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Summary

Renovascular hypertension is caused by renal artery stenosis (RAS). The relationship
among RAS, hypertension, and renal function varies from patient to patient is difficult to
assess, but the severity of association increases risks for patient. An accurate, reliable and

non-invasive method to evaluate severity and hemodynamics of RAS is mandatory.

MRA is a well-known method in the angiographic illustration of RAS in current clinical
application. However, there exists limitation in its application, especially lack of capability
in blood pressure measurement. On the other hand, the technology of patient-specific
computational fluid dynamics (CFD) is another novel technology to enable quantitatively
estimate vascular hemodynamics. To date, there is no report to determine the RAS vascular

hemodynamics using CFD.

The objective of this study is to establish a non-invasive methodology for morphological
and hemodynamic assessment of RAS. The hypothesis is that there exists an internal
relationship between hemodynamic change and morphological transformation of renal
arteries. Thus, evaluating the hemodynamic change of different grade stenotic renal arteries
can reflect on the morphologic status. Non-contrast MRA was used in this thesis to assess
the morphologic status of renal arteries and CFD was used to calculate the hemodynamic
parameters of various stenoses.

Newly developed non-contrast MRA technique, named steady-state free precession (SSFP)

was investigated and assessed as an accurate method in visualization of renal artery. The



results of CFD simulation demonstrated its potential ability for understanding the
relationship between hemodynamics and morphology of renal artery stenosis. The
application of CFD technology on modified renal artery stenosis improved prediction of
the hemodynamics of renal artery after simulated percutaneous renal angioplasty and
stenting.

It was found that CFD simulation can provide useful information for patient stratification
and strategy for further treatment decision, and it may also be able to support the clinical

practice for intervention treatment of renal artery stenosis.
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Thesis Outline

In this section, a brief overview of each chapter and its content is provided, including brief

description, aims and methodologies.

Chapter 1. Introduction and Literature Review

This chapter provides background for this thesis by reviewing related published literature,
and presents a brief overview for the anatomy and physiology concept of renal artery
diseases and hemodynamics. This chapter includes discussion of renal artery disease,

morphological analysis, clinical treatment, and research objectives and thesis outline.

Chapter 2. Non-Contrast MR Angiography Techniques used for Renal

Artery Imaging

This section outlines an overview of the non-contrast magnetic resonance angiography
techniques with theories, advantages and disadvantages, and clinical applications for renal

artery imaging.

Chapter 3. Non-Contrast Respiratory-Gated MR Angiography of Renal
Artery in Hypertensive Patients using True Fast Imaging with
Steady-State Precession Technique Compared with Contrast-Enhanced

MR Angiography

14



This study involves the idealized non-contrast MR angiography (MRA) technique named
TrueFISP. This state-of-the-art non-contrast MRA method is compared with

contrast-enhanced MRA for diagnosis of renal artery stenosis in hypertensive patients.

Chapter 4. Hemodynamic Computational Fluid Dynamic Techniques and

Their Application in Renal Artery

This chapter provides the techniques of computational fluid dynamics, including blood
flow model, processing, convergence criteria, post-processing and its application in renal

artery hemodynamics analyzing.

Chapter 5. Hemodynamic Analysis of Renal Artery Stenosis using
Computational Fluid Dynamics Technology Based on Non-Contrast

Steady-State Free Precession MR Angiography

This chapter reports the study on hemodynamics of stenotic renal artery. The image data
used in this study are acquired using non-contrast MR angiography technique. Then
patient-specific models are virtually manipulated. Pressure difference (PD), velocity and
mass flow rate (MFR) at various renal artery stenotic grades are analyzed. The simulation

results are compared with clinical data measured using Doppler ultrasound.

Chapter 6. Analysis of Various Virtual Angioplasty Operation of Renal
Artery Stenosis in Hypertension using MR Angiography-Based

Computational Fluid Dynamics Technology

15



Hemodynamics of renal artery after simulated angioplasty will be discussed in this chapter.
A hypertensive patient performed non-contrast MRA is diagnosed with right RAS of 70%.
In this study, a series of idealized typical stent models are designed using Pro-Engineer
software to modify stent treated branch arteries, then the idealized model are connected
with the patient-specific artery to form various situations of virtual endovascular treatment.
Hemodynamic simulations under the conditions of various virtual endovascular treatments

were analyzed in this chapter.

Chapter 7. Conclusions and Future Works

This chapter provides an overview of the objective and findings of this thesis regarding
non-contrast MRA and CFD analysis of renal artery in renovascular hypertension. Overall,
it was found that the combination of non-contrast MRA with CFD was the first of its kind
attempt to utilize completely noninvasive methods for comprehensive evaluation of renal
artery stenosis. CFD can provide useful information regarding hypertensive patient
stratification and strategy in further treatment. Finally, future directions and necessary

considerations are suggested.
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Chapter 1

Introduction and Literature Review

Summary

This chapter provides background for this thesis by reviewing related published literature,
and presents a brief overview for the anatomy and physiology concept of renal artery
diseases and hemodynamics. This chapter includes discussion of renal artery disease,

morphological analysis, clinical treatment, and research objectives and thesis outline.
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1.1 Introduction

Renovascular hypertension is caused by renal artery stenosis (RAS) in approximately 1-5%
of hypertensive patients (1, 2). The kidney responds to a decrease in blood flow by
activating the renin-angiotensin-aldosterone system which increases blood pressure and
can result in severe and/or refractory hypertension (3). The relationships between RAS,
hypertension, and renal function vary from patient to patient and are difficult to assess, but
co-occurrence increase the patient’s risk. Renal vascular diseases, encompassing
atherosclerotic arterial lesions, fibromuscular dysplasia and Takayasu arteritis, may lead to
RAS. Furthermore, 40-50% of patients with occlusive disease of the lower extremities and
15-30% of patients with coronary artery disease have recognizable RAS (4). And in
patients with end-stage renal disease, the prevalence of RAS is 10-22% (5, 6). An accurate,
reliable and non-invasive method to evaluate severity and hemodynamics of RAS is
mandatory (7, 8).

The functional aspect of RAS, such as renal artery flow, can be assessed using digital
subtraction angiography (DSA), ultrasound (US), nuclear medicine, and MR angiography
(MRA). Currently, DSA technique has been widely recognized as a gold standard for
imaging renal arteries. However, due to its invasive nature, a decreasing proportion of DSA
are being used in clinical diagnosis of RAS. The blood flow in renal arteries can be
noninvasively assessed by US techniques and nuclear medicine, but they are generally
unable to illustrate the actual location and the exact stenotic grade of RAS (9-12).

MRA is well suited for both the angiographic illustration of RAS and for assessment of its

impact on renal artery flow using contrast-enhanced and phase-contrast (PC) techniques.
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Currently, as the common contrast agents containing gadolinium have been linked to a
condition called nephro-genic systemic fibrosis (NSF) that can occur in patients with renal
insufficiency (13-15), non-contrast MRA without using contrast agents is highly desired as
an alternative for patients at risk of developing NSF. Velocity-encoded PC MRA can depict
blood flow rates (16); and the flow waveform may have a diagnostic value. Some groups
(17, 18) have observed that the flow waveform in the renal artery changes with the extent
of the stenosis. However, the vessel depiction quality of PC MRA for RAS is strongly
influenced by the choice of velocity encoding (ranging 40-80 cm/s), resulting in decreased
peak velocity or flow measurements. Other limitations of PC MRA were longer imaging
duration (8-20 min), low spatial resolution, intravascular signal loss, flow artifacts, and
difficulty in imaging small vessels and severe stenosis (16, 18-20). A newly developed
non-contrast MRA technique, named steady-state free precession (SSFP), comes from the
preparation of the imaging volume with a spatially selective inversion pulse, resulting in
the suppression of stationary tissue and venous blood, allowing an excellent depiction of
renal arteries with high contrast, and it has been accepted as an accurate method in
visualization of renal arteries (21-24). However, no hemodynamic information could be
provided by SSFP MRA.

From the above discussion, we can see that all of currently available medical imaging
techniques could not generally and efficiently provide all the morphological and
hemodynamic parameters of the renal arteries in an economic, non-traumatic and one-off
way. For overall evaluation of hemodynamics of renal artery, it may be necessary for

researchers to develop a novel method from modern computing and engineering imaging.
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Nevertheless, it is seen that, patient-specific computational fluid dynamics (CFD)
technology, based on either MR or CT images, is one of the novel and efficient
technologies to quantitatively estimate hemodynamic conditions. It has been successfully
applied in different aspects of the cardiovascular system: intracranial and carotid artery
(25-27), heart disease and coronary artery (28-30), aortic artery (31, 32), and pulmonary
artery (33). Although the computational method described herein has been introduced to
quantitatively characterize the hemodynamic conditions under simulated resting pulsatile
flow conditions in an idealized model of an abdominal aorta (34) and thereby estimate the
differential pressure at the model of renal artery stenosis based only on structural and flow
images, to date there have been no reports to determine the hemodynamic conditions of in
vivo RAS with this technology.

In this thesis, the combination of non-contrast MRA and CFD techniques for evaluation of
the morphological and hemodynamic parameters of the renal artery were assessed by
manipulating patient-specific models. Especially, hemodynamic changes in the renal artery
for renovascular hypertension, such as pressure difference (PD), velocity and mass flow
rate (MFR), were non-traumatically analyzed for the first time in clinic using CFD method

based on non-contrast SSFP MRA images.
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1.2 Renovascular Hypertension

1.2.1 Classification of hypertension

Generally, hypertension can be classified into two main branches: primary hypertension
and secondary hypertension. Primary hypertension is high blood pressure that has no
apparent cause. Renovascular hypertension is the most common cause of secondary
hypertension.

The suggested classification used in this thesis is developed following an assessment of the
systems used in the United States and in Europe. The diagnosis of hypertension should be
based on multiple blood pressure measurements taken on several separate occasions as

shown in Table 1:
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Table 1. Classification and follow-up of blood pressure levels in adults

Diagnostic Systolic  Diastolic Follow up
category* (mmHg) (mmHg)
Normal <120 <80 Recheck in 2 years (or earlier as

guided by patient’s absolute
cardiovascular risk)
High-normal 120-139 80-89 Recheck in 1 year (or earlier as
guided by patient’s absolute
cardiovascular risk)
Grade 1 (mild) 140-159 90-99 Confirm within 2 months

hypertension

Grade 2 (moderate) 160-179 100-109 Reassess or refer within 1
hypertension month

Grade 3 (severe) =180 =110 Reassess or refer within 1-7
hypertension days as necessary

Isolated systolic =140 <90 As for category corresponding
hypertension to systolic BP

Isolated systolic =160 =70 As for grade 3 hypertension

hypertension with

widened pulse pressure

Hypertensive urgency >180 >120 (Without target organ damage)

Hypertensive emergency >180 >120 (Target organ damage)

* When a patient’s systolic and diastolic blood pressure levels fall into different categories,
the higher diagnostic category and recommended action(s) apply.
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1.2.2 Renovascular hypertension

Renovascular hypertension is high blood pressure due to narrowing or blockage of the

arteries that carry blood to the kidneys.

1.2.2.1 Causes

Renovascular hypertension is high blood pressure caused by renal artery disease. Normally,
the kidneys regulate body fluid and blood pressure, as well as regulate blood chemistry and
remove organic waste. Proper kidney function is disrupted, however, when the arteries that
provide blood to the kidneys become narrowed, a condition called renal artery stenosis.
When stenosis results in reduced blood-flow, the kidney compensates by producing
hormones that activate the renin-angiotensin-aldosterone system and increase blood
pressure. This response is a healthy one under normal circumstances. But when the
reduction in blood-flow is due to stenosis, blood pressure is increased unnecessarily.
Renovascular hypertension caused by renal artery stenosis is refractory to control with
medication.

The most common cause of renal artery stenosis is a blockage in the arteries due to high
cholesterol. This problem occurs when a sticky, fatty substance called plaque builds up on
the inner lining of the arteries. Risk factors for atherosclerosis include: high blood pressure,
smoking, diabetes, high cholesterol, heavy alcohol use, cocaine abuse and increasing age.
Fibromuscular dysplasia is another cause of renal artery stenosis. It is often seen in women

under age 50. It tends to run in families. The condition is caused by abnormal growth of
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cells in the walls of the arteries leading to the kidneys. This also leads to narrowing or

blockage of these arteries.

1.2.2.2 Signs and symptoms

The kidneys play an important role in regulating blood pressure by secreting a hormone

called renin. If the renal arteries are narrowed or blocked, the kidneys cannot work

effectively to control blood pressure. Persistent or severe high blood pressure is a common

symptom of renal artery stenosis.

Symptoms of renovascular hypertension include:

1) High blood pressure at a young age,

2) High blood pressure that suddenly gets worse or is hard to control,

3) Kidney function suddenly decreases,

4) Narrowing of other arteries in the body, such as to the legs, the brain, the eyes and
elsewhere,

5) Sudden pulmonary edema.

If it becomes a dangerous form called malignant hypertension, symptoms may include: bad

headache, nausea or vomiting, confusion, changes in vision or nosebleeds.

The health care clinician may hear a "whooshing™ noise, called a bruit, when placing a

stethoscope over your belly area.
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1.2.2.3 Laboratory examination and medical imaging

The following blood tests may be done for laboratory examination: cholesterol level,
renin and aldosterone levels, B-type natriuretic peptide, creatinine, potassium and

creatinine clearance.

Medical imaging may be performed to check if renal artery stenosis exists including:
1) Angiotensin converting enzyme (ACE) inhibition renography,

2) Doppler ultrasound of the renal arteries,

3) Computed tomography angiography (CTA),

4) Magnetic resonance angiography (MRA),

5) Renal artery angiography.

1.3 Renal Artery Disease

1.3.1 Vasculature of renal artery

Renal arteries normally arise from the sides of the abdominal aorta, immediately below the
superior mesenteric artery, and supply the kidneys with blood. Each is directed across the
crus of the diaphragm, so as to form nearly a right angle with the aorta. Renal arteries carry
up to a third of total cardiac output blood flow to the kidneys. The whole vasculature of the

aorta and its branches is shown in Figure 1.
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Figure 1. CTA Vasculature of renal artery
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The renal artery has a radius of approximately 2.5 mm (35). The measured mean diameter
can differ depending on the imaging method used. For example, the diameter was found to

be 5.04 +£0.74 mm using ultrasound, but 5.68 1.19 mm using angiography (36).

Due to the position of the aorta, the inferior vena cava, and the kidneys in the body, the
right renal artery is normally longer than the left renal artery. The right passes behind the
inferior vena cava, the right renal vein, the head of the pancreas, and the descending part of
the duodenum. The right is somewhat lower than the left; it lies behind the left renal vein,
the body of the pancreas and the splenic vein, and is crossed by the inferior mesenteric
vein. Before reaching the hilum of the kidney, each artery divides into four or five
branches; the greater number of these (anterior branches) lie between the renal vein and
ureter, the vein being in front, the ureter behind, but one or more branches (posterior

branches) are usually situated behind the ureter.

Variant anatomy is common (Figure 2). One or two accessory renal arteries are frequently
found, especially on the left side since they usually arise from the aorta, and may come off
above (more common) or below the main artery. Instead of entering the kidney at the hilum,
they usually pierce the upper or lower part of the organ. The arterial supply of the kidneys
is variable and there may be one or more renal arteries supplying each Kkidney.
Supernumerary renal arteries (two or more arteries to a single kidney) are the most
common renovascular anomaly, with occurrence ranging from 25% to 40% of Kkidneys.

Early branching exists in 10% of the population.
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Figure 2. One patient with left renal artery manifesting early branching and right

accessory renal artery (MRA image)
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1.3.2 Renal artery disease

Renal artery disease is disease of the arteries that supply blood to the Kkidneys.
Atherosclerotic renal artery disease is the most common form of this condition, accounting
for more than 80 percent of all renal artery disease (37). The balance is generally caused by
fibromuscular dysplasia, a congenital disorder that causes thickening of the artery walls

without plaque build-up.

Like the atherosclerosis that affects the arteries of the legs (peripheral artery disease), renal
artery disease is caused by a buildup of plaque in the arteries that lead to the kidneys.
Plaque is made up of fats and cholesterol, and as it accumulates in the renal arteries, it
causes the arteries to stiffen and narrow, which blocks the flow of blood to the kidneys.
Total or partial obstructions (blockages) in the renal arteries can cause poorly controlled

high blood pressure, congestive heart failure, and kidney failure.

1.3.3 Treatment options for RAS

High blood pressure caused by narrowing of renal arteries is often hard to control. One or
more treatments are needed to help control blood pressure. There are many types available
including lifestyle changes. Further treatment depends on what causes the narrowing of the

Kidney arteries.

Renal angioplasty treatment (37-39): A procedure called angioplasty with stenting may be
recommended. A small catheter — a long, thin tube — carrying a tiny balloon is inserted

through a small puncture in the groin and guided by X-ray to the renal artery. When the
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catheter is guided to the narrowed part of the artery, the balloon is inflated. As it expands, it
compresses the plaque against the artery walls, re-opening the vessel for blood to flow
through. Once the artery is open, the physician may insert a stent at the site to keep the
artery open and support the arterial wall. In carefully selected patients, renal angioplasty
improves blood pressure and kidney function with minimal risk. It can be done as an
outpatient procedure or with only an overnight stay, does not require general anesthesia

and has a short recovery time.

Surgical treatment (7, 40): With the development of new and improved types of stents,
angioplasty with stenting is the preferred treatment for renal artery disease. However, in
some certain cases, surgical treatment will be necessary to restore blood flow to the kidney

and preserve kidney function. Surgical treatments for renal artery disease include:

1) endarterectomy, during which a vascular surgeon removes the diseased inner lining of

the artery and the plaque deposits.

2) bypass procedure, which involves using a segment from another artery or vein to
construct a detour around the blocked area of the renal artery. The most commonly
used technique creates a bypass from the abdominal aorta (the large artery in the
abdomen) to the kidney using a segment from the saphenous vein in the leg or the

hypogastric artery from the abdomen.
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There is no single best treatment for renal artery disease. The treatment that is best for a
particular will depend on the severity of the disease, the location of the blockages in the

arteries, symptoms, overall health, and many other factors.
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1.4 Research Objectives

To date, investigations into relationships between clinical information and morphological
and hemodynamic analysis of renal arteries confirmed that mechanisms of RAS formation

and potential risk factors are not firmly clear and understood.

As mentioned above, the objective of this study is to establish a completely non-traumatic
methodology for morphological and hemodynamic assessment of RAS. The hypothesis is
that there must be a close relationship and dependence between hemodynamic change and
morphological transformation of renal arteries. Thus, evaluating the hemodynamic change

of different grade stenosis of renal arteries can reflect on the morphologic status.

Non-contrast MRA was used in this thesis to assess the morphologic status of renal arteries
and CFD was used to calculate the hemodynamic parameters of different stenoses. These
enabled investigation into possible correlation between morphologic and hemodynamic
changes. The non-contrast MRA methods for imaging renal arteries are discussed in
Chapter 2, and, especially, TrueFISP MRA technique is evaluated in Chapter 3.
Furthermore, CFD techniques are investigated in Chapter 4. Chapter 5 describes a
preliminary study on the hemodynamic analysis of stenotic renal arteries using CFD. In
addition, one biomedical method has been used with CFD to design renal artery stenting

angiography as described in Chapter 6.
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The thesis outline is as follows:

Chapter 1. Introduction and literature review

Chapter 2. Non-contrast MR angiography techniques used for renal artery imaging

Chapter 3. Non-contrast respiratory-gated MR angiography of renal artery in
hypertensive patients using true fast imaging with steady-state precession technique

compared with contrast-enhanced MR angiography

Chapter 4. Hemodynamic CFD techniques and their application in renal artery

Chapter 5. Hemodynamic analysis of renal artery stenosis using computational fluid

dynamics technology based on non-contrast steady-state free precession MR angiography

Chapter 6. Analysis of various simulated angioplasty of renal artery stenosis in

hypertension using MR angiography-based computational fluid dynamics technology

Chapter 7. Conclusions and future directions
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Chapter 2

Non-Contrast MR Angiography Techniques
used for Renal Artery Imaging

Summary

This section outlines an overview of the non-contrast magnetic resonance angiography
techniques with theories, advantages and disadvantages, and clinical applications for renal

artery imaging.
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2.1 Introduction

Renal artery conditions should be monitored for hypertensive patients in routine clinical
treatment. An accurate and non-invasive method to evaluate severity of RAS is mandatory.
Magnetic resonance angiography (MRA) may be one of the best approaches for detecting

renal artery conditions.

According to the application of contrast agent, MRA techniques can be divided into two
types: contrast enhanced MRA and non-contrast MRA. Severe complications, such as
gadolinium-induced nephrogenic systemic fibrosis, can be avoided when non-contrast
MRA techniques are used. Along with the two conventional non-contrast MRA techniques,
namely time-of-flight (TOF) and phase-contrast (PC) MRA, several novel techniques have
been developed, including electrocardiograph-gated fast spin echo (ECG-G-FSE),
steady-state free precession (SSFP), arterial spin labeling (ASL), and black-blood (BB)
MRA. Appropriate use of these techniques can allow accurate diagnosis of RAS without
using contrast materials. Common arterial and venous applications of non-contrast MRA

for steno-occlusive and aneurysmal diseases are shown in Table 2.
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Table 2. Common application of non-contrast MRA

Arterial application Venous application

Abdominal and thoracic aorta Iliac vein (May Thurner syndrome)

Renal Mesenteric thrombosis

Celiac

Lower extremity
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2.2 Indications and Limitations for Non-Contrast MRA

The estimated glomerular filtration rate (eGFR) is a better determinant of renal function
than serum creatinine levels (41). Gadolinium should be cautiously used in patients with an
eGFR of less than 30 mL/min/1.73 m? including dialysis patients (41). Therefore,
non-contrast MRA is suitable for these patients as well as patients who may develop
allergic reactions to contrast materials. To avoid unnecessary contrast use, it is also
appropriate for young or essentially healthy people who undergo a medical check-up. No
exposure to radiation or contrast materials allows repeated examinations suitable for
screening and follow-up studies. Furthermore, MRA can easily depict calcified vessels and

vessels close to bones.

One of the limitations of non-contrast MRA is the long acquisition times relative to those
of contrast-enhanced MRA or CT angiography. However, these times have been reduced
with recently developed fast acquisition techniques, such as parallel imaging. Second,
disadvantage of non-contrast MR angiography is that the imaging range is limited,
although multi-coil systems have already been developed to overcome the problem (13).
Another limitation is that imaging or understanding imaging findings are difficult because

of the imaging techniques and possible artifacts.
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2.3 Non-Contrast Magnetic Resonance Angiography Techniques

2.3.1 TOF MRA

Among of all MRA methods, TOF is the most commonly used non-contrast MRA
technique. TOF exploits the inflow effect of blood protons using flow-compensated 2D or
3D gradient-echo sequences (42). Unsaturated blood protons flowing into the imaging
section or slab have greater signal intensities than do the in-plane or in-slab background
stationary protons saturated by repeated radiofrequency excitations with a short repetition
time (42). To identify arteries or veins, the pre-saturation pulse is tracked on the upstream
side of the imaging section or slab to nullify inflowing signals from the opposite direction
(42). For the lower extremities, systolic gating is usually used to enhance the inflow effect

and reduce ghost artifacts (42).

Advantages and Disadvantages: The main advantage of TOF MRA is the ease and
robustness of imaging and interpretation of images, because the technique has been used
for a long time and most radiologists and radiologic technologists are familiar with it. The
main limitation is the long acquisition time, especially for 3D TOF. 2D TOF is also
time-consuming because the imaging direction must be perpendicular to the vessels to
detect the inflow (42). One of the major disadvantages of this technique is the signal loss
of in-plane flow due to the saturation effect, particularly in 2D TOF (42). Signal loss also
occurs in vessels with complex or turbulent flow, due to intra-voxel dephasing (42), and
can result in overestimation of the severity of stenosis, such as in the carotid bifurcation

(43). Signal loss due to susceptibility artifacts can also be found because of the nature of
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gradient-echo sequence. In addition, TOF angiography cannot depict vessels in which flow
is in the opposite direction, because of the saturation bands applied to prevent their

contamination.

Clinical Applications: 3D TOF MRA still remains an important method for evaluating
intracranial arteries (42). At the same time, 2D TOF angiography is utilized for a wider
range of applications, such as in neck arteries and peripheral vessels. However, the
diagnostic accuracy of 2D TOF angiography for peripheral arterial disease is generally

lower than that of contrast-enhanced MRA.
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2.3.2 PC MRA

PC MRA works by detecting a phase shift caused by blood flowing through a magnetic
field gradient using bipolar or flow-compensated pulses (42, 44-46). 2D or 3D
flow-uncompensated acquisition and flow-compensated acquisitions in three directions are
necessary to produce angiographic images by subtraction (42, 46). The velocity-encoding
factor, which affects the maximum velocity to be properly displayed, should be carefully

preselected (42, 44, 45).

Advantages and Disadvantages: PC MRA, particularly for 3D acquisition, is
time-consuming (42, 46, 47). One of the advantages is the independence of flow direction
(46). The image acquisition time for 2D imaging can be shorter than TOF MRA because
images in planes parallel can be obtained without severe saturation effects (48).
Additionally, the PC technique offers excellent background signal suppression (42, 46, 47).
One of the disadvantages is the loss of signal in vessels with turbulent flow because of
intra-voxel dephasing (47), which can overestimate the degree of stenosis. Furthermore,
PC MRA is susceptible to motion because of the characteristics of subtraction. Another
limitation is that imaging and image interpretation are often difficult due to the image

quality depending on the velocity-encoding factor preselected by the imager.

Clinical Applications: In the last century, before the introduction of the novel
non-contrast MRA techniques, PC MRA was widely used for vessels when TOF MRA was
not suitable for imaging, including the cerebral and portal veins, renal arteries, and

peripheral arteries (48). Nevertheless, conventional PC MRA is routinely used only for the
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cerebral veins, because of long acquisition times and image interpretation difficulty (44).
Hemodynamics rather than morphologic evaluation has recently become more available
with cine 2D PC MRA. Flow direction and flow velocity of vascular diseases such as
stenosis, aneurysm, and arteriovenous malformation can be acquired (49-51). The cine 3D
PC MRA technique is time-resolved, and is improved by using the VIPR (vastly
under-sampled isotropic projection reconstruction) technique (52). It can provide 3D
hemodynamic flow information (4D flow) for various vascular diseases, such as velocity,
wall shear stress, and pressure difference, with the aid of visualization tools that include

3D streamlines and particle traces (53-57).
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2.3.3 ECG-G-FSE MRA

ECG-G-FSE MRA, also called NATIVE SPACE (sampling perfection with application of
optimized contrasts using different flip angle evolutions), TRANCE (triggered
angiography non-contrast-enhanced), FBI (fresh blood imaging), Delta Flow, and Flow
Prep, employs the flow void effect of fast arterial flow during systole (42, 58). It produces
bright-blood angiography, with background signals suppressed by subtracting systolic
images, in which the signals from arteries with fast flow could not be displayed, from a
diastolic image in which signals with slow flow remain at high intensity on T2-weighted
images (42, 59). Before data acquisition, additional preparatory steps are necessary to
determine the correct timing of systole and diastole using cine 2D MRA or 2D
ECG-G-FSE MRA (59, 60). To produce good quality images, reduction of data sampling
duration is needed for maximizing the differences in signals between systole and diastole,
reducing the T2-weighted effect and motion-related artifacts (42). It can be achieved by
partial-Fourier techniques such as half-Fourier acquisition single-shot turbo spin echo
(HASTE), rapid acquisition with relaxation enhancement (RARE), single-shot FSE
(SSFSE), single-shot turbo spin echo (SSTSE), and fast asymmetric spin echo (FASE) and
parallel imaging techniques (42, 59, 60). Three-dimensional sequences with each partition
acquired in a single shot are typically used. ECG gated data are usually acquired every two
or three R-R intervals to allow sufficient T1 recovery. After the readout direction is set, the
phase-encoding direction parallel to the vessels is recommended (42). In arteries with slow
flow, flow-spoiling gradient pulses are used in the readout direction to increase the

flow-dephasing effect during systole (42).
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Advantages and Disadvantages: Each image acquisition time of ECG-G-FSE MRA
is relatively short. Images can be acquired in planes parallel to the vessels and the total
image acquisition time is shorter than with TOF MRA (42). Another advantage is the
sensitivity of the technique to peripheral slow flow, which allows displaying of thin vessels
(42). One of the disadvantages is the complexity of imaging. In particular, inappropriate
trigger timing results in poor image quality (42, 59). Another disadvantage is the poor
detection of vessels because of differences in flow velocities, such as in regions distal to a
stenosis and in collateral vessels (42). ECG-G-FSE MRA is sensitive to motion because of

the nature of subtraction (59).

Clinical Applications: ECG-G-FSE MRA is suitable for evaluating peripheral arteries
because of its sensitivity to slow flow (59). Thinner vessels such as collaterals and runoff
vessels can also be depicted (59, 61). However, the application for renal arteries is difficult
because these arteries are perpendicular to the readout direction (42). 3D
high-spatial-resolution FSE sequences have advantages with the recent development of a
variable flip angle with spatially nonselective radiofrequency (RF) refocusing pulses such
as SPACE, VISTA, and Cube (61). This can dramatically reduce the data sampling time
because of reduced echo spacing, and it can provide more detailed angiography of distal
arteries (61). As an advanced technique, ECG-G-FSE MRA can be used for non-contrast
MR DSA by obtaining multiple acquisitions during systole, allowing visual hemodynamic

evaluation of pulse-wave transmission in arteries.
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2.3.4 SSFP MRA

SSFP MRA, also known as TrueFISP (fast imaging with steady-state precession), FIESTA
(fast imaging employing steady state acquisition), Balanced FFE (fast field echo), and
TrueSSFP, is a gradient-echo based sequence that maintains steady-state longitudinal and
transverse magnetization by applying a series of equidistant radiofrequency pulses (62-64).
The images do not rely on an inflow effect (42, 62, 63). 3D acquisition is used to produce

angiographic images with a high signal-to-noise ratio (SNR).

Advantages and Disadvantages: The major advantages of SSFP MRA are short
acquisition time and high SNR (63, 64). Furthermore, SSFP MRA with 3D acquisition is
relatively independent of flow direction because of fully flow compensated analysis in all
three directions (42, 63, 65). However, the inflow effects partly affect image quality. One
of the disadvantages of the technique is its susceptibility to field heterogeneities (42, 63).
Therefore, additional preparatory pulses to suppress background signals are necessary to
selectively show arteries; and post-processing is needed to remove additional background

signals.

Clinical Applications: SSFP MRA is utilized for the aorta, particularly with ECG
gating in the thoracic aorta (66, 67). The technique is also used with respiratory triggering
for renal artery stenosis. Furthermore, it is now feasible to perform whole-heart coronary
MR angiography with ECG gating, which allows noninvasive detection of coronary artery

stenosis with high sensitivity and moderate specificity using 1.5-T imagers (68, 69).
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2.3.5ASL MRA

ASL MRA is increasingly used as a qualitative perfusion contrast technique to detect
changes in cerebral blood flow (70). In addition, ASL is used to produce angiographic
images in combination with SSFP or ECG-G-FSE MRA, also known as spatial labeling
inversion pulse (TimeSLIP), NATIVE TrueFISP, and inflow inversion recovery (IFIR) (42).
Three different approaches can be used with this technique. The simplest approach is to
apply a slab-selective IR pulse to the image plane (63). Combining with an appropriate
inversion time, the background signals are substantially suppressed, while inflowing blood
from outside the slab provides high signal intensity. Another approach is applying a
slab-selective IR pulse upstream in the imaging plane (42). Subtracting images could be
obtained with the upstream IR pulse, in which inflowing blood from the suppressed area
with low signal intensity and images obtained without the IR pulse showing bright-blood
angiograms. The third approach is to use nonselective and slab-selective IR pulses (42, 71).
The nonselective IR pulse inverts the magnetization of the entire imaging field. In contrast,
the slab-selective IR pulse applied immediately afterward upstream from the target vessels

displays flowing blood from the suppressed background with high signal intensity.

Advantages and Disadvantages: The advantages of ASL techniques with SSFP
MRA are a high signal-to-noise ratio and sufficient suppression of background area.
However, the acquisition time is generally longer than SSFP MRA. Another disadvantage
is the likelihood of overestimating stenosis due to severe signal loss of the distal part of the

stenotic vessel (65).
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Clinical Applications: ASL with SSFP MRA is often used with a slab-selective IR
pulse to the image plane for imaging renal arteries, commonly with ECG or respiratory
gating. Wyttenbach et al reported that this sequence provided high sensitivity (95%-100%),
high specificity (93%-95%), and a high negative predictive value (99%-100%) for the
detection of high-grade renal artery stenoses (65). SSFP angiography with ASL can also be
used for portal veins (72) and head and neck arteries (73). Images of the hepatic vein and
inferior vena cava can also be obtained through using another slab-selective IR pulse (74).
Finally, ASL with SSFP MRA and nonselective and slab-selective IR pulses allows
angiography of the abdominal visceral arteries such as the hepatic artery (75). Last but not
less important, it was recently reported that the ASL technique can be used to produce MR
DSA images, which provide valuable hemodynamic information (76). These images can be

obtained with multiple data acquisitions with different delay times (76).
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2.3.6 BB imaging

Although BB imaging, also called dark-blood, is not used to produce angiographic images,
it can be used to evaluate vessels, including intraluminal or mural abnormalities, because
detection of the flowing blood is suppressed. The most common approach is using FSE
sequence with double IR pulses and ECG gating (77, 78). This involves applying a
nonselective IR pulse followed immediately by a section-selective IR pulse (78). Data are
acquired during diastole when the signals from inflowing blood cannot be displayed after

the inversion time.

Advantages and Disadvantages: One of the disadvantages of BB imaging with
double IR pulses is the relatively long acquisition time due to ECG gating (78). Although
images can be improved by partial Fourier (78) and multi-section acquisition (79),

conventional BB imaging cannot produce angiographic images.

Clinical Applications: BB imaging can be used to evaluate intraluminal and mural
abnormalities, including plaque (43, 77), dissection (78), and thrombus. Morphologic
evaluation of carotid plaque is important because vulnerable plague and intra-plaque
hemorrhage are associated with subsequent ischemic attacks (43, 77). BB imaging can help
to differentiate recent hemorrhage and the lipid-rich necrotic core from fibrous tissue (43,
77). Currently, some novel black-blood imaging techniques have been described. One is
the modified rotating k-space reconstruction scheme known as PROPELLER (periodically
rotated overlapping parallel lines with enhanced reconstruction), BLADE (rotating

bladelike k-space covering), MultiVane, and JET. These correct in-plane motion
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displacement of flowing blood by oversampling the center data of k space. They can be
used to screen carotid plaque because they can provide multi-section images with a
relatively short acquisition time without ECG gating (80). Another new technique uses a
3D high-spatial-resolution FSE sequence in combination with a variable flip angle and
spatially nonselective RF refocusing pulses with the names SPACE, VISTA, and Cube (81).
This approach increases the number of echoes in each excitation because of reduced echo
spacing (81). Moreover, high-spatial-resolution 3D BB imaging can be acquired because of
flowing blood dephased and blood signals suppressed without ECG gating (81). This
technique can be used to evaluate vessel walls from different angles and can even produce

angiographic images by inverting the display intensity.
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2.4 Conclusions

Generally, non-contrast MRA techniques provide alternative methods to imaging vessels of
different body parts without using contrast materials. TOF MRA is the main technique for
evaluating intracranial arteries. PC MRA, including 4D, is increasingly used for
physiologic evaluation rather than morphologic evaluation. ECG-G-FSE MRA can show
peripheral arteries in more detail. SSFP MRA with or without ASL can provide
high-resolution images of the aorta, renal arteries, and coronary arteries. BB imaging is
used to evaluate vessel walls and intravascular abnormalities including dissection, plaque,
and thrombi. In conclusion, SSFP MRA may be a better method for imaging renal arteries
than other techniques. Non-contrast MRA can avoid the potentially severe adverse effects
associated with contrast materials, such as nephrogenic systematic fibrosis. We believe that
there is a bright future for non-contrast MRA imaging of renal arteries, along with the

technique’s further development.
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Chapter 3

Non-Contrast Respiratory-Gated MR
Angiography of Renal Artery in Hypertensive
Patients using True Fast Imaging with
Steady-State Precession Technique Compared
with Contrast-Enhanced MR Angiography

Published as

Weisheng Zhang, Jiang Lin, Shaowu Wang, Peng Lv, Lili Wang, Hao Liu, Caizhong Chen, Mengsu
Zeng. Unenhanced respiratory-gated magnetic resonance angiography (MRA) of renal artery in
hypertensive patients using true fast imaging with steady-state precession technique compared with
contrast-enhanced MRA. Journal of Computer Assisted Tomography, 2014, 38(5):700-704. (IF=1.602).

Summary

This study involves the idealized non-contrast MR angiography (MRA) technique named
TrueFISP. This state-of-the-art non-contrast MRA method is compared with

contrast-enhanced MRA for diagnosis of renal artery stenosis in hypertensive patients.
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3.1 Introduction

Renovascular hypertension exists in approximately 5% of hypertensive patients (1, 2).
Renal vascular disease is a complex entity, encompassing atherosclerotic arterial lesions
and fibromuscular dysplasia (FD), leading to high renal and cardiovascular risk. It is
known that 40— 50% of patients with occlusive disease of the lower extremities and 15-30%
of patients with coronary artery disease have recognizable RAS (4). Reports of end-stage

renal disease indicate RAS prevalence of 10-22% (5, 6).

Owing to the improvements of scanning techniques, studies appropriate for the diagnosis
of renal artery stenosis are digital subtraction angiography (DSA), ultrasound (US),
computed tomography angiography (CTA), and magnetic resonance angiography (MRA).
To date, DSA technique has been widely recognized as a gold standard for imaging renal
artery. However, there has been a decreasing tendency to use DSA in clinical imaging of
RAS due to its invasive nature. Intravenous DSA is no longer recommended, and
intra-arterial DSA is reserved for pre-revascularization planning. Currently, US is the most
widely used imaging method for initial investigation and can provide the measurement of
flow velocities. But the field of view is often limited to the acoustic window and the
diagnosis is highly dependent on operators. Increased radiation exposure and potential
nephrotoxicity of iodinated contrast agents are the major disadvantages of CTA; CT
examinations should, therefore, be ordered judiciously in patients with impaired renal
function. Contrast-enhanced MRA (CE-MRA) can be the gold standard for evaluating

renal vasculature because it enables high spatial and temporal resolution with extremely
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fast imaging times (82-84). However, recently, the use of injected contrast media has come
under scrutiny because the common contrast agents containing gadolinium have been
linked to a condition called Nephrogenic Systemic Fibrosis (NSF) that can occur in
patients with renal insufficiency (13-15). As a result, use of gadolinium should be avoided
in patients with known risks for developing NSF unless the diagnostic information cannot
be obtained with a non-contrast enhanced MR. To date, non-contrast MRA without using

any contrast agent is highly desired as an alternative for patients at risk of developing NSF.

Various non-contrast MRA techniques have undergone a substantial development and are
effectively used for visualization of coronary artery (85, 86), renal artery (13, 22-24, 65,
87-89), and lower extremity arteries (87). Respiratory-gated “True fast imaging with
steady-state precession” (TrueFISP) was a recently developed optimized technique and
enabled visualization of the renal arteries with high contrast and high spatial resolution, by
using a slab-selective inversion pre-pulse to suppress the renal parenchymal signal and
renal venous signal, without use of contrast agents. The purpose of our study was to
investigate the accuracy of TrueFISP MRA for detecting renal artery stenosis in

comparison with CE-MRA.

3.2 Materials and Methods

3.2.1 Patients

From July 2012 through to July 2013, 22 consecutive patients (16 male, 6 female; age

range, 24-72 years; mean age = standard deviation, 46.4 years * 11.9) who had
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hypertension and who were suspected of having RAS on the basis of clinical history,
physical examination results, or Duplex US findings were prospectively enrolled in the
study. The study was approved by the institutional ethics committee of Shanghai
Zhongshan Hospital of Fudan University (Shanghai, China) and granted by the Macquarie
University Human Research Ethics Committee (HREC (Medical Sciences)). Both
non-contrast respiratory-gated TrueFISP MRA and CE-MRA were performed during one
imaging session. All 22 patients were fasting for 3 hours before MRA imaging and trained

for regular breathing before scanning.

3.2.2 MRA examination

All MRA examinations were performed with a 1.5-T MR imager (MAGNETOM Aera,
software version syngo MR D11; Siemens Healthcare, Erlangen, Germany) equipped with
2 body coils placed both at the front (18-element body matrix) and back (12-element spine
matrix) of the abdomen. All patients were scanned in the supine and feet-first position with
a refractory belt put around the abdomen to reduce motion artifact while a
respiratory-gated navigator was placed at the inferior level of the diaphragm to synchronize

data readout to trigger TrueFISP scanning with free breathing.

After acquisition of scout images, non-contrast TrueFISP MRA (syngo NATIVE TrueFISP;
Siemens Medical Solution) was performed before CE-MRA using a balanced steady state
gradient echo technique triggered by respiratory-gated navigator. The preparation of the
imaging volume with a spatially selective inversion pulse was used to suppress signal from

stationary tissues at the background and suppress signal from venous blood within the
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imaging volume. Depending on patient respiratory rhythm, inversion time and acquired

number of imaging sections, the acquisition time ranged from 5 to 7 minutes (300-420

seconds).

Non-contrast and contrast-enhanced MRA protocol parameters are listed in Table 3.

Table 3. Sequence parameters of CE-MRA and TrueFISP MRA

Parameter CE-MRA TrueFISP MRA
Repetition time (msec) 3.17 1293.8
Echo time (msec) 1.10 1.49

Data acquisition time (sec) 13 300-420
Flip angle (degree) 25 90
Bandwidth (kHz) 450 781

Field of view (mm?) 400 X 320 320X 240
Slice thickness (mm) 1.2 1.0-1.2
No. of slices 80-94 64-80
Matrix 288X 384 192 X256
No. of acquired partition 1 1
Accelerated factor 3 2

Time of inversion (msec) - 1200
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To reduce the signal intensity of the background tissue during CE-MRA, a 3D data set that
served as mask image data was obtained before contrast material administration and was
subtracted from the arterial phase contrast enhanced images. High-spatial-resolution
breath-hold contrast-enhanced MRA was performed with a 3D gradient-echo fast
low-angle shot pulse sequence after administration of 0.2 mmol gadopentetate
dimeglumine injection (lohexol; Beijing Beilu Pharmaceuticals, Beijing, China) per
kilogram of body weight, which was followed by 20 ml saline at 2.0 ml/sec in all

examinations.

3.2.3 Data post-processing

DICOM image data was transferred to the imaging workstation Vitrea (Version 6.5.1,
Toshiba, Minnetonka, United States) and also to the commercial image processing package
Mimics (Version 14.0, Materialise Company, Leuven, Belgium). Vitrea was used to
calculate the length of maximal visible renal arteries and number of visualized branch
vessels, while Mimics was used to measure the volume of the main renal arteries. A
technologist with experience in 3D reconstruction techniques performed all standardized
post-processing procedures. This technologist was not involved in the subsequent image
analysis and was blinded to the patient clinical information. Volume rendering (VR) and
maximum intensity projection (MIP) display of the renal arteries was generated. All
reconstructions were performed in an identical manner for TrueFISP MRA and CE-MRA
during separate sessions; and the reconstructed images were stored for subsequent

evaluation. The presence or absence of accessory renal arteries was not assessed in this
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study; and only the main blood supply renal artery was evaluated when accessory renal

artery appeared.

TrueFISP MRA and CE-MRA images were analyzed jointly by two radiologists with 11
and 5 years of experience in cardiovascular imaging. Both readers were blinded to the
patient clinical data and a consensus was reached for each patient. TrueFISP MRA and the
corresponding CE-MRA images obtained in the same patients were assessed separately in
random order, with an interval of at least 2 weeks between the readings. Data analysis was
based on source images, VR and MIP reconstruction. Both readers were allowed to

perform additional reconstructions, if necessary.

For quantitative analysis, all renal arteries were analyzed to determine volume of the main
renal arteries (Figure 1), length of maximal visible renal arteries (Figure 2), and number of
visualized first branch vessels. Main renal artery volume size was calculated from ostium
to the end of main renal artery. The maximum visible renal artery length was measured
from the ostium to the most distal visible end of the renal artery branch. The maximum
visible renal artery length and visualized branch vessel number were measured on VR

reconstructions obtained using both techniques.

Additionally, the extent of RAS was graded as follows: Grade 1 (normal) indicated less
than 24% luminal narrowing; grade 2 (mild), 25%-49%; grade 3 (moderate), 50%—74%;
grade 4 (severe), 75%-99%; and grade 5 (occlusion), 100%. Stenosis grading was

performed using an electronic caliper to measure the minimal luminal diameter at the
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optimal projection angle along the vessel axis. The percentage of stenosis was calculated as

follows:

% of stenosis = [1 - (S/R)] X 100 1)

Where S and R are the diameters of the stenosis and the reference site, respectively.
Reference site was defined as the normal-looking portion of vessel presented either distal

or proximal to the lesion.

For qualitative assessment, all main renal arteries were divided into proximal, middle, and
distal segments. Image quality was based on the degree of artery visualization, motion
artifacts, and signal suppression in the background. The image quality of VR and MIP
images, three segments of main renal arteries, and first branches of renal arteries of the
source images were graded using a five-point scale: grade 4 indicated excellent (high
homogeneous signal intensity within vessel lumen, optimal delineation of vessel border, no
artifacts present); 3, good (good enhancement of vessel lumen, incomplete delineation of
vessel border, some artifact may be present); 2, fair (low inhomogeneous signal intensity,
incomplete delineation of vessel border, diagnostic evaluation possibly impaired); 1, poor
(minimal enhancement, diagnostic evaluation hardly possible); and 0, non-diagnostic (no
enhancement, non-diagnostic). An image quality score of 4-2 was defined as an acceptable

image quality, and images with a score 1-0 were excluded from further analysis.
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3.2.4 Statistical analysis

The data was presented as mean =SD. For continuous variables, paired two-tailed Student
t test was applied to evaluate values of the volume of main renal arteries, length of
maximal visible renal arteries, and number of visualized first branch vessels between
TrueFISP MRA and CE-MRA. The Wilcoxon signed rank test was used to analyze ordinal
scaled image quality scores. For assessment of image quality, mean grades obtained from
TrueFISP MRA and CE-MRA were calculated and compared. A two-tailed P value 0.05 or
less with 95% intervals was considered to indicate a significant difference. Statistical
analyses were performed with the commercially available SPSS software (version 16.0;

SPSS, Chicago, III).

3.3 Results

TrueFISP MRA and CE-MRA were successfully acquired in all 22 patients and the total

number of main renal arteries was forty-four.

In forty-four main renal arteries, volume and maximal visible renal arteries length were
measured. The volume of main renal arteries was smaller in CE-MRA (Figure 3a) than
those from TrueFISP MRA (Figure 3b), but no significant difference was indicated
between CE-MRA and TrueFISP MRA (1187.2 mm?® +566.5 in CE-MRA, and 1212.2
mm? +505.5 in TrueFISP MRA, P = .62). The length of maximum visible renal artery was
less from CE-MRA (Figure 4a, 4c, 4e) than those from TrueFISP MRA (Figure 4b, 4d, 4f),

but no significant difference was shown between the two techniques (87.3 mm £20.4 in
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CE-MRA vs 88.3 mm =+ 19.6 in TrueFISP MRA, P = .59). Number of visualized first

branch vessels was slightly greater from TrueFISP MRA than those from CE-MRA, which

did not significantly differ between two techniques (3.77 £1.78 in CE-MRA vs 3.80 +£1.44

in TrueFISP, P = .91). The results for the quantitative measurements are summarized in

Table 4.

Table 4. Quantitative measurement of renal artery (RA)

CE-MRA* TrueFISP P Value
\Volume of main 1187.24566.5 1212.24505.5 0.62
RA (mm®)
Length of maximal 87.3120.4 88.3+19.6 0.59
visible RA (mm)
Number of RA first 3.77H.78 3.80+.44 0.91

branches

* Scores are means =*standard deviations. P values were derived by using paired Student t

test.
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Figure 3. Volume rendering and maximum intensity projection images of renal arteries
from CE-MRA (a) and from TrueFISP MRA (b) with respiratory gating in a 55—year-old
female with refractory hypertension. Main renal artery volume was calculated from the
ostium to the end of main renal artery shown in the rectangle frame (a, b). The volume of
right main renal artery was 754.3 mm?® from CE-MRA and 936.7 mm® from TrueFISP

MRA
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Figure 4. Volume rendering, maximum intensity projection and curved planar images
acquired from CE-MRA (a, c, €) and TrueFISP MRA (b, d, f) in a 52-year-old man with
hypertension resistant to medication. Left renal artery stenosis was diagnosed according to
the images. The maximal visible length of right renal artery from the ostium to the distal
end was calculated as about 103.3mm from CE-MRA and 112.5mm from TrueFISP MRA

(c,d,e and f were shown on next page.)
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For assessment of the severity of stenosis, a total of 44 main renal arteries were evaluated.
CE-MRA found a total of 13 RAS with stenotic grades from mild to severe. TrueFISP
MRA showed eight RAS with stenotic grades from mild to moderate. Five (13-8; 38.5%,
5/13) false-positive results existed in CE-MRA. In three (24%) of 13 RAS cases, the
findings were concordant between CE-MRA and TrueFISP MRA. Inconsistency was found
between the two techniques on 10 (76%, 10/13) segments with the calculated degree of

stenosis greater for the CE-MRA images (Figure 5a) than TrueFISP MRA (Figure 5b),

especially regarding Grade 4 stenosis.
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Figure 5. The diameter stenotic degree of right renal artery from CE-MRA (a) was
greater than those from TrueFISP MRA (b) in the maximum intensity projection and
volume rendering images in a 56-year-old hypertensive female with right kidney atrophy.
The stenotic degree of right renal artery was 55% from CE-MRA and 45% from TrueFISP

MRA, respectively
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Image quality in each renal artery was acceptable. There was no significant difference of
the image quality of proximal segments between the two techniques (P > .05). Qualitative
scores for VR and MIP images, middle and distal segments of the main renal arteries, and
their first branches, were higher on images from TrueFISP MRA than those from CE-MRA
(P < .05). Qualitative scores of the image quality assessment for TrueFISP MRA and

CE-MRA are summarized in Table 5.

Table 5. Qualitative assessment of 44 renal arteries between CE-MRA and TrueFISP

MRA in 22 patients with hypertension

CE-MRA TrueFISP P
Proximal segment 3.774.42 3.9340.26 0.051
Middle segment 3.48+0.59 3.7540.44 0.017
Distal segment 3.3240.74 3.6140.54 0.031
First branches 2.7740.61 3.0040.69 0.012

Scores are means =standard deviations. Image quality: Score 0, indicated non-diagnostic
(no enhancement, non-diagnostic); 1, poor (minimal enhancement, diagnostic evaluation
hardly possible); 2, fair (low inhomogeneous signal intensity, incomplete delineation of
vessel border, diagnostic evaluation possibly impaired); 3, good (good enhancement of
vessel lumen, incomplete delineation of vessel border, some artifact may be present); 4,
excellent (high homogeneous signal intensity within vessel lumen, optimal delineation of
vessel border, no artifacts present). P values were derived by using the Wilcoxon signed
rank test.
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3.4 Discussion

In our study, TrueFISP MRA was performed to evaluate RAS in hypertensive patients. Our
patient data demonstrated that it had capabilities for the depiction of renal arteries and for
the detection of renal arterial stenosis comparable with those from CE-MRA in patients

with hypertension.

Commonly used non-contrast MRA techniques, including phase-contrast and time-of-flight,
have not been successfully used in clinical practice for renal arterial visualization because
of their low spatial resolution, prolonged imaging time and flow artifacts. Newly
developed steady-state free precession non-contrast technique, named TrueFISP technique,
offers superior signal-to-noise ratio and high contrast between blood and soft tissue.
TrueFISP MRA comes from the preparation of the imaging volume with a spatially
selective inversion pulse, resulting in the suppression of stationary tissue and venous blood,
so it allows an excellent depiction of renal arteries with high contrast between arteries and
surrounding soft tissues without use of contrast agents. TrueFISP is further powered by
parallel imaging, which allows for rapid data acquisition of renal artery MRA within a

clinically practical imaging time.

Our data demonstrated a good agreement between TrueFISP MRA and CE-MRA, though
volume of main renal arteries and length of renal arteries shown in the images from
TrueFISP MRA were a little greater than those from CE-MRA. To our knowledge, it is the
first report utilizing volume statistics to analyze renal arteries. Volume data may be a more

accurate method for assessing renal arteries especially for the severe stenotic renal arteries
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for which diameters cannot be measured easily and correctly. Mimics, which was used for
analyzing the volume of main renal artery, is generally accepted as an established mature
method to be utilized in clinics and biomechanics to analyze clinical and medical
engineering data (26, 27). The visualization of the branches embedded in the parenchyma
was attributed to the good suppression of renal parenchyma signal using an
inversion-recovery pre-pulse. This suppression also increased the maximum visible vessel
length in TrueFISP MRA images compared with that in CE-MRA images. These findings
are consistent with those of other investigations of renal arteries with respiratory-gated

acquisition (24, 65, 88).

TrueFISP may avoid overestimation of RAS. In this study, there were 10 segments of renal
arteries where the measured stenotic degree was greater in the images from CE-MRA than
those from TrueFISP MRA, and 5 false-positive results from CE-MRA. This might result
from several reasons such as insufficient concentration of contrast, dephasing effect in the
stenotic segment or poor breath-holding of patients. It is very important for clinicians to
make a correct decision before treatment of the patients with RAS according to the real
condition of renal arteries. The results of our study indicated that free-breathing TrueFISP
MRA can reliably depict the renal arteries in patients suspected of having RAS.
Furthermore, it does not need patients to hold their breath, especially for the patients who

are difficult to do so for CE-MRA scanning.

Previous studies have shown that the image quality of CE-MRA is significantly better than

that of steady-state free precession MRA in all segments of renal arteries (65, 88).
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However, results of the present study demonstrated that there was no statistically
significant difference in image quality for proximal segment of main renal artery. The
image quality of TrueFISP was found better than that of CE-MRA for VR and MIP images,
middle and distal segments of the main renal arteries, and their first branches. Further
studies with larger sample size are warranted to confirm this finding. Moreover, success of
CE-MRA technique in demonstration of RAS depends on an exact scanning phase at the
time of the peak intensity of contrast so as to avoid renal parenchyma and veins being early
enhanced. Accurate detection of renal artery branches is important when trying to identify
diseases that affect the segmental renal arteries, especially in cases of FD, which tends to
affect females who are between 15 and 50 years of age (8) , frequently involving the distal
segments of the main renal artery and its branches. It may be difficult for CE-MRA to

display the distal stenotic part in FD.

Several limitations exist in our study. First, compared with CE-MRA coverage, the
longitudinal scanning coverage of blood vessels in the images from TrueFISP MRA was
shorter than CE-MRA. Second, the study population was small, especially the number of
patients with RAS. In addition, no DSA data was referenced. Finally, no other clinical

conditions, such as accessory renal artery or aneurysm, were analyzed in this study.

3.5 Conclusions

In conclusion, non-contrast TrueFISP MRA is a reliable method for evaluating renal artery
disease and it demonstrates comparable or even better image quality than CE-MRA for

diagnosis of RAS with no use of contrast material. It is an excellent alternative for
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assessing renal arteries in patients with suspected secondary hypertension in certain

clinical scenarios, such as renal insufficiency.

75



Chapter 4

Hemodynamic Computational Fluid Dynamic
Techniques and Their Application in Renal
Artery

Summary

This chapter provides the techniques of computational fluid dynamics, including blood
flow model, processing, convergence criteria, post-processing and its application in renal

artery hemodynamics analyzing.
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4.1 Introduction

Computational fluid dynamics (CFD) has been utilized in a lot of industry applications,
such as turbine machine, airplane industry, and aerospace, etc., and has acquired an
extensive progress to improve the design and performance. In the area of biomedical
engineering, CFD technology has been utilized in such areas: diagnosis and personalized
medicine (90), drug delivery systems (91), performance of medical devices (92), and
physiological modeling (93). Presently, CFD has evolved as one important research area in
vascular hemodynamic clinical application and enable to provide numerous solutions of

blood flow by solving the three-dimensional moment equations.

In disease states such as atherosclerosis, remodeling of walls of arteries leads to increased
stiffness, with a resultant increase in flow resistance and arterial blood pressure.
Atherosclerosis also causes a buildup of plaque in the walls of certain arteries. This
decreases the cross-sectional area that is available for flow (stenosis), causes a local
increase in flow resistance, and leads to blood flow lower than normal flow or absence of
flow (ischemia). If this occurs in renal arteries, it can result in resistant renovascular
hypertension. The patients will be suggested to perform either angioplasty or bypass
operation to improve their renal artery hemodynamic conditions. CFD is suggested to be a
useful tool to provide the diagnostic information, such as velocity, pressure difference and

WSS, to assist clinicians to make a treatment decision.
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CFD technology provides significant advantages such as time saving, low costs and
effectiveness. And it might be a potentially important tool to evaluate blood pressure and

estimate the function of kidney.

4.2 CFD Technology Application in Hemodynamics
4.2.1 Blood flow model and numerical simulation scheme
4.2.1.1 Governing equations

The Navier-Stokes equations are the conservative equations governing fluid motion. They
consist of mathematical descriptions of conservation of mass, conservation of momentum
and conservation of energy. When the flow is considered isothermal and incompressible,

the energy conservation law is not included in the equations.

Conservation of mass indicates that the mass in a closed system remains constant over

time,
ap d _
i % (puj) =0 (2)

Where p is the density of fluid; t means time; X; is the Cartesian coordinate axis of X, y
and z presenting space; and u; is the velocity component (u, v and w). However, for

incompressible flow where p is constant, the continuity equation is as follows:

=0 ©

an
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Conservation of momentum is derived by applying Newton’s 2™ law of motion to a
fluid element, which states that the changing rate of the momentum element is equal to the
net external force acting on the element. Therefore, by assuming an individual fluid
element (Lagrangian reference frame), the time changing rate of momentum for the fluid

element is

du; 6ui> P 0Tjj
—+ uj— | =-—+—+pf; 4
P ( ot ) ax; 0X;  0X; Pl (4)

Where u; and u; are the velocity components in the directions of i and j, respectively;

T;; is the total stress; and f; is a body force component in the i direction; and P is the

pressure.

Simple model to solve Navier-Stokes equation is to consider blood as a Newtonian fluid in
which the stress-strain curve is linear and passes through the origin. The constant of

proportionality is known as the viscosity ().

d
T=pos (5)

Where T is the shear stress exerted by the fluid [Pa], p is the fluid viscosity (a constant

of proportionality) [Pa s], g—; or shear rate is the velocity gradient perpendicular to the

direction of shear [s-1].

Therefore, the Navier-Stokes equation for an incompressible, Newtonian fluid simplifies to

ou 1
— 4+ u-Vu =--- ~Vp+v-V2u+ f (6)
ot —_— —_—— -
U oy d convective ————  viscous body
nstea Y acceleration pressure term force
acceleration gradient
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Typical values of density and dynamic viscosity (v) of 1060 kg/m® and 0.0035 Pa s were

considered for blood (94) in this study respectively.

4.2.1.2 Discretization scheme

Because of non-linear, second-order, partial-difference for the Navier-Stokes equation,
precise solution is not possible to be obtained by using current mathematic methods.
Therefore, discretization schemes have been proposed to perform numerical calculation to
solve the Navier-Stokes equation. The Finite Volume Method (FVM), which is one of the
mostly used discretization methods for CFD simulation, directly discretises the integral
form of the conservation laws. This method can be applied to both structured and
unstructured grids that are used in most commercial software. FVM analysis includes (95):
dividing the flow domain into small volumes or elements, integrating the transport
equations over these control volumes, discretizing the partial derivatives to obtain an
algebraic system, and solving the algebraic equations by means of an iterative numerical

method.

To illustrate the FVM methodology, the conservation of mass and momentum equations are

expressed in priority in Cartesian coordinates:

au]'
an

ow | dww) __op o ( (0w oy
p(at + 0x; ) T ox + 0x; <“ (ax,- + axi>> (8)

=0 (7)
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By integrating over each control volume and applying the Gauss’ Divergence Theorem, the

above equations can be expressed as:

fs ujdnj =0 (9)

aui au]-

d
afv puidV + [ pujuydny = — [ Pdn; + [ u(ax]- + axi> dn; (10)

Where V and S represent volume and surface regions of integration; and dnj is the

differential Cartesian components of the outward normal surface vector.

In this study, after integrating conservation laws, the high resolution scheme which is a
second order bounded differencing scheme for the convective terms was selected for

discretization.

4.2.2 Medical image segmentation

Image segmentation is the process of partitioning a digital image into three-dimensional
geometry. It is typically used to locate objects and boundaries (lines, curves, etc.) in images.
More precisely, image segmentation is the process of assigning a label to every pixel in an
image such that pixels with the same label share certain characteristics. Image
segmentation could be used for object recognition, occlusion boundary estimation within
motion or stereo systems, image compression, image editing, or image database look-up.
There are many different practical applications of medical image segmentation, including:
study of anatomical structure, locate tumors and other pathologies, measure tissue volumes

and surgery simulation.
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Several algorithms and techniques have been developed for image segmentation as

follows.

1)

2)

Thresholding method: Thresholding method is the simplest and most commonly
used method of image segmentation. This method is based on a threshold value to turn
a gray-scale image into a binary image. The key of this method is to select the
threshold value (or values when multiple-levels are selected). Several popular methods
are used in industry including the maximum entropy method, Otsu's method
(maximum variance), and k-means clustering. However, for thresholding CTA or MRA
images, the key idea is that, unlike Otsu's method, the thresholds are derived from the
plane DICOM image. This method suggested the usage of multi-dimensional fuzzy
rule-based non-linear thresholds. In these works decision over each pixel's
membership to a segment is based on multi-dimensional rules derived from fuzzy
logic and evolutionary algorithms based on image lighting environment and

application.

Color-based Segmentation: The general term clustering refers to a number of
different methods. We will look at several different types of clustering algorithms that
have been found useful in image segmentation. One of these methods is called
K-means clustering. The K-means algorithm is an iterative technigque that is used to
partition an image into K clusters. K can be selected manually, randomly, or by a
heuristic. This algorithm is guaranteed to converge, but it may not return the optimal
solution. The quality of the solution depends on the initial set of clusters and the value

of K.
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3) Region growing methods: Region growing methods rely mainly on the
assumption that the neighboring pixels within one region have similar values. The
common procedure is to compare one pixel with its neighbors. If a similarity criterion
is satisfied, the pixel can be set to belong to the cluster as one or more of its neighbors.
The region grower begins at one position in the image and attempts to grow each
region until the pixels being compared are too dissimilar to the region to add them.

Usually a statistical test is performed to decide if this is the case.

4.2.3 Mesh generation

To generate the mesh for the model geometry, three key factors need to be considered:
quality, size and element types. The mesh quality is one of the key important issues to
maintain the accuracy for CFD simulation. And fine mesh usually requires a large
computer memory and is associated with greater computational cost for analyzing.
Therefore, the mesh size should be carefully selected to guarantee the quality of simulation

and reasonable computational costs.

4.2.4 Definition of fluid properties

4.2.4.1 Newtonian and non-Newtonian models of blood

A Newtonian fluid is a fluid with a linear relation between stress and rate of strain and
passes through the origin. When the dynamic viscosity depends on shear rate, the fluid is
called non-Newtonian. The non-Newtonian behavior is seen in fluids which contains large

particles, in case of blood, a suspension of erythrocytes, leukocytes, and platelets in blood
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plasma. Blood plasma itself is a suspension of molecular organic/inorganic substances and
macromolecules (fibrinogen, immunoglobulin, albumins, and lipoproteins) in an
electrolyte solution which can be considered to behave as a Newtonian fluid (Nichols W,
O’Rourke M. McDonald’s blood flow in arteries: Theoretical, experimental and clinical
principles. Hodder Arnold Publishers, 2005). Thus, blood should be considered as a
non-Newtonian fluid in two conditions of very low shear rates or very small vessels
(diameter <0.1 mm) (96). In studies of cerebral aneurysms with large vessels
(diameter >0.5mm), the non-Newtonian behavior of blood is neglected by many researches
(97-100). Valencia et al. studied a patient-specific carotid artery model with a saccular
aneurysm under both Newtonian and non-Newtonian blood model conditions by using the
Herschel-Bulkley model. No differences were found in temporal variations of WSS
obtained from the two models. The types of blood models affect the prediction of velocity,
pressure and WSS distribution only in the region with high velocity. Therefore, it was
concluded that using the Newtonian blood model for cerebrovascular hemodynamic
investigation was assumed to be acceptable (101). Another publication concluded that there
was only 3% difference between these two models when the time averaged WSS was
calculated (102). All of above studies suggested that the assumption of Newtonian flow

model was suitable for cardiovascular and cerebrovascular CFD simulations (103).

The viscosity measurement of blood can be affected by temperature, hematocrit and other
specific pathological condition of the blood donors. To determine the specification of the

viscosity model, selecting the correct rheological behavior of blood is also important (104).
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However, it is almost impossible to measure the viscosity from each patient case by case. It

has been well known as the limitation in vascular hemodynamic research.

4.2.4.2 Fully developed flow

The effect of Womersley and flat (plug) profile boundary conditions on flow development
was investigated by previous publications (27, 105). Despite the difference of inflow
assumptions at the inlet, the results showed that the velocity profile close to domain is
relatively similar for all boundary conditions (105). To ensure fully developed flow before
and after renal artery in the current study, the inlet was extended 15 times length and all
outlet branches at the distal ends were extruded to 40 times of the vessel renal artery
diameter size in the normal downstream direction, to assure sufficient for the pressure

recovery (27).

4.2.4.3 Steady state or pulsatile analysis

Experimental study conducted by Liou et al. (106) to investigate the effect of bifurcation
angle at two different flow conditions showed that the steady flow could adequately
simulate the flow pattern in cerebral aneurysms. However, there were some differences
related to fluctuation amplitude and the region affected by maximum fluctuation between
pulsatile and steady flow studies (106). Mantha et al. investigated the effect of blood flow
pulsatility in 3 sidewall and 3 bifurcation aneurysms and concluded that in many cases,
steady state flow analysis can provide reasonable information on cerebrovascular flow in

addition to be faster and time-independent (107).
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4.2.5 Boundary conditions

Correct definition of boundary conditions is one of the important issues in CFD analysis to

obtain accurate results.

4.2.5.1 Rigid wall boundary assumption

Regarding the vascular wall condition, it was always discussed in previous publications. A
comparative study using the technology of fluid and solid interface (FSI) has indicated that
only 1% difference in wall shear stress was calculated in comparison with elastic model

and rigid model (108).

Due to the limitation of information about renal artery wall displacement in this study,

rigid wall condition was assumed on vessel surfaces.

4.2.5.2 Inflow boundary condition

The physiological flow condition is the main parameter used to set up the CFD simulation.
Hence, the methods of inflow boundary conditions used by previous studies can be

categorized as follows:

1)  Healthy subjects (PC-MRA): flow rates were measured at the renal artery inlet
area by integration of the measured velocity profile over the vessel cross section
manually or using the threshold segmentation of the magnitude images, the
time-dependent flow rates are obtained. The flow rate curve is decomposed into

Fourier modes (97)
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Q(t) = oo Qn e (11)

Where o is the angular frequency from the period of cardiac cycle, N is the number of

modes. Thus, the velocity profile can be computed from the Womersley solution

)
_2Q r N Q " JoB) | i
00 =2 [1- ()] + 2 i e a2
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Where R is the radius of artery, r is the cylindrical coordinate, ], and J; are the Bessel
function of the first kind of order 0 and 1, respectively and a, is the Womersley

parameter of order n as follows:

B, = i¥/2a, = i3/2R /% (13)

Where v is the dynamic viscosity.

2)  Patient-specific (PC-MRA): flow rates were measured from PC-MRA of

patients being examined (109-111).

3) Healthy subject (TCD): a velocity profile was simulated with the typical
velocity obtained by Doppler ultrasound (D-US) and computed from the

Womersley solution (112, 113).

4)  Healthy subjects (scaled): the flow waveform was scaled according to the

cross-sectional area of the inflow vessels (98, 114, 115).

5) Pressure waveform: the pressure pulse was applied at the inlet boundary

condition (116).
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In addition to the uncertainty regarding the physiological value of inflow at the abdominal

aorta, inflow boundary condition sensitivities have also been investigated from different

aspects in the literature as are summarized below:

1)

Inlet velocity profile: Myers et al. (117) studied a patient-specific right coronary
artery (RCA) under steady and pulsatile flow conditions in following conditions: 1)
a fully developed inlet velocity profile; 2) a “blunt” inlet velocity profile, with
constant axial velocity component; 3) a fully developed Dean-type velocity profile.
The ratio of the effective centrifugal inertial forces to the viscous forces is called
Dean-number (D), which is used to evaluate the fully developed flow in curved
tubes and is given by using D = Reﬁ , Where Re is the Reynolds number, r is the
radius of the lumen along the line of the radius of curvature and R is the radius of
curvature of the arch. The comparative analysis showed that the arterial velocity
and WSS did not change significantly with variation of the inlet velocity profiles.
Therefore, they suggested that the geometry effects are more dominant than the

inlet velocity profiles (118).

Oshima et al. (119) studied the velocity field of the curved pipe model by setting up
PIV experiment and CFD simulation. Good agreement was found between
numerical and experimental results. The results showed that the vortex structure is
associated with the Reynolds numbers. They simulated one patient-specific
cerebral aneurysm by applying an inflow with and without secondary flow obtained

from curved pipe model.
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2)

3)

Differences between velocity and WSS distribution obtained from both types of
inflow suggested that the influence of the secondary inflow boundary condition
should be considered in simulations (119). Myers et al. continued this work by
generating the secondary flow inlet profiles using long entrance lengths with
curvature and helical pitch in 3 carotid bifurcations. They found that the effect of
secondary flow on hemodynamic parameters of WSS and OSI is 3.5 times less than
the effect of geometry variations (13% vs 48%). Thus, it was concluded that
applying the fully developed Womersley inflow to the sufficient entrance length of

patient-specific model is a reasonable assumption (120).

Inflow parameters and flow distribution: Sensitivity of patient-specific
models with a cerebral aneurysm to the variable inflow parameters and flow
distribution was studied by Venugopal et al. (115) using an anatomically cerebral
aneurysm model. One pulsation cycle with fixed time step was selected while heart
and blood flow rates as well as the distribution of flow rates in the A1 segments of
the anterior cerebral artery were varied over physiological ranges. They found that
although there is a linear relation between the inflow Reynolds number and the
shear stress in the parent arteries, the nonlinear effects were observed for
intra-aneurysmal flow. The results indicated that the shear stress distribution is not
sensitive to the heart rate changes despite a significant dependency on blood flow

rate alteration and flow rate distribution in the feeding arteries.

Inflow type: Marzo et al. (105) studied the influence of inflow type (Womersley

and flat (plug) profile) on hemodynamics at three locations. The results of this
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4)

comparative study reported that there is no significant difference in qualitative flow
patterns obtained from both types of inflow (less than 5%) compared with the other
uncertainties in the analysis such as segmentation or patient-specific flow

measurements.

Normal or patient-specific wave form: Karmonik et al. (121) conducted a
comparative study between one idealized normal subject waveform and
patient-specific flow measurement using 2D PC-MRA. Significant differences were
found between the temporal variation of the WSS of the cerebral aneurysms using
idealized and patient-specific waveforms. Thus, special care is essential to quantify

results obtained from different waveforms.

4.2.5.3 Outflow boundary condition

To model the flow exit from the normal or stenotic renal arteries, outflow boundary

conditions were assigned to the outlet face zones. According to the literature, Dirichlet

boundary conditions are also prescribed for the outlets. However, due to lack of access to

patient-specific flow measurements, different assumptions were considered to define the

magnitude of outflows. Assumptions involved in imposing outflow boundary conditions

can be basically categorized with two major groups of traction free (pressure equal to zero)

and flow distributions.

1)

Traction free boundary condition (pressure=0) is based on the assumption that the

flow divisions among the branches are associated with the geometry and cross
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2)

section area (97) while the impedance of the distal arterial tree determines the flow

divisions.

The Windkessel models of the arterial network (122) describe basic properties of
vascular bed by assuming the pressure, flow rate and flow resistance as the voltage,
current and resistance in an electric circuit. To determine the pressure at outlets the

following equation is integrated:
_ ~dp@® |, P®)
Q) = C= =+ — (14)

Where Q(t) is the flow rate, R is the resistance of distal arterial network and C is
the compliance of the artery. For a healthy subject, the parameters (C and R) are

estimated based on the standard range of blood pressure (80 mmHg to 120 mmHg).

Comparative study of the infundibulum of a patient with three outflow boundary
conditions of traction free and two types of the Windkessel models reported that
qualitative distributions of WSS and pressure are the same except near the region
close to the outlets and at the top of the infundibulum (123). So when no
information is available regarding flow measurement at branches and outlets, the
traction free boundary condition assumption was considered in most previous

studies (97, 109, 112, 113, 124-129).

4.2.6 Convergence Criteria

The residual as applied to each discretized equation of the system is a measure of the local

imbalance of each equation that becomes negligible as the iterations increases. In CFD
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simulation, a residual parameter can be used to monitor the behavior of the numerical

process and to determine the convergence of the solution trend.

During the simulation, the iterations will stop at two points (whichever occurs first):

1) The maximum number of iterations that is mostly set to a very large number to ensure

the iterations reaching to convergence criteria first.

2) If the convergence criteria is reached, either the convergence criteria can be chosen
from the maximum normalized residuals (Max Res) or the root mean square (RMS) of

the normalized residuals.

4.2.7 CFD results validation methods

CFD applying in patient-specific simulation for renal artery (130) and cerebral aneurysm
(110) has been demonstrated to be a useful tool to provide information for assisting
diagnosis and making therapeutic decision (110). However, it is lack of enough studies to
confirm CFD results with in vivo validation by measuring patient flow conditions. It is still
a challenge to promote CFD technology to be a reliable diagnosis tool for estimating the

function of renal artery flow behavior.

Ford et al. in 2005 (131) introduced 3D X-ray angiography to validate CFD simulation
results. The virtual angiographic images derived from an image-based CFD model of a
giant aneurysm have been shown a good agreement with the corresponding clinical images

when the contrast agent injections were properly selected.
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Acevedo et al. (132) validated CFD analysis of patient-specific aneurysms by using in vitro
(exact silicon phantom replica of the patient’s aneurysm) and in vivo PC-MRA. A good
agreement was obtained in the paper. The results represented the potential confidence to

use CFD to simulate the giant size of cerebral aneurysm.

Another validation method is to use particle image velocimetry (P1V). One study presented
by Ford et al. compared the velocity field in two realistic patient specific models of giant
cerebral aneurysms which constructed of a silicone elastomer. The results demonstrated
excellent agreement between the results of CFD simulations and PIV measurements in
both gross flow patterns and their associated cycle-to-cycle variations. In addition, the PIV
results were also validated by using MRI flow measurement (133). The study indicated that

CFD simulation results can be matched with PIV.

Moreover, the technology of noninvasive estimation of renal artery model presented by
Yim et al. (134) has been conceptually accepted. The technology has been estimated to be a
potential tool to improve the capability for evaluation of renovascular disease. It may be
possible to estimate the blood pressure alteration in various stenoses of renal artery by

using the flow results together with medical images.

4.3 Introduction of CFD Application in Renal Artery

CFD technology has been introduced to investigate the hemodynamic parameters of renal

artery. The simulations were carried out for cases of normal renal artery and pathological
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changed- stenotic models to virtually evaluating the hemodynamic changes of renal artery

in renovascular hypertension.

4.3.1 Patient-specific modelling

The images of patient-specific renal arteries used in the current study were acquired from
Department of Diagnostic Radiology, Shanghai Zhongshan Hospital, Shanghai Medical
College of Fudan University. The study has been approved by both Shanghai Zhongshan
Hospital (Ethic Approval No.: B2012-095) and Macquarie University Ethics Committee
(Ethics Ref: 5201300448). DICOM format clinical MR images were obtained using a 1.5T
MR imager (MAGNETOM Aera, software version syngo MR D11; Siemens Healthcare,

Erlangen, Germany).

The definition of renal artery stenosis remains a controversial subject among researchers
and interventional radiologists. In the current study, RAS degrees were defined as
Formula 1 (page 63) (130). Reference site was defined as the normal-looking portion of
vessel presented in either distal or proximal to the lesion. The grading of stenosis was
performed using an electronic caliper to measure the minimum luminal diameter at the

optimal projection angle along the vessel axial image.

Two medical visualization software packages, Real INTAGE® (Cybernet, Tokyo, Japan)
and Mimics® (Version 14.0, Materialise Company, Leuven, Belgium) were used to convert
medical DICOM images into 3D angiography. To create the geometry required for

simulation of renal arteries, unrelated arteries and branches were segmented from the
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images. Due to high sensitivity of renal artery hemodynamics to the segmentation of the
abdominal aorta and for comparison reason, the similar lengths of each artery branches
were selected for each patient in order to be able to relatively compare hemodynamic
parameters among patients. The geometry data was exported as STL format, and

transferred into ICEM (ANSYS, Inc) for mesh generation.

Pre-processing of CFD simulation consists of the following three steps (95) (Figure 6):
1) Patient images segmentation ( Figure 7 and Figure 8);
2) Mesh generation;

3) Assigning boundary conditions and defining fluid properties.
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Primary 2D images —

3D angiography —

3D geometry STL data —

Mesh generated model

Figure 6. Patient-specific modelling process from MRA to mesh generation

96



Abdominal aorta

(Inlet)

|

Superior mesenteric

( Outlet)

Celiac Truck ———>

( Outlet) artery

T

Left renal artery

( Outlet )

I

Right renal artery
( Outlet)

|

Descending aorta

( Outlet)

Figure 7. Inlet and outlets names of renal artery fluid domain
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Figure 8. Renal artery fluid domain with extruding parts of inlet and outlets

98



4.3.2 Patient images segmentation

In this study, three types of renal artery models (normal, stenosis and virtually stent-treated
model) were created using MIMICS (Version 14.0, Materialise Company, Leuven,

Belgium) (Figure 9 and Figure 10).

N

Stenosis

Figure 9. Two types of idealized renal arteries from 2 patients: (a) normal renal artery; (b)

renal artery stenosis
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70%

Normal

Figure 10. Primary stenotic degree 70% of one patient. Different modified models
mimicking different degree stents (as shown 70%, 50%, 30 % and non-stenosis), the
three-dimensional STL formatted artery surface data was utilized to form grid for CFD
simulation
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Different configuration of abdominal arteries and renal arteries along with main branches

from the above geometries (fluid domain) were created and discussed.

4.3.3 Mesh generation

In current study, ICEM (ANSYS 15.0, Lebanon, NH, USA) blocking method is difficult to
create the arbitrary surface of renal artery. Therefore, an unstructured tetrahedral grid was

selected for all geometries and prismatic mesh applied at the boundary layer.

The mesh independent study was performed by using different discretization on single
renal artery model with mesh size from 2060198 to 3608948 elements. The hemodynamic
parameters have been observed to be stable. The fine mesh size was considered well

enough for CFD simulation of this study.

To accurately calculate the hemodynamic parameters from artery surface, three prismatic
layers were generated with an average nodal space increasingly by a ratio of 1.2 at gradient
distances, gradually moving them away from the vessel to handle the boundary layer
efficiently. The distance of the first layer to the vessel surface was fixed at 0.02 mm.
ANSYS CFX 15.0 (Lebanon, NH, USA) was used to perform CFD simulations. The image

of meshes of one model was shown in Figure 11.
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4.3.4 Assigning boundary conditions and definition of fluid

properties

Under resting conditions, approximately 70% of the heart output (around 5000 ml) that
enters the descending aorta is extracted by celiac truck, superior mesenteric artery, and
renal arteries; and the majority of the remaining 30% flows down the infra-renal segment
(34). However, it is not possible to measure patient real individual conditions of blood flow
in aorta. According to the flow ratios, an average abdominal aortic blood flow rate of 3500
ml/min (5000ml X 70%=3500ml) was introduced at the extended aortic inlet boundary as
the inlet boundary condition in this study. In order to avoid the indefinite outflow condition,
this study recounted the relatively compared results of different renal artery stenosis. The
traction free boundary condition (pressure=0) was applied for the simulation of left and

right renal arteries.

Since previous research has confirmed that the instant blood pressure results from pulsatile
flow simulation could proportionally represent those of the steady-state flow simulation

(135). Therefore, steady-state flow simulation was selected for this study.

Blood model in this study was assumed to be Newtonian and incompressible in this study.

In this study, due to the high sensitivity of pressure difference and energy loss, the Max
Res of 10 was selected for all simulations as the residual target test. The validation tests
indicated that the results tended to be less than 1% alteration of energy loss (EL) calculated

with residual target 10” and 10°°.
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4.3.5 Post-processing

It has been recognized that hemodynamic factors play an important role in vascular
biology and in the localization and development of atherosclerotic lesions. Renal artery

velocity profiles have been evaluated by PC-MRA and D-US (136, 137).

Three hemodynamic parameters were assessed by using CFD simulation in this study,
including maximum velocity, mass flow rate and pressure difference. WSS, which may
be significantly related to the formation of aneurysm and stenosis, will be discussed in the
near future. The maximum velocity was measured at the most severe stenotic part of renal
artery and compared with PSV from US results. Meanwhile, the volunteer velocity was
calculated in the midd