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Abstract 

Uterine fibroids are the most common benign tumors in women. Uterine fibroids 

can cause substantial symptoms including heavy menstrual bleeding, pelvic pressure, and 

discomfort.   MR guided high intensity focused ultrasound (MRgHIFU) uses MRI to 

monitor thermal ablation of uterine fibroids. It is non-invasive and requires a short 

recovery time. However, MRgHIFU therapy has several challenges: (1) The long pre-

imaging time, which reduces the treatment efficiency and can cause significant patient 

discomfort. (2) Not all the fibroids are treatable by HIFU therapy. Current studies 

reported the fibroids with higher signal intensity than muscle and myometrium in T2-

weighted image cannot be treated by this method. (3) Evaluation of treatment response 

requires the use of a MRI contrast based method, which is contra-indicated in patients 

with dysfunctional kidney. 

This dissertation focused on strategies to address the aforementioned challenges 

in MRgHIFU therapy of uterine fibroids via numerical simulations and in vivo animal 

and human studies. The specific contributions from this dissertation are as follows:  (1) 

The scan time of conventional T2-weighted turbo spin echo (TSE) sequence used to 

obtain pre-treatment images for MRgHIFU therapy was halved by modifying the TSE 

sequence with variable refocusing flip angles as well as the application of orthogonal 

90°-180° radio-frequency pulses to restrict imaging field-of-view. (2) An intra-voxel 

incoherent motion (IVIM) based model is proposed in lieu of the current approaches to 
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assess tissue microstructure (diffusion and perfusion) to distinguish treatable and non-

treatable fibroids. It is found that with T2-correction, f (blood volume ratio in IVIM) is 

different for different types of fibroids. (3) Three potential non-contrast based methods to 

estimate the treatment outcome are proposed. They include the diffusion weighted 

imaging (DWI), T2 map, and f map, and preliminary evidence is presented. (4) A DWI 

method to monitor tissue microstructure changes during heating via apparent diffusion 

coefficient (ADC) based surrogates for diffusion and perfusion is also reported.    

With further advancement, this work will permit efficient MRgHIFU therapy of 

uterine fibroids, by reducing pre-treatment imaging time, selection of treatable fibroids 

based on their microstructure, and monitor treatment outcome during and after 

MRgHIFU therapy without the need for MRI contrast.
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1. INTRODUCTION 

1.1 INTRODUCTION TO UTERINE FIBROIDS  

Uterine fibroids are the most common benign tumors in women.  Uterine fibroid 

tissue is composed primarily of smooth muscle cells, and grows in the uterine wall. In a 

recent study, Baird et al., found that the cumulative incidence of tumors by age 50 was 

more than 80% in black women and nearly 70% for white women
1
.  Although a majority 

of the women who have uterine fibroids are asymptomatic, these fibroids can cause 

substantial symptoms, such as heavy menstrual bleeding, pelvic pressure, and discomfort
2
. 

Farquhar et al. report that among the 600,000 hysterectomies performed annually in the 

US, nearly 30% are for treating symptomatic uterine leiomyomas
3
. 

Uterine fibroids are heterogeneous in terms of size, number, location, and cellular 

content, making it difficult to predict disease progression or treatment outcomes.   Some 

fibroids can be as small as a marble or as large as 40 lbs
2
.  Fibroids can vary in number, 

ranging from a single large fibroid, to multiple fibroids within the uterine cavity.  While 

large fibroids can cause bulk symptoms in women, even small fibroids can cause 

significant symptoms depending on their location within the uterine cavity.  

The classification of uterine fibroids depends on their location; uterine fibroids 

which are embedded within the wall of uterus are called intramural fibroids. Uterine 

fibroids which are located in the mucosal layer of the uterus distorting the endometrium 

or protruding into the endometrial cavity, are named submucosal fibroids, and even a 
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small submucosal fibroid can cause heavy bleeding. The subserosal fibroids are on the 

surface of uterus and tend to grow outward (Figure 1-1). 

 

 

 

 

 

 

Pedunculated fibroids are those that are on the stalk out of the uterus. The 

European Society of Hysteroscopy further sub-classifies submucosal fibroids into 3 types 

based on their location
2
. As it is shown in Figure 1-2, type 0 fibroids are entirely 

contained in the endometrium. Type I fibroids have at least 50% of their volume in the 

endometrial cavity, and type II fibroids have at least 50% of their volume in the uterine 

wall.  

With respect to cellular content, although smooth muscle cells are the main 

constituent of uterine fibroids, the fibroids look different from normal uterine muscle. 

This is because the amount of extracellular matrix (ECM), which is a collection of 

proteins and other substances between the cells making them to stick together, is more in 

uterine fibroids than in the normal uterine muscle (Figure1-3)
4
. 

Figure 1-1 Uterine fibroid classification based on their location within the 

uterus. Uterine fibroids are classified into 4 types: pedunculated fibroids, 

subserosal fibroids, intramural fibroids, and submucosal fibroids
2
. 
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The two common symptoms caused by uterine fibroids are heavy menstrual 

bleeding and pelvic pressure discomfort. The heavy menstrual bleeding is not only 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

inconvenient but sometimes it can also cause anemia. The pelvic discomfort is typically 

related to the size of the fibroids and to the pressure on adjacent organs caused by uterus. 

It can cause increased urinary frequency because the enlarged uterus introduces pressure 

Figure 1-2 Classification of submucosal fibroids by the European 

Society of Hysteroscopy
2
. 

Figure 1-3 Extracellular matrix (ECM) of normal myometrium and fibroid. A. 

ECM of uterine fibroids. B. ECM of normal myometrium. The fibroids have 

more ECM compared with the normal myometrium
4
. 
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on the bladder. It can also cause back pain, abdominal distention, and sciatica which are 

similar feeling to pregnant. 

1.2 CURRENT DIAGNOSIS AND TREATMENT METHODS FOR UTERINE 

FIBROIDS 

Many diagnosis and therapy methods were developed to help women suffering 

this disease.  

The common exposure diagnosis methods not using x-ray exposure include 

ultrasound
5-7

, computed tomography (CT)
8-10

 , and magnetic resonance image (MRI)
 11-12

. 

Ultrasound is widely used because it is relatively inexpensive and comfortable for patient. 

But it is not good at seeing the inside of the uterus or finding small submucosal fibroids. 

MRI is a radiation-free method. Although it is relatively expensive, it can supply more 

detailed information for body structure. It can also be applied as a monitoring method 

during surgical interventions such as MR guided focused ultrasound surgery 

(MRgHIFU)
13-23

.  In procedures such as uterine artery embolization (UAE)
24-32

, the 

treatment is monitored under fluoroscopic x-ray guidance. 

The common therapeutic methods for fibroids include hysterectomy
33-35

, 

myomectomy
36-38

, UAE, and focused ultrasound surgery (FUS). Hysterectomy is a 

procedure which removes the whole uterus. It can prevent the recurrence of fibroids, but 

it is not a preferred choice for women who would like to keep their uterus intact. 

Myomectomy is the surgical removal of the fibroids. It has a long recovery time; there is 

also a study shows 5% patients after myomectomy get infections because of the sutures
39

.  
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UAE is a minimally invasive therapeutic approach to treat uterine fibroids. During 

the UAE procedure, physicians use x-ray fluoroscopy to guide a catheter to the uterine 

artery branch that supplies blood to the fibroid.  Once the catheter is placed in the target 

artery, then the physician injects poly-vinyl alcohol-based particles which clog up the 

vessels that supply blood to the fibroid.   The lack of blood supply to the fibroid is 

confirmed by x-ray fluoroscopy by injecting an x-ray contrast agent.  Without a blood 

supply, fibroids necrose and shrink in size, leading to a minimization of symptoms. The 

procedure takes about 2-3 hours, and the UAE requires a relatively short recovery time 

(24-48 hours).   Studies show that roughly 80% of the women who undergo UAE report 

improvement of their symptoms
40

. While the rate of complications following UAE is low, 

it is associated with complications such as infection, pre-mature menopause, amennorhea, 

and pain for several months.  Furthermore, it is contra-indicated in patients who are 

allergic to iodine-based contrast agent.  

Another non-invasive treatment method is FUS. In this method, an ultrasound 

transducer embedded within a water bath positioned outside the patient’s body is used to 

focus high frequency (800 kHz – 1.5 MHz), high intensity sound waves on the target 

tissue of interest.  The focusing of ultrasound is accomplished with either fixed curvature 

single-element transducers or via electronic steering of phased array ultrasound 

transducer.  High intensity ultrasound is focused on tissue of interest and the resulting 

heat thermally ablates the tissue. Imaging techniques such as MRI (or ultrasound) are 

employed to monitor the temperature elevation at the ultrasound focus in real time during 

thermal ablation.   With recent technological advances, the thermal dose delivery is 
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controlled based on real-time measurements of temperature using MRI- or ultrasound- 

based imaging techniques.  The advantages of such FUS approaches are the non-invasive 

nature of the therapy, as well as comparatively short recuperation time.  However, it 

should be noted that not all fibroids are amenable to FUS treatment.  The size, location, 

and also the tissue character of the fibroids (such as tissue density, blood perfusion) will 

affect the treatment results.  Studies have shown that certain types of fibroids with a high 

degree of perfusion as determined by MRI studies are difficult to treat with FUS
14, 41-42

.  

Furthermore, FUS treatments are time consuming.  Many published studies show that 

typical treatment times for FUS can be on the order of 2-3 hours, during which patients 

have to lie still on the treatment table. So, to make FUS more effective, more research is 

needed. A more detailed discussion on the limitation of current FUS approaches for 

treating uterine fibroids is provided in Chapter 2. 

1.3 INTRODUCTION TO MRgHIFU FOR UTERINE FIBROIDS 

Magnetic resonance guided high intensity focused ultrasound (MRgHIFU) is the 

thermal therapy method using MRI to monitor temperature in real time while focused 

high intensity ultrasound is used to thermally ablate target tissues. MRgFUS has been 

used to treat a number of benign and malignant masses, such as uterine fibroids 

treatment
13-23

, prostate cancer
43,44

 , and liver cancer
45,46

. 

A typical MRgFUS involves three distinct steps.  Before treatment, MR images 

are obtained to define the location and size of the fibroids, to aid in FUS treatment 

planning.  Furthermore, some groups have used pre-treatment MR images to classify the 

fibroids into different types.  
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During treatment, MR images are obtained after every time the patient is moved 

to monitor the location of the fibroids and to guide the HIFU focus to the target treatment 

area.  Real-time temperature map measurement is performed by MRI at slice locations 

around the HIFU focus as well as to monitor heat accumulation in the near field and far 

field to ensure patient safety.   In some implementations, the thermal dose in the target 

area is calculated from the temperature maps, and the HIFU treatment is terminated 

automatically when a pre-defined thermal dose level is reached. 

After treatment, MR images are acquired to determine treatment effectiveness. 

The closed loop interplay between MR imaging and therapeutic application of focused 

ultrasound has been an attractive feature of MR guided focused ultrasound surgery.   

1.3.1 A brief introduction to MRI 

Many textbooks discuss the phenomena of magnetic resonance in detail 
47-49

, and 

a cursory overview of the MR imaging will be provided in this sub-section.   

Magnetic resonance image (MRI) is a non-invasive clinical imaging method. It is 

generated by the proton spin rotation in magnetic field. When there is no external field, 

magnetic dipoles distribute randomly in thermal equilibrium system. The relationship 

between magnetic moment and spin angular momentum is: 

                        �⃗⃗� =  𝜸𝑱                                                                         (𝟏. 𝟑. 𝟏)                     

where μ is magnetic moment, J is spin angular momentum, and γ is gyromagnetic ratio. 

After applying an external magnetic field B, all the nuclear moments align in the 
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direction of external field. They can either be parallel or antiparallel to the external field. 

The relationship between magnetic moment and the external field is: 

        
𝒅�⃗⃗� 

𝒅𝒕
=  𝜸�⃗⃗� × �⃗⃗�                                                           (𝟏. 𝟑. 𝟐) 

As shown in Figure 1-4,  

                               |𝒅𝝁 ⃗⃗  ⃗| =  𝝁 𝐬𝐢𝐧 𝜽 |𝒅𝝓|                                               (𝟏. 𝟑. 𝟑) 

         |𝒅�⃗⃗� | =  𝜸|�⃗⃗� × �⃗⃗� |𝒅𝒕 =  𝜸𝝁𝑩𝐬𝐢𝐧𝜽 𝒅𝒕                  (𝟏. 𝟑. 𝟒) 

Then we get: 

          𝝎 =  |
𝒅𝝓

𝒅𝒕
| =  𝜸𝑩                                                      (𝟏. 𝟑. 𝟓) 

where ω is the Larmor frequency.  

In the human body, the MR signal is generated by the hydrogen nuclei. In a 

macroscopic system, the physical parameter that we can measure is the magnetization, 

which is represented by M. This M is the local magnetic moment per unit volume (V): 

                   �⃗⃗⃗� =
𝟏

𝑽
∑ 𝝁𝒊⃗⃗  ⃗𝒑𝒓𝒐𝒕𝒐𝒏𝒔

𝒊𝒏 𝑽

                                                     (𝟏. 𝟑. 𝟔) 

In an external magnetic field B: 

𝒅�⃗⃗⃗� 

𝒅𝒕
= 𝜸�⃗⃗⃗� × �⃗⃗�                                                                       (𝟏. 𝟑. 𝟕) 
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Usually the main external magnetic field B0 is applied in the z direction. We call 

the z component of M (Mz) the longitudinal component of magnetization. To obtain an 

image, an additional external magnetic field (often referred to as B1) is applied in the 

form of a radio-frequency wave (RF). B1 is orthogonal to B0 and rotates at Lamar 

frequency ω. The application of B1 tilts M away from the direction of B0. Mxy, which is 

the component perpendicular to B0 called transverse magnetization, which generates the 

signal directly measured.  

Unlike B0 that exists over the whole scan duration, B1 is applied for a very short 

time. After B1 is removed, Mxy decays due to the inhomogeneity of the B0 and the spin-

spin relaxation, which will be introduced in the next section. We call this the free 

induction decay (FID,) and the envelope of FID is exponential (Figure1-5). Direct 

Figure 1-4 Precession of Magnetic moment about an 

external magnetic field Bo
47

. 
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measurement of FID is used in nuclear magnetic resonance (NMR) spectroscopy. To 

obtain an image for human body, we need more information. 

 

 

 

 

 

 

 

 

 

 

Spatial encoding process: 

The FID does not have information about the spatial position of the spins.  In 

order to resolve the spatial location of the spins, additional gradients are introduced in an 

imaging experiment to encode spatial position.  For example, it would be desirable to 

form a two-dimensional image (2D-image) wherein the signal intensity at each spatial 

location is encoded in the received MR signal.   

To obtain the information of the location for each interested voxel in human body, 

additional magnetic fields which linearly vary across the position (magnetic gradient, G) 

in three orthogonal directions are applied. These gradients can be used to encode the 

Figure 1-5 FID and signal amplitude.The signal variation with time is 

FID and the envelope of FID is the signal amplitude. 
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spatial information.  For example, following the application of  additional magnetic field 

gradients of strength Gx and Gy along the x and y directions for a pre-defined duration 

(defined by the plane orthogonal to the main magnetic field (Bo), which by convention is 

often referred to as the z-axis), the received MR signal s(t), contains spatial information, 

and may be written as: : 

𝒔(𝒕) =  ∬𝑴𝒙𝒚(𝒙, 𝒚)𝐞−𝐢𝛄𝑮𝒙𝐱𝐭𝐞−𝐢𝛄𝑮𝒚𝐲𝐭 𝒅𝒙𝒅𝒚                         (𝟏. 𝟑. 𝟖) 

k space is introduced by: 

�⃗⃗� (𝒕) =  𝜸∫ �⃗⃗� 𝒅�⃗�                                                                            (𝟏. 𝟑. 𝟗)
𝒕

𝟎

 

Then we can get: 

𝒔(𝒌𝒙, 𝒌𝒚) =  ∬𝑴𝒙𝒚(𝒙, 𝒚)𝐞−𝐢𝒌𝒙𝐭𝐞−𝐢𝒌𝒚𝐭 𝒅𝒙𝒅𝒚                      (𝟏. 𝟑. 𝟏𝟎) 

S(kx,ky) is the Fourier transform of  Mxy(x,y).  Thus, by an adequate sampling of k-space, 

one can obtain an estimate of the original object distribution Mxy(x, y), by the inverse 

Fourier transformation of the received MR signal.   

The received MR signal intensity is determined by a number of tissue-specific 

parameters (such as proton density, T1 relaxation, T2 relaxation, etc., discussed in the next 

section), as well as experimental parameters specific to the type of MR experiment 

performed (spin echo, gradient echo, etc.).    
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1.3.1.1 Spin-Spin Relation (T2 Relaxation) 

In the immediate aftermath of an application of an RF pulse to tip the longitudinal 

magnetization to the transverse plane, the spins in the transverse plane are coherent.  But 

the intrinsic molecular motion or external magnetic field inhomogeneities results in the 

loss of phase coherence over time. The process of losing phase coherence is called 

dephasing. The dephasing purely caused by intrinsic molecular motion is due to spin-spin 

interactions and is often referred to as T2 relaxation. T2 is the true inter-molecular 

relaxation time. T2 relaxation causes signal intensity to decay exponentially with time 

(Figure 1-7), and tissues with different local environments decay at slightly different rates. 

The signal intensity at time t is given by 

𝒔(𝒕) = 𝒔𝟎 𝐞𝐱𝐩(−
𝒕

𝑻𝟐
)                                          (𝟏. 𝟑. 𝟏𝟏) 

Usually, different tissues have different T2 value; T2 also decreases slightly as a 

function of main magnetic field strength. Table 1-1 shows T2 value for some tissues 

under 1.5T and 3.0T. 

The tissues with longer T2 values decay less and appear brighter than ones with 

shorter T2 values in T2-weighted image (Figure 1-7a). 
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1.3.1.2 Spin-Lattice Relaxation (T1 Relaxation) 

Spin-lattice relaxation (T1 relaxation) is a measure of the rate at which the energy 

absorbed by the spin system is lost to the surrounding (lattice) and regrows to thermal 

equilibrium following RF excitation. The MR signal regrowth toward thermal 

equilibrium is given by:  

𝒔(𝒕) =  𝒔𝟎(𝟏 − 𝐞𝐱𝐩 (−
𝒕

𝑻𝟏
)  )                                (𝟏. 𝟐. 𝟏𝟐) 

Table 1-1 Spin-Spin relaxation time values of various tissues at 1.5T and 3.0T. 

Tissue No. Tissue T2 at 1.5T (ms) T2 at 3.0T (ms) 

1 Blood 290 ± 30 275 ± 50 

2 Muscle 44 ± 6 50 ± 4 

3 Myometrium 117 ± 14 79 ± 10 

4 Liver 46 ± 6 34 ± 4 

Table 1-2 T1 relaxation time values of various tissues under both 1.5T and 

3.0T. 

Tissue No. Tissue T1 at 1.5T (ms) T1 at 3.0T (ms) 

1 Blood 1441 ± 120 1932 ± 85 

2 Muscle 1008 ± 20 1412 ± 11 

3 Myometrium 1309 ± 35 1514 ± 156 

4 Liver 586 ± 39 809 ± 71 
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In soft tissues, spin-lattice relaxation rates are different depending on the local 

environment; some typical T1 values of various soft tissues are given below (Table 1-2).    

Unlike spin-spin relaxation time, spin-lattice relaxation times are strongly dependent on 

the main magnetic field strength.  Higher main magnetic field will increase the T1 values.  

 

 

 

In a typical MR experiment, this difference in the spin-spin and spin-lattice 

relaxation rates between soft tissues is exploited to create contrast between tissues, as 

well as between the normal and pathologic states of the tissues, by choosing appropriate 

experimental parameters such as echo time (TE) or repetition time (TR).   It should be 

noted that for most soft tissues the T1 relaxation times are an order of magnitude higher 

Figure 1-6 Signal variation with time for T2 decay and T1 

relaxation.The solid line shows signal intensity exponentially 

decays with time in T2 decay. The dot line shows signal intensity 

exponentially increases with time in T1 relaxation. 
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than T2 relaxation times (Figure 1-6).  Typical T1-weighted and T2-weighted MR images 

of the brain are shown in Figure 1-7a and 1-7b respectively. 

  

 

 

 

 

 

 

 

 

 

1.3.2 High Intensity Focused Ultrasound Therapy 

Pressure waves at ultrasonic frequencies (~ 1 MHz) have traditionally been used 

as a medical imaging modality.  An external ultrasound probe emits acoustic waves and 

makes an image from the ultrasonic reflections from tissue interfaces.  Such images are 

typically used in obstetric and gynecologic examinations, or in cardiovascular 

applications to evaluate heart and valvular function.  Ultrasound waves propagating 

within tissues are scattered at tissue interfaces, and the energy is lost due to absorption 

and scattering.  In diagnostic imaging applications, the applied ultrasound energy is too 

minuscule to cause tissue damage.  However, at sufficiently high power levels, 

Figure 1-7 T2-weighted image and T1-weighted image of brain. a. T2-

weighted image of brain. CSF appears bright. b. T1-weighted image of 

brain. CSF appears dark. CSF has longer T1 and T2 compared with the 

other brain tissues. 
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ultrasound propagation can result in tissue damage via thermal effects (heating) or 

mechanical rupture of cells.   

 However, both of these effects (thermal and mechanical) can be harnessed for 

patient benefit. For example, the absorption of focused ultrasound energy in the target 

region can be used to thermally ablate tumors of the breast, liver, prostate, uterus, etc., or 

for palliative treatment of bone metastasisor for local drug delivery. The mechanical 

effects associated with high intensity focused ultrasound can be used to measure the local 

tissue mechanical properties, eg., the measurement of the speed of shear-wave 

propagation and recent studies show that diffuse diseases such as liver fibrosis can be 

evaluated by MR elastography
50-52

.  In the next section, we provide a brief outline of the 

HIFU equipment. 

1.3.2.1 MRgHIFU equipment 

The ultrasound is normally generated by applying RF voltage across a 

piezoelectric materials, which expands and contracts in proportion to the applied voltage. 

Such piezoelectric materials include quartz and lithium niobate. Quartz crystals, which 

have narrow peaks, have largely been replaced by ferroelectric ceramics such as lead 

zirconate titanate (PZT).  

To generate a focused field, the simplest method is to use a single element 

spherical curved shell of piezoelectric or piezoceramic material. But in practice, phased 

arrays are used instead of single element shell. The phased arrays are usually formed by 

many individual elements on the spherical surface (Figure1-8)
53

. 
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One commercially available MRI-compatible device that we used in this study is 

Sonalleve
TM

 (Philips Medical Systems, Vantaa, Finland). It has multi-elements transducer 

containing 256 elements with 6.6 cm diameter which are on a spherical shell. The radius 

of curvature of transducer is 12 cm and the aperture is 13 cm. Ultrasound with 1.2 MHz 

and 1.4 MHz can be generated by this transducer.  

The MR scanner combined with HIFU used in this study is 1.5T scanner (Achieva, 

Philips Medical System, The Netherlands). 

 

 

 

 

1.3.2.2 Volumetric heating algorithm 

A new volumetric heating algorithm in which the ultrasound focal point 

dynamically moves along the pre-defined trajectories during heating was introduced
54

. 

Such pre-defined trajectories are consisted of multiple outward-moving concentric circles 

(Figure 1-9). For each circle, several points are set. During heating, ultrasound focus 

moves from one point to another. 

 

Figure 1-8 spherical phase-array electrical focusing 

transducer and the ultrasound beam focus. 
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It is shown clearly in Figure 1-9 that the ultrasound focus moves in certain 

trajectories during heating. An ellipsoid shape volume with long axis along the 

ultrasound transfer direction is heated. This heated volume is called a treatment cell. Four 

different sizes of treatment cells can be generated by the system, including 4 mm, 8 mm, 

12 mm, and 16 mm which are the lengths of short axes of the treatment cells. 

 

 

 

 

 

 

 

 

 

 

 

Real-time temperature maps are measured by the MR scanner, and thermal dose is 

simultaneously calculated by the HIFU console. Two heating modes are supplied by the 

system. One is called the fixed treatment cell. In this mode, the heating time is planned 

and fixed before treatment. The other one is called the feedback treatment cell. Heating is 

Figure 1-9 Volumetric sonication.The colored volume shown inside the 

tissue (blue surrounding region) is the heating volume. 
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stopped when the outermost sub-trajectory reached the target temperature or alternatively 

all voxels in the entire treated volume reaches a thermal dose of tissue necrosis (240EM). 

1.3.3 MRgHIFU treatment procedure of uterine fibroids 

Before treatment: 

The MR image acquisitions required before treatment including: survey scan, skin 

bubble and scar scan, and T2-weighted images. 

(1) Prediction before treatment 

Current studies show that not all the fibroids can be successfully treated. The skin 

surface situation, location, and size of fibroids all determine whether MRgHIFU is a 

proper choice for therapy. 

To avoid the high energy caused by the ultrasound reflection at the surface of two 

not continuous tissues, patients should not have scars on the abdomen and also no 

bubbles between the skin and gel pad. Also, the ultrasound cannot pass through the 

bladder or bowel.  

The equipment limitation determines that the only the tissue depth less than 10cm 

can be heated. Thus the distance between the abdomen skin surface and the center of the 

fibroid cannot be deeper than 10cm. 

The size of the fibroids is very important in the MRgHIFU therapy. Usually the 

final dead volume after treatment is bigger that the sonication planning volume, so for 

safety purposes, the sonication treatment cell should not be set at the edge of the fibroid. 



- 20 - 

 

This means the volume of the fibroids cannot be too small. However, the fibroids cannot 

be too large either. That is because considering the benefit of the patients, more than 50% 

of the total volume of the fibroids must be treated. So the volume of qualified fibroids 

should be smaller than 250 ml and the diameter of the fibroid should be bigger than 30 

mm. 

Whether the fibroids can be treated is also determined by the tissue character of 

the fibroids. There are studies classified uterine fibroids into different types based on T2-

weighted images. Based on the signal intensity of the fibroids compared with muscle and 

myometrium in T2-weighted image, fibroids can be classified into 2 types, 3 types, and 5 

types. The 3-type classification is most popular in the MRgHIFU therapy for uterine 

fibroids. In T2 weighted image, compared with signal intensity of muscle and 

myometrium, type I fibroids have lowest signal intensity (comparable with muscle), type 

II fibroids have medium signal intensity (higher than muscle but lower than myometrium), 

and type III fibroids have the highest signal intensity. Researchers found that HIFU only 

works successfully on type I and type II fibroids but not on type III fibroids. Some 

researchers claimed this may be because high blood perfusion in type III fibroids. More 

details will be introduced in Chapter 2. 

(2) Patient position and treatment cells planning 

T2-weighted images are obtained to define the location of the fibroids (Figure 1-

10). The treatment cells are planned based on these T2-weighted images. If it is necessary, 

patients are moved multiple times to position the fibroids inside the treatment window of 
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the ultrasound. For some patients, bladder or rectum injection is required to force the 

fibroids move to the treatable location. After every movement or injection, a T2-weighted 

image is acquired to locate the fibroids. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

During treatment: 

During treatment, temperature mapping of six slices is performed during heating. 

The corresponding thermal dose maps are calculated in real time and shown in the HIFU 

consol. These six slices include three slices with coronal view located on the treatment 

cell with the middle slice crossing through the center of treatment cell. One slice with 

Figure 1-10 Treatment cell planning on T2-weighted image. The MRI 

is the sagittal view of uterine fibroid. The two orange triangles are the 

ultrasound pass way of ultrasound beam. The orange ellipsoids inside 

the fibroid are the treatment cells. The white contour shows the region 

with thermal dose equal or bigger than 240 EM while the orange 

contour shows the region with thermal dose equal or bigger than 30 

EM. 
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sagittal view crosses through the center of the treatment cell. The other two slices are 

used to monitor the near-field and far-field temperature, both of which are coronal view. 

After treatment: 

It is known that after treatment, tissue blood perfusion significantly reduces in the 

treated region. Gd
3+

-based contrast agent is injected into human body to shorter T1 of the 

blood. The tissues with blood perfusion appear bright, while the tissues without blood 

perfusion appear dark. Thus the treated volume in the fibroids appears darker than the 

non-treated volume and this darker volume is called non-perfused volume (NPV). In 

MRgHIFU therapy, the NPV is used to estimate of the treatment result. 

1.3.4 The benefit and challenges of MRgHIFU treatment compared with other therapy 

methods  

Compared with invasive uterine fibroids surgeries, such as hysterectomy and 

myomectomy, MRgHIFU is much safer. No infection would happen during surgery. The 

recovery time is also very short. Compared with UAE, which is also a non-invasive 

therapy method for uterine fibroids, research showed that patients have more chance for 

pregnancy after MRgHIFU. So MRgHIFU may be a better choice for the patients who 

still want to pregnant after uterine fibroids treatment. Besides, it is also a good choice for 

the patients who are allergy to the iodine-based contrast agent required in UAE therapy. 

For all the reasons mentioned above, MRgHIFU have already attracted much interest of 

researchers. However, like any other therapy methods, there are many chanllenges in 

MRgHIFU. It will be discussed in the next chapter.   
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2 CURRENT WORK AND CHALLENGES TO MRgHIFU 

THERAPY OF UTERINE FIBROIDS 

Compared with other therapy method of uterine fibroids, MRgHIFU has a lot of 

advantages, such as non-invasiveness and short recovery time, but there are still several 

challenges. 

The two primary challenges of MRgHIFU therapy of uterine fibroids are: (1) the 

efficiency of treatment is low, and (2) not all the fibroids can be treated by HIFU therapy.  

Researchers are trying to minimize the limitations generated by these challenges. 

In this chapter, we will discuss how people have tried to improve the treatment efficiency 

and treatment efficacy of MRgHIFU therapy of uterine fibroids. At the end of this 

chapter, there is a brief introduction of the aims and hypothesis of this dissertation, which 

is how to deal with all the challenges. 

2.1  LOW TREATMENT EFFICIENCY OF MRgHIFU THERAPY OF UTERINE 

FIBROIDS 

In Chapter 1.3.3, the process of the MRgHIFU treatment of uterine fibroids was 

introduced. The total treatment time includes patient set up time, scan time, and heating 

time. In the current study, the total treatment time is limited into 3 hours. This is because 

patients are required to lie on the treatment table and not move during the whole 

treatment process. A long treatment time will cause patients feel uncomfortable. Besides, 

it can also cause blood vessel blockage which is very dangerous.  
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2.1.1 Why the treatment has low efficiency 

2.1.1.1 Time wasting for patients position planning  

As it was mentioned, to make sure the fibroid is in the treatment window, patients 

may be moved for several times before and during the treatment. A T2 planning image is 

required after each movement. Usually, each T2 planning image takes about 5 min,so the 

total planning time is long. Thus the time left for the thermal therapy is shortened. This 

will reduce the treatment efficiency. 

2.1.1.2 Time wasting during sonication 

During thermal therapy, a test shot is applied at the very beginning to determine 

the proper treatment heating power. Usually feedback cells are used. The inhomogeneity 

of the fibroids makes the sonication time varies from one region to another region. The 

region with higher perfusion requires longer sonication time. This long time can be 

shortened by increasing the treatment power. However, it will waste more time if a test 

shot is applied before every treatment cell.  

2.1.2 Current work to improve the treatment efficiency 

2.1.2.1 How to reduce the scan time 

There are several methods to reduce the scan time, including partial Fourier 

technique
55,56

, fast imaging techniques
57,58

 , and parallel imaging techniques
59,60

. 
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Introduction to spin echo sequence 

In MRgHIFU treatment, T2-weighted planning image is acquired by a spin echo 

(SE) -based sequence. 

In SE sequence, two RF pulses are applied, a 90° pulse followed by a 180° pulse. 

The 90° pulse is called excitation pulse. It is applied along the x axis at t = 0. The 

magnetization is tipped to transvers plane and all the spins point along the y axis. The 

spins start to dephase, and the phase accumulation in the rotation frame is 

𝛟(�⃗� , 𝒕) =  −𝜸∆𝑩(�⃗� )𝒕                         𝟎 < 𝑡 < 𝝉                                                               (𝟐. 𝟏. 𝟏) 

After time τ, the 180° pulse is applied along y axis, and this pulse is usually called 

the refocusing flip angle. All the spins are rotated by 180° along y axis. The accumulated 

phase turns into: 

𝛟(�⃗� , 𝝉+) =  𝜸∆𝑩(�⃗� )𝝉                                                                                                          (𝟐. 𝟏. 𝟐) 

All spins start to rephase after that, so the phase accumulation is equal to: 

𝛟(�⃗� , 𝒕) =  𝛟(�⃗� , 𝝉+) − 𝜸∆𝑩(�⃗� )(𝒕 − 𝝉) = 𝜸∆𝑩(�⃗� )(𝒕 − 𝑻𝑬)              𝒕 > 𝝉            (𝟐. 𝟏. 𝟑) 

in which TE is equal to 2τ. A so-called echo is formed at this time point, and this TE is 

called the echo time. Equation 2.1.3 shows when t = TE, the accumulated phase is 0. 

Signal intensity is measured at this time point. In the SE sequence, only T2 introduces the 

signal decay, the inhomogeneity of the external field does not have any effect. It is 
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worthy knowing that during all the acquisition, TE is the time point when the center of k 

space is filled. So, TE affects the image signal intensity. 

Introduction to k space 

As it was mentioned in Chapter one, MR image is the Fourier transform of a 

signal data matrix called k space, so the characters of image such as scan time, signal 

intensity, and the contrast between the interested tissues are all determined by k space. 

To understand how k space works, we take a 2D image for an example. In 2D 

imaging acquisition, there are two directions in k space, the kx direction and the ky 

direction. The signals filled in the kx direction are determined by the readout encoding, 

while the signals filled in the ky direction are determined by phase encoding (Figure 2-1).  

 

 

 

 

 

 

The signal intensity of the image is determined by the signal filled in the center of 

the k space, while the spatial resolution of the image is determined by the signal filled at 

the edge of the k space. The k space with a high signal in both the center and the edge 

Figure 2-1 An example of 2D k space. kx is readout phase 

encoding direction and ky is phase encoding direction
47

. 
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generates a high signal intensity and a high spatial resolution image. Besides, the signal 

profile in phase encoding direction will also affect the spatial resolution of the image. 

The less variation of the signal in the phase encoding direction, the higher the spatial 

resolution of the image. Figure 2-2 shows the simulation image of a digital phantom 

under different phase encoding signal profiles.  

 

 

 

 

 

 

  

 

Conventional techniques to reduce scan time 

During one readout, one line in the k space along the kx direction is filled. So the 

acquisition time is determined by how long it takes to fill all the signals in the ky direction 

of the k space: 

Figure 2-2 Effect from signal profile to the image (Digital phantom 

simulation). a. Digital phantom with T2 = 50ms; b. MR image for digital 

phantom generated by multi-shot (msh) TSE sequence; c. MR image for 

digital phantom generated by single-shot (ssh) TSE sequence; d. Signal 

profile in ky (phase encoding) direction of msh-TSE (red) and ssh-

TSE(green) sequence. 
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𝒕𝒔𝒄𝒂𝒏 = 𝑻𝑹 ∗ 𝒏𝒑𝒉𝒂𝒔𝒆_𝒆𝒏𝒄𝒐𝒅𝒊𝒏𝒈                                                      (𝟐. 𝟏. 𝟒)       

TR is the repetition time, which is the time duration between two following excitation 

flip angles. 

Partial Fourier technique 

To reduce the acquisition time, a partial Fourier technique was introduced. The 

basic idea of the partial Fourier technique is that instead of filling the whole k space, the 

ky direction is the only part that is filled. A parameter called half scan factor, which 

stands for the ratio of the filled k space, was introduced. The acquisition time is equal to: 

𝒕𝒔𝒄𝒂𝒏 = 𝒉𝒉𝒂𝒍𝒇_𝒔𝒄𝒂𝒏_𝒇𝒂𝒄𝒕𝒐𝒓 ∗ 𝑻𝑹 ∗ 𝒏𝒑𝒉𝒂𝒔𝒆_𝒆𝒏𝒄𝒐𝒅𝒊𝒏𝒈                    (𝟐. 𝟏. 𝟓) 

As long as the center of k space is filled by the same signal, the intensity of image 

would not change. However, the half scan factor will affect the spatial resolution of the 

image because no signal is filled at the edge of k space. The half scan factor cannot be too 

small, i.e. it must be bigger than 0.5. 

Fast imaging technique 

Another way to reduce acquisition time is using a fast imaging technique. In the 

fast imaging technique, instead of only fill one line per shot in k space, serval lines are 

filled. The number of lines filled per shot is called fast scan factor. The SE sequence 

associated with fast imaging technique is called fast spin echo (FSE) or turbo spin echo 

(TSE) sequence, and the fact scan factor is called FSE or TSE factor (Figure 2-3). 
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In the fast imaging sequence, the k space is separated into several segments, with 

the number of segments equal to the fast imaging factor. For example, if the fast imaging 

factor is n, which means in every shot, n signals are collected and filled into n segments 

of the k space with one signal per segment. Besides, the signals obtained in the same shot 

are filled in the same location of each segment, which means if the first signal obtained is 

filled in the first line of its corresponding segment, all the other signals obtained in the 

same shot will also be filled in the first line of their corresponding segment (Figure 2-4).  

 

Figure 2-3 Spin echo (SE) sequence and Turbo spin echo (TSE) sequence. 

a. SE sequence. b. TSE sequence with TSE factor: 4. 

http://www.revisemri.com/questions/pulse_sequences/tse 
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One extremely situation of fast imaging sequence is single shot (ssh) sequence, in 

which the whole k space is filled in only one shot. So in single shot sequence, scan time is 

Figure 2-4 Example of phase encoding in SE and TSE sequence. a. Phase encoding in SE 

sequence. All 30 signals filled in k space are the same. b. Phase encoding in TSE 

sequence with TSE factor 2. k space is split into several segments. Signals in the same 

segment are the same. Signals in different segments are different. k space is a 30 by 30 

matrix. 

a 

b 
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equal to TR. The acquisition finished in several TR is called multi-shot (msh) sequence. 

The acquisition time is equal to: 

𝒕𝒔𝒄𝒂𝒏 =
𝒏𝒑𝒉𝒂𝒔𝒆_𝒆𝒏𝒄𝒐𝒅𝒊𝒏𝒈

𝑻𝑺𝑬𝒇𝒂𝒄𝒕𝒐𝒓
  ∗ 𝑻𝑹                                                         (𝟐. 𝟏. 𝟔) 

However, like the partial Fourier technique, the fast imaging technique also 

introduces problems that reduce the image quality. First, more than one signal are 

acquired in one shot, so signals in the ky direction are not the same due to T2 decay. The 

signal profile in the phase encoding direction affects the image resolution. The faster the 

signal varies along the phase encoding direction, the poorer the image quality. This 

means the tissues with short T2 have poor spatial resolution images, and images will also 

have lower spatial resolution when an ssh sequence is applied. Second, a TSE sequence 

requires a longer TE than a SE sequence, so SNR is lower in an image acquired by a TSE 

sequence. And last, a TSE sequence has a high specific absorption rate (SAR) if many 

180° refocusing angles are applied in a short time. So it is not realistic to use a TSE 

sequence with a very high TSE factor to reduce the scan time. 

Parallel image technique 

For the scanner with a multi-channel coil, a method called the parallel image 

technique was introduced to reduce the acquisition time. SENSE is one of the parallel 

image techniques which are widely used. In the sequence with application of SENSE, 

each channel only images one part of the object; however, the image is then reconstructed 
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using the information obtained from all the channels, and the final image is the image for 

the whole object. In SENSE application: 

𝒕𝒔𝒄𝒂𝒏 = 𝑻𝑹 ∗
𝒏𝒑𝒉𝒂𝒔𝒆_𝒆𝒏𝒄𝒐𝒅𝒊𝒏𝒈

𝒔𝑺𝑬𝑵𝑺𝑬𝒇𝒂𝒄𝒕𝒐𝒓

                                                             (𝟐. 𝟏. 𝟕) 

A parameter called SENSE factor was introduced. It shows how much acquisition time 

reduced. So the higher the SENSE factor is, the shorter the acquisition time is. However, 

the signal to noise ratio (SNR) is affected by SENSE factor. The relationship between 

SNR and SENSE factor is: 

𝑺𝑵𝑹𝒑𝒐𝒔 =
𝑺𝑵𝑹𝒑𝒓𝒆

√𝒔𝑺𝑬𝑵𝑺𝑬𝒇𝒂𝒄𝒕𝒐𝒓

                                                                    (𝟐. 𝟏. 𝟖) 

so the high SENSE factor causes a low SNR. 

In the current T2-weighted imaging protocol performed in MRgHIFU, all three 

techniques are applied (Equation 2.1.9). However, the scan time is still long (about 5 

min). 

𝒕𝒔𝒄𝒂𝒏 =
𝒏𝒑𝒉𝒂𝒔𝒆_𝒆𝒏𝒄𝒐𝒅𝒊𝒏𝒈

𝑻𝑺𝑬𝒇𝒂𝒄𝒕𝒐𝒓 ∗ 𝒔𝑺𝑬𝑵𝑺𝑬𝒇𝒂𝒄𝒕𝒐𝒓

  ∗ 𝑻𝑹 ∗ 𝒉𝒉𝒂𝒍𝒇_𝒔𝒄𝒂𝒏_𝒇𝒂𝒄𝒕𝒐𝒓           (𝟐. 𝟏. 𝟗) 

2.1.2.2 How to improve the sonication efficiency 

During sonication, shortening sonication time for each treatment cell and using 

fewer treatment cells to obtain more NPV can improve sonication efficiency. 

Liu et al. reported the high perfused region in fibroids required higher acoustic 

power to confer effective treatment via MRgHIFU. The dynamic contrast enhanced (DCE) 
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image was applied, and the K
trans

 map was analyzed one day before treatment
61

. It 

showed that K
trans

 map was a good tool to guide the acoustic power setup. It can help 

people avoid the waste of time caused by the low acoustic power applied to high perfused 

region. 

Voogt et al. reported that ablation of the feeding blood vessel of fibroids can 

improve the treatment efficiency
62

. In the study, not only the fibroids were heated by 

ultrasound, but also the blood vessels feeding the fibroids were ablated by sonication. 

The results show that the final NPV was 4.3 (patient 1) and 2.3 (patient 2), times higher 

than the expected value calculated based on the thermal dose distribution. 

However, there is one limitation of these two studies, which is both of them 

involved contrast agents involved. Because the contrast agent is not stable under high 

temperature, the therapy had to be performed the next day after perfusion measurement. 

Besides, the patients with dysfunctional kidney cannot use these methods. 

Kim et al. introduced a new treatment strategy called one layer strategy to 

improve the treatment efficiency
63

. All the treatment cells were planned on the same 

coronal plane at a depth of half to anterior, two-thirds of the anteroposterior dimension of 

fibroids. The NPV for 27 fibroids was 64.2% of the whole volume of the fibroids which 

was larger than the expected volume calculated based on the thermal dose distribution.  

This one layer strategy is non-contrast involved, but the reason why this strategy 

introduced the improvement of treatment efficiency is unclear. It may be caused by the 
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near field heating accumulation or secondary effect of heating. If this reason can be found 

out, this strategy could bring more benefits. 

2.2 NOT ALL THE FIBROIDS CAN BE TREATED BY MRgHIFU METHOD 

2.2.1 Fibroid classification 

Clinical results show that not all the fibroids are treatable by HIFU therapy. 

Funaki et al. classified uterine fibroids into 3 types based on the contrast between muscle, 

fibroids, and myometrium in T2-weighted images
14

. Type I fibroids have the comparable 

signal intensity with muscle; Type II fibroids have the medium signal intensity; while 

Type III fibroids have highest signal intensity (Figure 2-5). Because both Type I and 

Type II fibroids are treatable, in some studies, fibroids were classified into only two 

types
64

: hypointensity fibroids (Type I and Type II fibroids) and hyperintensity fibroids 

(Type III fibroids). 

 

Figure 2-5 Funaki classification of uterine fibroids
14

. a. Type I fibroid (signal intensity of 

fibroid is comparable with muscle.) b. Type II fibroid (signal intensity of fibroid is higher 

than muscle but lower than myometrium.) c. Type III fibroid (signal intensity of fibroid is 

higher than myometrium.) 
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Zhao et al. reclassified the fibroids into 5 types
41

 (Figure 2-6). This new 

classification splits Type III fibroids in the Funaki classification into 3 types based on the 

tissue homogeneity. Clinical results showed that only the slightly homogenous 

hyperintense fibroids were difficult to be treated. In Zhao et al’s another work, fibroids 

were classified into 4 types which was including hypointense, isointense, homogenous 

hyperintense, and heterogeneous hyperintense fibroids
65

. Among all kinds of fibroids, 

homogenous hyperintense fibroids were the most difficult to be treated. 

2.2.2 Current work on the investigation of the untreatable fibroids 

As it is known, in thermal therapy, the treatment result is determined by many 

factors, such as absorption coefficient, thermal conductivity, and blood perfusion. Many 

studies have been done to investigate the character of untreatable fibroids. 

 

Pathologic studies show that homogenous hyperintense fibroids can be 

structurally different, and the treatment response may be determined by underlying tissue 

properties such as density, moisture content, and collagen content
65

. 

Figure 2-6 Zhao classification of uterine fibroids
65

. A1. Hypointense. B1. Isointense. C1-E1, 

hyperintoense: C1 is heterogeneous; D1-E1 are homogeneous, D1. Slightly homogeneous 

hyperintense fibrods; E1. Markedly homogenous hyperintense fibroids 
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There are also some studies focused on the diffusion and perfusion microstructure 

investigation of fibroids.
 
Kim claimed that the reason why Type III fibroids are 

untreatable is because the high blood perfusion. But only in one paper was K
trans

 

measured, and it included only 2 type III fibroids 
42

. Wang et al. and Ikink et al. applied 

the intravoxel incoherent motion (IVIM) model to obtain estimations about tissue 

microstructure, as well as microcirculation of different types of fibroids classified by 

Funaki classification
66,67

. They found the diffusion coefficient (D) were different, but no 

significant difference on blood volume ratio (f) or perfusion coefficient (D*) between 

different types of fibroids. This observation is in contrast to DCE-MRI-based 

characterization of fibroids, which suggests that Type III fibroids are highly vascular and 

well perfused. 
 

2.3 LIMITATION CAUSED BY THE CONTRAST AGENT 

In MRgHIFU, CE image is applied to measure the NPV which is used to estimate 

the treatment result. This contrast-involved method cannot be used for the patients who 

have abnormal kidney function, thus these people cannot be treated by MRgHIFU. 

Many studies have reported a discrepancy between the fibroid treatment volume 

as assessed by thermal dose maps, and the NPV.  Non-contrast alternatives using 

DIFFUSION WEIGHTED IMAGING(DWI)
68-72

, apparent diffusion coefficient (ADC) 

map
68-71

 , and 
23

Na MRI have been tested as means of monitoring the progress of 

MRgHIFU therapy
68

.  
23

Na MRI requires specialized hardware, and is not widely 

available. In DWI, NPV appears brighter than the non-treated region, and it overlapped 

with the NPV in CE image and thermal dose (TD) map very well. But the DWI reported 
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in the previous work had low SNR. The NPV has high ADC value compared with the 

non-treated region, but there is not clear edge between these two tissues which introduces 

trouble to measure the NPV. 

2.4 SPECIFIC AIMS AND HYPOTHESIS 

In this dissertation several goals have been achieved: 

(1) Develop a modified T2-weighted image sequence to decrease the scan time. 

Hypothesis 1: Variable refocusing flip angles associated with ZOOM 

technique will shorten scan time, and increase SNR and CNR.  

(2) Investigate the tissue microstructure and microcirculation for different types 

of fibroids classified by Funaki classification. Find out the perfusion and 

diffusion difference between Type III fibroids and other treatable fibroids. 

Find out the reason why no significant perfusion difference for Type III 

fibroids reported in previous studies. 

Hypothesis 2: f-value is significantly different from one type of fibroids to 

another (fTypeIII> fTypeII > fTypeI). The reason why this difference was not 

observed in the published work is because T2 decay effect was not taken into 

account.  

(3) Develop a new no-contrast agent involved NPV estimation tool which 

satisfies: (i) non-contrast agent involved (ii) high SNR and CNR. 

Hypothesis 3: DWI and fc (f with T2 correction) map can be used as no-

contrast agent involved NPV estimation tool.  Instead of high b value DWI 

reported by the published work, low b value DWI has high SNR and CNR 
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between treated region and non –treated region. So low b value DWI is a 

better choice. 

(4) Investigate the tissue microstructure response to heat during sonication by 

studying the IVIM model. 

Hypothesis 4: D various with temperature, but it cannot be applied as a 

biomarker to test the tissue damage for the tissue with low f. f varies with 

temperature when the tissue microstructure changes after certain temperature. 
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3  DIFFUSION WEIGHTED IMAGING (DWI) AND INTRAVOXEL 

INCOHERENT MOTION (IVIM) MODEL APPLICATION IN 

MRgHIFU OF UTERINE FIBROIDS 

As it was mentioned in Chapter 2, DWI and IVIM model can be applied in the 

tissue microstructure studies which is including both diffusion and perfusion information. 

In this chapter we will discuss how to solve the challenge of application of DWI and 

IVIM in MRgHIFU therapy of uterine fibroids introduced in Chapter 2. 

3.1 INTRODUCTION TO DIFFUSION WEIGHTED IMAGING (DWI) AND 

INTRAVOXEL INCOHERENT MOTION (IVIM) MODEL 

3.1.1 DWI 

In MR scanning, when the extra external magnetic field G is applied, the phase 

accumulation introduced by the precession of the transverse magnetization of spins under 

G at location r over time t is: 

𝝓 = ∫ 𝝎 𝒅𝒕
𝒕

𝟎

= 𝝓𝟎 + 𝜸∫ 𝑮 ∙ 𝒓 𝒅𝒕 =  𝝓𝟎 + 𝜸∫ 𝒗(𝒕)
𝒕

𝟎

∙ 𝑮(𝒕) ∙ 𝒕  𝒅𝒕    (𝟑. 𝟏. 𝟏)    
𝒕

𝟎

  

where ϕ0 is the phase accumulation by spins at r = 0. It is clear that spin motion (not 

precession) can be described by the phase change during time. So the diffusion of the 

spins can also be measured by MRI. In diffusion weighted imaging (DWI), the same 

gradient is applied before and after the refocusing pulse (Fig 3-1).  

The phase accumulation introduced by the first gradient of the non-diffused spins 

is cancelled by the phase accumulation introduced by the second gradient. Only the phase 



- 40 - 

 

accumulation of the diffused spins is left. As we know that the phase decreases the net 

transverse magnetization, so the diffused tissue appears darker in the DWI. 

 

 

 

 

 

 

 

 

 

 

3.1.2 IVIM model 

In 1988, Le Bihan et al. introduced a new model to describe both perfusion and 

diffusion inside tissue, which is called intravoxel incoherent motion (IVIM) model
73

. The 

model is based on the DWI obtained by SE sequence. It assumes that the signal intensity 

in DWI is constructed by two parts: one is diffusion of the pure tissue, and the other one 

is the perfusion and diffusion of blood.  

Figure 3-1 DWI sequence. DWI sequence: δ is the length of diffusion 

gradient, and ∆ is the time duration between two diffusion gradients. The 

two diffusion gradients applied before and after the 180° refocusing angles 

are exactly the same. 

http://radiopaedia.org/images/2987636 
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As it is known, diffusion introduces signal exponential decay in DWI (Equation 

3.1.2). 

𝒔(𝒃) = 𝒔(𝟎) ∙ 𝒆−𝒃∙𝑫                                                      (𝟑. 𝟏. 𝟐) 

in which b is called diffusion gradient factor, determined by the strength (G) and duration 

(δ) of the diffusion gradient, and as well as the time interval (∆) between two diffusion 

gradients. The unit of b is s/mm
2
: 

𝒃 =  𝜸𝟐 ∙ 𝑮𝟐 ∙ 𝜹𝟐 ∙ (∆ −
𝜹

𝟑
)                                      (𝟑. 𝟏. 𝟑) 

 Bihan et al. assumed that the blood in the small vessels flows to no specific 

direction because the vessels themselves go to every direction. So from macroscopic 

view, the blood perfusion acts like diffusion, and it is called pseudo diffusion (Figure 3-

2).  

Then the signal decay introduced by perfusion should have similar formula with 

diffusion, as it is shown in Equation 3.1.4. 

𝒔(𝒃) = 𝒔(𝟎) ∙ 𝒆−𝒃∙𝑫∗
                                                         (𝟑. 𝟏. 𝟒) 

D* is the perfusion coefficient. So the signal intensity in DWI is: 

𝒔(𝒃) = (𝟏 − 𝒇) ∙ 𝒔𝒕𝒊𝒔𝒔𝒖𝒆 + 𝒇 ∙ 𝒔𝒃𝒍𝒐𝒐𝒅                             (𝟑. 𝟏. 𝟓) 

𝒔(𝒃) = 𝒔𝟎 ∙ ((𝟏 − 𝒇) ∙ 𝒆−𝒃∙𝑫 + 𝒇 ∙ 𝒆−𝒃∙(𝑫+𝑫∗))          (𝟑. 𝟏. 𝟔) 
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Equation 3.1.6 is the basic formula of IVIM model, in which f is the volume ratio 

of blood with value range from 0 to 100%.  D is the diffusion coefficient representing 

how fast the Brownian motion of the water molecule in pure tissue, while D* is the 

perfusion coefficient representing how fast the blood flows. Both the unit of D and D* is 

mm
2
/s. IVIM model can be applied to different region of human body. For example, it is 

used in liver lesion study
74,75

, investigation of breast cancer
76,77

 and prostate cancer
78,79

. 

To calculate the three parameters in the IVIM model, a set of DWI with different 

b values are required. The two common methods to calculate D, D* and f are bi-

exponential fitting and asymptotic fitting.  

3.1.2.1 Bi-exponential fitting of IVIM model 

Bi-exponential fitting is the basic data analysis method of the IVIM model. The 

signal intensities and corresponding b values are applied to Equation 3.1.6, and then D, 

D*, and f is obtained. 

Figure 3-2 Diffusion and perfusion inside tissue. a. Molecule diffusion. 

b. Blood perfusion (pseudo diffusion)
73

. 
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3.1.2.2 Asymptotic fitting of IVIM model 

Bi-exponential fitting of IVIM model can generate reasonable results, but not 

under all the conditions, Pekar et al. reported in the study in 1992, that when f<5%, bi-

exponential fitting introduces large errors
80

. That is because when f is low, the signal 

presented from blood is very low and it approaches zeros even though b is not high. This 

means most of the DWI obtained only contains diffusion information. So a large error is 

generated by bi-exponential fitting. Pekar et al. introduced a new fitting method called 

asymptotic fitting to solve this problem
80

. 

In asymptotic fitting, it is assumed that the second term in Equation 3.1.6 

approaches zero when b value is high. So D is calculated by the mono-exponential fitting 

of DWI with high b values: 

𝒔 = 𝒔𝟎 ∙ 𝐞𝐱𝐩(−𝒃 ∙ 𝑫)                                                                                                  (𝟑. 𝟏. 𝟕) 

𝒔(𝒃) = 𝒔(𝟎) ∙ (𝟏 − 𝒇) ∙ 𝒆−𝒃∙𝑫  =   𝒔𝒊𝒏𝒕 ∙ 𝒆−𝒃∙𝑫         (𝒔(𝟎) ∙ 𝒇 ∙ 𝒆−𝒃∙(𝑫+𝑫∗)    ≈ 𝟎)       (𝟑. 𝟏. 𝟖) 

where sint is the intersection point of the fitting curve and the y axis. The f value is 

calculated by sint and s(0) which is the signal intensity of DWI with b = 0 s/mm
2
: 

𝒇 = 𝟏 −
𝒔𝒊𝒏𝒕

𝒔(𝟎)
                                                                                                               (𝟑. 𝟏. 𝟗) 

3.1.3 Apparent diffusion coefficient (ADC) 

In most biology tissues, diffusion and perfusion exist simultaneously. So instead 

of D, a new parameter called apparent diffusion coefficient (ADC) was introduced to 
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describe the combination effect of both diffusion and perfusion. The relationship between 

signal intensity and ADC is: 

𝒔 = 𝒔𝟎 ∙ 𝐞𝐱𝐩(−𝒃 ∙ 𝑨𝑫𝑪)                                                                                       (𝟑. 𝟏. 𝟏𝟎) 

There are two different ways people usually use to calculate ADC. The first one is 

mono-exponential fitting of Equation 3.1.10
78, 79

; and the other one is calculated by 

Equation 3.1.11
68, 70

 

𝑨𝑫𝑪 = ∑
𝒍𝒏(𝒔𝒊 𝒔𝟎)⁄

𝒃𝒊

𝒏

𝒊=𝟏

                                                                                       (𝟑. 𝟏. 𝟏𝟏) 

 As a parameter including both perfusion and diffusion information, ADC is 

widely applied in tissue character investigation, especially in the study of distinguish 

malignant tumors from benign tumors and healthy tissue 
81, 82

. 

3.2 APPLICATION OF DWI IN THERMAL THERAPY OF MRgHIFU OF UTERINE 

FIBROIDS 

In MRgHIFU, after thermal therapy, the NPV should have a higher signal because 

of the small signal decay caused by low perfusion compared with the non-treated region. 

As it was mentioned in Chapter 2, many studies described that the application of DWI 

with a high b value as a non-contrast method to monitor the NPV after thermal therapy. 

In this dissertation we compared the signal relative enhancement between NPV and non-

treated region among DWI with different b values, and find the best b value for DWI to 

monitor the NPV after thermal therapy. 
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3.2.1 Method 

3.2.1.1 Patient population 

Two subjects (42yrs and 45yrs) provided written informed consent to participate 

in this IRB approved prospective study. HIFU treatment was applied to necrosis the 

fibroids. The clinical indication for the MR was the imaging evaluation of uterine fibroids 

before and after thermal therapy.  A total of 2 fibroids in the two women were included in 

the study. 

3.2.1.2 Imaging acquisition 

All imaging was performed on a commercial 1.5 T MR scanner (Achieva, Philips 

Medical System, The Netherlands).  The patients were positioned supine, and a 16-

channel Torso coil was used for signal reception. 

CE image 

Regular dosage magnevist (0.02 cc/kg) was injected before the acquisition. CE 

image acquisition started 5 min (patient A)/ 6min (patient B) after gadolinium based 

contrast agent (GBCA) injection. 3D TFE sequence with TFE faction equal to 33 was 

applied. The flip angle was 10°. The parameters of the sequence were as following: 

TE/TR:  2.6 ms/5.4 ms, Acquired voxel size: 1.49 x 1.89 x 3mm
3
, FOV: 250x250 mm

2
, 

Scan time: 2:38min/slice.  
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DWI 

DWI was SE single-shot sequence with the following acquisition parameters: 

TR/TE: 2500 ms /68 ms; b-value: 0, 5, 10, 15, 20, 40, 60, 200, 450, 900 s/mm
2
 (patient 

A)/ 0, 15, 50, 450, 900 s/mm
2
 (patient B); parallel imaging acceleration (Sensitivity 

encoding) factor: 53; half scan factor: 0.717; acquired voxel size: 3 x 3 x 5 mm
3
; NSA: 2 

(patient A) and 8 (patient B); high-b values (b > 500 s/mm
2
) were averaged (4 (patient A) 

and16 (patient B)) more than low b-values (2 (patient A) and 8 (patient B)); total 

acquisition time: 02:38 min (patient A) and 05:25 min (patient B).   

3.2.2 Results 

CE image and DWI with different b values of patient A were shown in Figure 3-3. 

The dark region in the CE image indicating the NPV was bounded by the red contour, 

while the bright region in DWI indicating the treated region was circumscribed by a 

green contour. The NPV measured in CE overlapped with the treated region measured in 

Figure 3-3 CE image and DWI for patient A after thermal therapy. Coronal views of CE 

image and DWI with different b values are shown above. The NPV in CE image and DWI are 

bounded by red and green contour separately.   
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DWI quite well. The DICE coefficient ( 2 × (NPVCE ∩ DWI_Volumetreated_region)/( NPVCE 

+ DWI_Volumetreated_region)) was 0.83 for patient A and 0.76 for patient B. 

The treated region in the center of the fibroid in DWI was barely distinguished 

with the surrounding non-treated region when b = 0 s/mm
2
, which was actually a pure T2-

weighted image. In DWI with b = 200 s/mm
2
, the treated region appeared much brighter 

compared with the non-treated region, but the image was noisy. When b value went up to 

900 s/mm
2
, DWI had low signal intensity and the image quality was poor. 

To find out the optimal b value for DWI applied to NPV monitoring, the relative 

enhancement ((streated –snon_treated)/ snon_treated ×100%) was calculated for all the DWI of 

both patient A and patient B. The relative enhancements for DWI with same b value of 

different patients were averaged. The relationship between b value and the relative 

enhancement is shown in Figure 3-4. It is clear that in DWI with b = 20 s/mm
2
 and 200 

s/mm
2
, more enhancement was introduced to the treated region. 

3.2.3 Discussion 

Published work reported that the DWI with high b value (1000 s/mm
2
) can be 

used to define the treated region after thermal therapy
68, 70

. It was known that the SNR of 

DWI decreases with the increasing of b value, so it is expected that the low b value DWI 

may be a better way to monitor the treated region. The primary signal difference between 

treated region and the non-treated region in DWI after thermal therapy is from the 

difference of f. As it will be shown in Chapter 3.3.4, f of the treated region approached to 
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0 (under 10%) while it was high (about 20%) for the non-treated region. As it is shown in 

Figure3-5, when f is fewer than 30%, the signal decay in DWI introduced by f is almost 

 

 gone when b value approaches to 200 s/mm
2
 (less than 5% of signal generated by tissue 

diffusion term), which indicates the contrast of DWI measure with b value higher than 

200 s/mm
2
 mainly introduced by D. f only affected the contrast of DWI with low b value. 

This is the reason why in the high b value DWI, the relative enhancement of the treated 

region was lower.  

Considering both relative enhancement of the treated region and SNR for the 

whole DWI, b = 20 s/mm
2
 was a better choice to monitor the treated region after thermal 

therapy.  

Figure 3-4 Relationship between relative enhancement of treated region in DWI and b value. 

The red stars indicate the b value and the corresponding relative enhancement. 
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Actually, DWI can be not only applied to measure the treated region after 

treatment, it can also be used during therapy. The scan time for DWI with single b value 

is very short. 

3.2.4 Conclusion 

As a non-contrast method, DWI can be used to monitor the treated region both 

during and after thermal therapy. The treated region measured in DWI overlapped with 

the NPV in the CE image well.  The results from our work suggest that a low b-value (20 

s/mm
2
) DWI generates sufficient diffusion based contrast between the treated and 

untreated regions, without undue reduction in SNR that is associated with high b-value 

DWI. 

Figure 3-5 Signal intensity ratio between blood perfusion term and tissue diffusion term. 

a. D = 0.001 mm
2
/s, D* = 0.01 mm

2
/s. b. D = 0.001 mm

2
/s, D* = 0.1 mm

2
/s. The 

colorbars indicate the signal of blood perfusion term/ signal of tissue diffusion term 

×100% (%) 
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So DWI can be applied as a non-contrast-involved method to estimate the NPV 

after thermal therapy. The DWI with low b value is also a better choice than the ones 

with high b value because of the SNR. 

3.3 APPLICATION OF IVIM MODEL IN THERMAL THERAPY OF MRgHIFU OF 

UTERINE FIBROIDS 

As a non-contrast technique, IVIM can be used in tissue microstructure study in 

MRgHIFU therapy of uterine fibroids. The tissue microstructure can be contributed to 

make the treatment plan and estimate the treatment results. 

3.3.1 Importance of T2 correction to IVIM model 

Reported perfusion information (f) of different types of fibroids is similar, which 

is different with what expected. This may be caused by not considering the different 

signal decay introduced by the different T2 between tissue and blood. 

3.3.1.1 T2 correction of bi-exponential fitting of IVIM model 

As it is shown in Equation 3.1.6, the first term reflects the signal lose due to tissue 

diffusion (D), and the second term accounts for signal lose due to blood diffusion and 

perfusion (D+D*), and f represents the blood volume fraction per pixel.  In the absence 

of diffusion weighting (b = 0 s/mm
2
), MR signal intensity of the tissue and blood 

compartments are governed by their respective T2. Therefore, to account for the signal 

lose at echo time TE in a spin echo experiment, Equation 3.1.6 can be rewritten as: 

𝒔(𝒃) = 𝒔𝒕𝒊𝒔𝒔𝒖𝒆(𝟎) ∙ (𝟏 − 𝒇𝒄) ∙ 𝒆−𝒃∙𝑫𝒄 + 𝒔𝒃𝒍𝒐𝒐𝒅(𝟎) ∙ 𝒇𝒄 ∙ 𝒆−𝒃∙(𝑫𝒄+𝑫𝒄
∗)                  (𝟑. 𝟑. 𝟏) 
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𝒔(𝒃) = 𝒔𝟎 ∙ 𝒆
−

𝑻𝑬
𝑻𝟐

𝒕𝒊𝒔𝒔𝒖𝒆 ∙ (𝟏 − 𝒇𝒄) ∙ 𝒆−𝒃∙𝑫𝒄 + 𝒔𝟎 ∙ 𝒆
−

𝑻𝑬
𝑻𝟐

𝒃𝒍𝒐𝒐𝒅 ∙ 𝒇𝒄 ∙ 𝒆−𝒃∙(𝑫𝒄+𝑫𝒄
∗)      (𝟑. 𝟑. 𝟐) 

Dc (Dc*, fc) is D (D*, f) with T2 correction.  

Studies show that after T2 correction, f-value decreased compared with the one 

without T2 correction 
83, 84

.  

3.3.1.2 T2 correction of asymptotic fitting of IVIM model 

In asymptotic fitting for IVIM model method, T2 decay also introduces errors. 

Similar to what we discussed in Chapter 3.3.1.1, T2 correction of asymptotic fitting is 

also generated from equation 3.1.6. D and sint are generated by fitting Equation 3.1.8. It is 

clear that just like bi-exponential fitting, D would not change after T2 correction, which 

means T2 relaxation will not introduce an error in estimation of D. From Equation 3.1.8, 

we get: 

𝒔𝒊𝒏𝒕 = 𝒔𝒕𝒊𝒔𝒔𝒖𝒆(𝟎) ∙ (𝟏 − 𝒇𝒄) = 𝒔𝟎 ∙ 𝒆
−

𝑻𝑬
𝑻𝟐𝒕𝒊𝒔𝒔𝒖𝒆  ∙ (𝟏 − 𝒇𝒄)                                              (𝟑. 𝟑. 𝟑) 

Then we get: 

𝒔(𝟎) = 𝒔𝒊𝒏𝒕 ∙
𝟏

𝟏 − 𝒇𝒄
+ 𝒔𝒊𝒏𝒕 ∙

𝒆
𝑻𝑬

𝑻𝟐𝒕𝒊𝒔𝒔𝒖𝒆

𝟏 − 𝒇𝒄
∙ 𝒆

−
𝑻𝑬

𝑻𝟐𝒃𝒍𝒐𝒐𝒅                                                            (𝟑. 𝟑. 𝟒)   

Finally fc can be obtained by
72

 

𝒇𝒄 =  𝟏 −
𝒔𝒊𝒏𝒕

𝒔(𝟎)
∙ (𝟏 + 𝒆

𝑻𝑬
𝑻𝟐𝒕𝒊𝒔𝒔𝒖𝒆

−
𝑻𝑬

𝑻𝟐𝒃𝒍𝒐𝒐𝒅)                                                                         (𝟑. 𝟑. 𝟓) 
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3.3.2 Application of IVIM model in fibroids classification in MRgHIFU therapy 

In this section, we discussed how to applied IVIM model into the investigation of 

microstructure of different types of uterine fibroids classified by Funaki classification. 

3.3.2.1 Method 

To evaluate the effect of T2 correction on the estimation of f, the following 

numerical simulations were performed.  T2 of blood was assumed to be 290 ms at 1.5T 

from published results
85

, and all simulations were done in MATLAB
™

. 

 

 

 

 

  

 

 

 

Figure 3-6 The effect of T2 correction on blood volume fraction estimation.  Note 

that the estimation of blood volume fraction can be fraught with significant 

errors without T2 correction, particularly for Type I fibroids (T2fibroid < 50 ms).  

The relative error in the estimation of f diminishes when the fibroid T2 

approaches the blood T2 (Type III fibroids), but still substantial.  The dark 

vertical dotted lines indicate typical T2 cut off values between Type I and II, Type 

II and III fibroids. 
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Numerical simulation of relationship between T2 and ferror without T2 correction 

To model the large variations in the T2 of uterine fibroid tissue, a range of T2 

values of fibroid tissue were considered.  The ratios of T2 of fibroid to blood ranging 

from 0.07 to 0.85 were used (20 ms to 250 ms for the T2 of fibroid).  For purposes of 

simulation, slow diffusion component D was assumed to be 1 × 10
-3

 mm
2
/s based on 

previously published reports, and the fast diffusion component D* was assumed to be 

about two orders of magnitude greater, i.e., 0.1mm
2
/s.  Blood volume fraction with (fc) 

and without (f) T2 correction was calculated, and ferror ((f-fc)/fc*100) as a function of T2 

ratio was also calculated (Figure 3-6). 

MRI data acquisition 

All imaging was performed on a commercial 1.5 T MR scanner (Achieva, Philips 

Medical System, The Netherlands).  The patients were positioned supine, and a 16-

channel Torso coil was used for signal reception.   The imaging protocol consisted of 

initial scout imaging, and a 3-dimensional T2-weighted anatomic imaging to localize of 

uterine fibroids within the pelvic cavity.  This was followed by a spin echo single shot, 

diffusion weighted MR imaging sequence with the following acquisition parameters: 

TR/TE: 2500 ms /74 ms; b-value: 0, 20, 40, 60, 100, 200, 400, 600, 800, 1000 s/mm
2
; 

parallel imaging acceleration (Sensitivity encoding) factor: 53; half scan factor: 0.717; 

acquired voxel size: 3 x 3 x 5 mm
3
; NSA: 4; high-b values (b > 500 s/mm

2
) were averaged 

(8 NSA, 12 NSA for 1000s/mm
2
) more than low b-values (4 NSA); total acquisition time: 

06:42 min.  After DWI, a T2 map of the uterine fibroid of interest was evaluated in three 
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orthogonal planes by using a multi-echo turbo spin echo (TSE) sequence with the 

following acquisition parameters: TR/TE/∆TE: 2000 ms/12 ms/12 ms; number of echoes: 

12; acquired voxel size: 3 × 3 × 5 mm
3
; acquisition time: 06: 42 min. 

Data Analysis 

Calculation of T2 maps 

The images were exported to a vendor specific image format (PAR/REC) and 

were analyzed on a personal computer by using custom written software in MATLAB
TM

.  

The T2 of the uterine fibroid was calculated by fitting the multi-echo data to a single 

exponential decay curve using a non-linear least square algorithm on a pixel by pixel 

basis.  

Calculation of IVIM model parameters 

The multi-b value signal decay curve was fitted to Equation 3.1.6 to obtain 

uncorrected IVIM model parameters D, D*, and f.  The same data were then fitted to 

Equation 3.3.2, by using the pixelwise T2 values estimated previously, to obtain Dc, Dc*, 

and fc. Only those pixels which could be fitted with a goodness of fit (R-squared) statistic 

(gofR-square) > 0.9 were used in the analysis.  Pixelwise ADC values were also calculated 

from DW images obtained with b values 0, and 1000 mm
2
/s. 

The correlation between IVIM model parameters and T2 was assessed by fitting 

the data to a parametric function that yielded the best fit.  D-value and f-value estimated 
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with and without T2 correction were compared using a two-tailed Student’s t-test for 

statistical significance.  A P< 0.05 was assumed to indicate statistical significance.   

3.3.2.2 Results 

The T2 of skeletal muscle in 9 subjects was 42.5 +/- 5.5ms.  Fibroids with T2 

values less than 48 ms (mean + 1 SD) were classified as Type I fibroids, and fibroids with 

T2 values between 48 ms and 130 ms (T2 of myometrium) were classified as Type II 

fibroids. The T2 values of the 18 uterine fibroids included in the study spanned a large 

range from 41 ms to 95 ms.  There was substantial heterogeneity of T2 values in some 

fibroids.   

Of the 18 fibroids evaluated, 6 fibroids were classified as Type I fibroids (mean: 

44.39 +/- 1.20 ms; range: 42.46 to 45.95 ms).  Twelve fibroids (mean: 61.90+/- 12.9 ms; 

range: 51.56 to 94.91 ms) were classified as Type II fibroids.  No Type III fibroids were 

observed in this study. 

IVIM Model Parameters: 

A representative DWI of the uterine fibroid acquired with various ‘b’ values is 

shown in Figure 3-7.  The color-coded f map and fc map are also shown in figure panel 

(far right).  Note that fc is substantially smaller than f.  

A summary of IVIM model parameters estimated with and without T2 correction 

is shown in Table 1 along with the calculated ADC values.  As predicted by theory, T2 

correction did not substantially alter D or D* -value, but had a substantial influence on f-

value (Table 3-1, Figure 3-8).  Independent of the fibroid type, fc was significantly 
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smaller than f.   Furthermore, after T2 correction, fc of Type II fibroids was significantly 

higher than that of Type I fibroids (P <0.05, Table 3-1). 

It is worth noting that IVIM model descriptors D, D*, f, and ADC of Type II 

fibroids were slightly elevated in comparison to Type I fibroids.  However, this elevation 

did not rise to the level of statistical significance (P = NS, Table 3-1).  

  

3.3.2.3 Discussion 

In this regard, IVIM-based tissue characterization may be particularly 

advantageous in that it provides quantitative information about both local tissue 

microstructure as well as local perfusion.  Wang et al. used the IVIM model to evaluate 

uterine fibroid tissue in terms of D, D*, f, and ADC. Inkink et al. also used IVIM model 

to evaluate D and f. They both reported that, while D values of fibroids increased as a 

function of Funaki classification (from Type I through Type III), there was no statistically 

significant increase in f. Wang et al. also found that ADC value increased as a Funaki 

classification while D* did not. Although both of these works did not report the T2 of 

Figure 3-7 DW images of a heterogeneous uterine fibroid (T2 value: 69.32 +/- 18.39 

ms) is shown above.  The color-coded f map and fc map are also shown (far left).  Note 

that the fc is substantially lower than f. Colorbar indicates the value of f and fc (%). 
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uterine fibroids, their results suggest there is a relationship between D and T2, and the 

IVIM model used by Wang and Inkink did not take into account the potential error 

introduced by the T2 difference between the fibroid tissue and blood.  In this dissertation, 

we sought to assess the influence of T2 correction on the estimation of IVIM model 

parameters to characterize uterine fibroid tissue.                                                  

Table 3-1 Summary of IVIM parameters and ADC of fibroids classified as 

Type I or II based on T2 maps. 

IVIM-

DWI 

Parameter 

D 

(× 10-3 

mm2/s) 

Dc 

(× 10-3 

mm2/s) 

 

D* 

(× 10-3 mm2/s) 

D*c 

(× 10-3 mm2/s) 

 

f 

(%) 

fc 

(%) 

 ADC 

(× 10-3 

mm2/s) 

Type I 0.75±0.14 0.75±0.13  112.97±77.59 120.03±73.71  24.93±3.94 10.58±2.60  0.96±0.13 

P = 0.5995  P = 0.4437  P = 3.49E-05   

Type II 0.81±0.19 0.82±0.20  132.93±128.53 135.02±130.16  28.00±3.85* 15.89±4.93  1.08±0.23 

P = 0.1102  P = 0.4304  P = 1.26E-09   

Type I vs. 

Type II 

P = 

0.5038 

P = 

0.4396 

 P = 0.8512 P = 0.7986  P = 0.1321 P = 0.0264  P = 

0.2421 

 

First, the results from the study confirm the theoretical predictions (Figure 3-9) 

that the blood volume fraction (f) of uterine fibroids estimated without T2 correction can 

have unacceptably large errors (Figure 3-5).  For example, ferror of Type I fibroids can 

range from 50% to 200% of the true value, rendering their estimation clinically moot.  

Without T2 correction, the f-values calculated in this study were no different across 

fibroid types, and this result is similar to what has been reported.  After T2 correction, fc 

of Type II fibroids (15.89±4.93%) was significantly higher than Type I fibroids 

(10.58±2.60%), and this difference was statistically significant (P<0.05), suggesting that 
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corrected blood volume fraction, fc, could be a quantitative biomarker of uterine fibroid 

tissue.  Although none of the fibroids evaluated in this study were of Type III, it is worth 

noting that the high signal intensity of Type III fibroids implies a longer T2 for these 

fibroids, compared to Type I and II fibroids.  Therefore, the impact of T2 correction on 

the estimation of blood volume fraction of Type III fibroids will be substantially lower 

than that of Type I or II fibroids. 

 

 

 

Figure 3-8 Perfusion volume ratio f and fc of 18 fibroids included in the study. The black 

and gray bars represent mean f-value of each fibroid before and after T2 correction, 

respectively. The mean value of fc for Type I and Type II fibroids were marked by dotted 

lines. 
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We also note that the increase in tissue diffusion and apparent diffusion 

coefficient (D and ADC) between Type I and Type II fibroid types could become 

statistically significant with a larger sample size. 

Investigation of relationship between T2 with f, and T2 with D 

The Funaki classification indicates that the fibroid with high T2 value cannot be 

treated. A recent study also showed the region with high perfusion in the same fibroid 

required high power to treat. So in this section, we will discuss the relationship between 

T2 with f, and T2 with D to find out whether the T2 value related to perfusion or diffusion 

in the tissue. 

Figure 3-9 The measured error in the estimation of blood volume fraction 

(ferror) with and without T2 correction for each of the 18 fibroids is shown 

above as a function of the T2 of the fibroid.  The theoretically predicted 

error is shown as a solid line for reference (Figure 1).  Notice that the T2 of 

blood was assumed to be 290 ms (see text for details). 
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3.3.2.4  Methods 

Twelve fibroids from experiment in Chapter 3.3.2 were involved in the study. 

A histogram of T2 values from all twelve fibroids was created with each bin 

spanning a10 ms intervals.  The mean and standard deviation of the f-value and D-value 

(uncorrected and T2-corrected) of the pixels within each bin was also calculated.  Only 

those pixels that had a gofR-square > 0.9 were included in the analysis.  Furthermore, the 

pixels with D*-value <D-value of free water at 36°C (0.035 mm
2
/s) were also excluded, 

on the assumption that the blood perfusion component should at least be high as the 

diffusion of free water at body temperature.   

3.3.2.5 Results  

As the T2 of the fibroid increased, there was a corresponding increase in D and Dc, 

and this increase was non-linear (Figure 3-10), and independent of T2 correction.    

 

 

 

 

 

 



- 61 - 

 

 

 

 

 

 

 

 

 

 

The relationship between T2 and Dc can be fitted well with a simple exponential 

function of the form shown below (gofR-square = 0.95):  

𝑫𝒄(𝑻𝟐) = −𝟏. 𝟔𝟔 × 𝟏𝟎−𝟑 ∙ 𝒆−𝟐.𝟗𝟖
𝑻𝟐
𝟐𝟗𝟎 + 𝟏. 𝟗𝟕 × 𝟏𝟎−𝟑     (𝟑. 𝟑. 𝟔) 

It is worth noting that Dc asymptotically approaches 1.9×10
-3 

mm
2
/s, as the T2 of the 

tissue of interest exceeds the T2 value of blood (290 ms).  

Figure 3-10 Diffusion coefficient before (gray vertical bars) and after T2 

correction (solid black vertical bars) as a function of fibroid T2 

normalized to blood T2.  The fit (dotted line, Equation 4 in text) indicates 

that the diffusion coefficient asymptotically reaches the blood diffusion 

coefficient, and T2 correction has negligible effect in the measurement of 

diffusion 
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In contrast, there was no discernible relationship between f and T2.  However, fc 

values increased monotonically with increasing T2 (Figure 3-11), and could be well fitted 

with a function of the form described below (gofR-square= 0.93):    

 

 

 

 

𝒇𝒄(𝑻𝟐) = −𝟎. 𝟐𝟒𝟎𝟖 ∙ 𝒆−𝟑.𝟎𝟎𝟐
𝑻𝟐
𝟐𝟗𝟎 + 𝟎. 𝟐𝟑𝟑𝟑                       (𝟑. 𝟑. 𝟕) 

Note that fc asymptotically approaches a blood volume fraction value of 22.13%. 

3.3.2.6 Discussion 

As predicted by theory, the results from the study show that the estimation of D or 

D* are not affected by T2 correction. It is worth noting, however that, diffusion 

coefficient D increases monotonically with increasing T2 (Figure 4-8) to a plateau of 

Figure 3-11 Perfusion volume fraction (f, gray vertical bars) and after T2 

correction (fc, solid black vertical bars) as a function of fibroid T2 

normalized to blood T2.  The fit (dotted line, Equation 5 in text) indicates 

that with T2 correction, fc increases monotonically to a plateau, as T2 of 

fibroid approaches T2 of blood. 
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about 1.9×10
-3

 mm
2
/s – a value less than that of free water diffusion at body temperature, 

presumably due to the protein and cellular content of blood.  We note in passing that D 

measured within small regions of blood vessels were close to this asymptotic limit, and 

this observation has to be confirmed in more careful studies. 

3.3.3 Tissue microstructure investigation after HIFU therapy of uterine fibroids 

After thermal therapy, the microstructure of the NPV changes. The results 

reported in Chapter 3.2 only show that the treated region was non-perfused, which is 

already known, but no details of the microstructure variation were included. In this 

section, we investigated the microstructure change of NPV after thermal therapy by the 

IVIM model, which includes both perfusion and diffusion information. 

3.3.3.1 Method 

All the data were from the same experiment mentioned in Chapter 3.3.2.1.  

For both patient A and patient B, pixselwise D maps were calculated by 

asymptotic fitting from high b value DWI (b = 200, 450, 900 s/mm
2
) by (Equation 3.1.8). 

ADC maps were calculated from DWI obtained with b values 0, and 900 s/mm
2
. 

For patient A, an f map without T2 correction (Equation 4.1.9) and with T2 

correction (Equation 3.3.4) was calculated. Mean T2 value for the non-treated region (60 

ms) and the treated region (69 ms), both calculated by the T2 map, were applied to T2 

correction IVIM model calculated. A thermal dose volume (TDV) map was generated 

from temperature evolution during heating. 
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3.3.3.2 Results 

T2 map of fibroid after thermal therapy 

The T2 map of the whole fibroid after thermal therapy is shown in Figure 3-12. 

 

 

 

 

 

 

 

It shows clearly that the NPV in CE image overlapped with the region with high 

T2 value in T2 map. DICE coefficient was 0.72 which a little big lower than the DICE 

coefficient between NPV in CE image and DWI. The mean T2 value was 59.9 ms for the 

non-treated region and 68.9 ms for the treated region. In the T2 map shown in Figure 3-13, 

some pixels in the treated region had low T2 value, while some pixels in the non-treated 

region had high T2 value. 

Figure 3-12 T2 map of the fibroid after treatment compared with the CE. a. 

Coronal view of CE image of uterine fibroid after treatment. b. T2 map of 

uterine fibroid of the same slice and same view. NPV in CE image was 

surrounded by red contour. High T2 value region in T2 map was surrounded 

by black contour. Colorbar indicates the value of T2 (ms). 
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Figure 3-11 shows the T2 histogram for both treated and untreated region. In the 

non-treated region, 80% of the pixels had T2 values less than 65 ms, while in the treated 

region, 65% of the pixels had T2 values larger than 65 ms.  

f–value map with and without T2 correction 

The f map and the fc map are shown in Figure 3-14. The fc map had a lower value 

than the f map. The center of both f map and fc map had lower value than the surrounding 

region.  DICE coefficient between NPV in CE image and f-value was high (0.81). 

However, there were still 30% pixels in the treated region that had high f values (>10%). 

As reported by Bihan et al.
86

, tissue perfusion is determined by both f and D*.  We 

compared the TDV with the f map and the fc map combined with D* map (Figure 3-15). 

 

 

Figure 3-13 Histogram of T2 value for treated and non-treated region. a. T2 value 

histogram of non-treated region. b. T2 value histogram of treated region. 
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In Figure3-15a, the TDV overlapped on the brighter region indicating NPV in 

DWI. We assumed the voxels with f-value >10% and D* > 0.001 mm
2
/s had high 

perfusion. Only the mauve voxels in Figure 3-15b had high perfusion. No high perfusion 

voxels were found in Figure 3-15c. So without T2 correction, 29% voxels with high TD (> 

240 EM) had high perfusion, but with T2 correction, all voxels with high TD (>240 EM) 

had low perfusion. 

D map and ADC map 

The D map and ADC map for both patient A and patient B are shown in Figure 3-

16. No difference between is seen treated and non-treated region in ADC map for either 

patient A or patient B. The treated region and the region surrounding had a higher D 

value compared with the non-treated region. However, it was hard to identify the treated 

region from the D map. 

Figure 3-14  f map and fc map of uterine fibroid. a. f map (without T2 

correction). b. fc map (with T2 correction). Colorbar indicates the value of f 

and fc. 
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3.3.3.3 Discussion 

After thermal therapy, the treated region had higher T2 values compared with the 

surrounding non-treated region. This may be caused by the edema formed after the tissue 

was destroyed. The high DICE coefficient between the NPV in CE image and the high T2 

value region in the T2 map, indicated the T2 map can be used as a tool to estimate the 

treatment result without contrast after treatment. 

The previous studies reported that the TDV (>240 EM) overlapped with NPV in 

CE image very well, which means all voxels with TD > 240 EM are non-perfused. The 

non-perfused may be caused by the contraction or blockage of the blood voxel, which can 

be indicated by f-value, or caused by very slow blood flowing, which can be indicated by 

D*. Without the T2 correction, 29% of TDV (>240 EM) still had high perfusion. But after 

the T2 correction, most voxels of TDV (>240 EM) had very small fc which means the 

blood vessels were destroyed. Very few voxels had high fc and low D*, which indicates 

Figure 3-15  TDV map compared with f map and fc map combined with 

D*. a. TDV overlapped with DWI (b = 60 s/mm
2
). Red dots (TD >240 

EM). Green dots (100 EM<TD<240 EM). Yellow dots (30 EM<TD<100 

EM). b. f map combined with D* for all the voxels with TD >240 EM. c. fc 

map combined with D* for all the voxels with TD >240 EM. Teal: f-value 

<10%. Mauve: f-value >10% and D* >0.001 mm
2
/s. Yellow: f-

value >10% and D* <0.001 mm
2
/s. 
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the blood vessels inside these voxels were not destroyed. However, the blood supply 

from other region decreased, and the blood flowing was slow. So, T2 corrected is 

necessary when using IVIM model to investigate the tissue microstructure change after 

thermal therapy. 

 

 

 

 

 

 

 

Right after thermal therapy, there are some pixels with very low fc (under 5%) but 

very high D* (about 0.1mm
2
/s). As it was reported by Change et al., instead of bi-

exponential fitting, asymptotic fitting generates results with lower errors. So, asymptotic 

fitting was applied in IVIM model calculation for the fibroids right after treatment.  ADC 

showed no difference between treated and non-treated region, but D-value increased after 

Figure 3-16 D map and ADC map compared with CE image for both patient A 

and patient B. Patient A (a-c): a. the coronal view of CE image of fibroid. b. 

ADC map of fibroid. c. D map of fibroid. Patient B (d-f): d. the coronal view of 

CE image of fibroid. e. ADC map of fibroid. f. D map of fibroid. The NPV in CE 

image was surrounded by black contour. Colorbars indicate D or ADC value 

(mm
2
/s). 
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tissue necrosis. The other published papers that discussed ADC maps of uterine fibroids 

reported that ADC for the treated region was higher than non-treated region
68-71

. The 

difference results were caused by the difference ways to calculate ADC value. In the 

published work
68-71

, ADC was calculated by Equation 3.1.11, so ADC included all the 

perfusion and diffusion information (including f, D, and D*). However, in this 

dissertation, ADC was calculated by, 

𝑨𝑫𝑪 =
𝒍𝒏(𝒔(𝒃𝟏) − 𝒔(𝒃𝟐)

𝒃𝟏 − 𝒃𝟐
                                      (𝟑. 𝟑. 𝟖) 

As it was reported by Bihan et al.
73

, when b1 = 0, b2 is high and f is low,  

𝑨𝑫𝑪 ≈ 𝑫 +
𝒇

𝒃𝟐
                                                        (𝟑. 𝟑. 𝟗) 

The treated region had 10% to 20% lower f-value (Figure 4-14) than the non-

treated region, so the difference of ADC introduced by f was less than 0.2×10
-3

mm
2
/s. 

And this small decrease of ADC was compensated by the increase of ADC introduced by 

D. This was the reason why in results reported in this dissertation, no ADC difference 

was shown between treated and non-treated region.  

3.3.4 Tissue microstructure investigation for the treatment following up of uterine 

fibroids 

3.3.4.1 Method 

Patient population 
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Patient A came back 12 months after treatment. The clinical indication for the MR 

was the imaging evaluation of uterine fibroid. 

MRI acquisitions 

DWI with 7 b value were obtained (b = 0, 50, 100, 200, 400, 600, 800, 1000 

s/mm
2
). TR/TE: 2500ms/ 71ms. Scan time: 8:33min. NSA: 18, high-b values (b > 500 

s/mm
2
) were averaged (36 NSA, 54 NSA for 1000s/mm

2
) more than low b-values (18 

NSA). The other parameters were the same with DWI acquisition in Chapter 3.3.1. T2 

measurement and CE image were measured by the same sequences and parameters used 

in Chapter 3.3.1. 

Data analysis 

Pixselwise T2 map was calculated. Bi-exponential fitting of IVIM model with and 

without T2 correction was applied to generate f and fc map.  

3.3.4.2 Results 

The mean value of T2 for the NPV was decreased to 38 ms. CE image, f, and fc 

maps are shown in Figure 3-15. 

After 12 month, the whole fibroid was necrosis (Figure 3-17a). A clear edge 

between NPV and myometrium was shown in fc map (Figure 3-17c). The treated region 

had a lower f-value (most of the voxels had f <10%), while the myometrium had a higher 

f-value (>10%). But in the f map, it was hard to distinguish the treated region and 

myometrium (Figure 3-17 b). 
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3.3.4.3 Discussion 

With the IVIM model-based diffusion analysis, T2-corrected blood volume 

fraction (fc) can serve as a perfusion-related parameter that provides equivalent 

information as NPV, without using contrast.  The potential application of fc maps as a 

non-contrast biomarker to monitor MRgHIFU treatment response needs to be explored 

further.   

3.3.5  Conclusion 

IVIM model can be used in the investigation of tissue microstructure, including 

tissue diffusion and perfusion in MRgHIFU therapy of uterine fibroids. It is worth 

noticing that the T2 of fibroids tissue is much smaller than the T2 of blood, which 

introduces a large error without applying the T2 correction in IVIM model analysis for 

both bi-exponential fitting and asymptotic fitting. The f-value was different for different 

Figure 3-17 CE image, f map, and fc map of fibroid in the 12 months following up study. 

a. A uterine fibroid treated with MRgHIFU shows the characteristic lack of enhancement 

in a post-contrast MR scan at the 12 month follow-up (region bounded by the red 

contour).  The bright region surrounding the non-perfused volume (circumscribed by a 

red contour) is the enhancing myometrium.  Blood volume fraction maps before (b) and 

after (c) T2 correction are overlaid on post-contrast MR scan.  Notice the substantial 

reduction in fc (panel C) compared to f (panel B).  Colorbar indicates the value of f and fc 

(%). 
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types of fibroids classified by the Funaki classification only when the T2 correction was 

taking account. Type II fibroids had significantly low fc compared with Type I fibroids. f, 

D, D*, and  ADC did not show significant difference (P>0.05).  

The fc value may be a new way to classify uterine fibroids. Besides, the fc map can 

be used as a non-contrast method of treatment result estimation.  Right after treatment, 

the treated region had a higher T2 value but lower f and fc value. No significant change in 

ADC but an increase in D was observed. However, from the D map, it was hard to 

identify the treated region. Compared with the f map, the fc map was much better 

correlated to TDV (>240EM). Twelve months after therapy, the T2 of the treated region 

had decreased. There was a clear boundary between the treated and non-treated region, 

and the treated region had a lower fc-value. So only the fc map can be applied as a non-

contrast agent involved method to estimate the treatment result both after treatment and 

in the following up study.  

So, T2 correction is required in the application of IVIM model in microstructure 

investigation of uterine fibroid in MRgHIFU therapy. Non-treatable fibroids have higher 

f-values, which indicates the higher blood perfusion may be one of the reasons 

introducing difficulties to the treatment. The fc and T2 maps can be applied as a tool to 

estimate non-contrast involved treatment results, which can be benefit to the patients with 

a dysfunctional kidney. 
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4 MODIFICATION OF T2-WEIGHTED IMAGING IN MRgHIFU 

THERAPY OF UTERINE FIBROIDS 

As it was discussed in Chapter 2, the long pre-treatment scan time may cause 

many problems, including introducing blood vessel ablation and making patients 

uncomfortable. It can also reduce the real treatment time (sonication time) so that the 

treatment efficiency is reduced. 

Because of high SAR, low SNR, and low spatial resolution, the scan time cannot 

be reduced by a conventional TSE sequence with a very high TSE factor. In this chapter, 

we introduced a modified TSE sequence which combines ZOOM and variable refocusing 

flip angles with conventional TSE sequence to reduce scan time. Simulation and clinical 

human experiment results are also reported. 

4.1 THEORY 

The modified multi-shot TSE sequence reduces acquisition time by (1) reducing 

phase encoding by ZOOM technique and (2) increasing the TSE factor by applying 

variable refocusing angles to keep the image quality and reduce SAR. 

4.1.1 ZOOM technique 

Buecker et al. introduced a new technique to reduce the scan time which is called 

the ZOOM technique in 1998
87

. The basic idea of ZOOM is to reduce the scan time by 

reducing the field of view (FOV) of the image. As it is known, when the length of FOV is 

shorter than the length of the object in phase encoding direction, aliasing will happen. 
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The part of the body which is outside the FOV in phase encoding direction will be folded 

over on the image. 

To avoid this problem, instead of applying gradient in slice selection direction 

while applying refocusing angle, that a gradient is applied orthogonally to the slice 

selection direction (Figure 4-1); and this gradient only makes the spins in the FOV be 

refocused by the refocusing angles. The spins outside the FOV but inside the imaging 

slice would not be refocused, so that they would not contribute to generate the image. 

Then no aliasing happens. 

 

 

 

 

 

 

 

 

 

 

Figure 4-1 Small FOV excitation by ZOOM technique. The excitation flip angle slice 

(red) is orthogonal to the refocusing flip angle slice green). So only the protons in the 

intersection of these two slices are first excited and then refocused, which means only 

these protons make contribution to the MR image. And this intersection is the 

required small FOV. 
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4.1.2 Variable refocusing flip angles application 

To slow down the T2 decay but not increase SAR, a modification of refocusing 

angles were applied in TSE sequence with high TSE factor. Instead of keeping all the 

refocusing angles to be 180°, variable refocusing angles lower than 180° are applied. 

4.1.2.1 Variable refocusing angle application 

In conventional multi-shot TSE sequence, all the refocusing angles are 180°. Only 

the Mxy is refocused; Mz increases because of T1 relaxation, but makes no contribution to 

the signals collected in the same shot. If variable refocusing angles are applied and all of 

them are smaller than, the situation is much more complex. Mxy_pre (Mxy before refocusing 

angle applied) is flipped away from transverse plane and it has both transverse 

component and longitudinal component. Meanwhile, Mz_pre (Mz before refocusing angle 

applied) is flipped away from longitudinal direction so it also has both transverse 

component and longitudinal component. Then Mz_pos (Mz after refocusing angle applied) 

used to generate the image signal at TE is contrasted by both Mxy_pre and Mz_pre
88

 (Figure 

4-2). This means in the TSE sequence with variable refocusing angles, the image signal 

intensity will not only be governed by T2 decay but also by T1 relaxation during the 

readout.  In this method, the reduction in Mxy_pre during the readout due to T2 decay is 

partly compensated by the increase in the longitudinal magnetization (Mz_pre).  This 

diminishes the rate of signal decay during the readout, thus helping to minimize the loss 

of spatial resolution due to T2 decay during the readout.   
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4.1.2.2 Extended phase graph (EPG) algorithm 

 Unlike the conventional TSE sequence with 180° refocusing flips, the signal 

decay cannot be calculated straight forward by the exponential T2 decay expression in a 

variable refocusing angles TSE sequence. A method called extended phase graph (EPG) 

algorithm was introduced to calculated three components of magnetization after a very 

refocusing angle
89

 (Figure4-3). 

Figure 4-2 Principle of refocusing by non-180° refocusing flip angle in SE. a. Mxy 

created after excitation flip angle. b. At TE/2, spins dephasing in the xy plan and Mz 

introduced by T1 relaxation. c. At TE/2, after refocusing flip angle α (<180°) 

applied. d. New Mxy (final signal) at TE. The red component is created by the Mxy in 

b and green component is created by the Mx in b. 
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𝑭𝒏 = ∫ (𝑴𝒙 ∙ 𝐜𝐨𝐬(𝝎 ∙ 𝒕𝒆𝒏) + 𝑴𝒚 ∙ 𝐬𝐢𝐧(𝝎 ∙ 𝒕𝒆𝒏))𝒅𝝎

𝝎+∆𝝎

𝝎−∆𝝎

                  (𝟒. 𝟏. 𝟏) 

𝑭𝒏
∗ = ∫ (𝑴𝒙 ∙ 𝐜𝐨𝐬(𝝎 ∙ 𝒕𝒆𝒏) − 𝑴𝒚 ∙ 𝐬𝐢𝐧(𝝎 ∙ 𝒕𝒆𝒏))𝒅𝝎

𝝎+∆𝝎

𝝎−∆𝝎

                 (𝟒. 𝟏. 𝟐) 

𝒁𝒏 = 𝒊 ∙ ∫ (𝑴𝒙 ∙ 𝐜𝐨𝐬(𝝎 ∙ 𝒕𝒆𝒏) + 𝑴𝒚 ∙ 𝐬𝐢𝐧(𝝎 ∙ 𝒕𝒆𝒏))𝒅𝝎              (𝟒. 𝟏. 𝟑)

𝝎+∆𝝎

𝝎−∆𝝎

 

𝒁𝒏
∗ = 𝒊 ∙ ∫ (𝑴𝒙 ∙ 𝐜𝐨𝐬(𝝎 ∙ 𝒕𝒆𝒏) − 𝑴𝒚 ∙ 𝐬𝐢𝐧(𝝎 ∙ 𝒕𝒆𝒏))𝒅𝝎                (𝟒. 𝟏. 𝟒)

𝝎+∆𝝎

𝝎−∆𝝎

 

where ω is the magnetization rotation frequency and ten is equal to n*te, in which te is the 

echo time TE. After the very refocusing angle is applied, F and Z can be calculated by 

equation (4.1.5) 

Figure 4-3 EPG algorithm for TSE sequence with 90° excitation flip 

angle and α°refocusing angles
89

. 
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where 𝐹𝑘
−(𝑛) is the k

th
 order of F just before the n

th
 refocusing angle is applied and 

𝐹𝑘
+(𝑛) is the k

th
 order of F just after the n

th
 refocusing angle is applied. 𝑍𝑘

−(𝑛) is the k
th

 

order of Z just before the n
th

 refocusing angle is applied and 𝑍𝑘
+(𝑛) is the k

th
 order of Z 

just after the n
th

 refocusing angle is applied. So it is clear that 𝐹𝑘
+(𝑛) and 𝑍𝑘

+(𝑛) are equal 

to 𝐹𝑘
−(𝑛) and 𝑍𝑘

−(𝑛) multiplied with a rotation matrix, which is only related to the 

refocusing angle (Equation 4.1.6). After the n
th

 refocusing angle, only F0 (n) will form an 

echo corresponding to Mxy in the Block equation, while Z1(n) is corresponding to Mz. 

Figure 4-3, it is clear that both F0(n) and Z1 get contributions from all orders of F and Z 

before this n
th

 flip angle. 

Theoretically, refocusing flips can be set to any angles (less than 180°) with any 

order. However, the angle schedule is very important to the signal profile along phase 

encoding direction. Sometimes, even a little difference in angle schedules will introduce a 

huge difference to signal profile. As it is shown in Figure 4-4, there are only 10 out of 80 

angles different between angle schedule 1 and schedule 2, but the signal intensity profiles 

(4.1.5) 

(4.1.6) 
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are very different. Not only the first 10 echoes generated by the first 10 bigger refocusing 

angles in schedule 1 are higher, but also the rest of the echoes generated by the same flip 

angles in both schedule 1 and schedule 2 are higher.  

 

 

 

 

 

This is because very echo is the result for all orders of F and Z before its  

So to improve the image quality, the including increasing the SNR and spatial 

resolution, the design of the refocusing angle schedule is very important. 

4.1.2.3 Statistic pseudo steady state 

Alsop introduced the definition of statistic pseudo steady state (SPSS) in 1997
90

. 

It was found that in the TSE sequence with variable refocusing angles, the signal decays 

most slowly when the system is in SPSS. When system is in SPSS, the three components, 

including F, F*, and Mz do not change after every refocusing angles if T1 relaxation and 

T2 decay are not taken into account. Also the Mz-forming echo is calculated by the 

following equation: 

Figure 4-4 Different refocusing angle schedules and their corresponding signal 

profiles. a. The refocusing angle schedules. b. The corresponding signal profiles. Red 

line: schedule1. Green line: schedule 2 

a 
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𝑴𝒆𝒄𝒉𝒐 = 𝒊𝑴𝟎𝒆𝒙𝒑(−𝒊
𝜷 − 𝜹

𝟐
) 𝐬𝐢𝐧

𝜶

𝟐
𝑷

−𝟏
𝟐
(𝐬𝐢𝐧

𝜶

𝟐
(𝟏 +

𝐬𝐢𝐧𝟐 𝜶

𝐬𝐢𝐧𝟒 𝜶
))                 (𝟒. 𝟏. 𝟕) 

where Mecho is the magnetic resonance component of the echo generated in the SPSS, and 

α is the last refocusing angle applied before the echo. 

The way to force the system to go to SPSS is by applying fast decreasing 

refocusing angles, starting with a large value (such as 160°or 120°) at the very beginning 

of refocusing angle schedule. These fast decreasing angles are called startup angles. The 

signals generated by these refocusing angles are called startup echoes. The system is 

supposed to reach SPSS after the last starting up angle. The true readout can start after 

the system reaches the SPSS. It can also including these startup echoes. This depends on 

the requirement of the image quality. The one with startup echoes has a higher SNR and a 

shorter scan time, while the one without startup echoes has higher spatial resolution. 

4.1.2.4 Refocusing angle schedule design 

No combination of fast decreasing angles can force the system to SPSS. Besides, 

under some situations, there is requirement of the signal intensity (we call it target signal) 

to be in SPSS. So, the design of the refocusing angle schedule is very important.  

Reed Busse et al. introduced the formula for refocusing angle calculation in TSE 

sequence with any refocusing angle
91

, 
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𝒕𝒈
𝜽

𝟐
=

𝑬𝟏𝒁𝟏 ± √𝑬𝟏
𝟐𝒁𝟏

𝟐 − (𝑺𝑺 − 𝑭𝟏)(𝑺𝑺 − 𝑭−𝟏)

𝑺𝑺 − 𝑭𝟏
                                                         (𝟒. 𝟏. 𝟖) 

𝑺𝑺 =
𝑺𝒕𝒂𝒓𝒈𝒆𝒕

𝑬𝟐
,      𝑬𝟏,𝟐 = 𝒆

−
𝒆𝒄𝒉𝒐_𝒔𝒑𝒂𝒄𝒊𝒏𝒈

𝟐𝑻𝟏,𝟐    

As shown in Equation (4.1.8), as long as the T1 and T2 of the tissue and the target 

signal are known, the corresponding refocusing angle can be calculated. 

4.1.2.5 The limitation of the variable refocusing angles method 

As we discussed above, the variable refocusing angles method is very powerful, 

but it has its own limitations. 

The first limitation is the target signal cannot be set to any just value. Because T2 

decay always exist and is much faster than T1 relaxation, if the target signal is set too 

high, it will never be achieved. Under this situation, the square root term in Equation 

(4.1.8) will not generate a real value, which makes the right side of the equation 

meaningless and the corresponding refocusing angle does not exist.  

The second limitation is that the motion effect is significant if the target signal 

filled in the center of k-space is too low. Madhuranthakam et al. reported that the motion 

effect will be introduced the signal decay if target the signal was too low
92

. 

Besides, because the echo signal is affected by both T1 and T2, the contrast 

generated in variable refocusing angles TSE image is determined by the refocusing angle 

schedule. Because the angle schedule is designed using the T1 and T2 of only one tissue 

(we call it target tissue), the signal profiles of the other tissues behave in an 
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uncontrollable way. This introduces significant problems in generating the contrast 

between target tissue and the other tissues. 

 So, in the variable refocusing angle method application, not only are SNR and 

spatial resolution the primary factors required to be considered, the limitation of the 

target signal, the motion effect, and the signal intensity behavior of other tissues are also 

important. 

4.2 METHODS  

In this study, we introduced a modified TSE sequence combing ZOOM technique 

and variable refocusing angles method together, to reduce the scan time and increase the 

SNR and CNR. 

4.2.1 Sequence design 

4.2.1.1 Target tissue selection 

Depend on the size of the fibroids, the ZOOM technique supplied different scan 

time reduction factor. Because the T2 of uterine fibroids has a large range (from under 50 

ms to more than 130 ms), unless it is measured before the refocusing angle schedule 

design, the fibroid cannot be set as target tissues. Besides, the fibroids with qualified size 

for HIFU therapy have a relatively large volume (larger than 30cm in three dimensions), 

spatial resolution improvement will not generate benefit for the fibroids image. For all the 

reasons mentioned above, myometrium is set to be the target tissue. T2 of myometrium 

was set to 1390 ms based on reported results
85

.  
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4.2.1.2 Refocusing flip angles schedule design 

From simulation and experiments results, it was found that the following two 

conditions were satisfied when TEeff is at 25 ms: (1) The motion (breathing) does not 

affect images quality; and (2) The signal decay of myometrium is slow. 

Five refocusing angles were applied before the system reached SPSS. The signal 

profile for these five echoes was calculated by the following equations: 

      𝑺𝒕𝒂𝒓𝒈𝒆𝒕 = 𝒆
−
𝑻𝑬𝒆𝒇𝒇

𝑻𝟐                                                              (𝟒. 𝟐. 𝟏) 

𝑺𝒏 = 𝟎. 𝟓 ∙ (𝟏 + 𝑺𝒕𝒂𝒓𝒈𝒆𝒕)      𝒏 = 𝟏                               (𝟒. 𝟐. 𝟐) 

𝑺𝒏 = 𝟎. 𝟓 ∙ (𝑺𝒏−𝟏 + 𝑺𝒕𝒂𝒓𝒈𝒆𝒕)         𝟏 <  𝑛 < 6             (𝟒. 𝟐. 𝟑) 

T2 is the T2 value of myometriums. Sn is the signal intensity of the n
th

 echo, and Starget is 

the signal intensity at the first echo when the system achieves SPSS. 

 After the system reaches SPSS, set the signal profile by the following equation: 

𝑺𝒏 = 𝑺𝒏−𝟏 ∙ 𝒇𝒅𝒆𝒄𝒂𝒚𝒏
       𝒏 > 5                                          (𝟒. 𝟐. 𝟒) 

where fdecay_n is the signal decay factor varying from 0 to 1 for the n
th

 echo. In the real 

calculation, fdecay_n is first automatically set to 1 and then set to the user input value if Sn 

is too high to find the corresponding angle. If Sn is still too high, fdecay_n is automatically 

decreased by 1% increments until the corresponding angle is found.  

4.2.2 Patient population 

One subject with 2 Type II fibroids was included in this study.  
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4.2.3 MR Sequence 

All imaging was performed on a commercial 1.5 T MR scanner (Achieva, Philips 

Medical System, The Netherlands).  The patient was positioned supine, and a 16-channel 

Torso coil was used for signal reception. 

The pulse sequence design coding was done by using Philips Pulse Programming 

software. Two new parameters TEeff and fdecay, were introduced, and are shown on the user 

interface. TEeff was set to 25ms and fdecay was set to 0.96. The startup echo number was set 

at 5 and all the refocusing flip angles were calculated automatically by the coding.  

4.3 RESULTS  

The signal profiles of c-TSE sequence and m-TSE are shown in Figure 4-5. 

 

 

 

 

 

 

 

 

Figure 4-5 Signal profile of c-TSE sequence and m-TSE sequence. The green line 

is the signal profile of c-TSE sequence. The red line is the signal profile of m-TSE 

sequence. 
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Both lines shown in Figure 4-5 were signal profiles of myometrium. The signal 

profile of m-TSE started at a lower value, but it decayed much slower than the signal 

profile of c-TSE. 

Table 4-1 Comparison between c-TSE and m-TSE 

Sequence Shot Signal Decay TE (ms) 

c-TSE 2 shot/slice T2 decay (12%-6%) 130 

m-TSE 1 shot/slice Decay 4% 65 

 

The scan time, signal decay, and TE compared between c-TSE and m-TSE are 

listed in Table 4-1. The scan time was reduced to half, and both SNR and CNR increased; 

the CNR between myometrium and fibroid increased from 7% to 9.4%. 

   

 

 

 

 

 

Figure 4-6 shows the images generated in c-TSE and m-TSE sequence of the 

same fibroid. In the m-TSE sequence, the ZOOM technique decreased the FOV, so the 

Figure 4-6 c-TSE and m-TSE images of uterine fibroid. a. Sagittal view of 

uterine fibroid generated by c-TSE sequence. b. Sagittal view of uterine 

fibroid generated by m-TSE sequence 
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scan time was reduced. The myometrium appeared much brighter than the fibroid in m-

TSE sequence. 

4.4 DISCUSSION 

In the T2-weighted image, the c-TSE sequence wastes time because of the large 

FOV, which includes the back fat and muscle layer. This fat and muscle layer 

information is useless in the fibroid treatment. The ZOOM technique can reduce the FOV 

without introducing aliasing.  

As it is known, a large TSE factor introduces a high SAR when refocusing angles 

are high. Besides, the fast T2 decay in a high TSE factor sequence can cause the low SNR 

of the image and poor spatial resolution. In the m-TSE sequence, these problems were 

solved by the application of variable refocusing angles. All the refocusing angles were 

smaller than 180°.  Simulation results showed that when TEeff is 25 ms, the target signal 

is not too high to achieve or too low to introduce large motion effects. Simulation results 

show only S6 to S8 can be set as high as the Starget. Several fdecay values, including 1, 0.99, 

0.98, 0.97, and 0.96 were used in the simulation. The results showed that 0.96 is the value 

introducing slowest signal decay. The larger fdecay factors will make the echo go to too 

high a value very fast. After the echo signal is too high to reach, fdecay automatically drops 

down very fast. 

4.5 CONCLUSION 

In this chapter, a modified TSE (m-TSE) sequence was introduced. It was a TSE 

sequence with ZOOM technique and variable refocusing flip angle application. The 
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simulation and clinical results show that the scan time of m-TSE was only half of c-TSE, 

and images generated by the m-TSE sequence had higher SNR and CNR.  

By applying m-TSE sequence in the fibroids planning step in MRgHIFU therapy, 

scan time can be reduced. More time can be used to perform sonication to improve the 

treatment efficiency. Besides, the m-TSE got rid of the problems that usually happened in 

high TSE factor TSE sequence, such as high SAR and low SNR, by applying variable 

refocusing flip angles instead of 180° angles. 

The limitation of this study is that only one patient with two fibroids were 

included, both were Type II fibroids. We have no clinic data to show that Type I and 

Type III fibroids can also generate good contrast between fibroids and myometrium. 
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5 TISSUE RESPONSE DURING HEATING 

In thermal therapy, diffusion and perfusion of tissue varies during thermal 

ablation. It reflects the microstructure change caused by the heat. Juan et al. reported that 

the ADC0-1000 calculated by b = 0, 1000 s/mm
2
 increased during heating and decreased 

during cooling
93

. If the tissue is not damaged, ADC0-1000 goes back to the preheating value, 

while if the tissue is damaged, ADC0-1000 goes to a lower value when the temperature 

reduced to body temperature. This phenomenon indicates that ADC0-1000 can be applied as 

a biomarker of tissue damage. However, people reported that ADC0-1000 of muscle does 

not have this character
94

. This may be because the muscle tissue has very different 

perfusion to prostate.  

As we discussed in Chapter 3, ADC is a combination of diffusion and perfusion 

information. It is not only determined by the tissue microstructure, but also by the b 

values applied. For example, the ADC calculated with 2 low b values is more related to 

the tissue perfusion, while the ADC calculated with 2 high b values is more related to the 

tissue diffusion. ADC calculated with one low b value and one high b values is related to 

both tissue perfusion and diffusion.  

In this chapter, we will discuss ADC calculated with different combination of b 

values varied during heating, to investigate the microstructure change caused by the heat. 

5.1 THEORY 

Juan et al. investigated that ADChigh (ADC0-1000) of prostate varies with 

temperature by formula
93

: 
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𝑨𝑫𝑪𝒉𝒊𝒈𝒉(𝑻) =  𝑨𝑫𝑪𝟎 ∙ 𝒆−
𝑬𝑨
𝑹𝑻                                                                                        (𝟓. 𝟏. 𝟏) 

in which ADC0 is a fitting constant which has no physical meaning and does not change 

with temperature, EA is activation energy which is the energy required to break hydrogen 

bonds and does not change with temperature, R is the gas constant, and T is Kelvin 

temperature. The experimental results show that the experimental ADC0-1000 of non-

damage tissue satisfied Equation 5.1.1, while the damage tissue has lower value. 

However, in another paper, it reported in the other tissue, such as muscle, ADC0-1000 

shows no different between damaged and non-damaged tissue
94

.  

As it was reported, instead of ADChigh, D is the parameter whose variation is 

purely introduced by temperature and follows the formula
95

: 

𝑫(𝑻) =  𝑫𝟎 ∙ 𝒆−
𝑬𝑨
𝑹𝑻                                                                                                          (𝟓. 𝟏. 𝟐) 

D0 is a fitting constant which has no physical meaning and does not change with 

temperature, and EA, R, and T has the same physical meaning with Equation 5.1.1.  So the 

Equation 5.1.1 should be written as: 

𝑨𝑫𝑪𝒉𝒊𝒈𝒉(𝑻) =  𝑫𝟎 ∙ 𝒆−
𝑬𝑨
𝑹𝑻   + 𝒇/𝒃                                                                              (𝟓. 𝟏. 𝟑) 

To analyze the relationship between ADClow and f, D, and D*, Taylor expansion 

was performed on both sides of Equation 5.1.4: 

𝑺𝟎 ∙ 𝒆−𝒃∙𝑨𝑫𝑪 = 𝑺𝟎 ∙ [(𝟏 − 𝒇) ∙ 𝒆−𝒃∙𝑫 + 𝒇 ∙ 𝒆−𝒃(𝑫+𝑫∗)]                                             (𝟓. 𝟏. 𝟒) 
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From the experiment data, ADC0-20 is <9×10
-3

 mm
2
/s and ADC0-40 is <4×10

-3
 mm

2
/s, so 

only the first two terms of Taylor expansion were taken into account. Then we get: 

     𝑺𝟎 ∙ (𝟏 − 𝒃 ∙ 𝑨𝑫𝑪𝒍𝒐𝒘) = 𝑺𝟎 ∙ [(𝟏 − 𝒇) − 𝒃 ∙ 𝑫(𝟏 − 𝒇) + 𝒇 ∙ 𝒆−𝒃(𝑫+𝑫∗)]       (𝟓. 𝟏. 𝟓) 

𝑨𝑫𝑪𝒍𝒐𝒘 = (𝟏 − 𝒇) ∙ 𝑫 +
𝒇

𝒃
−

𝒇

𝒃
∙ (𝟏 − 𝒃 ∙ 𝑫) ∙ 𝒆−𝒃∙𝑫∗

                                            (𝟓. 𝟏. 𝟔) 

We assume b∙D << 1 and f <<1, then we can get: 

𝑨𝑫𝑪𝒍𝒐𝒘(𝑻) = 𝑫(𝑻) +
𝒇

𝒃
−

𝒇

𝒃
∙ 𝒆−𝒃∙𝑫∗

                                                                           (𝟓. 𝟏. 𝟕) 

We assumed for each damage region, ADC0, R, and EA were the same for both 

ADClow and ADChigh. Then we can get: 

𝑨𝑫𝑪𝒍𝒐𝒘(𝑻) = 𝑨𝑫𝑪𝒉𝒊𝒈𝒉(𝑻) −
𝒇

𝒃
∙ 𝒆−𝒃∙𝑫∗

                                                                 (𝟓. 𝟏. 𝟖) 

So the reason why tissue ADChigh showed no different between damage and non-

damage region in muscle may be because the change of diffusion compensated the 

change of perfusion. We separated the whole treatment duration into three periods. The 

first period starts at the beginning of heating and ends when temperature reaches 48℃. 

The tissue microstructure does not change and only D varies with temperature (Equation 

5.1.3 and Equation 5.1.9). 

𝑨𝑫𝑪𝒍𝒐𝒘(𝑻) = 𝑫𝟎 ∙ 𝒆−
𝑬𝑨
𝑹𝑻 +

𝒇

𝒃
−

𝒇

𝒃
∙ 𝒆−𝒃∙𝑫∗

                                                        (𝟓. 𝟏. 𝟗) 
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The second period is after tissue reaching 48℃ until heating is finished. We assumed the 

tissue microstructure changes during this period and that the ADChigh and ADClow satisfy 

the following equations, 

𝑨𝑫𝑪𝒉𝒊𝒈𝒉(𝑻) =  𝑫𝟎(𝑻) ∙ 𝒆−
𝑬𝑨
𝑹𝑻   + 𝒇(𝑻)/𝒃                                                              (𝟓. 𝟏. 𝟏𝟎) 

𝑨𝑫𝑪𝒍𝒐𝒘(𝑻) =  𝑫𝟎(𝑻) ∙ 𝒆−
𝑬𝑨
𝑹𝑻   +

𝒇(𝑻)

𝒃
+ 

𝒇(𝑻)

𝒃
∙ 𝒆−𝒃∙𝑫∗

                                        (𝟓. 𝟏. 𝟏𝟏) 

The third period is the cooling duration. We assumed that tissue blood perfusion is very 

small and D0(T) reaches value D0max and does not change in a short amount of time. Then 

we can get: 

𝑨𝑫𝑪𝒉𝒊𝒈𝒉(𝑻) =  𝑫𝟎𝒎𝒂𝒙 ∙ 𝒆−
𝑬𝑨
𝑹𝑻                                                                                      (𝟓. 𝟏. 𝟏𝟐) 

𝑨𝑫𝑪𝒍𝒐𝒘(𝑻) =  𝑫𝟎𝒎𝒂𝒙 ∙ 𝒆−
𝑬𝑨
𝑹𝑻   + 𝒇𝒎𝒊𝒏/𝒃                                                                  (𝟓. 𝟏. 𝟏𝟑) 

5.2 METHOD 

5.2.1 MRI Acquisition 

A total of 6 treatment cells were performed on two legs of pig (4 on left leg and 2 

on right leg). Twenty five watts of HIFU power heated for 8min, and the cooling time 

was 10 min for each treatment cell. DWI with 4 b values (0, 20 (or 40), 350, 450 s/mm
2
) 

and temperature measurements were interpolated during the heating and cooling periods. 

The acquisition parameters were listed in Table 5-1: 
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Table 5-1 Sequence parameters in DWI and temperature measurements 

 Sequence TR/TE (ms) FOV (mm×mm) Spatial resolution 

(mm×mm) 

DWI SSH SE-EPI 1500/64 300×300 1.5×1.5×7 

Temperature 

Measurement 

GRE-EPI 141/19.5 300×300 1.5×1.5×7 

 

5.2.2 Data Analysis 

The TD map was calculated. The region with TD ≥240 EM was the damage 

region of interest. Mean value of the temperature, ADChigh (ADC0-350 obtained by b = 0 

and b = 350 s/mm
2
) and ADClow (ADC0-20/40 obtained by b = 0 and b = 20 s/mm

2
 or 40 

s/mm
2
) was calculated.  

5.2.2.1 ADChigh analysis  

For each damage region, ADC0, R, and EA for ADChigh were obtained by fitting all 

data points during the heating period using Equation 5.1.1. The calculation of ADChigh 

was based on temperature by using Equation 5.1.1 for the whole treatment duration, 

including both heating and cooling periods.  

5.2.2.2 ADClow analysis  

Equation 5.1.8 was applied to calculate the difference between ADClow and 

ADChigh, which is related to the perfusion variation with temperature. 
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5.3 RESULTS 

The ADChigh of four out of the six treatment cells, both measured and calculated 

were plotted in Figure 5-1. 

 

 

 

 

Figure 5-1 Measured ADChigh (green line) and calculated ADChigh (red line) for 4 

treatment cells. Each dynamic is 23s. 
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Figure 5-2 Calculated ADChigh (red line), measured ADClow (green line), and the 

difference between calculated ADChigh and ADClow (black line) for 4 treatment 

cells. Each dynamic is 23s. The green dot lines show the time point starts heating. 

The red dot lines show the time points end heating. The purple dot lines show the 

time points the interested region reached temperature 46℃. The baby blue dot lines 

show the time points the interested region reached temperature 48°C. The blue dot 

lines show the time points the interested region reached temperature 50°C. The 

black dot lines show the time points when x% of the interested region reached TD 

240EM (x:10-90) 
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Calculated ADChigh, ADClow and difference between these two values were plotted 

in Figure 5-2. 

ADChigh increased with increasing temperature, and when the temperature went 

back to body temperature, it decreased to the value before heating. This is the same with 

the results reported in [94]. ADClow also increased with increasing temperature, but 

dropped to a value lower than baseline when temperature went back to body temperature. 

Moreover, the difference between ADClow and ADChigh which is related to perfusion 

started to decrease when the heating region reach 48℃.  

5.4 DISCUSSION 

The f we discussed in this chapter is without T2 correction. This is simply because 

that all the equation derivations started with the IVIM model without T2 correction.  

The conflict of the ADChigh variation with temperature between prostate and 

muscle tissue may be introduced by the blood perfusion amount. We know that the 

muscle is low perfusion tissue with f about 15%. This means the decrease of f when the 

microstructure started to change may be compensated by the increased of the diffusion-

related term (the first term in Equation 5.1.3). This is how we got Equation 5.1.10. We 

assumed that the decrease of f was compensated by the increasing D0, and this D0 became 

a function of temperature (Equation 5.1.10). When the tissue went back to the body 

temperature, D0 reached the maximum value (D0max) and did not change in a short period 

of time. 
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However, the perfusion term containing f makes much more of a contribution in 

ADClow because of the small b value. This is the reason why after heating, ADClow did not 

go back to the baseline value when temperature of heated region went back to body 

temperature. The decreased f term is much larger than the increased D0max term. We 

assume f decreased to a very small value, but still above zero, so the small b value 

introduced the difference between ADClow and ADChigh after heating. 

The decreasing starting point of perfusion term (the difference between ADClow 

and ADChigh is f related) at 48℃ showed that the tissue microstructure may start to change 

at this temperature. Zhang reported that the tissue perfusion of muscle started to increase 

at 46℃96
. These two temperatures are very close. And, according to the reported results 

and the results we got in our experiment, the perfusion-related term D* maybe increase 

very fast around 48℃. 

5.5 CONCLUSION 

The change of tissue microstructures during heating includes three steps. The first 

step starts from the beginning of heating until the heated tissue reaching 48℃. D0 and f do 

not change and the ADClow/high variation with temperature is only introduced by the 

increasing of D with temperature. The second step starts with heated tissue to 48℃, and 

continuous until the end of heating. During this period, D0 increases with temperature and 

f decreases with temperature. At the end of heating, D0 increases to the maximum value 

D0max, which would not change during a short amount of time, and f decreases to very 

small value which approaches zero. The third step is the cooling period. D is the only 

reason causing ADClow/high varies with temperature.  
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In the low f tissue, such as muscle, the decreasing of f is compensated by the 

increasing of D0 after heating, so ADChigh cannot be applied as a biomarker to test the 

tissue oblation in such kind of tissue. However, because f always contributes big part in 

ADClow because of small b value, ADClow can be applied as a thermal oblation biomarker 

even for low f tissue. 
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6 CONCLUSION, LIMITATIONS, AND FUTURE WORK 

6.1 ACHIEVED SPECIFIC AIMS  

Develop a modified T2-weighted image sequence to decrease the scan time. 

A modified multi-shot TSE sequence with variable refocusing angle was 

introduced in Chapter 4. The ZOOM technique was also applied to the modified sequence. 

The scan time was reduced to half of the previous scan time and the CNR between 

myometrium and fibroid increased from 7% to 9.4%. 

Hypothesis 1 is proved. 

Investigate the tissue microstructure and microcirculation for different types of fibroids 

classified by Funaki classification. Find out the difference between Type III fibroids and 

other treatable fibroids. Find out the reason why no significant perfusion difference for 

Type III fibroids reported in previous studies. 

The simulation results reported in Chapter 3 show that T2 decay had a large effect 

on the IVIM model. The reported results in previous works, which showed no significant 

difference of f value (fc) for different types of fibroids, was because the T2 decay effect 

was not taken into consideration. T2 decay affected Type I fibroids much more than Type 

III fibroids.  

The clinical results reported in Chapter 3 show that Type II fibroids had 

significant higher f value than Type I fibroids after T2 correction. But without T2 

correction, the difference between these two types of fibroids is not statistic significant. 
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Hypothesis 2 is proved. 

Clinical results also showed T2 highly correlated to both D and fc value. Both D 

and fc exponentially increased with the increase of T2 value. D also asymptotic increased 

relative to D of blood. 

Develop a new NPV estimation tool which satisfies: (1) non-contrast involved and (2) 

high SNR and CNR. 

DWI with low b value (20 s/mm
2
) had higher SNR in the treated regions and 

higher CNR between treated and non-treated region compared to DWI obtained with high 

b value (1000 s/mm
2
).  

Thus, fc map can be used as a non-contrast-involved method to estimate the NPV.  

Hypothesis 3 is proved.  

Investigate the tissue microstructure response to heat during sonication by studying the 

IVIM model. 

      During the heating, tissue microstructure starts to change at 48℃. Both f and 

D0 change with temperature after tissue microstructure changed. At the end of heating, f 

approaches a very small value, and D0 increases to a bigger value and would not change 

during a short among of time. ADChigh can be only applied as a bio-marker to detect 

tissue damage for tissues with high f. 

Hypothesis 4 is proved.  
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6.2 LIMITATIONS AND FUTURE WORK 

6.2.1 Limitations 

The main limitation of the work reported in the dissertation is that no Type III 

fibroids clinical data were involved. 

For the third specific aim, we only demonstrate that Type II fibroids had high fc 

values than Type I fibroids, but no Type III clinical data were collected to support the 

hypothesis that Type III fibroids should have the highest fc among all three types of 

fibroids. 

6.2.2 Future work  

(1) More clinical data will be collected in the future, especially data for Type III 

fibroids. The fc of Type III fibroids will be calculated and to compare with the other two 

types of fibroids. 

(2) IVIM tests will be applied to tissues with a range of diffusion and perfusion 

values, such as liver, spleen, and brain. The relationship between T2 and D, T2 and fc will 

be investigated to find out whether the phenomena that D and fc exponentially increased 

with increase of T2 is tissue independent, and whether D asymptotic increases to the 

value of D of blood.  

(3) Perfusion variations during heating measurement will be applied to MRgHIFU 

therapy of uterine fibroids or other tissues with high f value. f variation or ADClow 

variation will be measured during heating to investigate how perfusion changes due to 

changes in temperature. 
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