s linear attenuation coefficient and the vessel thickness. It should be noted that 
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this derivation assumes a monoenergetic x-ray beam and that no scattering occurs (54). The addition of 

scatter causes a decrease in image intensity and causes the relationship to be non-linear.  

The acquisition and reconstruction of accurate DSA images can be limited by the presence motion 

and noise (55,56). If there is no motion between the mask and fill images, then the only intensities in the 

final image will be due to the presence of contrast. In clinical application, a variety of in vivo sources of  

motion exist which can impact DSA image quality. The most obvious are bulk and respiratory motion 

which can be reduced with the application of breathholds, sedation, or physical restraints. Additional 

causes of motion include cardiac pulsations and peristalsis, which are more difficult to avoid or  correct.  

Image subtraction, used for DSA generation, inherently causes a decrease in the signal-to-noise ratio, 

therefore the subtraction images appear nosier than the individual mask or fill image. To adjust for the 

increase in noise, the x-ray dose can be increased or scatter-reducing algorithms can be applied. Although 

there is an increase in noise, DSA improves the conspicuity of vessels by removing overlying anatomic 

clutter, leading to an improved ability to discern vessels. This allows for DSA to be a viable angiographic 

imaging option, especially for interventional procedures.  

Traditionally, angiographic imaging techniques were primarily applied in 2D. With the increase in 

rotational capabilities of newer C-arm systems, 3D and 4D DSA applications have become possible (57) .  

The basic idea for DSA image generation, acquiring a mask followed by a fill image with contrast 

injection, remains unchanged regardless of the acquired dimensionality. 2D imaging techniques keep a 

consistent projection angle and can acquire both the mask and fill images from a single image series. This 

involves imaging a few frames prior to contrast injection followed by a series of images capturing the 

contrast dynamics. In 3D and 4D DSA applications, the x-ray projection angle is rotated about the object 

of interested to provide depth information from multiple views. This requires two identical imaging 

rotations to be completed, one for the mask and one for the fill. The DSA images are then computed at 

each projection angle and the resulting images can be used to create detailed 3D or 4D angiograms. An 

outline of image acquisitions for 2D, 3D, and 4D DSAs is provided in Figure 2-14.  
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Figure 2-14: Digital subtraction angiography (DSA) is commonly completed with C-arm acquisitions. To 

create DSA images, a mask image containing only background signal is subtracted from a fill image 

which contains contrast injection dynamics. Both images are converted to the log space prior to 
subtraction so that the resulting image is linearly related to the contrast linear attenuation coefficient and 

the vessel thickness. 2D acquisitions keep a constant projection angle and can acquire both the mask and 

fill images from a single image series. 3D and 4D acquisitions are completed as the C-arm rotates about 

the imaged object and require separate acquisitions for mask and fill.  

 

As DSA images are acquired throughout a contrast injection, the reconstructed images can provide 

both structural and temporal information related to blood vessels. 4D DSA takes advantage of both the 

spatial and temporal information captured in a 3D DSA to create a series of time-resolved 3D volumes.  

This is completed by first generating a 3D DSA reconstruction, without time dependence, and utilizing it 

as a constraining volume for the 4D DSA. The 2D DSA images, acquired during the C-arm rotation,  are 

then back-projected through the constraining volume to provide temporal contrast information in 3D 

space. This allows for 3D vascular volumes to be viewed from any angle or time point over the DSA 

acquisition. An example of a 4D DSA reconstruction is shown in Figure 2-15. 
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Figure 2-15: 4D DSA takes advantage of the spatial and temporal information provided by 3D DSA 
acquisitions. This allows for time-resolved 3D volumes to be created over the entirety of a contrast 

injection. Different temporal and spatial views can be used to provide additional information about 

vascular disease states. (Figure courtesy of Ece Meram)   

 

The movement of radio-opaque contrast agents in a DSA image series has been utilized to provide 

quantitative values related to blood flow. A few common clinically available quantitative metrics include: 

area under the curve, time to peak, and mean transit time (58,59). Each of these metrics utilize the 

temporal information of the DSA acquisition and can be computed with a 2D or 4D DSA techniques.  I t 

has been shown that blood flow and velocity information may be useful for the assessment of vascular 

diseases (60–62). Due to DSA’s ability to provide high temporal and spatial acquisitions, blood flow and 

velocity techniques have been developed utilizing bolus tracking or computational methods (14,63–65).  

For example, if two points are selected along a vessel path in a DSA image, the distance between points  

along a vessel can be computed through manual measurements or with the application of automated 

methods such as vessel centerlines. If the time-attenuation curves for each point are investigated, a shift in 
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the waveforms should be present as the contrast needs time to progress through the vasculature. 

Additionally, for arterial injections, the inherent cardiac pulsatility can cause unique time-attenuation 

curves to develop as the injected contrast agent interacts with the baseline blood flow. This creates a 

pulsatile time-attenuation signal, as the ratio of blood to contrast agent varies with the baseline blood flow 

rates. By utilizing computational methods(14), an optimal temporal shift can be computed that best aligns 

time attenuation curves. This temporal shift can be used in combination with the spatial distance between 

points to compute blood velocity. For volumetric techniques, such as 4D DSA, this can be extended to 

calculate blood flow with the additional computation of vessel area via segmentation. An example outline 

for blood velocity computations from 2D DSA can be viewed in Figure 2-16. 

 

Figure 2-16: Quantitative digital subtraction angiography (DSA) can leverage the temporal and spatial 

information in DSA acquisitions to compute quantitative hemodynamic parameters, such as velocity and 

flow. The spatial distance between points can be measured manually or with automated techniques. A 
temporal shift between two locations can be computed by best aligning the individual time-attenuation 

curves. The vessel cross-section can additionally be measured to compute flow.   
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Chapter 3: A Technique for 2D DSA Intra-Procedural Blood 
Velocity Quantitation 

 
3.1  Introduction 

 
3.1 .1  Angiographic Procedures 

Angiographic procedures such as angioplasty, stent placement and transarterial embolization (TAE) are 

largely qualitative, relying on subjective, visual assessment of digital subtraction angiography (DSA) 

images to diagnose pathology, determine procedural endpoints, and evaluate treatment efficacy. 

Angiographic assessment using DSA depends on factors such as observer experience and perceptual bias,  

both of which have been previously shown to be a significant source of interpretive error in 

radiology(66). This leads to a high degree of interobserver variability and a decrease in 

reproducibility(67–69). Procedural outcomes are subsequently affected, including variable success rates 

in balloon angioplasty in peripheral arterial disease and poor correlation of tumoral perfusion changes 

with subjective treatment endpoints during TAE(70,71). Quantitative angiographic metrics may be 

beneficial in standardizing angiographic body interventions, ultimately improving their safety and 

efficacy. 

3.1 .2  Quantitative Techniques 

Quantitative angiographic techniques, including quantitative color-coded DSA, 4D DSA, 4D Flow MR 

and 4D transcatheter perfusion, can provide data on hemodynamic parameters (e.g. time of arrival,  f low,  

velocity)(50,63,64,72–76). DSA is the gold-standard imaging method for guiding and assessing 

intravascular procedures; as such, the application of MRI techniques for real-time guidance is limited by 

the need for additional specialized equipment and suites. 4D DSA requires rotational scans with 

additional radiation exposure and relatively long data acquisition times. Practically, this limits the number 

of 4D DSAs that can be acquired during any given procedure. Quantitative color-coded DSA can provide 

color-coded vessel displays based on time of arrival (TOA) or time to peak (TTP) during intravascular 
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procedures(59,77,78) but is highly susceptible to image artifact and variation in injection 

parameters(14,79,80). Additionally, it does not provide true arterial velocity or flow.  A robust 

quantitative angiography technique that could provide blood velocities utilizing DSA would be minimally 

intrusive to the procedural workflow and would provide a quantitative complement to current assessment 

methods. 

3.1 .3  Study Motivation 

The purpose of this study was to assess the accuracy, precision, and feasibility of a quantitative 

angiography technique which extracts blood velocity from time-resolved 2D DSA (qDSA) sequences. 

The ability to quantify blood velocity during procedures may provide insight and objective endpoints to  

clinical procedures. 

3.2  Methods 

 
All studies were performed with approval from the institutional animal care and use committee and 

complied with National Research Council guidelines. 

3.2 .1  Quantitative Angiography Method 

 
The proposed quantitative angiography method uses the inherent cardiac pulsatility of arterial flow in 

addition to spatial information within an artery to compute blood velocity. Pulsatility of arterial blood 

flow during a contrast injection results in an oscillating contrast signal in the time-attenuation curve 

(TAC) of a given pixel in the DSA image sequence. This oscillation of signal, referred to as contrast 

pulsatility, represents a trackable marker of blood flow. Given two pixels along a vessel separated by 

distance d, the TACs from the two pixels will have similar pulsatile signals, offset by some temporal shif t 

Figure 3-1. This temporal shift corresponds to the time a contrast bolus travels through a vessel. A 

shifted-least squares approach is employed to calculate the temporal shift(64). Distances and temporal 

shifts can be computed for pairs of points along the vessel centerline to improve statistical power and 

results in a spatially averaged blood velocity. 
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Blood velocities were calculated using a custom-built MATLAB tool Figure 3-1. The tool imports 

a DSA sequence and allows the user to choose a vessel of interest by selecting a proximal and distal point 

along the vessel. The vessel can then be manually or automatically segmented, after which the tool 

automatically determines the centerline. The user may view and window the time-intensity curves from 

the two selected points in order to select the region of strongest pulsatility. A correction for geometric 

magnification may be calculated and input into the tool by measuring a structure in the image and 

dividing by its known length (Magnification = Image Length / Object Length). The tool subsequently 

calculates an apparent blood velocity then multiplies by the magnification factor to convert it to a true 

velocity. Vessel foreshortening effects can arise for a vessel that is not perpendicular to the projection 

angle. Projection angle can be corrected for by dividing the apparent velocity by the cosine of projection 

angle offset (Velocity = apparent velocity / cos(projection angle)) which could be estimated using 3D 

reconstructions. Alternatively, a 3D angiogram can be utilized to select an optimal 2D projection that 

minimizes vessel foreshortening. 
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Figure 3-1: qDSA calculations were completed with the custom built post processing tool in MATLAB. 
Vessel start and end points are selected by moving the red and green points on the acquired image. 

Temporal windowing is adjusted by changing the blue shaded region overlaid on the time attenuation 

curves. The spatial information and temporal information used for velocity calculation are derived from 

the Δd and Δt. Visualization of the acquired image series can be completed using the tool’s built in 

functions. 
 

3.2 .2  Phantom Study 

 
In vitro validation of the qDSA method was performed in a silicone vascular bifurcation phantom 

(Shelley Medical Imaging Technologies, Ontario, Canada) to assess the algorithm in a controlled 

environment using different image acquisition parameters. DSA acquisitions were performed in tr iplicates 

for each experimental setup using an Artis zee x-ray system (Siemens Healthineers, Forcheim, Germany) 

and angiographic injector (Nemoto, Tokyo, Japan). A pulsatile displacement pump (BDC Laboratories, 

Wheat Ridge, CO), filled with water, was connected to the phantom in order to produce a physiologic 

flow profile similar to a cardiac cycle at a rate of 60 beats per minute. Average inlet velocity was 

calculated during all DSA acquisitions using a non-intrusive ultrasonic flow sensor measurement 

(Transonic, Ithaca, NY) and dividing by the known tube diameters. Experimental setup and sample 
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ultrasound flow probe acquisition for a single injection can be viewed in Figure 3-2. Imaging parameters 

of interest included baseline flow rate, contrast injection rate, projection angle, and magnification. To 

investigate these parameters, we varied the pump velocity, injector rate, gantry rotation and table height 

respectively. A guidewire, with a 3 cm long radiopaque tip, was navigated into the phantom and was use d 

to correct for magnification. A complete list of imaging parameters for all experiments are included in 

Table 3-1.  

  

Figure 3-2: Experimental setup for the phantom study is shown with a sample ultrasound flow probe 

acquisition. Key components required for this study are present: 1) Ultrasonic flow probe, 2) catheter 

access location, 3) bifurcation model, 4) contrast injector, 5) BDC flow pump, and 6) Artis zee x-ray 

system. The sample flow probe shows an increase in flow during the injection region (2-9 sec) and a heart 
rate consistent with the desired 60 bpm. 
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Table 3-1: Experimental parameters used to evaluate baseline flow rate, injection rate, projection angle,  

and magnification are present in the table. The bolded italicized values are the parameter that is being 

varied during each experiment. 

 

3.2 .3  In Vivo Study 

 

The in vivo validation of the qDSA method was performed in a porcine model. Female domestic 

swine (n=2, 50 kg, approximately 3-4 months of age) were sedated with intramuscular tiletamine 

hydrochloride/zolazepam hydrochloride (7 mg/kg; Telazol; Fort Dodge Animal Health, Fort 

Dodge, IA) and xylazine hydrochloride (2.2 mg/kg; Xyla-Ject; Phoenix, St. Joseph, MO). 

Anesthesia was maintained with inhaled 1.0%–2.0% isoflurane (Halocarbon, River Edge, NJ). 

An auricular vein was cannulated for administration of intravenous fluids. First, the anima ls 

underwent 4D Flow MRI (3T Signa MRI scanner, GE Healthcare, Waukesha, WI) using a 

radially undersampled sequence, PC VIPR(45). The animal was then transferred to the 

angiography suite. The right femoral artery was accessed and a 5Fr angled Glide Cathe ter (Merit 

Medical, Salt Lake City, UT) was used to select arteries of interest (left iliac, left and right 

Baseline 
Flow  

Pump Flow 
(ml/s) 

Injection Rate 
(ml/s) 

SID 
(cm) 

Projection 
Angle 

Injection Time 
(s) 

 6.8 1.5 - 3 120 0 8 
 12.2 1.5 - 3 120 0 8 
 16.8 1.5 - 3 120 0 8 
 22.1 1.5 - 3 120 0 8 
 27.2 1.5 - 3 120 0 8 

Projection 
Angle 

     

 5.2 2 120 0 10 
 5.2 2 120 5 10 
 5.2 2 120 10 10 
 5.2 2 120 20 10 
 5.2 2 120 30 10 

Magnification      

 7.4 2.5 90 0 6 
 7.4 2.5 100 0 6 
 7.4 2.5 110 0 6 
 7.4 2.5 120 0 6 
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renals, common hepatic, splenic). A guidewire, with a 3 cm radiopaque tip, was navigated into 

the vessel of interest and a fluoroscopic image was acquired prior to DSA acquisition for 

geometric magnification corrections. Projection angles for 2D DSA acquisitions were selected to  

minimize the effect of vessel foreshortening.  Triplicate DSAs were acquired in each artery with 

a breath hold at end expiration. A complete list of imaging parameters used for MR and DSA 

acquisitions can be seen in Table 3-2. Velocities were calculated and compared between the MR 

and DSA techniques. A semi-automated workflow for the 4D flow MRI analysis was developed 

in MATLAB 2018a. Angiograms were segmented using an adaptive region growing technique 

on the complex difference data. A 3D centerline path was generated to aid in the automatic 

placement of cross-sectional planes. Automatic segmentation of vessels was completed using a 

local thresholding technique and reported velocities were an average of all points along the 

vessel centerline. In order to compare velocities on MRI to those on DSA, which are acquired in  

the presence of intra-arterial contrast injection, velocities calculated on MRI were adjusted by 

adding velocity from an injection equivalent to that performed during acquisition of the DSAs 

(programed injection rate (2ml/s) divided by the 4D flow MRI vessel area).   

DSA Swine 
Scan 

Injection Rate 
(ml/s) 

Injection Time 
(s) 

Projection 
Angle 

Frame Rate 
(fps) 

All Vessels  2 12 0 30 

MRI Swine 
Scan 

Spatial Res. (mm) Scan Time (min) VENC (cm/s) Time Frames 

All Vessels 1 x 1 x 1 18 100 14 

 
Table 3-2: In vivo scan parameters for qDSA and 4D Flow MRI. Identical scans were used for all vessel 

locations, including: Iliac, right renal, left renal, common hepatic, splenic. MRI time frames is the number 

of reconstructed volumes for a cardiac cycle. The velocity encoding (VENC) was set to 100 cm/s in order 
to capture velocities from all abdominal vessels in a single scan. 
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3.2 .4  Statistical Analysis 
To assess the correlation between the external flow probe and the velocities calculated from the qDSA 

technique in the phantom study, linear regression was used. Associated model p-values, 95% confidence 

intervals and Pearson’s correlation coefficient, r, were all calculated following model estimation. Linear 

regression and Bland-Altman analysis were used to assess the calibration between qDSA velocity and 4D 

flow MRI in the in-vivo study. Right-tailed chi-square tests were used to assess if the observed variances 

of the phantom qDSA measurements across different magnifications and angle corrections were less than 

5% of the mean in the associated flow probe. A desired variance of 5% of the mean velocity from the 

ultrasonic flow probe was set as the upper limit for the projection angle and magnification correction 

techniques. This was used to establish the precision of our tool in cases where corrective factors may be 

needed.  For this study, a p-value < 0.05 was considered statistically significant. All statistical analyses 

were done using R (V  3.6.2, R Core Team, 2019). 

3.3  Results 

 
3.3 .1  Phantom Study 

 
Quantitative velocities were computed using the proposed custom-built MATLAB tool. The tool was able 

to successfully load DSA image series, select vessels of interest,  complete vessel segmentation, allow 

temporal windowing, and compute velocities for all cases. Magnification corrections from a reference 

object were computed and implemented into the velocity calculations for all DSA acquisitions. All 

computations were completed within 2-3 minutes of acquisition during experiments. The physiologic 

pulsatile cardiac waveforms were inspected using the non-intrusive ultrasonic flow probe prior to and 

during DSA acquisition. The waveforms maintained their pulsatility for all pump and injection rates. 

Adequate contrast mixing was seen in all DSA acquisitions completely filling the vessel and maintaining 

a pulsatile nature. 

The pulsatile pump’s average and peak velocities were measured prior to the bifurcation and 

ranged from 8-30 cm/s and 13-55 cm/s respectively. Linear regression between the calibrated external 
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flow probe and velocities calculated from our qDSA technique is shown in Figure 3-3. The linear 

regression equation was: VDSA = 1.012*VUS – 3.043, where VDSA is the velocity calculated from 

qDSA and VUS is the velocity measured with the ultrasound flow probe. A strong correlation between 

the variables was observed (r = 0.996, p<.0001). The 95% confidence interval (CI) for the slope was 

[0.989,1.035] and the 95% CI for the intercept was [-3.52, -2.565].  

     
Figure 3-3: Linear regression analysis between the flow probe velocities and the calculated qDSA 
velocities. The shaded region represents the 95% confidence interval. The data were found to be strongly 

correlated (r = 0.996, p<.0001). 

 

The variance of qDSA velocities decreased after correction for magnification and projection angle. 

The flow probe’s baseline mean velocity (±SD) for projection angle and magnification was 14.18 ± 0.053 

cm/s and 14.65 ± 0.129 cm/s respectively. The uncorrected and corrected velocities as a function of 

projection angle can be seen in Figure 3-4. For projection angle correction, the qDSA variance (σ2 = 

0.0745, 95% CI [0.0388,0.1933]) was less than the defined variance limit (5% Mean = 0.709) resulting in 

a failure to reject the null hypothesis (σ2 < 5% Mean, p = 0.999). The uncorrected and corrected 

velocities as a function of table height (magnification) for the inlet and outlet branches can be seen in 

Figure 3-5. For magnification correction, the qDSA variance (σ2 = 0.2147, 95% CI [0.1073,0.6188]) was 
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less than the defined variance limit  (5% Mean = 0.733) resulting in a failure to reject the null hypothesis 

(σ2 <5% Mean, p = 0.956).  

                         

Figure 3-4: The raw qDSA velocity calculations as a function of projection angle are plotted as circles. As 

the projection angle increases the calculated velocity values decrease as a function of cosine the 

projection angle. Applying the projection angle correction reduces variation in the calculated velocity 

over a range of projection angles. 
 

 

Figure 3-5: The raw qDSA velocity calculations as a function of source to image distance (SID) are 

plotted as circles. As the SID increases the magnification factor increases causing the calculated velocity 

values to increase as a function of magnification. Applying the magnification correction, using a reference 
object, reduces variation in the calculated velocity over a range of SIDs. 

 

3.3 .2  In Vivo Study 

 
Triplicate DSA acquisitions were successfully acquired at the five abdominopelvic arterial vessels of 

interest: left iliac, left renal, right renal, common hepatic, and splenic. Adequate downstream contrast 
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mixing was seen in all in vivo DSA acquisitions, allowing for velocity calculations to be completed in the 

injected vessel. Linear regression between 4D flow MRI velocities and calculated qDSA velocities is 

shown in Figure 3-6. The linear regression equation was: VDSA = 1.01*VMRI -0.10, where VDSA is the 

velocity calculated from qDSA and VMRI is the velocity measured with 4D flow MRI. There was a 

strong correlation between velocity on 4D flow MRI and qDSA (r = 0.880, p <.01). The Bland-Altman 

analysis showed a bias of 0.117 cm/s between techniques with a upper limit of agreement of  10.53 cm/s 

and a lower limit of agreement of -10.30 cm/s. Figure 3-7 shows the quantitative angiograms, color-coded 

by velocity, from the MRI and DSA scans from swine 1. The quantitative velocity values from MR and 

DSA for both swine can be found in Table 3-3. The distribution of velocities followed similar trends for  

both imaging modalities.  

 

Figure 3-6: a) Linear regression analysis between the 4D Flow MRI velocities and the calculated qDSA 

velocities (r = 0.880, p = <.001). The shaded region represents the 95% confidence band. b) Bland-

Altman analysis between the 4D Flow MRI and qDSA velocities (Bias = 0.117 cm/s, LOA [-10.30 cm/s,  

10.53 cm/s]). 
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Swine 1 MR Velocity (cm/s) DSA Velocity (cm/s) DSA Std. Dev. Mag. 
Factor 

Common Hep. 53.51 53.51 6.69 1.19 
Splenic 27.15 26.33 4.53 1.11 
Left Renal 22.57 16.65 1.98 1.28 
Right Renal 25.88 31.44 4.39 1.16 
Iliac 38.33 33.28 5.03 1.20 

Swine 2     

Common Hep. 43.01 47.78 8.78 1.28 
Splenic 29.56 34.16 2.72 1.26 
Right Renal 29.62 35.21 4.48 1.28 
Iliac 34.05 26.38 3.11 1.33 

 
Table 3-3: Quantitative values from the in vivo study for both imaging modalities are presented in the 

table. The standard deviation of the DSA velocity is provided from the triplicate scans. The magnification 

factor was calculated for each vessel by imaging a reference wire, of 3 cm in length, in the vessel of 
interest prior to injection. 

 

                         
Figure 3-7: Quantitative angiographic images for both the 4D Flow MRI and qDSA methods from Swine 
1. The magnetic resonance angiogram (MRA) 3D reconstruction was manually segmented and average 

velocities were calculated for the associated DSA vessels. The distribution of velocities was similar 

between both imaging modalities.    
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3.4  Discussion 
 

This study investigated the feasibility of a quantitative angiography method using time-resolved 2D DSA. 

The method was assessed for accuracy and precision in a phantom model and an in vivo porcine model.  

Our results indicate that qDSA allows the calculation of quantitative velocities, over a range of 

physiologic abdominal arterial velocities(81) in near real-time, that are both accurate and precise. 

Potential errors from angle projection and magnification were investigated and successfully corrected for, 

demonstrating the robustness of the technique. Quantitative velocities were computed in vivo using 

branches of the abdominal aorta and were found to be strongly correlated with an established quantitative 

MRI technique. The application of the proposed method was similar for both the experimental and in vivo 

studies, indicating the potential for clinical adaptation.  

Prior intraprocedural quantitative imaging techniques have been described, including a 

commercially available DSA-based technique (syngo iFlow; Siemens, Forchheim, Germany). However, 

quantitative color-coded DSA does not provide true arterial velocity or flow, rather it provides time-

attenuation curves for specified points and color-coded vessel displays based on time of arrival (TOA) or 

time to peak (TTP). Such an analysis is prone to error and sensitive to changes in cardiac output, motion,  

total amount and duration of contrast medium administration, imaging parameters (eg, injection delays) , 

and angiographic catheter position (82–84). The proposed qDSA technique takes advantage of spatial and 

temporal information along the vessel allowing for a more robust quantitative technique. Volumetric 

techniques, including quantitative 4D transcatheter intra-arterial perfusion (TRIP) MRI and 4D DSA have 

also been described(63,64,76). A major advantage of volumetric techniques is the ability to provide flow,  

not just velocity, which can be important for interventions in which vessel diameters change.  TRIP MRI 

lacks feasibility as it requires a complex hybrid angiography/MR suite only available at select institutions, 

and also requires significant time and cost. 4D DSA is useful for characterizing blood flow at baseline and 

upon completion of a procedure, but the long data acquisition times and susceptibility to motion artifacts 

make it less suitable for repeated use throughout a procedure.  
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The qDSA technique described here could be easily translated to intraprocedural clinical 

workflows given that it would only require modification to image acquisition parameters. In the present 

study, all velocity calculations were performed within 2-3 minutes per image acquisition using the 

prototype MATLAB tool on a standard laptop (Intel Core i7-8550U 1.80 GHz CPU, 16 GB RAM).  The 

variation in post processing time was dependent upon the length of the vessel of interest and number of 

time frames used for velocity calculations. Further refinement of the technique and tool will likely lead to 

significant reductions in computational times, enabling near real-time determination of velocities 

repeatedly during procedures. Although qDSA is currently limited to blood velocity, further development 

may allow for calculated velocities to be converted to blood flow using forward projection techniques on 

pre-procedure 3D imaging (65). This would permit flow quantification in a manner more similar  to 4D 

Flow MR or 4D DSA.  

An accurate velocity calculation requires precise knowledge of both the distance the blood traveled 

and the time (or temporal shift). The measured distance will differ from the true distance if the projection 

is not orthogonal to the vessel segment. The proper projection angle can be determined from 3D imaging, 

either preprocedure or at the time of the procedure, and the true distance can be determined by placing an 

object of known dimensions into the vessel segment (eg a guidewire or catheter with radiopaque 

markings). While both projection angle and magnification corrections are important to achieve accurate 

absolute velocity values, relative velocity changes during a procedure (eg, pre- and post-intervention) can 

be calculated without incorporating corrections as long as the table position and projection angle are 

maintained. Furthermore, corrections for projection angle may be unnecessary for many abdominopelvic 

interventions given that many vessels are relatively straight, vessels can typically be laid out in AP or 

shallow oblique projections, and minimal variation (< 5%) in velocity was observed over a wide range of  

projection angles (± 15 degrees) in the phantom study. A minimum frame rate is required to achieve 

adequate temporal resolution for the higher velocity values encountered in clinical practice. In its current 

form, qDSA is associated with additional radiation dose (from additional high frame-rate scans). 
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However, preliminary studies indicate that qDSA may also be viable with fluoroscopy, which would 

significantly decrease the exposure compared to subtraction angiography. 

X‐ray videodensitometric blood velocity methods have been previously described (14). Many of 

these blood velocity techniques were developed for cerebrovascular interventions. Few have been 

developed or validated in the abdominal vasculature. Furthermore,  an analysis tool for near real-time 

calculation has yet to be created for use in body interventions. We have developed a tool that allows the 

calculation of blood velocity from 2D DSA sequences within minutes with minimal user interaction.  The 

graphical user interface allows common visualizations of DICOMS and TACs while providing 

quantitative blood velocity values from temporally and spatially segment vessels of interest. The 

development of this qDSA velocity tool makes intraprocedural blood velocity calculations feasible and 

more readily translatable to clinical workstations. 

Our study had several limitations. Our preliminary in vitro testing was performed in a bifurcation 

phantom with three segments, all relatively linear and of constant diameter. The velocity in this phantom 

is primarily laminar, but the larger outlet does contain a region of recirculation. The abdominal ar teries 

have more tortuosity and variation in vessel diameter which can lead to increased turbulent velocities and 

disruption in pulsatile signal. Additionally, we used a pump that generated a repeatable pulsatile signal, 

which may not entirely represent the hemodynamic heterogeneity of abdominal vasculature. Despite the 

limitations of the phantom model, the results of the in vivo experiments suggest the technique is robust 

and accurate with more complicated vessel geometries. In our in vivo testing, the MR velocity data was 

acquired without an intra-arterial injection requiring an additive velocity correction before a direct 

comparison to qDSA velocity could be made. To replicate the DSA injection during MRI, catheter 

placement could be completed under fluoro guidance and then the animal could be moved to the MRI 

scanner. However, for a multi-vessel analysis, this would require a minimum of 5 trips between imaging 

modalities with the risk of catheter movement occurring during each transport. Additionally, the MR 

scans would need to be adjusted to capture near real-time velocities, limiting the scans to 2D techniques 
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which would no longer allow averaging along the vessels of interest.  

3.5  Conclusions 

 
qDSA can provide quantitative blood velocity measurements during arterial interventions and was found 

to be strongly correlated with established quantitative techniques. The major advantage of the proposed 

technique is near real-time measurement of relative and absolute changes in blood velocity in an 

intraprocedural, interventional environment. While our study focused on the accuracy, consistency,  and 

feasibility of calculating blood velocity using time-resolved 2D DSA sequences, further investigation is 

necessary to evaluate the performance of the qDSA technique in an intra-procedural context. 
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Chapter 4: Characterizing Hepatic Arterial Velocity 

Changes from TAE 

 
4.1  Introduction 

 
4.1 .1  Hepatocellular Carcinoma 

 

Hepatocellular carcinoma (HCC) is the most common primary liver cancer and is the fourth leading cause 

of cancer-related death worldwide(85). It is predicted that 42,810 additional new cases will occur with an 

estimated 30,160 deaths in the US alone(86). A few of the most important risk factors associated with the 

development of HCC include chronic liver disease and cirrhosis. Incidence of HCC has been increasing 

for the last two decades with models predicting a continued increase for the next ten years(87). HCC 

presentation has altered significantly over the past few decades due to the screening of high-risk patients 

(eg. Cirrhosis) with non-invasive imaging techniques. The diagnosis of HCC can be completed through 

the use of imaging alone and in scenarios where biopsy is required imaging is typically completed in 

tandem for guidance(88). The best option for treatment of HCC is liver transplantation, but due to the 

limited number of good quality donor organs other treatment methods must be utilized. The alternative 

treatment options to liver transplant include: resection, thermal ablation, embolization (bland, chemo, 

radio), or systemic therapies.    

4.1 .2  Trans-arterial Embolization 

 

Embolization is a procedure that injects a substance directly into the arterial system, with the intent of 

reducing blood flow to a non-healthy (cancerous) region. This is a common minimally invasive treatment 

option for patients that have tumors that cannot be removed surgically. The four most common 

embolization techniques include: trans-arterial embolization (TAE), trans-arterial chemoembolization 

(TACE), drug-eluting bead chemoembolization (DEB-TACE), and radio embolization (RE). TAE uses 

the injection of small particles directly into the artery to plug up vessels and cause necrosis to the tumor.  

TACE follows a similar technique but prior to plugging up the arteries chemotherapy agents are injected 
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into the artery. DEB-TACE is essentially the same procedure as TACE except that the drug-eluting beads 

are close to the cancer and slowly release the chemo. RE relies on the combination of embolization and 

radiation therapy to delivery radioactive isotopes close to the tumor site. Currently it is unclear which 

treatment method has the best long-term outcome for patients. An example of a TAE can be seen in 

Figure 4-1. 

  

 
Figure 4-1: A representation of a trans-arterial embolization (TAE) being used as a treatment method for  

hepatocellular carcinoma (HCC). In the presence of an unresectable tumor, TAE can be a viable treatment 

option that utilizes a catheter to deliver particles into the arterial vasculature to block off tumor blood 
supply (A). By blocking the blood supply to the tumor this in turn leads to tumor necrosis(B).   

 

4.1 .3  Embolization for HCC 

 

Patients with intermediate-stage hepatocellular carcinoma (HCC) are commonly treat with minimally 

invasive intra-arterial therapies, such as TAE or TACE(89). Multiple studies have shown the benefits 

provided by TACE and TAE for HCC patient survival than compared to alternative treatments(90,91). In 

addition to being a treatment method, these embolization techniques have been utilized to delay disease 

progression, reducing the demand for transplantation in HCC patients(92,93). The effectiveness of  TAE 

and TACE depend on achieving the appropriate degree of stasis in the target vasculature and tumor.  Not 

enough stasis can lead to insufficient tumor necrosis, alternatively causing complete stasis can upregulate 

angiogenesis factors, increase liver toxicity, and increase mortality(94,95). Treatments ending at sub-

stasis have been shown to be a more optimal endpoint and can in increase the overall survival when 
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compared to complete-stasis(96). Determining a sub statis endpoint for TAE and TACE is completed with 

subjective angiographic assessments of radiographic images, which have high inter-observer variability 

and are inconsistent(70). Determining objective endpoints through the application of non-invasive 

imaging would help to standardize the procedures, increase treatment efficacy, and improve patient 

outcomes. 

4.1 .4  Imaging for HCC 

 

Imaging is critical for establishing a diagnosis and staging HCC. A variety of common medical imaging 

modalities, including ultrasound (US), computed tomography (CT), magnetic resonance (MRI), 

angiography, and positron emission tomography (PET), are used in the assessment of HCC patients. 

Currently, ultrasound is the recommended method for screening at risk HCC patients. CT and MRI are the 

standard diagnostic tests for HCC, with potential for PET to assist in staging the disease(97).    Attempts 

to establish quantitative metrics that may aid in the treatment or management of patients have been 

completed. Quantitative 4D transcatheter intra-arterial perfusion MRI was investigated but required 

specialized infrastructure making wide-spread adoption difficult(98). A 4D-digital subtraction 

angiography (DSA) feasibility study showed that blood velocity calculations were possible in a hepatic 

swine model(72). This may lead to the application of quantitative 4D-DSA pre- and post- HCC 

intervention to assess the success of treatment. Recently, color-coded DSA (ccDSA) has demonstrated 

validity as a tool for quantifying embolization endpoints(77,99,100). The technique uses contrast arr ival 

dynamics such as time-of-arrival (TOA), time-to-peak (TTP), and area under the curve (AUC) to quantify 

changes in blood flow. 

4.1 .5  Study Motivation 

 

4D flow MRI is an established quantitative imaging technique that allows for macroscopic vasculature 

visualization and hemodynamic quantification to be completed over a large imaging volume. This 

technique can be used to characterize pre- and post- procedural changes in blood velocity in response to 

vascular intervention on a local and global level. Quantitative digital subtraction angiography (qDSA) is a 
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newly developed technique which calculates blood velocity in a vessel of interest using time attenuatio n 

curves (TAC) present in time-resolved 2D-DSA sequences(101–103). This technique can be used to 

characterize intraprocedural changes in blood velocity in response to vascular intervention. The objective 

of this study was to determine the feasibility of using quantitative vascular imaging techniques,  4D flow 

MRI and qDSA, to characterize pre-, post-, and intra-procedural changes in hepatic arterial blood velocity 

in response to trans-arterial embolization (TAE) in an in vivo porcine model. 

 
4.2  Methods 

 
All procedures were approved by the institutional research animal care and use committee and were 

compliant with regulatory guidelines. Transarterial embolization was performed in the livers of eight 

swine (mean weight, 49.4 ± 2.0 kg). Subjects were sedated with an intramuscular administration of 7 

mg/kg of tiletamine hydrochloride-zolazepam hydrochloride (Xyla-Ject; Phoenix Pharmaceutical, St. 

Joseph, Missouri), endotracheally intubated, and then underwent anesthesia induction and maintenance 

with 2% inhaled isoflurane (Halocarbon Laboratories, River Edge, New Jersey). 

4.2 .1  Trans-arterial Embolization 

 

To help establish baseline hepatic flow states in swine, five of the eight patients completed 4D Flow MRI 

scans prior to trans-arterial embolization. Scans of the abdomen were acquired with a radially 

undersampled sequence, PC VIPR(50,51), on a clinical 3T system (Discovery MR750, GE Healthcare) : 

imaging volume: 32x32x32 cm, acquired spatial resolution = 1 mm isotropic, VENC=50 and 100 cm/s,  

scan time: ~15 min; retrospective cardiac and respiratory gating. All eight of the swine were transported 

and imaged in an angiography suite (Artis zee; Siemens Healthineers, Forcheim, Germany) where 

femoral arterial access was obtained and the common hepatic artery selected with a 5 Fr angled glide 

catheter. A 3D-DSA was acquired to delineate hepatic arterial anatomy and were used to visually 

determine an optimal 2D projection angle for vessel layout. Prior to embolization, a 2D-DSA of the 

common hepatic artery was acquired using an injection of iohexol 300 mg/mL (Omnipaque 300; GE 
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Healthcare, Waukesha, Wisconsin) see Table 4-1 for imaging parameters. All DSA images were acquired 

with breath holds.  

Animal 
Artery 

Embolized 
Embolization 

Type 
Angiographic 

Endpoint 
Projection 

Angle 

Contrast 

Injection 
Rate 

Contrast 
Volume 

DSA 
(fps) 

1 LMHA Incremental Sub-Stasis 0 deg 2.5 mL/s 15 mL 30  

2 LMHA Incremental Sub-Stasis 0 deg 2.5 mL/s 15 mL 30  

3 

LMHA Incremental Partial-Stasis 
30 deg 
LAO 

2.5 mL/s 15 mL 30  

RLHA 
Non-

incremental 
Sub-Stasis 

30 deg 

LAO 
2.5 mL/s 15 mL 30  

4 LMHA Incremental Partial-Stasis 
50 deg 

LAO 
3.0 mL/s 18 mL 30  

5 

LMHA Incremental Sub-Stasis 0 deg 2.5 mL/s 15 mL 30  

RMHA 
Non-

incremental 
Partial-Stasis 0 deg 2.5 mL/s 15 mL 30  

6 LMHA Incremental Sub-Stasis 0 deg 2.0 mL/s 16 mL 30  

7 LMHA Incremental Partial-Stasis 0 deg 2.0 mL/s 16 mL 30  

8 LMHA 
Non-

incremental 
Sub-Stasis 0 deg 2.5 mL/s 15 mL 30  

Table 4-1: Details about the treatment and imaging protocol are given for all swine that participated in 

this study. A left medial hepatic artery embolization (LMHA) was completed for majority of swine,  as it 

is the more well defined and dominate hepatic branch. In swine 3 and 4 we had to alter the projection 

angle to better layout the vessel of interest due to vessel overlap. A frame rate of 30 frames per second 
(fps) was used for all 2D DSA acquisitions.  

 

The dominate hepatic lobe, typically the left, was embolized with two swine having both a right 

and left embolization. A complete list of embolization and imaging parameters can be found in table 1. 

Bland embolization, TAE, was performed with particles given that the primary objective of the study was 

to characterize variations in blood velocity and no tumors were present in this model. A 0.014” guidewire 

was used to select a second-order hepatic artery branch supplying the target lobe, after which a 2.8 Fr 

microcatheter was advanced into the vessel. Once the microcatheter was correctly positioned, an 

incremental or non-incremental embolization was performed using 100-300 um microspheres 

(Embosphere Microsphere; Merit Medical Systems, South Jordan, Utah) diluted in 10 mL of ioxhexol 

300 mg/mL. 

Incremental embolizations were performed in seven of the eight swine to generate velocity 
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reduction-embolization curves during a liver embolization. Incremental embolizations were performed in 

the left medial hepatic artery (LMHA). For incremental embolization, microspheres were typically 

delivered in 0.5-1 mL (up to 3 mL) aliquots with 2D-DSA imaging being performed before and after 

particle delivery. Additional particles were delivered until partial or sub-stasis endpoints were achieved.  

The level of stasis was determined by visual inspection of the 2D DSAs, with a decrease in antegrade 

arterial flow being categorized as partial stasis and minimal residual antegrade arterial flow being 

complete stasis. In the case of non-incremental embolizations, similar endpoints were achieved without 

the additional 2D DSA images during the embolization.  

Three of the eight subjects had doppler wire (Volcano FloWire, Phillips) blood velocities acquired 

just distal to the catheter tip in the common hepatic artery (CHA) and embolized vessel pre- and post- 

TAE. Doppler wire measurements were made inside the vessel and no injections were completed during 

data acquisition. These swine were also transported back to the MR system for 4D Flow MRI scanning 

with identical parameters approximately 20 min after the embolization. Pre-, intra- and postembolization 

velocities in the target arteries were calculated using the qDSA and ccDSA methods as described below.  

A flow chart detailing the imaging protocol for the eight swine can be found in Figure 4-2. 
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Figure 4-2: An outline of the quantitative imaging protocols completed are shown for the pre-, intra-, and 
post- procedural time points. The MR and US technique were used pre- and post- embolization, while the 

2D DSA techniques were applied during the trans-arterial embolization. qDSA – quantitative digital 

subtraction angiography, ccDSA – color-coded digital subtraction angiography. 

 

4.2 .2  Post Processing 

 
4D flow MRI angiograms and velocity vector maps were generated via offline time averaged 

reconstruction with cardiac and respiratory gating. The hepatic arterial networks were semi-automatically 

segmented from the PC angiogram using Mimics (Materialize, Brussels, Belgium), a commercial 

segmentation software. Ensight (Ensight 10.0.3 CEI, Apex, NC) was used for the visualization of  vessel 

anatomy and placement of cross-sectional analysis planes: CHA, left hepatic (LH), left medial (LM),  lef t 

lateral (LL), right hepatic (RH), right medial (RM), right lateral (RL), and gastroduodenal (GDA) arteries. 

Visualization of a representative hepatic angiogram and a 4D flow MRI angiogram can be found in Figure 

4-3.  These analysis planes were exported to a customized software package (stalder abstract) for dynamic 

manual vessel segmentation and hemodynamic analysis. Doppler wire velocities were analyzed with an 
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in-house software developed in MATLAB (R2018b Mathworks, Natick, MA) with the resulting values 

being average velocities. Velocity values from pre- and post- embolization were compared between MRI 

and US modalities to investigate baseline blood flow states and assess blood velocity changes related to 

TAE. 

  
Figure 4-3: A detailed animation of abdominal arterial vasculature is displayed with major vessels being 

labeled. A 4D flow MRI was taken of the liver and all the detectable abdominal vessels are labeled with 

the associated animation vessels having the names boxed. The 4D flow MRI was able to capture up to 2 n d  
order branches in the liver.   

 

The intra-procedural 2D DSA blood velocity calculations relied on a qDSA method that uses 

inherent oscillations in the image contrast. The contrast oscillations are caused by the natural arterial flow 

pulsatility and can be used as a trackable marker of blood velocity in arteries. Centerline pixels of a vessel 

were automatically generated and used in the assessment of distances and temporal shifts in their  TACs.  

The temporal shifts were calculated using a shifted-least squares approach (26) which has been shown to 

accurately estimate cranial velocities from 4D DSA acquisitions. The resulting velocities were spatially 

averaged and no magnification corrections were applied, thus the resulting values represented apparent 

blood velocity. An in vivo example of the TAC shift in a porcine model is illustrated in Figure 4-4.  All 

qDSA calculations were completed with a custom-built MATLAB graphical user interface (MATLAB 

R2018b, MathWorks, Natick, Massachusetts). A commercially available ccDSA method (syngo iFlow, 

Siemens Healthineers) was used to calculate time-to-peak (TTP) in the embolized vessel for all the intra-
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procedural 2D DSA scans. A similar region-of-interest was used for the qDSA and ccDSA techniques and 

an example of each method can be seen in Figure 4-4. 

      
Figure 4-4: An example for each quantitative technique, quantitative DSA (qDSA) and color-coded DSA 

(ccDSA), is presented for a 2D DSA liver scan of a swine. The pre-embolization 2D DSA was acquired 

with a iodine contrast injection into the common hepatic artery. The qDSA technique relies on the spatial 

distance computed from a vessel centerline (a) and the temporal shift in the attenuation curves (b) to 
compute a relative blood velocity. The time-attenuations curves for the starting (red dot) and endpoint 

(blue dot) are shown in (b), with a zoomed window to emphasize the temporal shift between signals.    A 

color-coded DSA (ccDSA) was generated from the 2D DSA (c) and color-encodes the image with time-

to-peaks (TTP) values. A region-of-interest was selected in the same embolization vessel (white circle), 

with a diameter equal to the vessel diameter, was to be used for the comparison of variables between 

techniques. (Figure courtesy Sarvesh Periyasamy) 
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4.2 .3  Statistical Analysis 

 
To assess the baseline flow states in the hepatic vasculature of the swine, flow conservation of the first 

order and second order branches were compared to the common hepatic artery. The variation in velocities 

pre- and post- TAE, for MRI and US, were compared for three swine using the velocity percent change as 

the variable of interest. To compare the reduction in hepatic arterial blood velocity as a function of 

embolization level, sub-stasis vs partial-stasis, a linear mixed model was fit to the data using the ‘ lme4’ 

package, where the individual animal was modeled as a random intercept. The mixed model p-values 

were calculated using Satterthwaite’s approximation.  

To assess the correlation between qDSA relative blood velocities and delivered volume of embolic 

particles, linear models were fit for each individual animal with the qDSA velocities being the dependent 

variable. From each model, the Pearson’s correlation coefficient (r) the mean-squared error (MSE),  and 

coefficient of determination (R2) were calculated. A lower MSE, higher R2, and a larger Pearson’s r 

would lead to the best results for characterizing linear embolic flow reductions. The same models and 

metrics were calculated for the ccDSA time of arrival calculations and deliver embolic particles. To test if  

the MSE was lower when using the qDSA technique verse the commercially available ccDSA method,  a 

one-sided, paired, Wilcoxon-rank sum test was used. The same test was used in the assessment of R2 

comparisons between the qDSA and ccDSA techniques. To determine if the absolute correlation between 

qDSA and embolization was stronger than that of ccDSA, the paired, overlapping, correlation coefficients 

were tested using the methods described in Dunn and Clark (1969), at the animal level.  The absolute 

correlation was used due to blood velocity decreasing as embolic particles increase and time of arrival 

increasing as embolic particles increase. For all tests a p-value less than 0.05 was considered statistically 

significant. All statistical analyses were done using R (V 3.6.1). 
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4.3  Results 

 
4.3 .1  Pre- and Post- Embolization 

 
The pre- embolization average normalized MR flow for 1st order (LH+RH+GDA) and 2nd order 

branches (LL+LM+RL+RM+GDA), when being normalized to the 0th order branch (CHA), resulted in 

similar conservations of flow (1.11±0.35 and 0.92±0.3), respectively. The average hepatic flow values for  

each branch can be seen in Figure 4-5. The standard deviation of MR normalized flow values ranged from 

30.5% in low order branches to 92.1% in high order branches. Velocity reductions were seen in the CHA 

for both the 4D Flow MRI and doppler wire measurements, with greater reductions occurring for sub-

stasis embolization. Residual flow in the embolized vessel from the 2nd swine (RH), allowed for post-

velocity percent reductions to calculated at 46.7% for MRI and 46.1% for doppler wire, as seen in Figure 

4-6. qDSA relative hepatic arterial blood velocities for hepatic lobes that were embolized to sub-stasis 

angiographic endpoints had statistically significant larger reductions (p < 0.01) than the partial-stasis 

endpoints. A visual inspection of 2D DSA images was used to determine sub-stasis and partial-stasis 

endpoints and an example can be seen in Figure 4-7. Lobes embolized to partial-stasis had an average 

reduction in relative blood velocity of 45.2%±5.1% (n=4) when compared to baseline velocities.  Lobes 

that were embolized to sub-stasis an average reduction in relative blood velocity of 22.4%%±12.2% (n = 

6) when compared to baseline velocities. All the relative velocity reductions for partial and sub sta sis are 

plotted in Figure 4-8. 
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Figure 4-5: The average flow, utilizing 4D Flow MRI, was computed for all the hepatic arteries. The 

conservation of flow was computed for the 1st order and 2nd order branches and compared to the common 

hepatic artery(CHA). Conservation of flow for the 1st order and 2nd order branches showed good 
agreement to the 0th (CHA) order branch.  CHA – common hepatic artery, LH – left hepatic artery,  RH – 

right hepatic artery, LL – left lateral artery, LM – left medial artery, RL – right lateral artery, RM – r ight 

medial artery, GDA – gastroduodenal.  

 
Figure 4-6: The percent blood velocity reductions for the common hepatic artery due to trans-arterial 

embolization are presented for both the MRI and US quantitative techniques. In the 2nd swine an 
embolization was completed to partial-stasis which allowed for the percent velocity reductions in the 

embolized vessel to be quantified. The average variation between MRI and US doppler wire reductions 

was less than 10%. 
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Figure 4-7: A representative 2D DSA image for pre- embolization (A), partial-stasis (B), and sub-stasis 

(C) is presented for a single swine case. The embolic particles were delivered in the left hepatic artery 

indicated by the arrow in (A). The affected region is bound by the white circle displayed on the partial -  

and sub- stasis images. A splotchy parenchyma pattern developed for the partial-stasis and little to no 
contrast reached the parenchymal region for the sub-stasis regions. 

 

 
Figure 4-8: Post-embolization relative qDSA blood velocities were computed and grouped by partial or  
sub stasis. The determination of partial or sub stasis was completed through the visual inspection of the 

final 2D DSA images. There was a statistically significant reduction in relative blood velocity when 

comparing partial-stasis to sub-statis. (Figure courtesy Sarvesh Periyasamy) 
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4.3 .2  Intra-procedural Embolization 

 
In all the incremental embolizations, there was a negative linear relationship between the re lative qDSA 

blood velocities and the volume of embolic particles delivered. For the commercially available ccDSA 

technique, there was a positive linear relationship seen in five cases when comparing the ccDSA time -to-

peak (TTP) and the volume of embolic particles delivered, with the final two cases consisting of a 

negative slope. The linear fit parameters, correlation, MSE, and R2, were compared between the relative 

qDSA blood velocities and ccDSA techniques. All fit parameters are reported for both qDSA and ccDSA 

in Table 4-2. The average correlation was -0.858 for qDSA and 0.359 for ccDSA. The correlation 

between qDSA and embolization was significantly greater than the correlation between ccDSA and 

embolization for animals 1 (p < 0.05), 3 (p < 0.05), 6 (p < 0.001) and 7 (p < 0.05). The average MSE  for 

qDSA was 0.22, which was significantly smaller (p < 0.01) than the MSE for ccDSA, 0.62. The average 

R2 for qDSA (0.75) was significantly larger (p < 0.01) than the R2 for ccDSA (0.30). A representative 

incremental embolization from Animal 1 is presented in Figure 4-9. 

Animal 
Correlation Mean Squared Error R2 

qDSA ccDSA qDSA ccDSA qDSA ccDSA 

1 -0.96 0.70 0.08 0.46 0.92 0.49 

2 -0.60 0.42 0.61 0.78 0.36 0.18 

3 -0.87 -0.14 0.20 0.82 0.76 0.02 

4 -0.85 0.59 0.23 0.55 0.72 0.34 

5 -0.80 0.50 0.33 0.62 0.64 0.25 

6 -0.98 -0.38 0.03 0.76 0.97 0.14 

7 -0.94 0.82 0.10 0.28 0.89 0.68 

Table 4-2: The fit parameters for all incremental embolizations are given for the quantitative DSA 
(qDSA) and color-coded DSA (ccDSA) techniques when compared to embolic particles delivered. The 

correlation, means squared error, and coefficient of determination (R2) were used to investigate if a 

connection between a quantitative metric (relative blood velocity, time-to-peak) and embolic particle 

delivery could be made. Overall, the qDSA technique resulted in higher correlation coefficients,  a lower 

mean square error, and a coefficient of determination closer to one. 
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Figure 4-9: Relative velocity (qDSA) and TTP (ccDSA) reduction-embolization curves from an 

incremental embolization performed in the left medial hepatic artery in a porcine model. The three DSA 

images represent baseline (1), partial stasis (2), and sub-stasis (3) with the vessel of interest being color -
coded with relative blood velocity percentage. A negative correlation is seen between the relative qDSA 

blood velocities and embolic particles delivered. There positive correlation between ccDSA calculated 

TTP and embolic particles delivered. The shaded regions represent the 95% confidence intervals for  the 

fit estimations.  

 

4.4  Discussion 

 

 The efficacy of trans-arterial liver embolization depends on achieving the appropriate degree of  stasis in 

the target vasculature and tumor. Through the application of quantitative angiographic imaging, it may be 

possible to provide insight about the optimal procedural endpoints and evaluate the current subjective 
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endpoint techniques. Sub-stasis and partial-stasis endpoints have been used to provide favorable outcomes 

for patients undergoing TAE procedures(96). This work showed the feasibility of using 4D flow MRI, US 

doppler wire, and qDSA techniques for the evaluation of TAE procedures. These techniques were applied 

to pre-, post-, and intra- procedural time points, allowing for a complete overview of how quantitative 

blood velocity values could be applied to TAE procedures.  

  Embolizations performed to a greater degree of stasis, determined by visual inspection of 2D 

DSA, had a larger reduction in relative blood velocity as shown by 4D flow MRI, US doppler  wire,  and 

qDSA methods. For the embolizations performed in an incremental fashion, all vessels of interest 

exhibited a moderate-to-strong linear decreases in relative blood velocity, when computed with the 

proposed qDSA technique. The linear relationship between relative blood velocity reduction on qDSA 

and degree of embolization could play a critical role for determining the correct level of stasis for TAE. In 

addition, the technique could provide information to clinicians, during a procedure, about how many 

additional embolic particles should be delivered. qDSA may facilitate achieving standardized, 

reproducible, and objective endpoints during liver embolization given these results. The MR and US 

methods are viable techniques to assess the current subjective endpoints of TAE. Both methods showed 

quantitative reductions related to embolic procedures, with 4D flow providing the additional capability to 

assess vasculature changes in non-target organs.   

  In a controlled setting, qDSA demonstrated a stronger correlation with the degree of 

embolization than a commercially available color-coded technique (ccDSA). Techniques such as ccDSA,  

which utilized time-to-peak TTP, are more susceptible to variations in imaging parameters due to the 

limited spatial sampling(14,79,80). Variations in vessel morphology and catheter position may have 

contributed to the higher inter- and intra-procedural variability observed in the ccDSA calculations. 

Additionally, image artifacts caused by respiratory motion can introduce errors in TTP calculations, 

which can be lessened in the qDSA technique through spatial and temporal averaging. ccDSA was able to 

show consistent increases in TTP when viewing pre- and post- calculations but had a high degree of 
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variability for measurements computed during a procedure. The qDSA technique was able to provide 

relative blood velocities for all swine cases. The combination computing a spatially averaged blood 

velocity and utilizing temporal segmentation, allowed for outlier removal and the ability to avoid artifacts 

from motion. In all cases breatholds were used to reduce majority of the respiratory motion but some 

cardiac motion still remained in the images.  

 Attempts have been made to develop objective embolization endpoints using volumetric 

imaging techniques. MRI and CT techniques have been applied to pre-, post-, and intra-aterial 

perfusion(98,104,105), but are limited by procedural complexity and minimal peri-procedural assessment. 

4D-DSA techniques have been recently shown to be feasible in the assessment of hepatic arterial blood 

velocities (72), which may allow for the quantification of velocities pre- and post- TAE. Standardization 

of this technique is still needed to allow widespread application. The addition of a 4D flow MRI could be 

applied with relative ease for pre- and post- procedural imaging as commercial software and scans are 

available through most major vendors. The 2D qDSA technique described is still investigative but could 

be easily translated to intra-procedural clinical workflows given minor modification to image acquisition 

parameters may be needed. A thorough investigation into reducing the patient dose and contrast load 

while maintaining quantitative abilities would be needed prior to clinical application. The software used 

for post-processing could be further optimized and adapted for clinical workstations to allow for quick 

computations and wider availability. 

4.4 .1  Limitations  

This study had several limitations. First, TAE was performed in livers of non-tumor bearing swine, which 

approximates the hemodynamics of a human liver with HCC but would be altered when transitioned to a 

human model. The MRI spatial resolution allowed for majority of larger vessels to be captured but if 

smaller vessels are desired additional scan time would be needed, which could lead to non-feasible 

clinical scan times. The US system used for in vivo blood velocity measurements required manual 

manipulation of the wire to find optimal signal waveforms. The most consistent measurements were 
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found near the catheter tip, but additional studies would be needed to further investigate optimal wire 

locations. The qDSA method has technical limitations. The calculations presented were relative blood 

velocity rather than an absolute blood velocity as the magnification of the vessel due to 2D imaging was 

not considered. Additionally, a typical parameter used for in vivo imaging is blood flow instead blood 

velocity, which is what qDSA currently calculates. There is potential to use the vessel diameters seen in 

the 2D images to approximate cross-sectional areas, but this would require assumptions of spatial vessel 

information and require additional validations. Even without calculating the flow this study indicate that 

relative blood velocity changes could potentially be a surrogate for flow in the vessels we investigated. 

This may be due to the limited changes in vessel diameter seen along a vessel segment and the minimal 

changes in artery size throughout a TAE procedure. The shifted-least squares approach used in qDSA 

relies on adequate sampling in both the time and spatial domains which can be limited by the presence of  

short vessel sections or high blood velocities. With the addition of each aliquot of embolic particles,  the 

contrast pulsatility seemed to diminish due to turbulent and retrograde flow, causing very low velocities 

in the presence of sub-stasis to become less robust. The qDSA method, however, was able to resolve a 

range of velocities that would be regularly encountered during interventions. Further work is necessary to 

resolve velocities at maximal and minimal flow states. 

4.5  Conclusion 

In conclusion, quantitative angiographic imaging techniques, 4D flow MRI, ultrasound, and qDSA, were 

able to quantify velocity reductions pre-, post-, and during liver embolization in a porcine model. The 

intra-procedural relative blood velocity reductions, calculated with qDSA, were found to be linear and 

correlated with visual assessment of sub-stasis and partial-stasis endpoints. Further work is needed to 

correlate changes in velocity from quantitative angiographic techniques with tissue-level response. This 

work highlights the potential benefits of having quantitative blood velocity metrics available pre - ,  post-  

and during TAE. 

 



67 

 

Chapter 5: Automated Post-Processing of Cranial 4D Flow 

MRI 

5.1  Introduction 

 

5.1 .1  4D Flow Applications 

 

Time-resolved, 3D phase contrast imaging with three-directional velocity encoding, often referred to as 

4D flow MRI, allows for the non-invasive in vivo acquisition of dynamic, volumetric velocity vector 

fields. This data can be used to visualize angiograms and blood flow patterns via streamlines, as well as 

retrospectively analyzed for hemodynamics of any vessel within the imaging volume(13). Among other 

applications, 4D flow MRI has shown promise in evaluating, diagnosing, and characterizing a wide range 

of intracranial disease processes including aneurysms(106,107), arteriovenous malformations(108), dural 

arteriovenous fistulas(109), Alzheimer’s Disease(110), venous drainage(111), and functional 

challenges(112). 

The demands for spatial resolution are particularly high for the capture of the small and torturous 

cranial vasculature, especially when compared to the most commonly imaged vessel with 4D Flo w MRI,  

the aorta(113).  A well-suited approach for the demands of cranial imaging is the use of a radially-

undersampled 4D flow MRI trajectory, termed PC-VIPR(50,51) (Phase Contrast Vastly-Undersampled 

Isotropic Projection Reconstruction). The radial sampling scheme offers several advantages over 

Cartesian acquisitions including: preserved spatial resolution while undersampling for scan time 

reductions, improved robustness to motion artifacts by oversampling central k-space(42), favorable noise 

properties for parallel imaging and regularized reconstructions(48), and flexible retrospective gating 

schemes(114). Advanced reconstruction methods have also been used to further accelerate imaging or  to 

increase data fidelity(115).  
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5.1 .2  4D Flow Post-Processing 

 
Despite great advances in 4D Flow MRI acquisition and reconstruction, efficient and repeatable post-

processing methods for cranial 4D flow MRI datasets remain a challenge. The high dimensionality of  the 

reconstructed datasets (1 temporal, 3 spatial dimensions, and 3 velocity directions) and the complexity of  

the brain vasculature which often requires the simultaneous analysis of numerous vessels and can lead to 

prohibitively long post-processing times. Typical processing steps usually require manual vessel 

segmentation and manual placement of double-oblique tangent planes for hemodynamic analysis, 

approaches that are impractical when analyzing numerous vessels across a large number of datasets. User-

dependent manual segmentation and plane placement also reduce the reproducibility of 4D flow MRI-

derived hemodynamic parameters. Recently, a centerline processing scheme(CPS)(116) based analysis 

platform has been inroduced, which automatically segments the cranial vasculature and positions tangent 

planes along all vessel centerlines. This approach improved 4D flow intracranial post-processing times 

and robustness over manual analysis, enabling streamlined and reproducible processing in larger patient 

cohorts(110). However, limitations still exist in accurately selecting vessels due to the wide range of 

vessel sizes, tortuosity, and velocities present in the brain. Additionally, the segmentation techniques 

applied could be further improved upon due to the limitations of clustering techniques(117).  

5.1 .3  Study Motivation 

 
Here we introduce a novel quantitative analysis tool (QVT), a post-processing analysis platform that 

further optimizes and advances the previously-established CPS to improve usability and repeatability of  

cranial 4D flow MRI analyses. Specifically, we (1) develop a novel, sliding threshold segmentation 

method optimized for cranial in-vivo imaging, (2) improve efficiency of vessel centerline generation,  (3) 

create an interactive, 3D user-interface that allows for intuitive vessel selection and color map 

visualization of hemodynamic metrics (flow, area, etc.), and (4) reduce memory and storage requirements. 

These improvements allow for rapid, robust, and repeatable cranial 4D flow analyses while providing 
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users with an intuitive and user-friendly platform to visualize hemodynamic parameters across complex 

vascular networks. 

5.2  Methods 

5.2 .1  Processing Scheme 

 
All 4D Flow MRI data were acquired with a radially undersampled trajectory, PC VIPR(50,51). For each 

cardiac phase, 4 datasets were reconstructed offline: all three velocity directions and the magnitude 

averaged from all velocity encoded acquisitions. We utilize PC-VIPR in combination with parallel 

imaging acceleration techniques(47) to reduce scan times while preserving spatial and temporal 

resolution. The reconstruction pipeline included: PILS(47) (Parallel Imaging with Localized Sensitivities) 

reconstruction to reduce the spread of under sampling artifacts, Maxwell term phase offsets 

corrections(118), 4D Laplacian unwrapping to automatically correct  for aliased voxels(119), and an 

automated 3rd-order polynomial background phase correction for eddy current phase offsets(120,121). 

An angiogram was generated in the QVT by means of  a novel sliding threshold algorithm 

applied to the time-averaged complex difference (CD) dataset(122). The CD dataset was normalized to a 

dynamic range from 0 to 1. Subsequently, the upper threshold for inclusion in the PC angiogram was 

varied from 0 (all voxels included) to 1 (only the voxel with the highest signal intensity included) in 

increments of 0.001 to record the number of voxels in the imaging volume below the varying threshold. 

This distribution was smoothed for noise reduction and the point of its maximum curvature was chosen as 

a global threshold. This threshold value was found to consistently preserve the vessel angiogram 

minimizing the inclusion of background voxels even in relatively high-noise datasets. 

A vessel skeleton was created by use of a homotopic thinning algorithm(123) on the binary 3D 

global threshold angiogram, thereby, creating vessel centerlines with 1 voxel diameters. Dilation and 

thinning algorithms were used to automatically connect broken centerline segments and remove vessel 

spurs prior to vessel labeling. The QVT identified vessel endpoints and junctions, facilitating automated 

unique labels for each vessel branch. All branches were spatially smoothed using 3D spline interpolation 
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to improve orthogonal plane generation. A tangent vector, created using neighboring centerline points, 

was used to automatically generate orthogonal vessel planes for all centerline locations. A 13.8x13.8 mm 

plane (20x20 pixels) was used to ensure the large range of arterial and venous cranial vessel diameters 

were consistently encompassed while minimizing extravascular background signal. Vessel cross-sections 

were segmented using the sliding threshold method as discussed previously. However, for improved local 

segmentation, 2D input images were generated from a weighted sum of the complex-difference, velocity,  

and magnitude data. The local threshold was found at the point of maximum curvature from the 

distribution of weighted 2D vessel area as a function of threshold value.  

With knowledge of the vessel boundaries in each analysis plane using the sliding threshold, vessel area 

and hemodynamic parameters, including mean and maximum velocity over the cardiac cycle, total 

volumetric flow rate, vessel area, pulsatility index(124), and resistivity index(125), were automatically 

calculated for all vessel segments and centerline points.. Total volumetric flow rates were defined as the 

mean velocity over the cardiac cycle multiplied by the time-averaged cross-sectional vessel area. To 

reduce noise in calculated parameters, quantitative values from the current and 2 proximal and 2 distal 

analysis planes were averaged.  
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Figure 5-1: A) Coronal view of cranial arterial vascular anatomy B) Sagittal view of cranial arterial (red) 

and venous (blue) vascular anatomy. C) Quantitative velocity tool (QVT) display for automated vascular  

segmentation and color-coded centerline generation for interactive 3D vessel selection D) QVT control 
window that updates local segmentations and flow profiles as ROI is moved with options to adjust 

visualizations and save data.  

 

Once all previously mentioned processes (angiogram generation, centerline generation, vessel 

labeling, cross-sectional segmentation, and hemodynamic parameter calculation) are automatically 

completed, the data is stored and loaded in the QVT graphical user interface (GUI) as shown in Figure 5-

1. An interactive 3D interface is used to display the global angiogram and vessel centerlines, allowing the 

user to rotate, zoom, and pan the angiogram, and interactively select vessels (Figure 5-1A). To display 

quantitative parameters, vessel centerlines are color-coded with a hemodynamic parameter of choice 

(Figure 5-2). Global angiograms can be displayed superimposed on the vessel centerlines and visualized 

with varying degrees of transparency. Upon selecting a centerline point of interest from the 3D interface,  

2D orthogonal images of the time-averaged magnitude, complex difference, through-plane velocity, and 

vessel segmentation mask, along with the flow over the cardiac cycle, are automatically updated in the 
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QVT GUI control window (Figure 5-1B). The QVT GUI control window allows the user to visually 

inspect the data and check image quality at the selected point prior to labeling and saving results. 

Additionally, a compressed MATLAB structure file containing all relevant data required to run the QVT 

is automatically saved to allow for fast reloading of 4D flow studies. A flow chart describing the post 

processing steps used to complete data reconstruction, analysis, and visualization can be seen in Figure 5-

3. 

   

 
Figure 5-2: Color coded centerline displays for automatically computed hemodynamic parameters of area 
(A), flow (B), mean velocity (C), and pulsatility index (D). These displays allow the user to view a 

complex vascular network in a single image and visualize both local and global hemodynamic changes.  

 

Optimal weighting coefficients, for the summed 2D cross-sectional vessel images, were 

determined by minimizing the differences between calculated vessel areas and manually segmented areas 

for 645 in vivo vessel locations from a total of 10 healthy subjects. The vessels used for this optimization 

consisted of both arterial and venous locations with a wide range of vessel sizes and velocities.  Once the 

weighting was determined, these weights were used for segmentation in both the in vitro and in vivo 

studies. Optimization of the in vitro weights was not completed as it would be phantom dependent and 
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result in an unrealistically high magnitude weighting due to the silicon the background.      

The quantitative velocity tool (QVT) was implemented in MATLAB 2018b (MathWorks, Natick,  

MA, USA) improving upon a previously established CPS(116). To assess workstation requirements, QVT 

analysis was completed independently with two desktop computer systems running Windows 10: (1) Dell 

Precision 5820 Tower, Intel Xeon W-2123 3.60 GHz CPU, 32 GB RAM and a (2) Dell Optiplex 9020, 

Intel Core i7-4770 3.40 GHz CPU, 16 GB RAM.  

                               
 

Figure 5-3: Flowchart describing the reconstruction pipeline, QVT pre-processing, and QVT display 

functionality. * Time-resolved and time-averaged datasets are produced via cardiac- and respiratory-

gating. QVT – quantitative velocity tool, PILS - Parallel imaging with localized sensitivities, GUI – 
Graphical User Interface. [Flow chart courtesy of Grant Roberts] 
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5.2 .2  In Vitro Validation 

 
In vitro validation of the QVT was performed in a silicon-based arterial cranial flow phantom (Model 

H+N-R-A-002+, Shelley Medical Imaging Technologies, London, ON, Canada) to assess the 

quantification of area and flow in a controlled environment. A pulsatile displacement pump (Model PD-

1100 BDC Laboratories, Wheat Ridge, CO, USA) was connected via distensible PVC tubing to the 

cranial flow phantom to form a closed loop system free of air. A pulsatile flow profile mimicking arterial 

blood flow, was produced at the pump outlet and maintained at a rate of 60 beats per minute. The fluid 

used for the experiment was gadolinium-doped water with 2 ml MultiHance (gadobenate d imeglumine) 

for 3 L of water. The dose was chosen to mimic clinical contrast concentration used in a 70 kg patient at 

0.2 mmol/kg. Pulsatile waveforms were generated at five physiologically-realistic input flow rates (0.8, 

0.9, 1.0, 1.1, and 1.2 L/min). Prior to MR imaging, a 0.25-inch non-intrusive ultrasonic flow sensor (PXL 

Clamp-On Flowsensor Transonic Systems Inc., Ithaca, NY, USA) was used to measure flow rates at the 

phantom’s inlet and six outlets to ensure equal distribution of flow throughout the phantom.  During 4D 

flow acquisitions, a 0.75-inch non-intrusive ultrasonic flow sensor (PXL Clamp-On Flowsensor 

Transonic Systems Inc., Ithaca, NY, USA) was placed at the pump outlet, well before the phantom input, 

to record and validate input flow rates. 

A total of seven 4D flow scans were acquired from five flow rates, including two repeat scans 

performed at 1.0 L/min. 4D flow MRI was performed using a 3D radially-undersampled sequence (PC-

VIPR(50,51)). Complete volumetric coverage of the cranial phantom was acquired with the following 

imaging parameters: TR/TE = 7.7/2.6 ms; tip angle = 8˚; number of projections = 11,000; reconstruction 

matrix= 320x320x320; acquired isotropic resolution = 0.69 mm3; imaging volume = 22x22x16 cm3; scan 

time = 5:40 min; encoding scheme = 4-point referenced; 3D golden angle sampling scheme. For all f low 

rates, velocity encoding sensitivity (VENC) was maintained at 80 cm/s. These parameters were chosen to be 

consistent with a currently used clinical 4D flow cranial protocol. Cardiac gating was recorded using an 
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MRI-compatible MR Finger (Shelley Medical Imaging Technologies, London, ON, Canada) that 

simulated the ECG waveform output directly from the flow pump. Cardiac time frames were binned 

retrospectively using our custom reconstruction pipeline based on the ECG signal. All MR scans were 

acquired on a clinical 3T Discovery 750 system (GE Healthcare, Waukesha, WI, USA) with a 32-channel 

head coil.  

QVT was used for the assessment of all quantitative parameters derived from the acquired 4D flow 

MRI scans. Two segmentation methods, a k-means(126) (using the CPS(116)) and the sliding threshold 

approach (using the QVT), were evaluated for the analysis of area. Areas derived from these two 

segmentation methods were compared to CT-calculated areas, using CT areas as the reference standard. A 

high-resolution, 3D cone-beam CT of the phantom was obtained with a Siemens Artis zee biplane system 

using a Syngo DynaCT reconstruction (Siemens Healthineers, Forcheim, Germany). The scan parameters 

for the CT included: acquisition matrix = 512x512; resolution = 0.38 mm2; number of slices = 488; slice 

thickness = 0.38 mm; field of view = 19.3x19.3x18 cm3. Sufficient contrast existed between the 

surrounding silicon material and the air-filled vessels nullifying the need for iodinated contrast agents and 

avoiding potential air bubbles. Global thresholding followed by a manual segmentation was used to create 

the CT angiogram mask using Mimics software (Materialize, Brussels, Belgium). The CT angiogram was 

registered to the MR coordinate system in MATLAB 2018b using an intensity-based, regular-step 

gradient descent registration using mutual information as a similarity metric. For all scans, 29 vessel 

locations were selected and k-means (CPS) and sliding threshold (QVT) segmented areas were compared 

to the CT reference area for a total of 203 pairs of points (7 scans * 29 vessel locations). Vessel locations 

and the CT angiogram can be seen in Figure 5-4. A flow comparison between QVT-derived flow 

measures and a 0.75-inch ultrasonic flow sensor was completed, using the ultrasonic flow as the reference 

standard. The 4D flow MRI contained multiple inlets to replicate the cranial anatomy while the ultrasonic 

flow probe could only be used on the pump outlet. Thus, to compare flow values, the sum of flow from 3 

vessels near the phantom inlet (shown in Figure 5-4) was compared against ultrasonic flow measures. 
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       Figure 5-4: Left: Realistic cranial arterial model used for the for the phantom studies.  Righ t: A CT 

angiogram used for the reference area measurements and to display locations for the area and flow 

calculations.  
 

5.2 .3  In Vivo Validation 

 
In vivo validation of the QVT was performed on 10 healthy subjects (females: 8, mean age: 56.4 years,  

age range: 48-67 years) after informed patient consent and Institutional Review Board (IRB) approval. 

PC-VIPR scans were acquired on all subjects with the same magnet, coils, and scan parameters as the in 

vitro studies. Data reconstruction and corrections were kept consistent between in vitro and in vivo 

studies. QVT was used for the evaluation of area and flow parameters from the acquired 4D flow MRI 

scans. An area evaluation was completed with the two segmentation methods previously presented for the 

CPS (k-mean) and QVT (sliding threshold) methods. Both automatic segmentation methods were 

compared to ground-truth manually segmented vessels from arterial and venous vessel locations.  A total 

of 13 vessel locations were selected from each patient: internal carotid arteries (ICA, 4 planes), basilar 

artery (1 plane), middle cerebral arteries (MCA, 2 planes), posterior cerebral arteries (PCA, 2 planes), 

straight sinus (SS, 1 plane), superior sagittal sinus (SSS, 1 plane),  and transverse sinuses (TS, 2 planes). A 

total of 5 orthogonal planes were extracted from each location giving a total of 650 possible pairs of 

points. Quantitative segmentation comparisons were completed between the automatic and the manual 
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methods. Locations with a high degree of difficulty for accurate segmentation (tortuous vessels, slow 

velocities, multiple close vessels) were additionally selected for qualitative comparisons between the 

automatic CPS and QVT segmentation methods. 

In vivo validation of QVT flow measurements was completed by assessing conservation of flow at 

junctions and along vessel segments using acquired 4D flow MRI data. A total of three arterial and 

venous vessel junctions were analyzed for each patient: ICA (arterial inlet), MCA (arterial outlet), and 

anterior cerebral artery (arterial outlet) for both the left and right sides; SSS (venous inlet) , SS (venous 

inlet), and left and right TS (venous outlets). Flow along a vessel was measured at every 5 t h  point along 

the vessel centerline for three vessels: left ICA, right ICA, and SSS. Flow values used in the analysis of  

conservation of flow along a vessel were normalized by the mean and converted to a percentage from the 

mean. This was completed to allow quantitative flow values from different ranges and magnitudes to be 

compared equally. For all flow analyses, flow from the 4 neighboring planes (surrounding the current 

point) and the current point were averaged. 

A comparison of vessel selection and post-processing times was performed by 2 researchers with 

over 3-years of experience in MR flow image processing using 16GB and 32GB RAM computers, 

respectively. Vessel selection and post-processing times were compared between the CPS and QVT 

methods for the 13 in vivo vessel locations previously mentioned. If the vessel of interest was not present 

or selectable, the vessel was recorded as missing. Interobserver repeatability was assessed using measures 

of mean flow, acquired with the QVT method, at all vessel locations for each subject. Vessels that were 

not selectable were excluded from the interobserver analysis. Post-processing times for angiogram 

generation, data loading, quantitative vessel selection, and total case analysis were measured with both 

computers and both post-processing methods.  

 

 



78 

 

5.2 .4  Statistical Analysis 

 
To assess the accuracy of 4D flow MR relative to reference standards in an arterial cranial phantom, 

linear regression was used for the following comparisons: (1) CPS segmented vessel areas vs.  CT areas,  

(2) QVT segmented vessel area vs. CT areas, and (3) QVT flow vs. ultrasound flow. To assess the 

accuracy of 4D flow MR in vivo, linear regression was used for the following comparisons: (1) CPS areas 

vs. manually segmented areas, (2) QVT areas vs. manually segmented areas, and (3) QVT flow at 

junction inlets vs. QVT flow at junction outlets.  Associated model p-values, 95% confidence intervals 

(CI) and Pearson’s correlation coefficient (r) were calculated for each linear regression model. 

Conservation of flow along a vessel was assessed by fitting the percent flow variation for all vessels to a 

gaussian curve using a minimum variance unbiased estimator and providing the 95% CI for the estimated 

parameters (mean and standard deviation). To analyze segmentation performance in vivo, an average 

Dice coefficient was computed between k-means (CPS) and sliding threshold (QVT) segmentations 

relative to ground-truth manual segmentations. Interobserver repeatability for flow measurements with the 

QVT method were calculated using a Bland-Altman analysis(127). Paired t-tests were used to compare 

post-processing times between the 16GB and 32GB RAM computers and the CPS and QVT post-

processing methods. For this study, a p-value < 0.05 was considered statistically significant. All statistical 

analyses were done using MATLAB 2018b. 

5.3  Results 
 

4D flow reconstructions, including additional data corrections, were completed automatically in 

approximately 1 hour. All ECG gating files used for accurately binning the time-resolved data did not 

contain significant variations in heart rates. Visual inspection of local cross-sectional planes used for 

analysis, both in vitro and in vivo, showed no visible aliasing artifacts and included all  relevant 

vasculature. All reconstructed data was automatically post-processed and analyzed successfully with the 

QVT. Optimized weighting values for the weighted sum cross-sectional plane, generated from the 

complex-difference, velocity, and magnitude data, were 0.6, 0.2, and 0.2, respectively. These weights 
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were used for both the in vivo and in vitro experiments.  

5.3 .1  In Vitro Validation 

 
The pulsatile pump’s average flow rates were measured at the pump outlet, during the 4D Flow scans, and 

ranged from 0.82 – 1.21 L/min, which were within the desired physiologically blood flow limits. Pulsatile 

flow was visible in both the ultrasound probe measurements and throughout the phantom vasculature as 

visualized by the QVT. Linear regression between k-means (CPS) and CT-segmented areas was 

calculated and plotted. The resulting linear regression equation was:  ACPS = 0.71*ACT + 4.35 (in units  

of mm2), where ACPS is the automatic k-means segmented area and ACT is the manual CT segmented 

area. The 95% CIs for the slope and intercept were [0.68,0.74] and [3.93, 4.77], respectively. Linear 

regression between sliding threshold (QVT) and CT segmented areas was calculated and plotted. The 

resulting linear regression equation was:  AQVT = 1.03*ACT + 3.51 (in units of mm2), where  AQVT is 

the automatic sliding threshold segmented area. The 95% CIs for the slope and intercept were [0.99,1.07] 

and [2.91, 4.11], respectively. A very strong correlation between the variables was observed for both the 

CPS and QVT segmentation methods (CPS: r = 0.95, p<0.001; QVT: r = 0.95, p<0.001). Linear 

regression between QVT-derived flow and ultrasound flow was calculated and plotted. The resulting 

linear regression equation was:  FQVT = 0.98*FUS + 0.05 (in units of L/min), where FQVT is the QVT 

4D MR flow and FUS is the ultrasound flow measured at the pump outlet. The 95% CIs for the slope and 

intercept were [0.74,1.22] and [-0.20, 0.29], respectively. A very strong correlation between the variables 

was observed for quantitative flow (r = 0.96, p<0.001). Linear regression plots for all in vitro 

comparisons are shown in Figure 5-5. 
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Figure 5-5: Linear regression for the segmentation techniques used in the centerline processing scheme 

(CPS) and the quantitative velocity tool (QVT) are displayed in A) and B) for the phantom experiments.  

Both techniques were highly correlated to areas calculated from a high-resolution CT with the QVT 
method giving a slope closer to unity. Linear regression of the QVT flow and the ultrasonic flow probe C) 

showed a strong correlation with a slope near unity for the phantom experiments.  

 

5.3 .2  In Vivo Validation 

 
Linear regression between k-means (CPS) and manually segmented cross-sectional areas from the 4D 

flow MRI was calculated and plotted. The resulting linear regression equation was: ACPS = 0.61*AMA N  + 

0.38 (in units of mm2), where ACPS is the automatic k-means segmented area and AMAN is the manual 

segmented 4D flow MRI area. The 95% CIs for the slope and intercept were [0.60,0.63] and [0.08,0.68], 

respectively. Linear regression between sliding threshold (QVT) and manually segmented cross-sectional 

areas from the 4D flow MRI was calculated and plotted. The resulting linear regression equation was:  

AQVT = 0.93*AMAN – 0.00, (in units of mm2), where AQVT is the automatic sliding threshold segmented 
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area. The 95% CIs for the slope and intercept were [0.92,0.95] and [-0.44, 0.43], respectively. A very 

strong correlation between the variables was observed for both the CPS and QVT segmentation methods 

(CPS r = 0.96, p<0.001; QVT r = 0.96, p<0.001). Linear regression between the inlet and outlet flow from 

vessel junctions was calculated and plotted. The resulting linear regression equation was:  FIN = 

1.05*FOUT  – 0.21 (in units of mL/s), where FIN is the total QVT inlet flow and FOUT is the total QVT 

outlet flow. The 95% CIs for the slope and intercept were [0.98,1.13] and [-0.68, 0.26], respectively.  A 

very strong correlation between the inlet and outlet flow was observed (r = 0.98, p<0.001).  Flow values 

along a vessel were converted to a percentage from the mean and plotted in a histogram to assess 

variation of flow along single vessel segments. The histogram gaussian curve fit resulted in a mean and 

standard deviation of 9.33e-16 [95% CI: -0.35,0.35] and 3.05% [95% CI: 2.82,3.31], respectively. Linear 

regression and histogram plots for in vivo area and flow comparisons can be viewed in Figure 5-6.  
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Figure 5-6: Linear regression for the segmentation techniques used in the centerline processing scheme 

(CPS) and the quantitative velocity tool (QVT) are displayed in A) and B) for the in vivo experiments. 

Both techniques were highly correlated to areas manually segmented from the acquired 4D flow data sets 

with the QVT method giving a slope closer to unity. Linear regression of the conservation of flow at 

junctions C), using the QVT method, showed a strong correlation with a slope near unity for  the in vivo 
scans. The normalized percent variation of flow along a vessel D) resulted in a gaussian distribution with 

a mean of 9.33e-16 and a standard deviation of 3.05.  

 

A total of 645 cut-planes (1 missing transverse sinus) were successfully segmented manually for 

comparison.  Dice coefficients were used to assess the similarity between automatic and manual 

segmentations. Average Dice coefficients for k-means (CPS) vs. manual segmentation and sliding 

threshold (QVT) vs. manual segmentation were 0.77±0.07 and 0.91±0.06, respectively. Several 

illustrative examples of the differences between the two segmentation methods are shown in Figure 5-7.  

The percentage of missed vessels from the desired 13 was 16.2% for the CPS and 3.8% for the QVT 

methods. Small vessels and vessels with slow flow, namely the MCA, PCA, and TS, accounted for the 
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majority of missed vessels. Bland-Altman analysis of interobserver repeatability for QVT flow 

quantification demonstrated a mean bias of 0.042 ml/s with 95% limits of agreement of [-0.37, 0.45] ml/s 

seen in Figure 5-8. Average post-processing times for angiogram generation, data loading, quantitative 

vessel selection, as well as total case analysis times, are given in Table 5-1 for both methods (CPS and 

QVT) and computers (16G and 32G RAM). All comparisons between post-processing times were found 

to be statistically significant except for angiogram generation (CPS: p = 0.53) and quantitative vessel 

selection between (CPS: p = 0.38; QVT: p = 0.15) the 16GB and 32GB computers, as seen in Figure 5-9. 



84 

 

 
Figure 5-7: Segmentations were completed for both methods, k-mean and sliding threshold, on the curve 

of an internal cerebral artery (top), in a transverse sinus (middle), and in an anterior cerebral artery 

(bottom). In all cases, the sliding threshold technique outperformed the k-mean segmentation. Arrows 

were placed in the images to indicate the potential sources of error related to slow flow or other vessels 
present in the region of interest.  
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Figure 5-8: Ten cranial cases were post processed using the quantitative velocity tool (QVT) by two 

independent users. A total of 13 vessels were desired for each patient and the resulting flow values were 
compared using a Bland-Altman analysis showing mean bias of 0.042 ml/s with 95% limits of agreement 

of [-0.37, 0.45] ml/s. 

 

 

Table 1: Post-Processing Times for CPS and QVT Methods 

 
Table 5-1: The centerline processing scheme (CPS) and quantitative velocity tool (QVT) were used for 

the analysis of ten 4D flow cranial scans. The post processing times were recorded for both techniques 
with machines of 16 GB and 32 GB RAM. A reduction in post processing times was seen when using the 

QVT method for angiogram generation, vessel selection, and total case times. The per plane column 

indicates on average the amount of time that was needed to select a vessel location, validate accurate 

segmentation, and check the pulsatiliy.  

 

 
 

 

Method 
RAM 
(GB) 

Angiogram 
(min) 

Load Data 
(min) 

Vessel Select 
(min) 

Total Case 
(min) 

Per Plane 
(min) 

CPS 16 0.80 ± 0.15 3.43 ± 0.21 14.8 ± 2.75 19.1 ± 2.76  1.14 ± 2.58 

CPS 32 0.82 ± 0.14 1.02 ± 0.18 15.6 ± 3.36 17.5 ± 3.36   1.20 ± 3.20 

QVT 16 0.24 ± 0.02 6.06 ± 0.54 5.28 ± 0.58 12.4 ± 0.79  0.41 ± 0.68  

QVT 32 0.20 ± 0.02 2.34 ± 0.42 4.71 ± 0.88  7.94 ± 0.98  0.36 ± 0.97 
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Figure 5-9: The post processing times for the centerline processing scheme (CPS) and the quantitative 

velocity tool (QVT) were compared for angiogram generation, loading data, vessel selection, and the total 

processing time. The QVT reduced the time needed to complete a cranial analysis of 13 vessel locati ons.  

An increase in loading time was due to additional corrective algorithms applied prior to vessel selection.  
 

5.4  Discussion 

 
This paper presents a quantitative velocity tool (QVT) that allows for automated quantitative analysis of  

hemodynamic parameters and easily interpreted 3D visualizations generated from cranial 4D flow MRI.  

The accuracy and repeatability of quantitative metrics derived from the QVT, specifically vessel area and 

flow, were validated both in vitro and in vivo. Additionally, this tool provides a unique, interactive 3D 

visualization tool that can simultaneously display anatomic and color-coded quantitative vascular 

information while also allowing a user to visualize data from cut-planes and flow profiles on a point -by-

point basis. Combined, these features allow for quick, repeatable, and robust analyses to investigate 

hemodynamic parameters throughout the brain, which would otherwise be difficult and time-consuming 

to perform using alternative post-processing software or flow-sensitive imaging techniques. Furthermore,  

the improvements in automated nature, accuracy, and time savings can help not only in the research 

settings, but also may make the application of 4D flow MRI more widely available in the clinical setting. 
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Quantitative 4D flow MRI-derived parameters, such as flow, average velocity, pulsatility index, 

and resistivity index, depend upon the accurate segmentation of vessel cross-sections. Previous studies 

have utilized automatic segmentation methods, including global thresholding(128), clustering(126) , and 

local thresholding(117) to help improve the repeatability and accuracy required for clinical use. In this 

paper, we presented a novel, sliding threshold segmentation methodology that provided accurate and 

efficient global segmentation (for centerline generation) and in-plane segmentation (for vessel area and 

flow analysis). While both k-means and sliding threshold segmentation techniques were highly correlated 

to reference standards for in vitro and in vivo studies, linear regression and Dice coefficients indicated 

that the sliding threshold technique (QVT) outperformed k-means clustering (CPS). The k-means 

segmentation consistently underestimated the area by ~30-40% while the sliding threshold method 

reduced this to less than 10%. Visual inspection of the segmentations revealed that the sliding threshold 

technique was better at preserving low velocities leading to a more accurate segmentation. These 

techniques could further be improved by increasing the input image dimensionality. While doing this 

would greatly increase the time and memory requirements for k-means clustering, there would be little to 

no changes for the sliding threshold technique.  

Intracranial blood flow is an important hemodynamic parameter in the assessment of many 

vascular diseases such as Alzheimer’s disease, aneurysms, and arteriovenous malformations(129–131). 

Doppler ultrasound can provide quantitative values but is limited by a small field of view, the cranial 

bone window, and operator dependence. Radiographic techniques such as computed tomography (CT) 

and digital subtraction angiography (DSA) provide excellent spatial resolution and qualitative flow 

information but require the use of radiation exposure and iodinated contrast agents. The application of 4D 

flow MRI allows for non-invasive quantitative analysis of blood flow while maintaining large volumetric 

coverage. We investigated the accuracy and internal consistency of blood flow for an in vitro and in vivo 

model. The QVT-derived flow values from 4D flow MRI showed strong correlation and agreement with  

ultrasonic flow probe measurements for in vitro studies. In vivo QVT analyses demonstrated that flow 
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was conserved both along vessel segments and at vessel junctions, signifying good internal consistency of 

QVT-derived flow measurements. This was performed in both in arterial and venous intracranial 

vasculature, providing a range of vessel sizes and flow rates for conservation of flow analysis.  

A major improvement made in the development of the QVT was the ability to visually assess and 

interact with 4D flow data. We designed an interactive 3D representation of a vessel angiogram with a 

superimposed centerline display, color-coded by the user-selected hemodynamic flow parameter of 

interest. This functionality allows users to easily switch between quantitative hemodynamic parameters of 

interest and quickly identify locations with potential flow variations. The combination of the angiogram 

and centerlines in a single display allows users to easily identify vascular regions and ensure accurate 

centerline generation. Upon the selection of a centerline point of interest, 2D orthogonal cut-planes of the 

magnitude, complex difference, through-plane velocity, and vessel segmentation mask, along with the 

flow over the cardiac cycle, are automatically displayed in the QVT control window. These visualizations 

can be used to ensure that accurate segmentations are performed and may assist in the identification of 

abnormal flow patterns. For every vascular region of interest analyzed, images of all QVT visualizations 

(including 3D display, time-averaged 2D cut-plane data, and flow profiles) are automatically captured and 

stored to allow for easy review of post-processed cases. Additionally, by automatically saving a 

compressed MATLAB structure file containing only relevant data needed to run the QVT, a user  has the 

capability to seamlessly reload cases within a matter of seconds.  

The QVT improved upon a previously presented CPS with technical and graphical developments 

that led to a significantly faster cranial post-processing tool. By automating post-processing steps, user 

interaction time is decreased and potential user-dependent errors can be mitigated. The QVT automates 

all post-processing steps required for cranial 4D flow MRI analysis except for vessel selection. This 

allowed us to automatically extract, compress, and store qualitative and quantitative hemodynamic 

information from a network of cranial vessels. By compressing 4D flow data, we have further reduced the 

memory and storage requirements needed for 4D flow MRI post-processing, allowing QVT to be 



89 

 

completed even on less powerful systems such as laptops which has not been previously possible. The 

development and implementation of the QVT have made the time required for accurate 4D flow post-

processing primarily limited by the number of vessels desired for analysis. We found that with QVT, 

vessel selection, segmentation and flow assessment, and data saving required approximately 25 seconds 

to complete. This drastically reduces the amount of time and resources required to post-process a cranial 

4D flow MRI, allowing for the possibility of larger studies to be conducted in the future.  

5.4 .1  Limitations 

 
A major limitation of this study is that the QVT relies on accurate global angiogram generation to 

automatically place cross-sectional planes. If the VENC is incorrectly prescribed or vessels of interest 

include abnormal flow ranges, such as in the presence of stenosis, aneurysms, and arteriovenous 

malformations, then the global segmentation could miss vessels. Our post-processing includes a 4D phase 

unwrapping technique(119) to help reduce the errors presented from VENC underestimation and improve 

the global angiogram. The addition of dual VENC 4D flow MRI scans(131) or manually segmented 

angiograms could also be applied at the cost of longer scan and post-processing times. Another limitation 

of this study is that ground truth measurements for area and flow could not be concurrently performed in 

vivo. Due to the fact that multimodality reference standards for vessel area and flow was not feasible in 

vivo, we performed an in vitro study and utilized internal consistency measurements in vivo to help 

alleviate this limitation. The QVT was designed specifically for the analysis of cranial 4D flow scans and 

has yet to be adapted for other regions of the body. This technique could aid in the analysis of abdominal 

vasculature but would need additional studies to investigate the effects of larger fields of view and 

motion. Post-processing with the QVT is currently limited to data from our institution’s research scan 

protocol and will need to be updated to accept clinically available 4D flow scans from multiple vendors to 

allow wide usage. In this case, the maintenance of QVT would require collaborations from multiple 

institutes and a centralized code repository.  
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5.5  Conclusion 

 
In conclusion, we have developed and validated a fully-automated QVT that allows for 3D visualization 

and quantification of cranial blood flow for 4D flow MRI. This technique improved upon an established 

CPS, further reducing post-processing times through the addition of an interactive 3D GUI, allowing for  

quick vessel selection and verification of quantitative blood flow parameters. Global and local vascular 

segmentation was improved through the application of a novel sliding threshold segmentation technique. 

The completely automated post-processing pipeline reduced the QVT computer memory and storage 

requirements, allowing cranial 4D flow MRI analysis to be completed with minimal resources and will 

also increase the repeatability of 4D flow MRI studies by reducing user-dependent errors. The QVT 

provides a means to investigate the impact of blood flow parameters on neurovascular diseases such as 

vascular dementia, AVM, and stroke, which may lead to improved treatment and patient outcomes.  
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Chapter 6: Preoperative 4D Flow Analysis of Renal Cell 
Carcinoma 

 
6.1  Introduction 

 

6.1 .1  Renal Cell Carcinoma 

 

Renal cell carcinoma (RCC) is the most common kidney cancer in adults, accounting for 90-95% of all 

renal tumors(132,133) and approximately 4.1% of all malignancies. It is the 8th leading cause of death in 

relation to cancer(134). In the United States, approximately 73,750 new cases and 14,830 deaths occur 

annually(134) due to RCC, with majority of occurrence in patients aged 50-70 years old(135) . With the 

increase of widespread imaging techniques including ultrasound, MRI, and CT, the detection rate of RCC 

incidence has increased(136) , allowing for RCC diagnoses at earlier stages and grades. This has led to an 

increase in 5 year survival rates for patients(137). Considering that RCC treatment has remained 

relatively unchanged, it is thought that this improvement in survival is directly related to the advancement 

of diagnostic imaging and earlier radiological diagnosis. 

6.1 .2  Treatment for RCC 

 

The treatment method for RCC is determined by the likelihood of a cure, which is directly related to the 

extent of tumor at the time of diagnosis(138). As would be expected, the patient outcomes for early-stage 

RCC is more favorable than late stage disease. Some of the current treatment options include surgery, 

active surveillance, thermal ablation, radiation therapy, and immunotherapy, with surgical resection being 

the only definite curative treatment. Due to this, the mainstay of therapy for RCC treatment is surgery. 

Radical nephrectomy is the most commonly performed surgical procedure which consists of excision of  

the entire kidney and additional surrounding tissues (perirenal fat, lymph nodes, adrenal glands, etc.). 

With the advancement of non-invasive imaging modalities, improved surgical techniques, and better 

perioperative patient management, nephron sparing surgery (NSS) has become a new alternative for RCC 
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treatment. An example of NSS (i.e. partial nephrectomy) is presented in Figure 1. Partial nephrectomy 

can be performed in an imperative or elective manner, such as in the presence of a solitary kidney or a 

small localized peripheral tumor. Initially, NSS was associated with an excessive morbidity rate, but more 

recent studies demonstrated long-term functional advantages of preserving unaffected renal 

parenchyma(139,140). As a more technically challenging operation then a radical nephrectomy, NSS 

must take into account intrarenal structures such as vasculature and the collecting systems(141,142). This 

increase in procedural complexity can be mitigated with accurate preoperative imaging provided by 

ultrasound, CT, and MR imaging techniques.  

6.1 .3  Imaging for RCC 

 

Preoperative imaging is important for correct staging of RCC and necessary in order to determine a sound 

surgical approach. For radical nephrectomy, following parameters are paramount: tumor size,  venous or  

lymphatic invasion, and extent of disease, including metastases (Figure 2). With growing interest in NSS 

and considering its technical difficulty, it is critical to further interrogate the orientation of the kidney for  

surgical approach, renal arteries and veins as well as arterial supply and location of the tumor with its 

proximity to the collecting ducts. Contrast-enhanced renal CT is the most commonly used imaging 

method and is considered the gold standard for RCC imaging(143). It has an excellent specificity and 

sensitivity allowing it to detect, stage, and guide surgical planning from a single scan(144,145). Although 

CT has become the preferred method of diagnosis, staging, preoperative planning of RCC, concerns with 

ionizing radiation and nephrotoxic iodine contrast agents still exist. MRI is primarily used as a problem 

solver to help characterize indeterminate renal lesions that were previously scanned with ultrasound or CT 

techniques. The ability of MRI to provide superior soft tissue contrast without the use of ionizing 

radiation makes it a potential alternative to CT and could instead be used as a primary imaging method for 

renal tumor evaluation. Previous studies have shown that MRI and CT had comparable rates in the 

detection of RCCs(146). In addition to providing anatomical details with a variety of different contrast 

weighting, MRI offers the ability to provide functional information. New techniques utilizing diffusion 
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tensor imaging(147) and arterial spin labeling(148) have been applied to assess renal perfusion. 

Angiographic imaging techniques, either with CT or MR, can provide information which may aid  in the 

detection of collateral vessels, minimization of perioperative bleeding, and guidance on the optimal 

surgical approach. RCCs are known to invade the venous vasculature with extension into the inferior vena 

cava (IVC) and even up to the right cardiac chambers(149). The level of occlusion in the IVC can have 

major implication on the surgical planning(150), baseline flow states, and other venous vasculature.  MRI 

has the potential to provide quantitative macroscopic flow values using phase contrast imaging, but has 

yet to be applied in the context of RCC.    

 

6.1 .4  Study Motivation 

 

The development of RCC often involves major changes in the vascular tree, resistance, and circulation 

patterns. The reaction of the body to adjust to the modified flow resistive network can be complicated to 

predict. A better characterization of the hemodynamics before a surgical procedure has the potential to 

improve patient outcome and broaden our understanding of RCC. This research will aid in the 

development, validation, and visualization of novel non-invasive angiography methods utilizing 4D Flow 

MRI in the presence of RCC. Specifically we will investigate 4D flow MRI’s ability to 1) visualize 

angiogram generation and collateral localization, 2) quantify the distribution of flow between left and 

right renal arteries, 3) assess the RCC extension into the IVC, and 4) localize and quantify venous 

redistribution of flow due to RCC invasion. A thorough literature search did not reveal any relevant 4D 

flow applications in the context of cancer. This novel 4D Flow application could help to bridge the gap 

between interventional radiology and imaging while improving our understanding of RCC. 
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Figure 6-1: Example of a small localized peripheral RCC tumor treated with nephron sparing surgery. The 
goal of the procedure is to maximize the preservation of renal parenchyma while ensuring the complete 

removal of the tumorous region. Optimal resections are dependent on the preoperative evaluation of  the 

medical imaging techniques. Region A shows a precise resection while region B includes more non 

tumors regions but ensures complete tumor removal. This figure was adapted from (151). 

 

 

 

Figure 6-2: Shows the staging levels for renal cell carcinoma (RCC). RCC classification primarily relies 

on the tumor size (+/- 7 cm), level of invasion into venous vasculature (inferior vena cava), invasion into 

lymph nodes, and distant metastasis. Stage 1 and stage 2 are confined to the kidney and are based on a 

size that is greater or less than 7 cm. The Stage 3 RCC has invaded the venous vasculature and started to 
involve the renal vein or inferior vena cava. Stage 4 has spread to local or distant organs as well as invade 

the lymph nodes. Diagram cited from (152). 
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6.2  Methods 

 
Eleven RCC patients (males: 9, mean age: 62.4 years, age range: 47-84 years) participated in the s tudy  

after informed patient consent and Institutional Review Board (IRB) approval. 4D flow MRI was 

performed using a 3D radially-undersampled sequence (PC-VIPR (GU, Johnson)). Volumetric coverage 

of the abdomen, centered on the kidneys, was acquired with the following imaging parameters: 

reconstruction matrix= 256x256x256; acquired isotropic resolution = 1.25 mm3; imaging volume = 

32x32x32 cm3; scan time = ~10 min; encoding scheme = 4-point referenced. Velocity encoding 

sensitivity (VENC) ranged from 60-120 cm/s. Additional scan information on repetition time, echo time, tip 

angle, and receiver coils are given in Table 6-1. Cardiac gating was recorded using the MRIs pulse 

oximeter. Fourteen cardiac time frames were binned retrospectively using our custom reconstruction 

pipeline based on the ECG signal. Respiratory gating was acquired during all scans and binned 

retrospectively using our custom reconstruction pipeline based on the acquired bellows respiratory 

waveforms. All MR scans were acquired on a clinical 1.5T or 3.0T scanner (GE Healthcare,  Waukesha,  

WI, USA). 

4D Flow Scan Parameters 

Table 6-1: This table gives the scan parameters and coil information used for all the scans. The level of 
variabilty in parameters spurs from all cases coming from clinical referal and a variability of scanners and 

personel avialable to complete 4D flow scans.TR – repetition time, TE – echo time. 

 

 

TR TE Field Strength Tip Angle Coil (channels) 

     6.23 2.08 1.5 12 Body (24) 
5.57 2.01 3 8 Body (24) 
6.04 2.39 1.5 15 Cardiac (8) 
6.08 2.33 1.5 8 Cardiac (8) 
6.06 2.36 3 15 Body (24) 
6.14 2.63 1.5 8 Body (24) 
6.32 2.68 1.5 10 Cardiac (8) 
6.51 2.38 3 12 Body (24) 
6.01 2.12 3 15 Body (24) 
6.14 2.63 1.5 8 Body (48) 
6.30 2.15 1.5 8 Body (24) 
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6.2 .1  Qualitative Analysis 

 

The initial post processing included a semi-automatic segmentation of the arterial and venous 

vasculatures. Complex difference images were generated from the acquired 4D Flow MRI and saved as a 

DICOM format. The DICOMs were loaded into a commercial segmentation software (Mimics 17.0 

Materialize, Leuven, Belgium) where a three-step segmentation process was completed. First a global 

threshold is applied to segment majority of the vasculature from the background tissue. Next an adaptive 

region growing technique was applied throughout the vasculature to further remove any background 

tissues and help reduce noise affects. Lastly a manual 3D segmentation was completed to separate the 

venous and arterial vasculature while removing any additional noise. The arterial and venous 

segmentations were exported as text files containing the spatial and intensity information of the masks. 

Following the segmentation, time-resolved reconstructions were loaded into a custom-built MATLAB 

tool where 3rd order polynomial background phase correction was completed. The tool then generated 

Ensight (Ensight 10.0.3 CEI, Apex, NC) files for visualization and cross-sectional plane placement using 

the segmentation text files and background phase corrected 4D flow data. Visual assessment of arterial 

and venous angiograms was completed for collateral vessel development. Streamline generations were 

used to localize irregular flow and visual flow throughout the abdominal vasculature Figure 6-3. The level 

of IVC invasion and occlusion was visually determined from the semi automatically segmented venous 

angiograms. The level of IVC invasion was ranked as follows (-) no to minimal tumor occlusion in the 

IVC, (+) tumor is partially occluding the IVC with patent Infra IVC, (++) tumor invasion in the IVC with 

completely occluded Infra IVC. 
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Figure 6-3: The contrast-enhanced T1 MRI clearly shows the renal cell carcinoma invasion in the kidney 

and venous vasculature. The RCC has extended into the inferior vena cava (IVC) but, from the T1 MRI 

alone, it is difficult to determine if the IVC has become fully occluded. 4D Flow MRI provides the ability 

to visualize the abdominal vasculature and provide quantitative velocity streamlines. With the addition of  

the 4D Flow imaging it can be concluded that the IVC has a small patent section for venous return, which 
is crucial information for treatment planning. 

6.2 .2  Quantitative Analysis 

 
The arterial flow distribution between the left and right kidneys was compared between a group of  seven 

healthy controls from a meal challenge (1) and nine RCC patient in this study. Flow analysis was 

completed by manually placing cross-sectional planes with Ensight (Ensight 10.0.3 CEI, Apex, NC) at the 

right and left renal arteries. Additional analysis planes were used to capture any collateral f low to either  

kidney and the additional flow was added to the kidney’s total blood flow. To assess the flow distribution 

between two kidneys a percent flow distribution value was calculated as the absolute difference of flow 

between kidneys divided by the sum of flow from both kidneys (i.e. |Left renal flow – Right renal 

Flow|/(Left renal flow + Right renal Flow) *100). The asymmetry of renal flow in RCC patients was 

further assessed by comparing the percent flow distributions for cases that had majority of renal flow 

directed toward and away from the RCC kidney. The redistribution of venous flow was investigated by 
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quantifying flow from planes placed at the suprarenal aorta (ASR), suprarenal IVC (ISR), and lumbar 

veins (LV). An example of plane placement location can be viewed in Figure 6-4. Additional analysis 

planes were used in the presence either collateral arteries or veins and the additional flow was added to 

the vessels total flow. Venous to arterial flow ratios were computed with and without the inclusion of 

lumbar venous return as a measure of collateral flow. All the arterial and venous flow measurements were 

completed using exported Ensight planes to a customized software package that allowed for time resolved 

manual vessel cross-section segmentation. 

  

  
Figure 6-4: Approximate plane placement for flow quantification used in the venous flow redistr ibution 

study are shown by the white lines. A) Includes two planes measuring the arterial and venous blood 

supply from the aorta and inferior vena cava respectively. B) Shows an example plane for flow 

quantification in the lumbar veins when visible. In the presence of collateral vasculature additional planes 

were placed and the quantified values were added to the main arterial or venous return. 

 

6.2 .3  Statistical Analysis 

 
To assess the percent flow distribution between kidneys in healthy controls and RCC patients a modified 

student’s t-test known as the Welch’s t-test(153) was used. In this case the variances are assumed to be 

unknown and unequal and the degree of freedom is given by the Satterthwaite's(154) approximation.  To 

test the difference in degree of flow asymmetry when the majority of flow is director toward the RCC 
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kidney or toward the healthy kidney a student’s t-test was applied. To assess the redistribution of  venous 

flow, the average ASR to ISR ratios were reported for the three levels of IVC cancer invasion. An 

identical process was completed with the addition of LV flow. The range for each arterial to venous ratio 

was reported to show the variation within each cancer invasion grouping. All confidence intervals used in 

this study were calculated as a 95% confidence interval. For this study, a p-value < 0.05 was considered 

statistically significant. All statistical analyses were done using MATLAB 2018b (MathWorks, Natick, 

MA, USA). 

6.3  Results 

 

From the eleven RCC patients that participated in this study, two had a solitary kid ney and  

were excluded from the renal flow asymmetry analysis. The variation in scan parameters, 

magnet field strength, and coils across patients was the result of all imaging request coming 

from clinical referrals. Due to this our imaging protocols needed to be completed in a t imely 

manner and to meet our clinical needs that required us to utilize different scanners, 

technicians, receiver coils and protocols for 4D Flow imaging. 4D flow reconstructions, 

including the respiratory and cardiac gating, were completed automatically in approximately 

1.5 hours. Inspection of the ECG gating files showed minimal variations in heart rates. 

Visual analysis of the cross-sectional planes used for flow quantification showed no visible 

aliasing or motion artifacts for vessels of interest. 

6.3 .1  Qualitative Analysis 

 

Semi-automatic angiogram segmentation of the venous and arterial vasculature was completed 

successfully. Arterial collateral vessel development was highly variable between all patients. The arterial 

collaterals were not always directed toward the RCC kidney. Angiograms for cases with high and little to 

no arterial collateral development are presented in Figure 6-5.  The lumbar veins were detectable and 
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large enough for flow analysis in 8 out of the eleven cases. Seven out of the eight lumbar vein enhanced 

cases had a partial to fully occluded IVC. Examples showing the level of RCC invasion into the IVC and 

the associated lumbar vein enhancement can be view in Figure 6-6. Discussion 

 
Figure 6-5: The level of collateral development was highly variable between patients. A) A large number 

of arterial collaterals have formed and are leading toward the tumorous kidney. B) The vasculature 

between the left and right kidney has little to know visible difference and no collaterals were detected. 

The variations in collateral develop adds an additional level of complexity when quantifying flow 

distributions between kidneys.  
 

 
Figure 6-6: Different levels of renal cell carcinoma invasion into the inferior vena cava (IVC) can be 

viewed in A) Minimal to no cancer invasion ’-‘, B) Partial cancer invasion with lower IVC patent ‘+’, and 

C) Major cancer invasion with occluded lower IVC: ‘++’. These different levels of invasion were used to 

group patients for the venous return analysis. The lumbar enhancement associated with the increase in 
IVC occlusion is shown in the second row of images.  
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6.3 .2  Quantitative Analysis 

 

The arterial renal flow calculations and absolute percent flow distribution between kidneys are presented 

in Table 6-2. The renal flows for the healthy and RCC kidneys were plotted and grouped by IVC invasion 

as seen in Figure 6-7. The arterial flow plot did not show a clearly discernible trend based on renal f low 

or preferential flow direction for all cases or IVC groupings. The average absolute percent flow 

distribution between kidneys was higher in the RCC cohort (36.18 +/- 11.65 %) than the healthy control 

group (6.65 +/- 8.44 %) with an average increase in percent flow asymmetry of 29.53% (95% CI = 

[18.75, 40.31]). The increase in percent flow variation for RCC patients was found to be statistically 

significant (p = 1.51e-4). The magnitude of percent flow variation as a function of preferential flow 

direction toward the healthy or RCC kidney was tested. The average percent flow variation was larger 

when the flow was directed toward the RCC kidney (42.20 +/- 9.06) than compared to a flow directed 

toward the healthy kidney (28.66+/-10.81%) by 13.54% (95% CI = [-2.08,29.16]). This difference was 

not found to be statistically significant at the level of p<0.05. A summary of the asymmetry percentages 

can be found in Table 6-3. The average lumbar flow showed an increase with the level of IVC invasion 

category from (-) 0.958 ml/sec, (+) 8.44 ml/sec (++) 14.16 ml/sec. Three of the four pre-treatment (-) 

cases had an ISR/ASR value greater than 1 ranging from 1.28-1.34. Seven of the eight cases with 

detectible lumbar veins had an ISR/ASR ratio below 1 ranging from 0.34 – 0.85. The addition of  LV to 

the ISR/ASR ratio resulted in average values closer to 1 for the partially occluded (+) 0.98 and majorly 

occluded (++) 0.85 IVC cases. Quantitative flow and venous to arterial blood flow ratios, with and 

without lumbar, are presented for all eleven cases in Table 6-4. 
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Renal Flow Distribution 

Table 6-2: This table gives the measurements for flow distiribution between the left and right kidneys. 
The presented flow is the summation of the main arterial renal and visible collaterals. In 2 cases patients 

only had a solidary kidney and the missing kidney value is filled with a N/A. The percent flow varaiation 

is calculated as the absolute value of flow diference between kidneys divide by the sum of flow to both 

kidneys. Tumor invasion to the venous vasculature was catergorized by the following symbols: - No to 

minimal tumor in the IVC, + Tumor in the IVC with open infrarenal IVC, ++ Tumor in the IVC with 
occluded infrarenal IVC. * Average healthy control data was used from a 4D flow meal challenge and is 

comprised of the average of 7 patients (1). 

 
Figure 6-7: An asymmetry in renal flow distribution is present in all RCC cases analyzed. There does not 

seem to be a preferential direction of flow toward or away from the cancerous kidney. The level of cancer 

invasion into the IVC did not seem to impact the preferential direction of flow seen between kidneys. 

Age 
(yrs.) 

Sex Tumor Side Tumor 
IVC 

Left Renal 
Flow (ml/s) 

Right Renal 
Flow (ml/s) 

% Flow 
Variation 

   70 M L - 12.02 5.87 34.38 
   58 M L - 3.13 4.88 21.84 
   84 M R - 2.82 7.45 45.08 
   58 M L - 17.48 N/A N/A 
   47 F L + 8.83 4.1 36.58 
   63 M R + 8.38 18.75 38.22 
   50 M R + N/A 6.01 N/A 
   73 F R + 3.63 2.56 17.28 
   63 M L ++ 1.25 2.63 39.93 
   52 M L ++ 4.4 10.25 56.73 
   68 M R ++ 2.12 7.68 35.67 
Control* N/A N/A N/A 6.44 6.11 6.65 
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Table 6-3: The asymmetry between renal artieres was investigated for a group of healthy controls and 

RCC patients. There was a statistically significant increase in asymetery of flow between kidney in the 

presence of RCC. The statistical test assumed unequal and unknown variances. The directionality of the 

flow was test for toward the healthy kideny and toward the cancerous kidney. When flow was directed 

toward the RCC kidney a higher degree of symetry was found but was limited by the small sample size.  
 

                                                 

 
Venous Flow Redistribution 

 

Table 6-4: This table gives the measurements for flow leaving and returning to the heart at cross-sectional 

planes placed directly above the arterial and venous renal branches. Redistributed flow to the lumbar 
veins was measured in cases of lumbar enhancement due to RCC extension into the inferior cava. The 

ratio of arterial flow in the aorta and venous flow in the inferior vena cava were computed. A second ratio 

was computed with the additon of lumbar venous flow to correct for missing collateral venous flow. ASR 

- Aorta Suprarenal ,ISR - Inferior Vena Cava Suprarenal, LV - Lumbar Vein Total, ND - Not Detectable 

Symbols: -- No to minimal tumor in the IVC, + Tumor in the IVC with open Infrarenal IVC, ++ Tumor in 

the IVC with Occluded Infrarenal IVC 
 

 

 

 

 
 

    Renal Flow Asymmetry: Healthy 
vs RCC 

   Asymmetry Directionality: 
Healthy vs RCC 

  

 % Flow Variation   % Flow 
Variation 

Healthy Control* 6.65 ± 8.44  Toward Healthy Kidney 28.66 ± 10.81 

RCC 36.18 ± 11.65  Toward RCC Kidney 42.20 ± 9.06 

Mean Difference 29.53 CI:[18.75,40.31]  Mean Difference 13.54 CI:[-
2.08,29.16] 

p-value 1.51e-4  p-value 0.0795 

ASR (ml/s) ISR (ml/s) LV (ml/s) ISR/ASR (ISR+LV)/ASR Tumor IVC 

39.52 50.66 4.79 1.28 1.40 - 
28.70 36.60 ND 1.28 1.28 - 
38.36 38.16 ND 0.99 0.99 - 
45.22 60.75 ND 1.34 1.34 - 
30.34 20.20 12.05 0.62 0.99 + 
30.80 14.66 12.90 0.47 0.89 + 
43.70 37.30 6.61 0.85 1.00 + 
34.82 26.48 6.67 0.76 0.95 + 
33.73 11.40 17.51 0.34 0.86 ++ 
31.70 10.64 15.95 0.34 0.84 ++ 
48.99 32.06 9.03 0.65 0.84 ++ 
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6.4  Discussion 

 

This work presents the application of 4D flow MRI in the presence of renal cell carcinoma, as an imagi ng 

technique that can provide both structural and functional preoperative information related to the kidneys.  

We investigated the ability to generate arterial and venous angiograms from a single 4D flow scan 

(PCVIPR(50,51)) in a cohort of patients with varying levels of RCC invasion. This technique allowed us 

to quantify blood flow from the arterial and venous vascular systems while clearly displaying cancer 

extension into the inferior vena cava. The flow distribution between the kidneys was assessed as a metric 

to distinguish RCC patients from healthy individuals and in all cases a clear asymmetry was found to 

develop in the RCC cohort. The large field of view provided by 4D flow MRI allowed for an 

investigation of venous redistribution as a function of RCC extension into the IVC to be completed.  The 

redistribution of flow led to detectible lumbar vein enhancements as well as the visualization of both 

arterial and venous collateral vessels. We believe that the addition of both quantitative and qualitative 

information provided by this technique will lead to better informed treatment decisions and in turn result 

in positive patient outcomes.   

Medical imaging techniques, primarily ultrasound, CT, and MRI, have become the mainstay of 

methods to provide preoperative information on RCC. Preoperative imaging typically focuses on 

providing structural information pertaining to the cancer location, size of the tumor, extent, and critical 

surrounding tissues. As surgical resection, radical or partial nephrectomy, is currently the only curative 

treatment for RCC(155), having a detailed vascular roadmap prior to surgery can be critical in reducing 

surgical times and patient bleeding. With the growing support of nephron sparing surgeries(156),  which 

are more technically challenging than a radical nephrectomy, it is critical to not only provide a detailed 

angiogram of the kidney vasculature but additionally locate any collateral vessel development. We found 

4D flow MRI could provide detailed angiograms of the arterial and venous renal vasculature from a single 

10 min scan. These angiograms allowed for the localization of main feeding arteries to both kidneys, 

vascular detail of second order branches, arterial of venous collaterals, and RCC extension into the IVC.  
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The vascular information provided by 4D flow MRI would be similar to contrast enhanced CT 

angiograms but could be acquired without any additional ionizing radiation. 

The surgical treatment decision for RCC cases depend upon the stage of the tumor as well as what 

is seen in preoperative imaging(157). The most common treatment method is a radical nephrectomy, but 

even these procedures can become more complex with extension of tumor thrombus into the IVC, which 

occurs in approximately 10% of cases(158). CT is typically the method of choice for preoperative 

imaging but in the presence of IVC invasion contrast enhanced MRI has become a recommended method 

to further investigate IVC occlusion(159). The invasion of RCC into the IVC wall causes an increase in 

surgical complexity, due to the possibility of segmental resection or prosthetic replacement(160), and 

reduction in patient 5-year survival outcomes(161). Typically wall invasion and treatments are 

determined intraoperatively with MRI providing potential options for preoperative wall invasion 

assessment techniques(162). In cases where tradition contrast enhanced MRI still have a level of 

ambiguity in the assessment of IVC occlusion or wall invasion, 4D flow MRI could help mitigate the 

uncertainty. A few cases presented in this study clearly showed a patent section of the IVC, while it was 

non diagnosable from the CE MRI alone. This minimal flow through the IVC, even in cases of  extreme 

IVC thrombus, may be a predictor of IVC wall invasion and help inform surgeons of successful treatment 

options prior to intervention.     

The clinical assessment of kidney function is commonly completed thought the use of glomerul ar  

filtration rate (GFR). In practice GFR cannot be directly measured easily, thus GFR estimations are made 

using a variety patient specific information such as sex, race, age, body size, and creatinine(163) .   GFR 

estimations remain as a relatively imprecise metric for kidney function(164) thus alternative approaches 

using PET(165) and MR perfusion techniques(166) are being investigated. 4D flow MRI could provide 

additional information related for kidney function by quantifying the distribution of f low between the 

kidneys. We did not see a preference in flow directionality in relation to the RCC kidney or healthy 

kidney but an asymmetry between the kidneys was consistently present. A potential reason for  variation 
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in dominant flow could be due to the cancerous kidney’s recruitment of collateral vessels and the healthy 

kidney’s increase demand for blood filtration. The ability to assess kidney function individually, which 

GFR does not do, could allow for better informed treatment decision. For example,  if 4D flow MRI 

showed a large asymmetry of flow between the kidneys the direction of flow could inform which surgical 

procedure may reduce patient risk while minimizing surgical complexity. In addition to this 4D flow may 

provide a simple metric to inform the surgeon of venous redistribution by computing venous to arterial 

ratios of major abdominal vessels.   

We showed that 4D flow MRI could be used as a preoperative imaging tool in the assessment of 

structural and functional hemodynamic changes occurring due to the presence of RCC. Once the radical 

of partial nephrectomy is completed it is crucial to monitor the patient for recurrence and additional 

complications. Medical imaging has become important for patient monitoring with a wide variety of 

guidelines and strategies(167–169). Abdominal MRI, with or without contrast, is considered an adequate 

method for surveillance from all major guidelines(167–169) as it does not require ionizing radiation. 

Primarily structural MRI imaging, (T1, T2,PDW) is used for patient monitoring post RCC treatment.  4D 

flow MRI has the potential to provide functional information alongside the current monitoring standards. 

The two parameters assessed in this work, arterial flow asymmetry and venous to arterial ratio,  could be 

utilized in the post treatment monitoring of a patient. In cases where partial nephrectomies are comple ted 

a decrease in flow asymmetry between kidneys could indicated the patient’s level of recovery. The 

venous to arterial ratio could help aid in the monitoring of surgeries that required IVC resection or 

replacement.    

6.4 .1  Limitations 

 
A limitation of this study was the variability of scan parameters and coils used to complete all the RCC 

4D flow scans. For future scans, especially if patient follow-up or monitoring will be completed, we can 

develop a more standardized protocol for the renal 4D flow scans and try to minimize the variations in 

coil and scanner strength. An important parameter to accurately select for 4D flow examinations is the 
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Venc. Inaccurate selection of this variable can lead to phase wrapping if set too low or lead to a decrease 

in signal to noise if set too high. Dual Venc scans could be used to avoid this problem at the cost of an 

increase in scan time. For MRI body imaging, motion can be a big problem that degrades the image 

quality. Respiratory gating techniques, which we acquire with bellows, can be applied in order to help 

deal with motion artifacts. In addition to respiratory gating, the cross-sectional vessel planes were selected 

close to the aorta which saw less motion than distal renal arteries. The isotropic spatial resolution 

(1.25mm) of our current scans can detect a majority of the greater abdominal vessel. It is possible for 

smaller collaterals to be missed with the current scan parameters. We could try to increase the spatial 

resolution further, but to avoid the SNR drop we would need to increase the scan time. As this study was 

mainly focused on vessel sizes greater than 5mm we felt we were still able to capture majority of the 

import vascular territories. The sample size for flow distribution directionality analysis was based on 

groups of 5 and 4 patients. We are possibly seeing a trend related to flow direction develop but to improve 

the statistical power we would need to recruit more patients.   

6.5  Conclusion 

 
In conclusion, we investigated the application of 4D flow MRI as a feasible imaging technique that may 

allow for both the structural and functional preoperative analysis of RCC patients. This technique allowed 

for a single scan to be completed in approximately 10 minutes that could provide detailed arterial and 

venous angiograms. Visualizations of the angiograms could help in the surgical planning of RCC 

treatments by providing locations of collateral vessels, the main feeding arteries, and a clear visualization 

of IVC invasion, all of which are critical to surgical planning. 4D flow additionally provided a way to 

quantify arterial and venous blood flows over a large volume. The distribution of flow between renal 

arteries and the venous to arterial suprarenal ratios were both measured as ways to provide insight into 

kidney function and collateral venous flow redistribution as a function of IVC invasion, respectively. This 

work is the first step to provide information on macroscopic flow in relation to RCC. We believe that 4D 

flow MRI has the potential to become an invaluable tool for preoperative decision making of RCC cases. 
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Chapter 7: Summary and Recommendations 

 
7.1  Summary of Research  
Angiographic imaging techniques are routinely used to provide detailed vascular maps with x-ray, 

magnetic resonance, and ultrasound imaging modalities. 3D acquisitions, typically acquired with MRA or 

CTA methods, have become widely used as they can provide alternative visualizations, volumetric 

representation, and efficient interpretation (170). The majority of the angiographic imaging techniques 

provide structural vascular information, but lack in the ability to provide quantitative hemodynamic 

parameters. The techniques that can provide both quantitative and qualitative vascular information, 

typically require complex post-processing. This can lead to lengthy post-processing times, added costs, 

and variations across users and, hence, difficulty for clinical adaptation. This work focused on the 

development of automated and efficient post-processing tools, to allow for a streamlined and reproducible 

analysis of quantitative angiography data. A summary of the specific contributions of this work include: 

• The results of a phantom and in vivo porcine study, demonstrating that arterial blood velocity can 

be quantified using a quantitative 2D-DSA (qDSA) technique. We investigated the effects of various 

imaging and injection parameters on velocity calculations utilizing qDSA. The proposed qDSA method 

allowed for accurate and precise calculation of blood velocities, in near real-time, from time resolved 2D 

DSAs. 

• Functional hemodynamic changes occurring pre-, post-, and during treatment, were investigated 

as a means to improve the repeatability and effectiveness of transarterial embolization (TAE). 

Radiographic imaging (2D DSA) and 4D Flow MRI (PC VIPR) were applied and compared to alternative 

quantitative techniques, ultrasound doppler wire and color-coded DSA. qDSA was able to characterize 

intra-procedural changes in hepatic arterial blood velocity in response to TAE, while 4D flow MRI was 

able to capture blood velocity changes pre- and post- TAE treatment.  

• The application of an in vitro and in vivo study demonstrating the validation of an automated 

post-processing tool for cranial 4D flow MRI was completed. We investigated the capabilities of a newly 
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developed quantitative velocity tool (QVT) to accurately segment and quantify flow in the carinal 

vasculature. The development of this cranial 4D flow MRI post processing tool makes blood velocity 

calculations feasible and more readily translatable to clinical workflow. 

• The use of 4D flow MRI as a quantitative tool to add presurgical information to renal cell 

carcinoma cases. This technique was able to provide large abdominal anatomical coverage with 

qualitative and quantitative flow information. The distribution of flow between kidneys, arterial to venous 

flow ratios, collateral vessel development, and inferior vena cava cancer invasion were assessed. 4D flow 

MRI was able to provide additional preoperative information that could influence surgical decision 

making and improve patient outcomes.  

7.2  Innovations  

 
In the completion of this dissertation, many advances were made that built upon the foundations of 

angiographic imaging techniques. Some notable contributions include: 

• The development and application of a quantitative DSA post-processing tool for 

abdominal 2D DSAs. A major advantage this tool offers is near real-time calculations for intraprocedural 

blood velocity calculations. This is the first post processing tool created for use in body interventions and 

makes quantitative DSA more readily translatable to the clinical(17,19). 

• Application of quantitative techniques to assess the efficacy of transarterial liver 

embolization (TAE). The quantitative DSA tool allowed for objective metrics, related to blood velocity, 

to be acquired intro-procedurally.  This is the first time the relationship between blood velocity reductions 

and degree of embolization have been captured during a TAE procedure. This work may be critical for 

determining optimal treatment endpoints and improving the standardization of TAE(20,22).  

• A fully automated 4D flow cranial post processing tool that provides 3D visualization 

and quantification of cranial vasculature. The time required for post-processing a cranial case was 

reduced to approximately 30 seconds per vessel, allowing for large clinical studies to be completed. 3D 

visualizations, provided in this tool, allows for a color-coded vascular network to be utilized for the 
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detection of vascular anomalies, further increasing its potential benefits for cranial 4D flow post 

processing(24).  

• The application of 4D flow MRI for preoperative geometric and hemodynamic vascular  

analysis of renal cell carcinoma. This is one of the first piece of work that utilizes 4D flow MRI in the 

realm of cancer. The additional information provided by 4D flow MRI, may enable improved treatment 

approaches and patient outcomes(26,28).  

7.3  Future Recommendations  

 

7.3 .1  Quantitative Fluoroscopy 

 

In its current form, qDSA can provide quantitative blood velocities, in near real time, from 2D DSA 

imaging sequences. A high frame rate in combination with DSA sequences, would cause an increase in 

radiation dose delivered to a patient. Our study focused on proving the feasibility of a technique and the 

next step would be to adapt the technique for clinical practice. Two areas that would need investigation 

include minimal frame rates and dose requirements that will maintain the tool’s quantitative blood 

velocity capabilities. We have completed preliminary studies in phantoms that indicate qDSA may also be 

viable with non-subtracted fluoroscopic imaging techniques, which would significantly decrease the 

radiation exposure while keeping high frame rates. Alternatively, clinically available imaging modes used 

for device placement that provide high frame rates at doses in between fluoroscopy and DSA, could be 

utilized.  

7.3 .2  Contrast Distribution Maps 

 

The quantitative 2D DSA techniques presented in this work have focused on the quantification of 

velocities in macroscopic vessel. The completion of a transarterial embolization (TAE) does cause 

changes in the macroscopic vasculature but the true target is at the tissue level. The 2D DSA acquisitions 

for this study did show visible changes at the tissue level. The tissue changes are currently used 

subjectively in the determination of embolization endpoints. There are a few tools that allow for the local 
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investigation of perfusion changes but are not widely used clinically. Extending the qDSA tool to 

quantify contrast changes globally on the tissue level, would further the accurate determination and 

localization of areas that were affected by TAE. We have completed some preliminary research in 

characterizing embolization related changes at the tissue level in the liver (171,172). The localization and 

quantitative parameters provided by the analysis of contrast tissue changes seem to be a promising 

addition to the qDSA technique. An example contrast map pre- and post- embolization can be view in 

Figure 7-1.  

                
Figure 7-1: Regional hepatic contrast distribution maps that depict embolization related changes in 

perfusion pre- and post- transarterial embolization. The color encoded images are grouped into 5 different 

regions, with yellow being the lowest contrast and dark blue being the highest contrast.  

 

7.3 .3  Abdominal Quantitative Velocity Tool 

 

The quantitative velocity tool (QVT) was designed and validated specifically for cranial analysis of 4D 

flow MRI datasets. It currently is optimized for the analysis of the 4D flow MRI PC-VIPR sequence 

acquisition, which is not clinically available. Adaptation of this tool to provide analysis for a variety of 
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clinically available 4d flow sequences would broaden the use of QVT. Additionally, QVT could be 

adapted for applications outside of the brain. The ability of 4D flow to capture large imaging volumes 

makes the potential abdominal applications a desirable next step. The abdominal vasculature in humans is 

highly diverse and can provide complex vascular networks that are difficult to analyze quantitatively. 

QVT may be able to provide a solution to the lengthy post-processing times required for quantitative 

abdominal 4D flow analysis. Limitations of the current tool that would need to be addressed for 

abdominal use include time-resolved cross-sectional segmentations, effects of motion, and global 

angiogram generation. Adapting the current version to accept manually segmented angiograms may be a 

quick alternative approach for initial abdominal investigations. The experimental procedures used to 

validate QVT in the brain could be replicated in the body to ensure consistent and accurate quantitative 

hemodynamic parameters.  

7.3 .4  Renal Cell Carcinoma Post-Operative  

 

The macroscopic vascular changes due to the presence of renal cell carcinoma (RCC) were investigated 

pre-operatively with 4D flow MRI. The logical extension of this work would be to acquire post-operative 

4D flow images for this cohort of patients. The quantitative variables used for analysis in this work, renal 

flow asymmetry and venous to arterial blood flow ratios, could be quantified over multiple time points 

following treatment. The changes in the quantitative values could then be compared to patient outcomes 

which would give insight into the ability of 4D flow MRI to predict patient outcomes. To extend the pre-

operative analysis, additional patients could be added to the cohort to increase the statistical power of  the 

findings. As there is a high variability between patients, this could necessitate a large-scale study. Lastly,  

the current pre-operative flow analysis procedures could be paired with functional kidney tests, such as 

glomerular filtration rate or PET, to analyze if kidney blood flow is a measure of kidney function.  
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