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ABSTRACT OF THE DISSERTATION

MRI Contrast Enhancement by Nonlinear Spin Dynamics

using Active-Feedback Magnetic Resonance Technique

by
Huimin Yang
Doctor of Philosophy in Chemistry
University of California, Los Angeles, 2019

Professor William M. Gelbart, Chair

Brain tumors are one of the leading death causes worldwide. Magnetic resonance
imaging is the most commonly applied imaging technique for brain tumor detection. However,
magnetic resonance imaging loses its power when it comes to detect early stage tumor differs
from normal tissue in terms of relaxation properties. To overcome this difficulty in early tumor
detection, I investigated chaotic spin dynamics generated by radiation damping and utilized a
novel MRI technique called the active-feedback to enhance the imaging contrast between normal
tissue and early stage brain tumor. The theme of my Ph.D. thesis is summarized as following:

(1) Fixed Point Imaging with Continuous Wave in Presence of Active-feedback Field.
Active-feedback field is a time-dependent magnetic field irradiation inspired by a natural
radiation damping. It is shown that active-feedback field yields unique fixed points in spin
evolution. Spins are excited to opposite directions by the field until they reach their

corresponding fixed points.

il



(2) Contrast enhancement by selective self-excitation with active-feedback magnetic
resonance imaging. It is shown by both theory and simulation that active-feedback magnetic
resonance technique generates a selective self-excitation process that selectively excites spins
and thus makes this technique very sensitive to local magnetic field inhomogeneity. Active-
feedback shows potential in detecting tumors at an early stage.

(3) Local-magnetic-field-dependent active-feedback magnetic resonance imaging and its
application in early glioblastoma detection. The active-feedback technique is further developed
and an advanced technique called local-field-dependent active-feedback magnetic resonance
imaging is introduced. This technique is tested on an early stage glioblastoma multiforme model

to show its potential in detecting brain tumors at a very early stage.
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Chapter 1

Introduction and Highlights

1.0 Introduction

Brain tumor is one of the leading death causes worldwide. It is estimated that around
700,000 people in the United States suffer from brain tumor. Among them, 69.1% tumors are
benign and 30.1% are malignant'. More than that, the average survival rate for malignant brain
tumor patients is about 35%. Patients living with glioblastoma multiforme, the most commonly
found and aggressive brain tumor™”, have only 5.6% five-year relative survival rate'. Therefore,
successfully enhancing the imaging contrast in early detection of high-grade malignancy, such as
glioblastoma multiforme, can significantly increase not only the available treatment options, but
also the patient survival rate. To achieve this goal, I investigated chaotic spin dynamics inspired
by radiation damping and utilized a novel MRI technique called active-feedback to enhance the
imaging contrast between normal tissue and early stage brain tumor.

The theme of my Ph.D. thesis can be divided into two parts and are summarized in this
dissertation:

(1) The theory of active-feedback and its effect on spin evolution. Active-feedback field (AFF) is
a time-dependent magnetic field irradiation inspired by natural radiation damping. Chapter 2 gives
a detailed description and explanation of this active-feedback field and the unique fixed points it
yields. It can be shown that spins will move in opposite directions and spin motion stops at the

unique fixed point.



(2) Contrast enhancement by selective self-excitation in active-feedback magnetic resonance
imaging. Chapter 3 shows that the active-feedback magnetic resonance technique generates a
selective self-excitation process that selectively excites spins and makes the technique very
sensitive to local magnetic field inhomogeneity. Thus, the active-feedback technique has the
potential for detecting tumor in the early stage. In Chapter 4, the active-feedback technique is
further developed and an advanced technique called local-field-dependent active-feedback
magnetic resonance imaging is introduced. This technique is tested on an early stage glioblastoma

multiforme model to show the power in detecting brain tumor at a very early stage.

1.1 Research Highlights

My research achievements regarding contrast enhancement and early tumor detection with
active-feedback magnetic resonance technique include:
(1) Developed an original work in fixed-point imaging with continuous wave (CW) in the presence
of active-feedback field(AFF). AFF causes nonlinear spin dynamics characterized by nonlinear
Bloch Equations. The interference of AFF with CW yields unexpected fixed points not along the
direction of equilibrium. Two spins move toward different directions and reach their fixed points
on the opposite sides on the Bloch sphere when there is a strong AFF. And two spins keep rotating

and do not separate from each other in absence with AFF or when AFF is extremely weak.

(2) Investigated early-stage tumor and normal tissue properties and developed a mathematical
model to accurately simulate tissue with different intrinsic properties. The model simulates the
blood oxygen level dependent (BOLD) signal based on different tissue properties including blood

oxygen saturation level, blood volume fraction, blood vessel radius and diffusion. The results from



simulation match literature value of MRI experiments**. Tissue has different relaxation rate with
different tissue property. As blood oxygen saturation level or blood vessel radius increases, the
relaxation rate decreases; as diffusion coefficient or blood volume fraction increases, the relaxation

rate increases.

(3) Utilized active-feedback magnetic technique to enhance image contrast. With a small
difference in relaxation property, active-feedback technique enhances contrast by 4 times when
compared to T,-weighted imaging and enhances contrast by 2 times when compared to T,*

imaging.

(4) Invented an advanced active-feedback method with local-magnetic-field-dependent phase.
When performed on early stage glioblastoma multiforme model, simulation shows that the local-
field-dependent active-feedback method generates a contrast 7.2 times greater than that from T»-

weighted imaging. The contrast enhancement is confirmed by in vivo experiments.
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Chapter 2
Fixed Point Imaging with Continuous-Wave in Presence of Active-

Feedback Field

2.0 Abstract

Magnetic resonance imaging (MRI) is one of the most commonly used imaging techniques
for biomedical diagnostics and imaging because of its low energy and nonionizing radiation. The
imaging contrast in magnetic resonance imaging largely depends on the molecular dynamics of
different tissues which cause difference in relaxation. Unfortunately, the MRI technique is very
limiting when it comes to distinguish tissues with subtle differences in tissue properties. A
notorious example is the detection of early stage tumor from normal tissue.

In this work, we take advantage of a novel MR method called active-feedback field (AFF)
and continuous-wave (CW) irradiation to enhance the sensitivity to small magnetic susceptibility
differences. More than that, this technique produces unique fixed points or constants of motion of
spins.

The theory of the active-feedback field with continuous-wave and the resulting fixed-point
imaging is presented in this work. Computer simulations are performed to confirm the theory.
Simulation results clearly demonstrate the interference of the active-feedback field with
continuous-wave in spin motions and the evolution of magnetization to the fixed points. Effects of
important active-feedback field and continuous-wave parameters are demonstrated and discussed.
Both theory and simulation show that the application of continuous-wave in presence of active-

feedback field is sensitive to local field environment and has the potential to distinguish tissues



with small relaxation differences.

2.1 Introduction

Nuclear magnetic resonance first served as imaging tool in 1971. Since then, magnetic
resonance imaging (MRI) has been largely used in biomedical imaging and diagnostics due to its
advantages such as low-energy and nonionizing radio-frequency radiation'. The principle of MRI
involves three components: a constant magnetic field to which magnetic nuclear spins align; an
oscillating magnetic field that perturbs the alignment, usually called radio frequency (RF) pulse; a
receiving coil that detects the NMR signal during or after RF pulses”.

The applications of MRI range from diagnostic medicine, biomedical research to producing
various chemical and physical data. Besides traditional relaxation-based imaging techniques such
as Ty and T, weighted imaging, novel MRI techniques such as functional MRI (fMRI), perfusion-
weighted MRI and diffusion-weighted MRI have enlarged its application to a much broader area.
For example, fMRI uses the blood-oxygen-level-dependent (BOLD) contrast to measure brain
activity by detecting changes associated with blood flow’. While MRI provides extensive
information on anatomy and physiological processes of the body, because the contrast in MRI
comes from different relaxation properties, it loses its power when it comes to a situation where
there is only a slight difference in relaxation parameters.

In this work, an active-feedback field (AFF) is introduced to overcome the problem of low
sensitivity to local magnetic susceptibility. The AFF is inspired by the natural radiation damping
effect that has been shown to produce chaotic dynamics at high fields*’. According to Lenz’s law,
the oscillating current in the receiving coil will induce an oscillating magnetic field, that will act

on the sample and accelerate the process reestablishing the equilibrium along z direction. In many



MRI experiments, radiation damping produces adverse effects in signal acquisition since the
radiation damping field drives spins to the +z axis at a much faster rate than the longitudinal
relaxation rate (1/T,)®. However, in this work, we take advantage of the chaotic spin dynamics and
create an “active-feedback field” that alters spin behavior. The addition of the AFF essentially
introduces non-linear spin dynamics that is very sensitive to local-field environment. A home-built
electronic device is used to generate and control the AFF as well as to eliminate the natural
radiation damping. The device has the function of filtering, phase shifting and amplifying the
signal from the receiving coil and converting the signal to an RF pulse and feed the pulse back to
the sample. The device can be controlled by computer to modify active-feedback phase and
feedback strength, which allows us to select optimal field parameters for different purposes. The
effects of active-feedback parameters are demonstrated and discussed in this work.
Continuous-wave (CW) has been largely used in spectroscopy and imaging such as being
used to change the effective magnetic field to study relaxation behaviors”®. Moreover, Warren has
previously shown that in a single-spin system, the application of a CW in the presence of radiation
damping generates unexpected dynamics’. In this work, it is shown by both theory and simulation
that the application of weak CW in presence of AFF yields fixed points or constants of motion
when the CW is placed off-resonance. And this novel technique is sensitive to the local field and

has the potential to differentiate tissues with small relaxation differences.

2.2 Theory and Method

2.2.1 Nuclear Magnetic Resonance and Magnetic Resonance Imaging
Atoms such as 'H and "°C that have an odd number of protons have non-zero nuclear spin.

In the absence of an external magnetic field, the nuclear spin angular momentum S has (2S + 1)



degenerate angular momentum states. When an external field By is added to the system along the
longitudinal direction, the field perturbs to the nuclear spin and splits the degenerate state into 2S
+ 1 different levels'”.

The energy perturbation induced by the external field is described by'':

E=—fi-By =—W,By = — ymhB, (1)
where [i is the magnetic moment of the atom; B_O) is the external field along the longitudinal
direction with magnitude B, ; p, is the z-component of the magnetic moment; y is the
gyromagnetic ratio; m is the magnetic quantum number, which can take integer values from —S to
+S; h is the reduced Planck constant. The spin energy is split into (2S + 1) states each with different

energy. As shown in figure | with S=1/2and m = +1/2.

E a
E, m=-1/2
m=41/2
AE
B T
By =0 By # 0 Bo

Figure 1. Description of energy splitting in the presence of magnetic field. Spin has a degenerate
state without the external field. The degenerate energy level splits into two states one with lower

energy (m = 1/2) and another with a higher energy (m = -1/2).



With spin S = 1/2 and m = +1/2, the energy gap between two levels is:
AE = yhB, (2)
This energy splitting results in a distribution of population in the two energy levels with
slightly more spins in the lower energy level (m = 1/2, spin up) and less spins stay in the higher
energy level (m = -1/2, spin down) in thermal equilibrium. With more spins pointing up, the net
result is a small magnetization pointing in the same direction as the external field By. This
magnetization has a precessional motion of the direction of the applied magnetic field with Larmor

frequency'*:

wo = —¥By 3)
When a radio frequency (RF) pulse with a frequency that matches the Larmor frequency
of the nuclear magnetization is applied, the energy from the RF pulse will be absorbed by spins.
Some of the spins in the lower energy level are excited to the higher energy level, which results a
change in spin population'’. This process is called nuclear magnetic resonance. With different
strength and application time, the RF pulse can rotate the magnetization from the original position

along +z to a different position. A 90° RF pulse rotates magnetization 90° from +z direction to
transverse plane and 180° pulse rotates the magnetization 180° to a position pointing down.

After the RF pulse stops, the magnetization undergoes two types of relaxation processes to
reestablish the thermodynamic equilibrium. The nuclear spins that are excited return to thermal
equilibrium and the longitudinal component grows to its initial maximum value parallel to By. This
process is called T relaxation, “longitudinal relaxation” or “spin-lattice” relaxation'".
Magnetizations that are aligned by an RF pulse will go out of phase and the transverse components
of magnetization decay to zero. This process is call T, relaxation, “transverse relaxation” or “spin-

spin” relaxation'. T, and T, are the corresponding relaxation times that can be characterized by



the following equations'® " 1% 1%;

M, = My(1— e~t/T) (4a)

My, = Myyoet/T (4b)

y =
where M is the magnetization in thermodynamic equilibrium; M, and M,,, are the longitudinal
and transverse component respectively; My, is the transverse magnetization under thermal
equilibrium.

The relaxation signal can be received through the receiving coil, and transformed into
images. Different tissues will have different imaging intensity and contrast due to their difference
in relaxation properties, which results in different T, and T, times.

2.2.2 Radiation Damping and Active-feedback Field

20-22 that has been shown to

The AFF is inspired by the natural radiation damping effect
produce chaotic dynamics at high fields and was first introduced in 2008***°. AFF drives the
magnetization to equilibrium along the z direction faster than the T, relaxation. AFF can be seen
as a special RF pulse but with two differences. First, AFF always tilts the magnetization back to
equilibrium (+z) while the RF pulse drives the magnetization away from equilibrium. Second, the
RF pulse drives the magnetization at a constant rate so that the phase away from equilibrium is
proportional to the time during which the pulse is applied. However, the AFF drives the
magnetization at a changing rate that is dependent on the transverse magnetization. The

magnetization is driven faster when there is a stronger transverse magnetization. With AFF, the

phase a of magnetization can be expressed by:

da —sina

=YByr = ®))

dt TAF

where B, is the AFF and 1,45 is the active-feedback time constant, which can be expressed by:
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2

Tppg = ———— 6
AFE T uoynoM, ©)

where |, is the space permeability; 7 is the number of circles on the receiving coil; M, is the net
magnetization in the sample, which is affected by the external magnetic field and spin density. The
magnitude of AFF is inversely proportional to the feedback time constant. A longer feedback time
constant yields a smaller AFF.

AFF is a time-dependent oscillating field added on the transverse plane and it is
proportional to the averaged transverse magnetization. AFF only affects the magnetization along

the longitudinal direction and does not produce any dephasing. This field is characterized by:
= iel® — o 5

YBiar(t) = me m, (¥, t)d°7 (7)
where §+ = B, + iB,,, is the field added on the transverse plane; M, = m, + im, is the transpose
component of the normalized magnetization; ¢ is the active-feedback phase that determines the
phase difference between the transverse magnetization vector and AFF vector. For a perfectly
tuned probe, AFF 90° lag behind the transverse magnetization when ¢ = 180°, corresponding to
the natural radiation damping which accelerates the process to equilibrium along +z. The AFF can
be further expressed by:

- el
Boaw(® = | o7
Tar

1
= (im, (7, t))e'®
T

AF _
) = (my))e'? (8)

YT4F
Under a rotation frame, the spin evolution can be described by the Bloch equation:

mxx+myy

+ DV2m (T, t) 9)

6ﬁ(?,t) =2 (L)(r) A~ ~
— = ym(T, t) X [ » 7+ B(r t)] Ly
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where dw = w — wy is the frequency difference between the system and the Larmor frequency;
B(7,¢t) is the total magnetic field; D is the diffusion coefficient; and (%, t) = M(7) /M, is the
normalized magnetization with respect to the equilibrium magnetization.

The Bloch equation is linear when the magnetic field is independent of the magnetization,
which keeps the cross time in equation (9) the first order. However, when the AFF is applied to
the system, this field, which depends on the instantaneous transverse magnetizations renders the
equation nonlinear and introduces chaotic spin evolution®**’. Moreover, it is difficult to solve the
nonlinear Bloch equation for analytic solution and only numerical solutions can be obtained and
used to explain the spin behavior.

A home-built electronic device is used to not only yield the AFF depending on the MRI
signal but also to eliminate the natural radiation damping effect that is unstable and

uncontrollable®® %

. Both the active-feedback phase and the time constant are adjustable by the
electronic device. The principle of the device is shown in figure 2. The device consists of three
major parts: a signal amplifier that filters and amplifies the FID signal; a phase shifter that adjusts

active-feedback phase and a receiver that receives the FID signal and send out active-feedback

pulse sequences.

12
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Figure 2. The active-feedback electronic device. It consists of three major parts: a signal amplifier
to filter and amplify signal, a phase shifter to adjust phase and a receiver to receive FID signal and

send out active-feedback pulse sequence.

2.2.3 Fixed Points with Continuous-wave

A fixed point is defined as no spin evolution. When the relaxation terms are neglected,
obviously, this status will occur only when m (7, t) || B t) or B(7 t) = 0as m(7 t)XB(# t) =
0, resulting in dm/dt = 0 in eqn. (9). Consider a single spin component, when ¢ = 180°, the

AFF can be simplified to y§+_ Ap(t) o i, according to eqn. (7), indicating a 90° phase difference

in the AFF vector and the transverse magnetization vector on the complex plane, i.e. §+,AF (&) L

M, . As a result, with the external field along the +z direction and AFF, (7, t)xB (7, t) = 0 only

happens when ni, (#,t) = 0. It can be shown that the fixed-points will happen when m, = +1.

13



m, = +1, which is simply the equilibrium state, is a stale fixed-point while m, = —1 is an
unstable fixed-point.

It was shown by Warren that in a single-spin system, there are unexpected fixed-points that
are different from m, = +1 when continuous-wave (CW) irradiation is applied in the presence of
radiation damping and the CW is placed off-resonance’. Since the AFF has a similar effect with
radiation damping, it is reasonable to suggest that the unexpected fixed-points will occur when
CW is applied in the presence of AFF as well.

CW is a time-independent oscillating magnetic field that is applied to the transverse plane.

It can be shown as:

—

YBicw = wleiZmJ (10)
where w; is the frequency of CW representing how strong the field is; v is the carrying frequency
of CW representing the position at which the CW is placed and the degree of the off-resonance.

With a proper rotation frame, CW can be reduced to a static magnetic field:

—

Bicw = 0% (11)

and the effective magnetic field in the rotation frame is:
VB, = w,% + bw? (12)
It can be shown that adding CW to the system together with the AFF, m || 1_3)6 no longer
yields 0m/dt = 0 as previously described. Instead, how to generating dm/dt = 0 is determined
by the active-feedback time constant T, and the degree to which the off-resonance CW is placed

with respect to magnetization.

The combination of CW with AFF will produce one stable fixed-point and one unstable
fixed-point. With a single spin component, the Bloch equation shown in eqn. (9). can be easily

broken down to three separate equations in the x, y, z dimensions and the integral in eqn. (7) can

14



be easily solved. With more spin components, the equations become much more complicated.
Even with two spin components, three additional equations are required to be solved
simultaneously and the integral in AFF is much more complicated as the relative volume
contribution from the two components becomes important. To simplify the situation, we only
consider the case in which two components have the same contribution to the integral. The two
components have a frequency off-set Aw;; = |§w; — §w;| where i, j represents spin i and spin j.
The CW is placed in the middle of the two components with §w; = —6w; = dw and Aw;; =

2|6w|. And the effective field for each of the component becomes:

—

A i i(‘o — - >| A i i(p — - - A
YBei/j = w1% + Re le? fv m, (7, t)d3r] X+Im Llj?fv m, (7, t)d3r] + dw;;Z (13)
For a weak AFF as compared to CW (w;T4r > 1), the integrals in eqn. (13) are dropped

and the effective field can be written by:

—

]/Be’l'/]' = 0)124‘60)1/]2 (14)
It can be easily shown each spin component has two fixed-points, one points in the same direction

as Ee,i ;i (|+>) and the other one points in the opposite direction with B (|[+>). As aresult,

ei/j
there will be a total of four states for the two-components system, i.e. | + +>, |+ —>, | — +>,
| — —>. However, these states are neither stable fixed points nor unstable fixed points since little

perturbation will move the system away.

For a strong AFF (w;t4r ~ 1), the effect of AFF is not negligible. The integral term
J, My (@ )d?*’ # 0 in both |+ +> and | — —> states since these states have a coherent
transverse component that is nonzero, thus, 1_3)4_, 4r # 0. Figure 2(a) shows the situation in which

§+, ar # 0 under state | + +> and | — —> and there is a 90° phase difference between §+, 4F and

J, M. (#,t)d?7. Tt can be seen that | + +> and | — —> are not valid fixed-points anymore since

15



the condition m (7, t) || Ee (7, t) does not hold. However, under states | + —> and | — +>, the two
spins are anti-parallel to each other resulting in fv m,(#,t)d37 = 0, thus §+' 4r = 0, as shown in

figure 2(b), eqn. (13) once again reduces to eqn. (14). Therefore, both | + —> and | — +> are
valid fixed points. One is a stable fixed-point and the other one is an unstable fixed-point. When

dw; > 0, | + —> is the stable fixed-point.

@ T T ®

™ 1 8 ||

Figure 3. The graphic description of fixed-points for a strong AFF. (a) Two components in | +

+> or | — —> states are either both parallel to their effective fields or anti-parallel to their

effective fields resulting in nonzero fV m, (#,t)d37 and nonzero §+, 4r- (b) Two components in
| + —> or | —+> states. The two spins are anti-parallel to each other resulting in

J, M@ )d* = 0and B, 4 = 0.
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2.2.4 Computer Simulation

Analytical solutions for the nonlinear Bloch equation and the AFF are difficult to obtain
when there is more than one spin in the system. However, computer simulation allows us to solve
for the numerical solution.

Computer simulation is first carried out on a two-spin system to explain the fixed-points.
Then it is performed on a 4000-spin system with superparamagnetic iron oxide (SPIO) to
examine the response of spin evolution to magnetic field variation in the presence of an AFF and
CW. Last, different values of active-feedback time constant and CW strength are used to
investigate the joint effect of CW and AFF.

The SPIO induced magnetic field can be characterized by:

R3Aw,

B.(d,9) = /5/4"

(3cos?9 — 1) (15)

The field distribution is shown in figure 4.

300

N
o
S

Number of spins
o
=

=)
|
—_

-1 205 0 0.5
SPIO induced magnetic field (Hz) , 1o*

Figure 4. The SPIO-induced magnetic field distribution in Hz.
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where R is the SPIO radius; Aw, is the frequency shift on the surface of the SPIO; d is the distance

of the spin to the center of SPIO; 9 is the angle between spin position and the longitudinal direction.

The flow chart of the simulation at every step is shown in figure 5. In every time step, AFF,
CW and the SPIO-induced field are added to the total field in Bloch equation. Since it is very
difficult to obtain analytic solutions to the nonlinear Bloch equation, we will use the rotation matrix

to solve for numerical solutions.

Magnetization m(%, t) at time t

| ! !

Active feedback CW SPIO
B ar B cw B,

A\ 4

Nonlinear Bloch equation

v

Magnetization m(F, t + At) after At

Figure 5. The simulation flow chart of the simulation in every step.

2.3 Results and Discussion

2.3.1 Simulation of Two-Spin Components
As described earlier, to reduce the complexity, the contributions of the two components are
assumed to be equal. Following the simulation flow chart shown in figure 5, the evolution of the

two components is shown in figure 6, 7, and 8.
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Figure 6 shows the spin evolution and fixed points with a relatively large AFF (small
active-feedback time constant T4 = 3.5ms). Active-feedback phase ¢ = 180°, the frequency
offset of the two components Aw = 10Hz, CW is placed in the middle so that §w; = —dw; =
—5Hz, CW frequency w; = 45Hz. It is clearly seen that under a relatively strong AFF, two

components move in opposite directions from the same starting point and eventually reach their

fixed points and the spin evolution stops.

1 1
0.5 0.5
= 0 = 0
-0.5 -0.5
-1 - -1
0 0.2 0.4 0 0.2 0.4
© Time (s) d) Time (s)
1
1,
0.5 j
¥ o =0
-0.5! -11
0 0.2 0.4 My -1 -1 Mx
Time (s)

Figure 6. Two-component spin evolution and fixed points with strong AFF. t,, = 3.5ms, ¢ =

180°, Aw = 10Hz, CW is placed in the middle and 6w; = —6w; = —5Hz, w; = 45Hz. (a) Spin
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evolution along the x component. Two spins are driven in different directions from the same point.
(b) Plot of y component of the magnetization. (c) Plot of z component of the magnetization. Two
spins have the same moving trajectory in y and z component. (d) The evolution on the Bloch sphere.

Two spins move toward different directions and reach the fixed points.

Figure 7 shows the spin evolution and fixed points with a relatively weak AFF (active-
feedback time constant T4 = 12ms). Active-feedback phase ¢ = 180°, the frequency offset of
the two components Aw = 10Hz, CW is placed in the middle so that §w; = —dw; = =5Hz, CW
frequency w, = 45Hz. It can be seen that under a slightly weaker AFF, two components still move
apart to different directions but it takes a longer time and more oscillations to reach their fixed

points.
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Figure 7. Two-component spin evolution and fixed points with weaker AFF. 1, = 12ms, ¢ =

180°, Aw = 10Hz, CW is placed in the middle and 6w; = —6w; = —5Hz, w; = 45Hz. (a) Spin

evolution along the x component. Two spins are driven in different directions but it takes a longer

time to reach +1. (b) Plot of y component of the magnetization. (c) Plot of z component of the

magnetization. (d) The evolution on the Bloch sphere. Two spins move in different directions and

reach the fixed points. It takes more circles for spins to reach the fixed points

As shown by figures 6 and 7, with a relatively strong AFF (w;t4r ~ 1), there is one fixed

point for each spin component, exactly as we predicted earlier.
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Figure 8 shows the spin evolution and fixed points with a very weak AFF (active-feedback
time constant T, — ©0) with other conditions remain the same. In this case, the AFF disappears
leaving CW the only factor to influence spin evolution. Without AFF, two components keep

oscillating but never reach the fixed points, which matches the theory previously described.

. 3 U

: o = - I ww‘
() (IR () ;

E-o.SM M “ MH WW -1 NN

Time (s)

Figure 8. Two-component spin evolution and fixed points in absence of AFF. 1,z — o0, ¢ = 180°,
Aw = 10Hz, CW is placed in the middle and 6w; = —6w; = —5Hz, w; = 45Hz. (a) Spin
evolution along the x component. (b) Plot of y component of the magnetization. (c) Plot of z

component of the magnetization. (d) Evolution on the Bloch sphere. Two spins keep oscillating

and do not separate from each other anymore.
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The effect of active-feedback on spin evolution can also be understood by an unbalanced
. . . : d . d
Rabi cycle. CW excited spin to +z with a rate d—ot‘ = —w; and to —z with a rate d—': = w;, Where a

is the phase of the spin with respect to the transverse plane. Therefore, in the absence of AFF, spin
is excited to +z and —z using the same amount of time t = (2w;)~!. However, the AFF always

—-sina

. . . d . . .
excites the spin to the +z with a rate d—‘: = . It can be viewed as an interference with CW.

TAF

When the spin is excited to —z, the effect of the AFF destructively interferes with CW, leaving the
time required to reach —z greater than (2w,)~!. While the spin is excited to +z, the AFF
constructively interferes with CW, which makes the time required to reach +z smaller than
(2w;)~1.The joint effect of the AFF and CW results in t_, > t,, and an unbalanced Rabi cycle.
t_, denotes the time needed to reach —z and t, , denotes the time needed to reach +z.

The balanced and unbalanced Rabi cycle is shown in figure 9(a). The dashed line represents
the balanced Rabi cycle with CW in absence of active field (T4 = ), w; = 50Hz, t_, =t,, =
10ms. The balanced Rabi cycle has the form of a sinusoidal function. When the AFF is relatively
strong, the Rabi cycle becomes unbalanced, as shown by the solid line with tpr = 3.5ms, w; =

50Hz, t_, = 41ms, t,, = 6ms.
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Figure 9. Graphic description of a Rabi cycle and phase accumulation. (a) The numerical solution
for a balanced Rabi cycle (dashed line) with CW w; = 50Hz and active field T4 — oo, resulting
t_, = t,, = 10ms; unbalanced Rabi cycle (solid line) with CW w,; = 50Hz and active field
Tar = 3.5ms, resulting t_, = 41ms, t,, = 6ms. (b) The phase accumulation in the two
components system. When the spins are in the +y region, they begin to dephase and move away
with a positive phase accumulation. When the spins are in —y region, they move closer to each

other and refocus, resulting in a negative phase accumulation.

It is this unbalanced Rabi cycle that allows spins to reach their fixed points. The separation
of the two components can also be explained by the phase accumulation between them. As shown
in figure 9(b), when the two components are in the +y region, they begin to dephase and move
away from each other while when they are in the —y region, they begin to refocus and move closer.
Without an AFF, the same amount of time to +z / —z and the balanced Rabi cycle guarantees that
the net phase after one cycle is zero. However, with a strong AFF, the time required to reach —z is
greater than the time needed to reach +z (t_, > t,,), thus, there will be a net phase accumulation

after each Rabi cycle. This accumulation will continue until spins reach their fixed points.
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The amount of phase accumulated in one Rabi cycle is determined by the AFF strength,
1.e. the inverse of active-feedback time constant. With a smaller active-feedback time constant, the
Rabi cycle becomes more unbalanced, which yields a larger net phase in each cycle. And it can be
seen clearly that fixed points are reached faster with more phase accumulated in one cycle. As a
result, with a smaller active-feedback time constant, spins arrive at the fixed point faster with fewer
oscillation as shown in figures 6, 7. And fixed points can be never reached without AFF, as shown
in figure 8, since there is no net phase accumulation in a balanced Rabi cycle.
2.3.2 Simulation of 4000-Spin Components

With different radius, SPIO-induced field has different distribution. Two SPIO are used to
model tissues with different relaxation properties. The radius of the two SPIO are 415pum and
400um. 4000 spins are assigned to each SPIO. Figures 10 and 11 shows the simulation results
without and with an AFF and CW respectively.

The relaxation in the absence of the AFF and CW is shown in figure 10. The frequency

offset of the two SPIO induced field is Aw = 6Hz, dw; = —6w; = —3Hz. The contrast in Mxy

is around the level of noise and there is no contrast along Mz. Although there is an obvious contrast
in MXx, it disappears within 0.05s. The 3D trajectory shows that there is no net phase accumulation
and fixed points are not reached. It can also be seen that spins around each SPIO are not

distinguishable.
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Figure 10. Relaxation of spins with SPIO-induced magnetic field without AFF and CW. (a) Mx
and the contrast in Mx. A high contrast is observed but it disappears rapidly within 0.05s. (b) Mxy
and contrast in Mxy. (c) Mz and contrast in Mz. (d) My and the 3D spin trajectory. There is no net

phase accumulation and spins do not reach their fixed points.

Figure 11 shows the relaxation in presence of an AFF with 14 = 6ms and CW with w; =
10Hz,v = —3Hz, i.e. it is added to the center of one SPIO induced field. In this case, although

there is still no obvious contrast in the x and y directions, the spins are clearly separated along the
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z direction with a maximum contrast 0.25. Even with a strong oscillation, the contrast remains at

a high level around 0.05. From the 3D trajectory it can be seen that the spins start from the same

location gradually move toward different directions and remain still at their corresponding fixed

points.
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Figure 11. Relaxation of spins with SPIO-induced magnetic field in the presence of an AFF and
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CW. (a) Mx and the contrast in Mx. (b) Mxy and contrast in Mxy. The contrast between the x and
y components of magnetization remain at the level of the noise (c) Mz and contrast in Mz. The
contrast in Mz is enhanced to 0.25 and remains at a high level around 0.05. (d) My and the 3D spin

trajectory. Spins move in different directions and evolve to their fixed points.

2.3.3 The Effect of CW Strength

With two SPIO with a frequency off-set Aw = 6Hz, Sdw; = —6w; = —3Hz, AFF with a

time constant 14 = 6ms, CW with v = —3Hz. CW strength w; is altered to investigate its
influence on spin evolution.

With w, equal to O0Hz, 20 Hz, 40 Hz, 60 Hz, simulated results are shown in figure 12. When
w; = 0Hz, i.e. there is no CW, the spins around two SPIO arrive at the fixed-point quickly and
stop evolving afterwards. As the strength is increased, the oscillation of spins is more wild and

takes longer to reach the fixed point. The contrast of Mz decreases as CW strength gets larger.
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Figure 12. The simulation result with changing CW strength w;. (a) w; = OHz. Spins arrive at a
fixed point in one cycle. (b) w; = 20 Hz. Spins reach the fixed points in five cycles. (c) w; = 40

Hz. Spins keeps oscillating and take longer to reach fixed points. (d) w; = 60 Hz. It is very hard
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for spins to reach fixed points.

These results matches the theory talked earlier, as CW becomes stronger, the AFF is
relatively smaller resulting in a smaller net phase accumulation in each Rabi cycle. In a two-
component system, CW is a necessary condition to generate fixed points, however, in the situation
of more than two spins, although CW is eliminated with w; = OHz, spins can still reach the fixed
point since the AFF can be treated as a static field with respect to some of the spin placed on-
resonance with it and so it can the take place of the CW.

2.3.4 The Effect of Active-feedback Time Constant

With two SPIO with a frequency offset Aw = 6Hz, dw; = —6w; = —3Hz, CW with

w; =5Hz, v =-3Hz. The active-feedback time constant T4 is altered to investigate the
influence of feedback field strength on spin evolution.

Simulation results for different feedback time constants are shown in figure 13 with
T4r equal to 4, 6, 10 and 30ms. It can be observed that larger active-feedback time constants (i.e.
a smaller AFF) drive spins to the fixed points more slowly. The oscillation of the spins becomes
stronger and the contrast of Mz becomes smaller as the active-feedback time constant is larger.
When the active-feedback time constant is so large that the field can be neglected, spins keep

rotating and there are no fixed points anymore.
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Figure 13. Simulation results for different active-feedback time constants. (a) T4z = 4ms. Spins
reach the fixed points in two oscillation with a small feedback time constant. (b) T4z = 6ms. Spins
takes more rotations and longer time to reach fixed points with a slightly higher feedback time

constant. (¢) T4 = 10ms. With a relatively long feedback time constant, spins rotate rapidly and
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do not seem to reach fixed points yet. (d) T4 = 30ms. With a very long feedback time constant,

AFF is nearly zero. Spins keep oscillating back and forth and there are no longer fixed points.

Just as explained earlier, as the AFF becomes weaker with a longer active-feedback time
constant, it no longer effectively tilt spins to equilibrium along +z, which will make the Rabi cycle
less unbalanced and less net phase will be accumulated. A large 14 such as 30ms makes it
extremely hard to arrive at the fixed point for spins, thus, they keep oscillating back and forth, as

shown in figure 13(d).

2.4 Conclusions

This work has a goal of demonstrating how the fixed points are generated by the joint effect
of AFF and continuous-wave and the potential of using fixed point imaging to distinguish tissues
with subtle differences.

This work introduced a novel MR technique call the active-feedback method, which is
inspired by the natural radiation damping which causes chaotic spin dynamics and has the effect
of exciting spins to the equilibrium +z position. The application of continuous-wave in the
presence of AFF yields unexpected fixed points that do not align with +z or —z positions. It is
shown that for a two-component system, the components move away from each other in opposite
directions on the Bloch sphere in order to reach their most stable fixed points. Thus, they are
separated. Such separation can be understood by an unbalanced Rabi cycle and the accumulation
of net phase caused by the interference of the AFF and continuous-wave.

The motion of spins to different directions can be used to detect tissues with small

relaxation differences that currently cannot be detected in experiments. Simulation results have

32



shown that with the AFF and continuous-wave, the contrast in the z component of the
magnetization is significantly enhanced as compared with free relaxation without additional field.
Important parameters such as the active-feedback time constant and continuous-wave strength are
further investigated and discussed. When the AFF is relatively strong as compared to the
continuous-wave, spins reach fixed point quickly. However, when the AFF is relatively small,
spins have a strong oscillating motion and take longer time to reach the fixed points. In an extreme

case where the AFF is nearly zero, spins no longer have fixed points.
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Chapter 3
Contrast Enhancement by Selective Self-Excitation in Active-
Feedback Magnetic Resonance: Insights from Monte Carlo

Simulations

3.0 Abstract

MR Contrast enhancement has been a major task in MRI study. Successful enhancement
in contrast can benefit areas such as early tumor detection, study of various pathologies and study
of brain structures. For this purpose, a novel active-feedback pulse sequence that sensitively
detects local-magnetic-field gradient variations is introduced here. Variations in the precession
frequency of the water 'H magnetization are created due to different local magnetic fields. The
behavior of the water 'H magnetization with frequency can be manipulated by a process called
“selective self-excitation” which only appears in the presence of an active-feedback field. This
process is essential to contrast enhancement. Simulation results suggest that the active-feedback
MR can enhance contrast significantly when there is a subtle difference in inherent tissue
properties. In comparison to T,-weighted imaging, the active-feedback method improved signal
contrast by 2.0 times with a 3% difference in blood-oxygen saturation, 3.5 times with a 4%
difference in blood-vessel radius, 3.4 times with a 5% difference in diffusion coefficient and 7.6
times with a 7% difference in blood volume fraction. When it is compared with T,*-imaging,
active-feedback imaging improved contrast by 1.7 times with a 3% difference in blood-oxygen
saturation, 1.3 times with a 4% difference in blood-vessel radius, 1.8 times with a 7% difference

in blood volume fraction, and 2.0 times with a 5% difference in diffusion coefficient. The theory
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of selective self-excitation under active-feedback field is shown and its sensitivity to the local-

magnetic-field inhomogeneity is confirmed by Monte Carlo simulation.

3.1 Introduction

The topic of contrast enhancement has been studied for over ten years because of its
importance in the study of pathologies, brain structures, tumor detection, tumor characterization
and so on. Besides traditional magnetic resonance imaging methodology such as T;-, T»- and T>*-
weighted imaging, the use of a contrast agent has been popular method to improve medicine
imaging contrast. For example, Gadolinium-based contrast agents have been largely used in
enhancing imaging contrast'. They enhance imaging contrast and enhance diagnosis by altering
the intrinsic properties of tissue. However, the application of contrast agents is limiting. A well-
known instance is brain related imaging such as brain activity imaging and brain tumor detection
since the existence of brain-blood-barrier prevents blood-driven products such as contrast agents
from entering the brain>. As a result, it is very important to develop a contrast enhancement
mechanism that depends only on inherent tissue properties and is free from the use of external
contrast agent.

The major determinants of imaging signal are susceptibility and proton motion. In the
human body, the concentration of deoxyhemoglobin (deoxy-Hb) and the blood-oxygen saturation
directly affect the susceptibility gradient; the diffusion properties have a strong effect on proton
motion; blood-vessel structure indirectly affects both susceptibility and proton motion.
Susceptibility variation can be induced by the presence of deoxy-Hb, the form
of hemoglobin lacking oxygen. Studies have shown that deoxy-Hb is strongly paramagnetic and

the presence of this molecule in blood vessels induces irreversible magnetic field inhomogeneity,

38



which influences the signal in MR imaging’. Blood-oxygen saturation is directly related to the
degree of deoxy-Hb in the relation that the higher level of blood-oxygen saturation indicates a
lower level of deoxy-Hb thereby it affecting the spin relaxation and imaging contrast™’. Different
tissues have different characteristic diffusion properties due to differences in intrinsic tissue
structure and transport processes. Such differences affect the spin motion and field gradient
experienced by spin, and thus influences MR signal and relaxation’. Blood vessel structures such
as radius and blood volume fraction influence MR signal and contrast because they introduce field
distortion due to blood-flow direction and the amount of blood flow through’.

Relaxation-based contrast mechanisms such as T;-, T»- and T,*- methods are very powerful
and the most commonly used MRI techniques in medical imaging. However, without contrast
agents, these methods are very limiting when it comes to the detection of differences between
tissues with tiny differences. To solve this problem, a new approach called “active-feedback MR”
that is very sensitive to tissue intrinsic properties is established.

In this work, an active-feedback field (AFF) is introduced to enhance the signal contrast of
tissues with little difference in inherent properties. The theory of this approach is based on the
nonlinear and chaotic spin dynamics and was first introduced in 2004 .

The AFF is added to the spin system through an external active-feedback device. This
active-feedback device has the ability to pick up the magnetization information of the system. The
information is then used to create AFF which is added to the system. As a result, small changes of
magnetization of the spin system are immediately fed back into the feedback circuit and influence
the spin evolution. Such nonlinear spin dynamics result in a selective self-excitation process that

is very sensitive to small magnetic susceptibility differences''.
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Monte Carlo simulation is performed on simple spin models to understand the spin
evolution and the contrast enhancement process caused by the AFF. Simulation is also performed
on complex multi-cylinder models to show effects of the AFF on tissues with different intrinsic
properties and the contrast improvement is compared to that of other methods. Simulation results
have shown that this new method is able to continue accumulating contrast until a fixed point® is
reached. In comparison with T,-weighted image generated using spin echo pulse sequence, the
active-feedback pulse sequence enhanced contrast by 2.0 times with a 3% difference in blood-
oxygen saturation, 3.5 times with a 4% difference in blood-vessel radius, 3.4 times with a 5%
difference in diffusion coefficient and 7.6 times with a 7% difference in blood volume fraction.
When it is compared with the T2* WI generated by gradient echo sequence, the contrast is
enhanced 1.7 times with a 3% difference in blood-oxygen saturation, 1.3 times with a 4%
difference in blood-vessel radius, 1.8 times with a 7% difference in blood volume fraction, and 2.0
times with a 5% difference in diffusion coefficient.

Simulation results have shown that the nonlinear spin dynamics induced by an AFF
successfully enhances the influence of the weak field perturbations and generates robust contrast

from subtle differences in inherent tissue properties.

3.2 Theory and Method

3.2.1 Nonlinear Spin Dynamics
Within a rotating frame with frequency w,, the evolution of a normalized magnetization is

very well-characterized by the Bloch equation:

D = (7, ) |

+DV2m@# ) (1)

Sw(r) , s MxXtmyy
14 2

2+ B, 0)| - "2
1
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where y is the gyromagnetic ratio; Sw(f) = w — w, is the resonance offset from the Larmor

P

frequency w,y = yB,; B, is the local field in the transverse plane; T; and T are the longitudinal
and transverse relaxation times respectively; D is the self-diffusion constant; and m(T,t) =
I\_/I)(F, t)/M, is the normalized magnetization with respect to the equilibrium magnetization M,.

Typically, the local magnetic field is independent of the normalized magnetization i,
which makes the Bloch equation a linear differential equation and results in linear spin dynamics.
However, when the local magnetic field is dependent on the instantaneous normalized
magnetization m, the Bloch equation becomes nonlinear because the cross-product term in Eqn.
(1) is not first-order with respect to m anymore, resulting in chaotic behavior of spins.

This dependence on the instantaneous magnetization and the resulting nonlinear spin
dynamics is achieved by the AFF generated by an external active-feedback device. To make long
story short, the circuit picks up information about the transverse magnetization of the system and
generates a magnetic field that depends on that information. This field is then added to the spin

system.

The AFF can be modeled by'*"

o 1 . — > .
YBiar(r,t) = ar <im,(r,t) >e'¢ )

Both the magnitude and direction of the AFF §+_ Ar are dependent on the average
transverse magnetization vector m, (¥, t). The AFF can be denoted by B, ap(t) = Barx + iBar,y
and the average transverse magnetization can be written as m, (t) = m + im,.

Another way of understanding the mechanism of the AFF on the spin system is shown in

14,15,16

figure 1. Adding _B)+,AF to the system leads to chaotic dynamics as the field contains

information about the spin system. Without the AFF, the spin evolution depends only on the
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equilibrium condition m(t,) and the local field B(t). When the AFF that contains information
about the spin magnetization is added to the local field, it produces a chaotic spin dynamic due to
self-directing, just like the avalanching effect in which the system picks up a few pieces of
information each time but the information keeps accumulating, eventually leading to noticeable

effects.

p=g = . —> _i(p
Bur . <imy,>e

= dm(t v

m(ty) |—— % = ym(t)xB(t)

g
" =/ B

Figure 1. A graphic description of the mechanism of active-feedback phase on a spin system.

Initially, the magnetization is only controlled by the local field _B)(t) and equilibrium state m(t,).
Through a feedback device, information about the system magnetization m(t) is picked up and
used to produce an extra AFF, §A 7. This field is then added back to the spin system to direct the

spin evolution. As a result, all the information in the system is fed back through AFF.
There are two tunable parameters that effectively control the AFF and thus control the spin

evolution. One is the active-feedback time constant, denoted by T,g, another is the active-

feedback phase .
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Similar to the T; and T, time constants, the active-feedback time constant Tap is an
estimate of the time scale of the spin dynamics under AFF. t,r controls the AFF magnitude. The
inverse of the time constant, 1/t5p, characterizes the active-feedback strength. With a shorter
active-feedback time constant, the AFF is stronger. With a stronger AFF, spin is driven to +z or —
z direction faster.

The active-feedback phase, ¢, is defined from 0° to 180° since for any active-feedback
phase with ¢ > 180° the influence on spin is identical with a phase with ¢ — 180°. This active-
feedback phase determines the angle between the AFF, §+_ Ar, and the average transverse

magnetization, < m, (f,t) >, through the term e!® in Eqn. (2). How the phase is defined and

how it controls the spin evolution is illustrated in Figure 2.

(@) (b)

Figure 2. The graphic description of (a) positive active-feedback phase and (b) negative active-
feedback phase. (a) Positive active-feedback phase with 90° < ¢ < 180°. AFF §+’AF is behind

the transverse component of magnetization. In a right-handed system, the AFF that has a phase lag

tilts spin up towards +z direction from m to a new position m’. (b) Negative active-feedback
pin up p g
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phase with 0° < ¢ < 90°, _B)+, ar 1s always ahead of the average transverse magnetization and

such field tilts spin downwards from m to m’ in a right-handed system.

Figure 2(a) shows the positive feedback phase (denoted as “+) where 90° < ¢ < 180°.
In a right-handed system, §+’ Aar 1s always behind the average transverse magnetization,
< m, (%, t) > and thus, it drives the magnetization towards the positive z direction (+z). Therefore,
it is called the positive phase. Especially, when the feedback phase is 180°, the lag of _B)+' AF 1S
90° which drives m, (,t) toward the +z direction most effectively among all positive phases.
As shown in Figure 2(b), §+,AF is ahead of the average transverse magnetization < m, (%, t) >
when 0° < @ < 90°. The feedback phase that produces a feedback field which is always ahead
of <m, (¥ t) > is called the negative feedback phase (denoted as “—). Under the right-handed
system, the negative feedback phase tilts the magnetization toward the negative z direction (-z).
§+’AF is 90° ahead of < m, (¥,t) > when the active-feedback phase ¢ = 0° under which the
AFF drives the magnetization most effectively towards —z. A special case is when ¢ = 90°, the
angle between _B)+‘ ar and <m, (%, t) > is 0°. When the AFF and magnetization are aligned, the
magnetization hardly feels the AFF and thus, hardly moves from the original point.
3.2.2 Contrast Accumulation Mechanism by Selective Self-Excitation

One major concept in the active-feedback method is the selective self-excitation, which is
the key to sensitively detect inherent tissue inhomogeneity and enhance contrast.

The principle of selective self-excitation'” is shown in figure 3. To simplify the principle,
consider two types of spin with different precession frequency, shown in figure 3(a) as blue and
black arrows. They are initially aligned up with the external Zeeman field at equilibrium. A 170°

RF pulse tilts them to a position near —z which creates a small transverse magnetization, as shown
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in figure 3(b). This small transverse magnetization generates an AFF and initiates the selective
self-excitation process. In the situation that the number of blue spins is much greater than the
number of black spins, the system magnetization is mainly determined by the blue spins.
Consequently, the AFF depends more on the blue spins since it is dependent on the average
transverse component of the magnetization. As a result, the AFF will possess a frequency much
closer to the precession frequency of the blue spins. Since the frequency of the AFF matches the
frequency of the blue spins, these spins are in resonance with the field and are excited. When the
active-feedback phase ¢ is set to be positive, spins that are on resonance are tilted up to the +z
direction. While the blue spins are tilted up effectively, the black spins are far away from the
resonance condition and are tilted up much slowly due to frequency mismatch. As the AFF is
continually adding to the system, the selective self-excitation process results in a contrast along z

direction, as shown in figure 3(c).

@) (b) (©

170° RF
_)

AF field
Selective Self-Excitation Contrast generated

Figure 3. The graphic description of the contrast accumulation mechanism by selective self-
excitation process. Two types of spin with different precession frequencies are denoted by blue
arrows and the black arrows. Blue spins outnumber black spins. (a) All the spins are initially in

equilibrium with the external Zeeman field along the +z direction. (b) A 170° RF pulse tilts the
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spins away from +z to a position close to —z and generates a small transverse magnetization. (c)
An AFF is created by the small transverse magnetization. The AFF is mainly controlled by the
blue spins and possesses a frequency much closer to that of the blue spins. (¢) With a positive
feedback phase, blue spins are excited and driven to the +z direction much more efficiently than
black spins due to the resonance condition. Consequently, contrast along the z direction is

generated.

3.2.3 Different Contrast Mechanism and Pulse Sequence

In this chapter, the active-feedback contrast mechanism is compared with relaxation-based
contrast mechanisms such as T,- and T*-weighted images. The T,-weighted image is not used
since the task is to look for new techniques that are sensitive to local field variations while T;-
relaxation is normally known as “thermal relaxation” which means that there must be a stimulation

18,19
from an external source ™

. Thus, a T;-weighted image is generally insensitive to small local
environment inhomogeneities™*'. T,-weighted image and T,*-weighted image are based on the
transverse relaxation and are very sensitive to local inhomogeneity and difference in inherent

22,23

roperties™ . T, relaxation, also called “spin-spin relaxation”, is the real transverse relaxation
p ) ,

due to spin dephasing. This dephasing is an irreversible dephasing process resulting from random

24,25 . . . .
. However, there is also a reversible spin dephasing process

atomic or molecular interactions
that is induced by local magnetic inhomogeneity. This reversible dephasing process is
characterized by the T,* relaxation®. The source of the T,* relaxation can be the non-uniform
Zeeman field, differences in magnetic susceptibility of different tissue, chemical shift and MRI

gradient encoding®’. The relationship between T, and T,* is characterized by the following

equation:
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where T»; is the relaxation time constant that attributable to field inhomogeneity.

A simple graphic description of pulse sequences used for simulation is shown in figure 4.
The pulse sequence for the active-feedback method is shown in figure 4(a). One block in the active-
feedback sequence consists of eight sub-blocks each with feedback duration tgg during which the
AFF is added. Signal is collected at the end of each block at every 8trp. The active-feedback phase
is set to be positive at all times so this sequence is also called a “++++” sequence. The active-
feedback time constant is tunable but fixed throughout. In this simulation, active-feedback phase
is always set to 180° (+). With 180° phase, on resonance spins are driven upwards to +z and
eventually reach at a fixed point around +z'’. T pulses are applied between each sub-block. The
T pulses have a function of moving spins away from equilibrium and creating a small AFF to
reinitiate the selective self-excitation.

Figure 4(b) shows the spin echo sequence used for T,-weighted imaging. A m/2 pulse
first tilts spins to the transverse plane and a following T pulse refocuses the spins resulting in a
signal echo at echo time (TE). The m pulse is applied at half of the echo time. Another 1/2 pulse
and a following T pulse is applied repeatedly after TR, which is called the repetition time™®.
Figure 4(c) shows the gradient echo sequence for T2*-weighted imaging, as compared to the spin

echo sequence, there is no T pulse to refocus the spin dephasing process® .
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(a) AF ++++ sequence
one block: 8*t,¢
pi(x) pi(-x) pity)

pi(-y)

AF6 AF7

Car

(b) Spin echo sequence

TR
| TER |
pi/2 pi pi/2
| >
TE
(c) Gradient echo sequence
TR
l |
pi/2 pi/2
| >

TE

Figure 4. Graphic description of (a) active-feedback sequence, (b) spin echo sequence, (¢) gradient
echo sequence. (a) “++++” pulse sequence for active-feedback method. One feedback block

consists of eight feedback sub-blocks and each sub-block lasts tpg. ™ pulses are applied between
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sub-blocks. The active-feedback phase is set to be 180° (+) at all times. Signal is collected at the
end of each block (every 8trp). (b) The spin echo sequence for T2-weighted imaging. A /2 pulse
first tilts spins onto the transverse plane and a following m pulse is applied at half echo time to
rephase the spins. The echo signal appears at TE. (c) The gradient echo sequence for T2*-weighted

imaging. A m/2 pulse is applied to flip spins to the transverse plane.

3.2.4 Monte Carlo Simulation

To test the active-feedback MR method, simulations were carried out based on a multi-
cylinder model** 2,

Blood vessels are modeled as straight cylinders. The deoxy-Hb-induced local magnetic
field B, given as the component along the direction of the applied Zeeman field (B, along +z
32,33,

direction), is expressed by

Outside cylinder:
B. = 2mAx * Hct * (1 — Y)B,sin?(6) (%)2 cos (2¢) (3a)
Inside cylinder:

B. = 2mAy * Hct * (1 — Y)By(3cos?(0) — 1)/3 (3b)
where Hct is the hematocrit; Ay is the susceptibility difference between the fully oxygenated
and fully deoxygenated hemoglobin; 0 is the angle between the applied field B, and the blood-
vessel axis; a is the blood-vessel radius; 7 1is the distance between a point of interest and the center
of the vessel cross section in the plane normal to the vessel; ¢ is the angle between the vector r

and the component of B, in the plane; Y is the oxygenation saturation so (1 —Y) is the degree

of deoxy-Hb; By, = 7T, Ay =0.27ppm and Hct =40%"* is used.
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As shown in figure 5, tissues that contain blood vessels and water protons are modeled as
voxels. The center voxel that contains randomly oriented cylinders with a fixed blood volume
fraction, f, is the area of interest. Since the MR signal is mainly contributed from bulk water
protons that are far from the deoxy-Hb induced dipolar center, 100 voxels without blood vessels
are generated to model the signal contribution from bulk water. Simulation with the number of
voxels greater than 100 generates similar results. Under this model, spins that are in the center
voxel experience the deoxy-Hb-induced local field while spins in the surrounding voxels are only
affected by the T relaxation in tissue®°. The average magnetization of all spins is calculated and

later is used to generate the AFF.

Figure 5. Simulation model of blood vessels and tissue. Blood vessels are modeled as straight
cylinders. The center voxel that contains randomly oriented blood vessels is the area of interest.
Surrounding voxels that do not contain blood vessels are used to model the effect from the bulk

water protons that are far away from the induced dipolar center. Spins inside the center voxel
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experience the deoxy-Hb-induced local magnetic field while spins in the surrounding voxels are

not affected by the induced magnetic field.

8000 'H spins are initially distributed in each voxel using a 20x20x20 grid. Every spin

performs a three-dimensional random walk with diffusion coefficient D. The three-dimensional

step size is V6DAt with step time At = 0.1ms and the result converges with smaller step time.
The size of each voxel is 30%X30x30um?3. This number was chosen for two reasons. First, to
model the blood vessels as straight cylinders, the size of voxel should be significantly less than the

typical length of an unbranched segment of brain capillary (~110um)*’. Second, the size of the

voxel should be long enough for diffusion with one-dimensional diffusion step V2DTE (TE ~
100ms).

To reduce the computational cost, the water permeability”® was neglected, so that, protons
that are initially in the blood-vessel remain inside the blood-vessel and protons initially outside the
vessel will not diffuse into the blood vessel. Besides, to assure the accuracy of the average
assemble magnetization, the number of spins in each voxel remains fixed. If one spin diffuses out
of the voxel, another spin will diffuse into the voxel from the opposite surface.

3.2.5 Computational Parameters

Table 1 shows the parameters that are fixed during simulation, including the parameters
that are based on the model assumptions such as number of protons and voxel size and the
parameters that typically do not change in different tissues such as the susceptibility difference.

The intrinsic tissue properties such as oxygen saturation and blood-vessel radius are usually
different in different tissues. Baseline values are defined for these parameters, as shown in table 2.

The baseline values of intrinsic tissue properties are chosen from values of healthy tissue. These

51



values will be altered later to test the sensitivity of different imaging methods to intrinsic tissue

properties.

Table 1. Experimental parameters used in the multi-cylinder model (fixed value), including

parameters that are based on the model assumptions and parameters that do not change in different

tissues.
Parameter Value
Applied Zeeman field, B, (T) 7
Susceptibility difference, Ax (ppm) 0.27
Hematocrit, Hct (%) 40
Number of voxel 101
Voxel size (Lm) 30
Number of spins in each voxel 8000
step time, At (ms) 0.1

Table 2. Experimental parameters used in the multi-cylinder model (baseline value), including
intrinsic tissue properties. The baseline values are chosen from values of healthy tissue and are

used as a control group.

Parameter Value
blood-vessel radius, a (um) 53
blood volume fraction, f (%) 6.0
Oxygenation saturation, Y 0.60
diffusion coefficient, D (1071% m?/s) 6.63
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3.3 Results and Discussion

To gain insight into the selective self-excitation process and the contrast enhancing
mechanism in the active-feedback method, the simulation was first carried out using a simple spin
evolution model without cylinders. After that, simulation was performed on multi-cylinder model
to compare different contrast generating mechanism in different imaging methods.

3.3.1 Frequency Selection by Selective Self-Excitation: Simple Spin Models

To better understand the contrast along the longitudinal direction generated by the selective
self-excitation with AFF, simulations were carried out on a spin model.

Ninety spins with frequency at O0Hz and ten spins with frequency at 10Hz were simulated.
All the spins evolve under the AFF. In calculating the system magnetization, the ninety spins that
are at OHz contributes 90% to the average transverse magnetization, and the ten spins at 10Hz only
contribute 10% to the average transverse magnetization. Recall that the AFF is controlled by the
average transverse magnetization: it will possess a frequency much closer to 0 Hz since spins with
0 Hz contribute the most to the transverse magnetization. As a result, these spins meet the on
resonance condition. To distinguish more easily the two spin groups, spins with frequency OHz are
denoted as “on-resonance” and the 10Hz spins are denoted as “off-resonance”. The simulation
result is shown in figure 6.

Figure 6(a) and (b) show the magnetization of the on-resonance spins (0Hz) and off-
resonance spins (10Hz) respectively. The on-resonance spins are driven to the +z direction much
faster than the off-resonance spin (10Hz) with a 180° active-feedback phase and an 8ms feedback
time constant. On-resonance spins arrive at the +z axis around 0.05s while the off-resonance spins

have longitudinal magnetization 0.5 at around 0.3s. Similar results are shown in figure 6(c): the
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on-resonance spins are excited more efficiently while the off-resonance spin keeps oscillating

around its effective field near +z. Consequently, a contrast along z direction is generated.
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Figure 6. Selective self-excitation of spins with different frequency. 100 spins total, 90 spins at
OHz meet the on-resonance condition and 10 spins at 10Hz are off-resonance. ¢ = 180°. T5p =
8ms. (a) The magnetization of the on-resonance spin. Spin reaches equilibrium along the z
direction at around 0.5s. (b) The magnetization of off-resonance spin. Spin does not reach the z
axis within the testing time (0.35s). (c) The evolution of on-resonance and off-resonance spins on
the Bloch sphere. On-resonance spin is excited more efficiently and tilted to +z much faster than

off-resonance spin, resulting in a contrast along the longitudinal direction. (d) Profiles of the AFF,
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transverse magnetization of on-resonance spin and the longitudinal contrast. The profile of the
AFF matches the transverse magnetization of no-resonance spin very well. Longitudinal contrast
is generated and accumulates when active-feedback exists. Contrast reaches maximum when

active-feedback reaches its minimum.

The selective self-excitation process is clearly demonstrated in figure 6(d). The AFF profile
matches the transverse magnetization of on-resonance spins very well, which indicates that the
spin evolution process is dominated by the on-resonance spin. More interestingly, the AFF
controlled by on-resonance spin only excites the on-resonance spin and thus selects itself from the
rest. Moreover, the contrast along the z direction only accumulates in the presence of AFF. The
loss of transverse magnetization diminishes the AFF and hinders contrast accumulation. When the
on-resonance spin reaches the fixed point on +z, the AFF and transverse magnetization reach the
minimum and contrast hits the maximum.

The simulation was performed on a model with three spin groups. As shown in figure 7,
the three spin groups have the same frequency width (2Hz) but different center of frequency: OHz,

-10Hz and +10Hz, with 700 spins, 250 spins and 50 spins respectively.

2Hz

-

- -10Hz OHz 10Hz Frequency
#spin 50 700 250
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Figure 7. Selective self-excitation of three spin groups with different centers of frequency, 0, 10
and -10Hz. The frequency width is 2Hz for the three groups. The total number of spins is 1000,
with 700 in the group centered at OHz, 250 in the group centered at 10Hz and 50 in the group

centered at -10Hz.

The average transverse magnetization of the three-spin group is calculated and used to
create the AFF (¢ = 180°, tpr = 8ms). Three groups that are centered at 0, 10 and -10Hz are
denoted as “on resonance”, “off resonancel” and “off resonance2”, respectively as the group
centered at 0Hz contributes the most. Results are shown in figure 8. Figures 8(a) and (b) show the
longitudinal magnetization. The spin group that contributes the most to the average transverse
magnetization (70%, on resonance, blue line) is excited the most effectively and driven to the +z
direction the fastest. The spin group that contributes the second (25%, off resonancel, red line) is
tilted toward the +z direction less effectively but still faster than the one contributes the least (5%,
off resonance2, yellow line). Due to the different excitation efficiency, three spin groups are
successfully distinguished. As shown in figure 8(c), the AFF perfectly matches the trend of on-
resonance transverse magnetization. The AFF becomes very small when the on-resonance spin
reaches the fixed point and loses most of its transverse magnetization. This dependence guarantees

that the off-resonance spins cannot reach the self-excitation of the on-resonance spins. Therefore,

stable longitudinal contrast is promised.
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Figure 8. Selective self-excitation process of three spin groups centered at different frequencies.
Three spin groups are denoted as on-resonance, off-resonancel and off-resonance2 as they have
70%, 25% and 5% contribution to the AFF, respectively. ¢ = 180° t4r = 8ms. (a) The plot of

longitudinal magnetization under AFF. The on-resonance group (70%, blue) is driven up more
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quickly than the other two packets (25%, red and 5%, yellow). (b) Spins evolution on the Bloch
sphere. The on-resonance spin group is excited most efficiently and the three spin packets are
distinguished. (c) The profile of the AFF and transverse magnetization. The trend of the AFF
matches the on-resonance spin packet the most. It stays at a low level when the transverse

magnetization of the on-resonance spin group reaches its minimum level.

Since the AFF results from the average transverse magnetization, it is very important to
recover the transverse magnetization so the selective self-excitation process continues. The
average transverse magnetization is recovered in two ways. Firstly,  pulses applied between
each sub-block will tilt the magnetization away from fixed point so small transverse magnetization
is created to reinitiate the selective-self excitation process. Secondly, m pulses refocus the
dephasing transverse magnetization caused by field distortions. As the average transverse
magnetization is recovered, the selective self-excitation process persists and contrast keeps
growing.

The active-feedback phase was chosen to be 180° because this phase creates an AFF with
a 90° lag that drives the spin toward +z most effectively. The choice of the active-feedback time
constant is different in each system and needs to be tested. The ideal time contrast should be small
so the active-feedback strength is large enough to tilt the spins effectively and develop enough
contrast before the next m pulse that reinitiates the selective self-excitation process. But a time
constant too short will drive the spin to fixed point before the contrast is fully developed. Spin and

contrast is frozen at the fixed point until the next m pulse.

3.3.2 Frequency Selection by Selective Self-Excitation: Multi-Cylinder Model

58



To understand the selective self-excitation process in the multi-cylinder model described
above, only one imperfect T pulse is applied at the beginning of the process to create a small

transverse magnetization. The simulation result is shown in figure 9.
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Figure 9. Simulation results based on the multi-cylinder model with one ™ pulse only. Feedback
phase ¢ = 180°, time constant Ta,r = 5ms. (a) The frequency distribution of tissues with
different blood-oxygen saturation (Y = 0.6 and YT =0.65). D = 6.63 * 1071°m?/s 2829, a =
5.3um, f = 6.0%. Tissue H: centered at 3Hz, FWHM is 60Hz. Tissue T: centered at 1Hz, FWHM
is 35Hz. (b) Transverse magnetization of different spins and the AFF. The AFF is dominated by
the transverse magnetization of bulk water protons. The oscillation of the bulk water magnetization
is due to the background T, relaxation. (c) Longitudinal magnetization of tissues and the contrast.

Contrast is generated and stops accumulating because the AFF vanished after transverse
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magnetization of bulk water spins reaches zero. (d) Zoom in of (¢). Spin in tissue T is driven to +z

more effectively than spins in tissue H and two tissues are distinguished.

Similar to the simple spin model, spins in the multi-cylinder model can also be grouped
into different groups with different frequencies: bulk water 'H spins and 'H spins in tissues with
different inherent tissue properties. While all spins evolve under the AFF (¢ = 180°, tpr = 5ms),
bulk water 'H spins are free from the deoxy-Hb-induced local-field gradient but undergo a field
inhomogeneity due to T, relaxation (T, = 200ms) in the brain®>°,

Tissues with a different degree of deoxy-Hb and blood vessel structure results in a slightly
different frequency distribution. Figure 9(a) shows the spin frequency distribution in tissues with
different oxygen saturation. Tissues H and T have different blood-oxygen saturation (Yg = 0.6 >
and Yt = 0.65) but share the same diffusion coefficient, blood-vessel size and blood volume
fraction (D = 6.63 * 10~ °m?/s 28,29 , a = 5.3um, f = 6.0% **). The frequency distribution
of tissue H is centered at 3Hz with a full width half maximum around 60Hz and the frequency
distribution of tissue T is centered at 1Hz with a full width half maximum around 35Hz. Because
the number of bulk water protons (100 voxels with 8000 protons in each voxel) is much greater
than the number of protons in tissue H and tissue T (1 voxel with 8000 protons), the bulk water
spins are on resonance and dominate the active-feedback behavior. As shown in figure 9(b), the
active-feedback phase decreases as the transverse magnetization of the bulk water spins decreases
despite the spins in tissue H and tissue T remaining at a very high level. The transverse
magnetization of bulk water spins undergoes a periodic dephasing and rephasing process because

of the T, relaxation in the brain.
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The narrower frequency distribution and a center closer to OHz of tissue T as compared
with that of tissue H indicates that fewer spins in tissue T shift to a high frequency domain and
most of the spins remain in the on-resonance domain. Therefore, spins in tissue T are driven up
more quickly than spins in tissue H due to better frequency match. As shown in figure 7(c)(d),
longitudinal magnetization of tissue T is driven faster to the +z axis than those of tissue H. Hence,
tissues with different blood-oxygen saturation are separated. The contrast is quite small here since
only one T pulse is applied. The spin evolution and contrast accumulation stops after the
transverse magnetization of bulk water spins reduces to zero or when the bulk water spins reach
the fixed point™.

3.3.3 MR Contrast using “++++” Pulse Sequence

Simulations were carried out using the “++++” pulse sequences with different intrinsic
properties (i.e. blood-oxygen saturation, blood-vessel radius, blood volume fraction and diffusion
coefficient). Baseline values used were blood-oxygen saturation Y = 0.6,>'*" blood-vessel radius
a = 5.3um, blood volume fraction f = 6.0%, diffusion coefficient D = 6.63x1071°m?/s.****
Detailed parameters are shown in table 1 and table 2.

The simulation results with a changing blood-oxygen saturation using active-feedback
method (AF, trpg = 2ms, @ = 180°, t4r = 10ms), spin echo method (SE, TE = 100ms), gradient
echo method (GRE, TE = 40ms) are shown in figure 10 and table 3. The blood-oxygen saturation
in tissue H and T are Yi= 0.6, Y1 = 0.65, respectively. Figures 10(a)(c)(e) show the longitudinal
magnetization using the active-feedback method and the transverse magnetization using SE and

GRE. Figures 10(b)(d)(f) show the contrast calculated from decay curves.
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Figure 10. Simulation result (dot) and exponential fit (line) with different oxygen saturation levels
(Yu = 0.6 and Yt = 0.65). (a) The longitudinal magnetization decay under the active-feedback
method. Feedback phase ¢ = 180°, time constant tTpr = 10ms, one sub-block time duration tps
=2mes. (b) The contrast under the active-feedback method, the maximum contrast appears at 0.083.

(c) The transverse magnetization decay under the gradient echo sequence. TE = 40ms. (d) The
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contrast under the GRE method; the maximum contrast appears at 0.037. (e) The transverse
magnetization decay under the spin echo sequence. TE = 100ms. (d) The contrast under the SE

method; the maximum contrast appears at 0.021.

Table 3. Relaxation time, maximum contrast and contrast enhancement using different methods

with different oxygen saturation. Yy = 0.6, Y1 = 0.65

method Relaxation time Max contrast | Enhancement
T, Tu= 30.5ms, Tt=32.4ms 0.021 -
To* Tug=16.5ms, Tt=18.6ms 0.037 1.76
AF Tu=1.42s, Tt =1.70s 0.083 3.95

A huge enhancement in contrast is observed in figure 10. Shown in table 3, with a 0.05
difference in blood-oxygen saturation, maximum contrast 0.083, 0.037 and 0.021 is reached using
the active-feedback method, gradient echo and spin echo pulse sequence, respectively. As
compared with T,-weighted imaging, the active-feedback method enhances the contrast by 3.95
times while T2* enhances contrast by 1.76 times.

Simulation result with different blood-vessel radius, a, is shown in figure 11 and table 4.

The radius in tissue H and T are ag= 5.3 pum, ar = 6.5 pm, respectively.
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Figure 11. Simulation result (dot) and exponential fit (line) with different blood-vessel radii (ag =
5.3 um, ar = 6.5 um). (a) The longitudinal magnetization decay under the active-feedback method.
Feedback phase ¢ = 180°, time constant tpr = 10ms, one sub-block time duration tgg = 2ms.
(b) The contrast under the active-feedback method, the maximum contrast appears at 0.093. (c)

The transverse magnetization decay under the gradient echo sequence. TE =40ms. (d) The contrast
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under the GRE method, the maximum contrast appears at 0.037. (¢) The transverse magnetization
decay under the spin echo sequence. TE = 100ms. (d) The contrast under the SE method, the

maximum contrast appears at 0.015.

Table 4. Relaxation time, maximum contrast and contrast enhancement using different method

with different blood-vessel radii. ag = 5.3 um, ar = 6.5 pm

method Relaxation time Max contrast | Enhancement
T, Tg=34.3ms, Tt=35.7ms 0.015 -
Ty* Ty =17.2ms, Tr=19.3ms 0.037 2.47
AF Tu=0.83s, Tr=1.12s 0.093 6.20

With a 1.2um difference in blood-vessel radius, active-feedback method, gradient echo
and spin echo pulse sequences generate maximum contrast 0.093, 0.037 and 0.015, respectively.
As compared with T,-weighted imaging, the active-feedback method enhances the contrast by 6.20
times and T2* enhances contrast by 1.76 times.

Simulation results with different diffusion coefficient are shown in figure 12 and table 5.
The diffusion coefficient in tissue H and T are Dy= 6.63 * 1071 m? /s, D1 =7.5 x 10719 m?/s,

respectively.
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Figure 12. Simulation result (dot) and exponential fit (line) with different diffusion coefficients in
tissue H and T, Dy = 6.63*1071°m?2/s, Dy =7.5% 107°m?/s. (a) The longitudinal
magnetization decay under the active-feedback method. Feedback phase ¢ = 180°, time constant
Tar = 10ms, one sub-block time-duration tgg = 2ms. (b) The contrast under the active-feedback

method, the maximum contrast appears at 0.041. (c) The transverse magnetization decay under the
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gradient echo sequence. TE = 40ms. (d) The contrast under the GRE method; the maximum
contrast appears at 0.022. (e) The transverse magnetization decay under the spin echo sequence.

TE = 100ms. (d) The contrast under the SE method, the maximum contrast appears at 0.013.

Table 5. Relaxation time, maximum contrast and contrast enhancement using different method

with different diffusion coefficients Dy= 6.63 * 1071 m? /s, Dy =7.5 * 1071 m?/s

method Relaxation time Max contrast | Enhancement
T, Tu= 35.0ms, Tt=33.7ms 0.013 -
T,* Ty =13.0ms, Tr=12.1ms 0.022 1.96
AF Tu=0.92s, Tt =0.81s 0.041 3.17

With a small difference in diffusion coefficients, the active-feedback method, gradient echo
and spin echo pulse sequences generate maximum contrast 0.041, 0.022 and 0.013, respectively.
As compared with T,-weighted imaging, the active-feedback method enhances the contrast by 3.17
times and T2* enhances contrast by 1.96 times.

A simulation result with different blood volume fractions is shown in figure 13 and table
6. The blood volume fraction in tissue H and T are fy=5%, fr =3%, respectively. Figure 13(a)(c)(e)
show the longitudinal magnetization using the active-feedback method and the transverse
magnetization using SE and GRE. Figure 13(b)(d)(f) show the contrast calculated from the decay

curves.
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Figure 13. Simulation result (dot) and exponential fit (line) with different blood volume fractions
in tissue H and T, fy =5%, fr =3%. (a) The longitudinal magnetization decay under the active-
feedback method. Feedback phase ¢ = 180°, time constant tpr = 10ms, one sub-block time-
duration tpg = 2ms. (b) The contrast under the active-feedback method, the maximum contrast

appears at 0.092. (c) The transverse magnetization decay under the gradient echo sequence. TE =
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40ms. (d) The contrast under the GRE method, the maximum contrast appears at 0.058. (e) The
transverse magnetization decay under the spin echo sequence. TE = 100ms. (d) The contrast under

the SE method, the maximum contrast appears at 0.012.

Table 6. Relaxation time, maximum contrast and contrast enhancement using different method

with different blood volume fractions fy=5%, fr =3%.

method Relaxation time Max contrast | Enhancement
T, Ty= 38.1ms, Tt=36.9ms 0.012 -
Ty* Ty =24.6ms, Tr=21.1ms 0.058 4.83
AF Tu=1.70s, Tt =1.33s 0.092 7.67

The active-feedback method, gradient echo and spin echo pulse sequence generates
maximum contrast of 0.092, 0.058 and 0.012, respectively. As compared with T,-weighted
imaging, the active-feedback method enhances the contrast by 7.67 times and T2* enhances
contrast by 4.83 times.

The results of T, and T,* match literature results®*”".

Contrast is significantly enhanced by active-feedback method in all tested conditions with
only a small change in tissue properties. In addition to a huge contrast enhancement, the contrast
is more robust since the spin dynamic freezes at fixed point and the maximum contrast is locked.

The longitudinal magnetization decays much more slowly than the transverse
magnetization essentially because the longitudinal component is insensitive to the field

inhomogeneity. In addition, the AFF has the effect of bringing the magnetization to +z. The slow

decay of longitudinal magnetization allows full development of contrast.
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Figure 14. Maximum contrast with different percentage changes in (a) blood-oxygen saturation,
(b) blood-vessel radius, (c¢) blood volume fraction and (d) diffusion coefficient. Baseline values
used: Blood-oxygen saturation Y = 0.6, Blood-vessel radius a = 5.3um, Blood volume fraction

f = 6.0%, Diffusion coefficient D = 6.63xX1071°m?/s.

Contrast with broader differences in tissue properties were calculated and shown in figure
14. When one parameter is altered, the rest are held constant using baseline values shown in table
1. It matches the expectation that the contrast becomes larger in both methods when there is a
larger difference in inherent tissue properties. However, the contrast resulting from the active-
feedback method always outperforms that from the gradient echo and the spin echo methods.
Specifically, as compared to the SE method, the contrast is enhanced 2.0 times with a 3%
difference in blood-oxygen saturation, 3.5 times with a 4% difference in blood-vessel radius, 6.1
times with a 7% difference in blood volume fraction, and 3.4 times with a 5% difference in
diffusion coefficient. As compared to the GRE method, the contrast is enhanced 1.7 times with a
3% difference in blood-oxygen saturation, 1.3 times with a 4% difference in blood-vessel radius,
1.8 times with a 7% difference in blood volume fraction, and 2.0 times with a 5% difference in
diffusion coefficient.

It is important to notice that increasing the difference in an intrinsic property will raise the
contrast in all three methods, but the active-feedback method provides a better contrast under all
conditions, which means that the active-feedback method is more sensitive to small local variations.
However, the enhancement using the active-feedback decreases as the property differs more. It is
due to the fact that the spin echo and the gradient echo methods have the ability to distinguish

tissues when the differences in inherent properties are sufficiently. There is no direct relationship
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between the percentage increase in intrinsic property and the percentage increase in contrast
because the baseline values chosen play an important role in the spin evolution. Moreover,
different intrinsic properties have different mechanisms of field inhomogeneity and contrast
generation. The oxygen saturation level directly relates to the level of deoxy-Hb and thus affects

3343 The diffusion coefficient does not affect the local

local magnetic field inhomogeniety
magnetic field and frequency shift directly but it controls the movement of spin and influences the
field gradient experienced in each step, thus, affecting the spin relaxation** and the AFF. The
volume fraction and blood-vessel size have more complicated mechanisms since they affect both
the frequency distribution and the spin motion**>*,

The MR contrast observed can be understood by the frequency shift due to different
inherent properties. Tissues with lower blood-oxygen level, higher blood volume fraction, small
blood-vessel size and/or faster diffusion have more field distortion®® , and thus produce a longer
frequency shift. Those spins with large frequency shift will not be tilted due to frequency mismatch
while spins that meet the on-resonance condition are tilted towards the +z direction, which results
a spread of magnetization along the z direction. Consequently, contrast is generated along the z
direction between tissues with different intrinsic properties.

The contrast from the active-feedback method is more conspicuous due to the novel
contrast enhancement mechanism. The MR contrast in the transverse plane from the spin echo
method depends on the width of the frequency distribution. In the case that the width does not
differ much, the spin echo and gradient echo methods lose their power. However, as discussed
above the MR contrast generated by the active-feedback method results from the frequency shift.

Although the width does not differ, the large frequency shift always exists and the MR contrast

along the z direction can be observed.
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3.4 Conclusions

In this work, active-feedback magnetic resonance was introduced to improve sensitivity to
intrinsic tissue properties and enhance contrast. This method is conceptually new because it allows
the spin to be self-excited by adding an active-feedback field that depends on the average
transverse magnetization. The active-feedback method is extremely sensitive to small field
inhomogeneity. Significant and robust contrast were confirmed by the Monte Carlo simulation.
Contrast is enhanced by 2.0 times with a 3% difference in blood-oxygen saturation, 3.5 times with
a 4% difference in blood-vessel radius, 3.4 times with a 5% difference in diffusion coefficient and
7.6 times with a 7% difference in blood volume fraction when it is compared with the spin echo
method. And contrast is enhanced 1.7 times with a 3% difference in blood-oxygen saturation, 1.3
times with a 4% difference in blood-vessel radius, 1.8 times with a 7% difference in blood volume
fraction, and 2.0 times with a 5% difference in diffusion coefficient when compared with the
gradient echo method. This huge contrast enhancement makes the MRI technique more powerful
in research and clinical use.

The essential advantages of the active-feedback method in comparison with the traditional
MRI methods are twofold. Firstly, the huge contrast enhancement under different conditions is
confirmed by the simulation results. The fundamental difference between this new method and the
other methods is result of in the selective self-excitation. The active-feedback can be viewed as a
continuous RF pulse generated by the magnetization itself. Hence, the excitation and nutation are
directed by the magnetization itself. However, the evolution in traditional methods is dominated

by T; and T, relaxation, which can be too short to develop contrast beyond the noise level.
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Secondly, the active-feedback field shows promise in creating not only an enhanced but also a
robust contrast because of the dependence of the active-feedback field on the on-resonance spin.
When the on-resonance spin reaches the fixed point with a small transverse magnetization, the
active-feedback field is diminished and prevents the off-resonance spin from catching up.

Therefore, the large contrast is locked.
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Chapter 4
Local-Magnetic-Field-Dependent Active-Feedback Magnetic

Resonance and its Application in Early Glioblastoma Detection

4.0 Abstract

Glioblastoma multiforme (GBM), a graded IV astrocytoma, is the most aggressive and fatal
brain cancer found in humans. However, the detection of early-stage glioblastoma remains
unsolved. For this purpose, local-magnetic-field dependent active-feedback magnetic resonance is
introduced to detect the field variations in early GBM due to differences in deoxyhemoglobin
concentration and vasculature. We take advantage of the slightly lower deoxyhemoglobin (deoxy-
Hb) concentration, and higher vascular size in early GBM and a new technique termed “active-
feedback magnetic resonance” to sensitively detect the early-stage GBM. To further enhance the
contrast, the active-feedback MR was designed to be dependent on the deoxy-Hb-induced local
magnetic field.

Monte Carlo simulation was carried out to test the validity of this technique. Monte Carlo
simulations showed that the local-field dependent active-feedback MR enhanced the contrast 8.4
times in comparison to spin echo Tr-weighted imaging and 6.8 times in comparison with T,*-
weighted image with only 3% change in blood-oxygen level. Contrast in early GBM model was
improved by 2.3 times as compared to active-feedback MRI without local-field dependence, by
5.2 times as compared to the conventional gradient echo method and by 7.2 times as compared to

the conventional spin echo method. The local-magnetic-field dependent active-feedback MR can
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create a narrower selective self-excitation profile, which can be translated into more sensitive

detection of the magnetic susceptibility variations in GBM tissues.
4.1 Introduction

Glioblastoma multiforme (GBM), a graded IV astrocytoma, is the most aggressive and fatal
brain cancer found in humans'. Enhancing the imaging contrast in early detection of high-grade
malignancy, such as glioblastoma multiforme significantly increases not only the treatment options
available, but also the patient survival rate.

Early-stage GBM is characterized by hypermetabolism and hyperoxia®* and abnormal
vasculature development™. The higher level of oxygen saturation indicates a decreased level of
deoxygenated hemoglobin (deoxy-Hb)’, an iron-containing oxygen-transport metalloprotein that
exhibits paramagnetism and induces irreversible magnetic fields®”’. Studies also have shown that
the blood-vessel size is significantly increased in early-stage GBM and continues to grow in later
stage™'? which alters field inhomogeneity and proton movement, thus having a significant effect

. 10,13,14
on MR relaxation

. Relaxation-based MR contrast mechanisms like T;-, T»-and T,*-weighted
images are the most fundamental and powerful tools for tumor detection. However, these methods
fail to detect GBM at early-stage because differences between the tumor and the surrounding
healthy tissue are subtle'.

An advanced MR method called active-feedback MR was introduced to enhance the
contrast'®. Active-feedback field (AFF) is manually added on the transverse plane to induce

: . . 17-19
nonlinear spin behavior'’

. Earlier work has shown that the active-feedback MR is capable of
distinguishing tissues with subtle differences in blood-oxygen saturation, blood vessel structure

and diffusion coefficient. In this work, active-feedback characteristics and mechanism are further

explored. Specifically, we introduce a local-magnetic-field dependent active-feedback method. In
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Chapter 3, the AFF is identical everywhere despite the local field inhomogeneity. However, in this
work, this field is modified based on the local magnetic field. Such modification is achieved by
making the active-feedback-phase dependent on the local magnetic field.

Computational work has been done to illustrate the mechanism of the local-magnetic-field
dependent active-feedback method. Monte Carlo simulation shows that with only a 3% change in
blood-oxygen saturation, the local-field dependent active-feedback MR enhanced the contrast 8.4
times as compared to the spin echo method, 6.8 times as compared to the gradient echo method
and 4.2 times as compared to the previous active-feedback method without local-field dependence.
Moreover, the method was applied on early-stage GBM to illustrate the potential application. The
contrast was significantly increased to 0.301, which is a 7.2 times enhancement in comparison
with the spin echo method, 5.2 times enhancement in comparison with the gradient echo method
and 2.3 times enhancement in comparison with traditional active-feedback MR. The local-
magnetic-field dependent active-feedback method creates a robust improvement in signal contrast
when compared to the traditional active-feedback method, spin echo and gradient echo methods,

which makes early GBM detection possible.

4.2 Theory and Method

4.2.1 AFF and Selective Self-Excitation

4,8,20
baa

In addition to the local magnetic field induced by deoxy-H , an AFF is introduced to

the system to sensitively detect the local field distortion. The field can be described as*"**:
VB, ar(t) = Ti < im, (& 1) > el® (1)
AF
where y is the gyromagnetic ratio and m,(t) = m, +im, is the normalized transverse

magnetization with respect to the equilibrium magnetization of pure water. The AFF, B, zp(t) =
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Barx + iBagy, is added in the transverse plane. The inverse of the feedback time constant T
describes the feedback strength. The AFF becomes greater when T, is shorter. The feedback
phase ¢ characterizes the angle between the feedback field §+,AF and the transverse

magnetization m, (7, t).

The addition of the AFF successfully renders the spin behavior nonlinear?’

and enhances
contrast through a selective self-excitation process™**. The spin dynamics have been illustrated in
Chapter 3. To summary, the core of active-feedback MR is to add an AFF to the transverse plane

that tilts the water 'H spins up or down at different efficiency based on their precession frequency.
Since the average transverse magnetization < m, (%, t) > is mainly contributed from bulk water
'H spins that are far away from the dipolar center, according to Eqn. (1), the AFF §+,AF will
possess a frequency that matches the procession frequency of the bulk water 'H magnetization.
Thus, bulk water spins are on-resonance and tilted more effectively than those spins around the
dipolar center with a procession frequency far from the AFF frequency.” Contrast along the z
direction is generated when the bulk water 'H magnetization is effectively driven up or down while
the "H magnetization near the dipolar center is still near the original position. As shown in figure
1, bulk water protons (blue arrows) are effectively driven up by AFF while protons near the dipolar
center (black arrow) stay near their original position. As a result, contrast along z direction is

created.

AF field
Selective Self-Excitation Contrast generated
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Figure 1. Demonstration of contrast along the z direction created by selective self-excitation. All
spins are originally near —z. Selective self-excitation tilts bulk water spins (blue arrows) up since
they are on-resonancewhile spins that are near dipolar center (black arrows) are off-resonance and

remain around original orientation. As a result, contrast along the z direction is generated.

4.2.2 Local-Magnetic-Field-Dependent Active-Feedback MR

Active-feedback phase @ is a tunable factor defined from 0° to 180°. It influences the
spin evolution since it determines the angle between _B)+,AF and m, (%, t). Forany ¢ > 180°, it
controls the spin evolution the same way with ¢ — 180°. 90° < ¢ < 180° is called positive

phase since §+,AF is behind < m, (¥,t) > and drives the magnetization toward +z. The lag of

P

Biar 1s 90° at @ =180°. 0° < @ <90° is called negative phase since _B)+'AF is ahead of
< m, (¥,t) > and drives the magnetization toward —z. §+,AF is 90° ahead of < m, (% t) > at
¢ = 0°. §+,AF is aligned with < m, (¥,t) > when @ = 90°. Because spins are tilted to +/-z at
different speeds when they have different active-feedback phases, this phase factor can effectively
control the spin evolution.

Recent studies have shown that the early-stage GBM blood-oxygen saturation is slightly
higher than that of normal brain tissue due to an increase in blood supply and a lower oxygen
extraction fraction*** , resulting in a lower level of the deoxygenated hemoglobin (deoxy-Hb)’ and
lower blood-oxygen saturation level. Moreover, increased vascular size has been found in early-
stage GBM along with a lower vascular density™'?. Such abnormal developments induce a local
magnetic field variation that is characterized by'**:

Outside blood vessel:
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B, = 2mAy * Hct * (1 — Y)B,sin?(0) (%)2 cos (2¢) (2a)

Inside blood vessel:

B, = 2mAx * Hct * (1 — Y)B,y(3cos?(8) — 1)/3 (2b)

The deoxy-Hb-induced field is aligned with the external Zeeman field By; Y is the blood-
oxygen saturation; Hct is the hematocrit; Ay is the susceptibility difference between fully
oxygenated and fully deoxygenated hemoglobin; a is the blood-vessel radius; r is the distance
between a point of interest and the center of the cylinder cross section and 6 is the vessel
orientation.

In previous work, the AFF is identical at any point in time despite the variations in local
environment because the active-feedback phase and active-feedback strength are independent of
time and location. Therefore, spins at different locations feel the same AFF, as shown in figure
2(a). In this work, the AFF is altered to be local-magnetic-field sensitive by making the active-
feedback phase local-magnetic-field dependent. Specifically, the active-feedback phase will be
modified based on the magnitude of the local field, as shown in figure 2(b).

a

Without LFDP

DO

A ;W'm?fw

Figure 2. Graphic description of the active-feedback phase with and without local-magnetic-field

dependence. (a) Active-feedback phase is local-magnetic-field independent and is the same at any
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point. (b) Active-feedback phase is local-magnetic-field dependent. The phase is altered based on

the local magnetic field.

The local field distribution in different tissues differs if the level of deoxy-Hb is different.
Figure 1 shows the frequency distribution in different tissues with a 0.02 difference in oxygen
saturation (Y = 0.6 and 0.62, a = 5.3um, f = 6%). Red and blue bars represent the frequency
distribution with Y = 0.62 and Y = 0.6, respectively. Such a distribution disparity results in a
difference in spin population represented by black bars. As a result, it is natural to take advantage
of the distribution and population differences to further enhance contrast. This goal is achieved by
making the AFF dependent on the local frequency so that it is more sensitive to the frequency shift
and is able to increases the selective self-excitation effect. The active-feedback phase is linearly

dependent on the local frequency as shown by the blue line in figure 3.
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and local-magnetic—field dependent active feedback phase

1000 i i ‘ ‘ ! 200y

|—active feedback phase | MY =06 o

MY =062 >

e M difference )
oS

S 500 150 &

- <

5 ‘ =

: | :
©

-g O P l..l..llll o 100%

- 2

500 : : : : : 50 §

- —-200 -100 0 100 200
Frequency(Hz)

87



Figure 3. Graphic description of the local-magnetic-field dependent active-feedback phase (blue
line) and frequency distribution with different blood-oxygen saturation. Y = 0.6 (blue bar) and Y
= (0.62 (red bar). Difference in frequency distribution (black bar). The active-feedback phase is

linearly dependent on local frequency.

To create an AFF that depends on the local magnetic field, we make the active-feedback
phase local-magnetic-field dependent. Concretely, the active-feedback phase is assigned different
values based on the magnitude of the local field, as shown in figure 2 (blue line). The dependence
of the active-feedback phase ¢ on local field B, is characterized by:

¢ =kxvy|By| +c 3)
where y is the gyromagnetic ratio and k is the sensitivity of the dependence. The larger k is, the
more sensitive the active-feedback phase is to the local magnetic field inhomogeneity. c is the
intercept that controls the active-feedback phase of bulk water spin with OHz frequency. The
absolute value of B, was taken because we mainly care about the frequency shift from which
contrast originates, and the direction of the local field does not have any effect on the contrast
generating.

4.2.3 Monte Carlo Simulation and Tumor Model

A multi-cylinder vascular model was introduced in Chapter 3. Randomly oriented blood

26,27

vessels containing deoxy-Hb are modeled as long cylinders with radius a , as shown in the

center voxel in figure 4. The center voxel is area of interest. 100 extra voxels free from deoxy-Hb

25,28

induced magnetic field are used to model bulk water 1H proton effect™". Each voxel contains

8000 'H spins that are initially located on a 20x20x20 grid. Each spin undergoes a three-

dimensional random walk with walking step v6DAt. where D is the diffusion coefficient and
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the step time At = 0.1ms. The size of each voxel is 30x30x30um3. The water permeability is
neglected to reduce computational cost'’. Detailed model was discussed in Chapter 3.

Early-stage GBM was found to be hyperoxic despite hypermetabolism due to high supply
of oxygen to rapidly growing tumor. The oxygen saturation in tumor center was found to be higher
than surrounding normal tissue using both computational method and histology measurements ***.
The oxygenation level Y = 0.6 in normal tissue and Y = 0.67 in tumor tissue was used to
calculate the deoxy-Hb induced magnetic field.

Irregular microvascular development was found in early-stage GBM by histology
measurements’. The early-stage vessel size in a tumor is significantly higher than that in the
contralateral striatum at early-stage. It keeps increasing in later days along with a decrease in vessel

612 The blood volume fraction remains similar over time to that

density found at the tumor center
of the contralateral striatum'?. To model microvasculature, we use blood-vessel radius of 5.3pm
in normal tissue, 8.8um in a tumor and a volume fraction of 3% in both the tumor and normal
tissue.

The apparent diffusion coefficient of water was found to increase significantly in early-

d*®. D=7.2x10""m?/s in normal tissue and D =

stage GBM and remains elevate
9.7x1071° m?/s in tumor is used to model the 'H spin diffusion. Table 1 shows the parameters

used in modeling normal tissue and early GBM.
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Table 1. Parameters used to model early-stage GBM and healthy tissue.

Parameter Normal tissue Early GBM
blood-vessel radius, a (um) 53 8.8
blood volume fraction, f (%) 6.0 6.0
Oxygenation saturation, Y 0.60 0.67
diffusion coefficient, D (1071%m?/s) 7.2 9.7

4.3 Results and Discussion

4.3.1 Effect of Active-Feedback Phase on Selective Self-Excitation

To demonstrate how the active-feedback phase affects the spin evolution, the evolution of
one spin was first simulated. The active-feedback time constant tpr = 5ms. Results are shown in
figure 3. The spin under different active-feedback phases is tilted to different directions at different
speeds.

As illustrated in figure 4(a)(b), when the spin has a positive active-feedback phase (¢ >
90°), the magnetization is driven to the +z direction since the AFF §+, ar 18 behind Mxy. However,
with a different angle between the field vector and transverse magnetization vector, spin is driven
at different speeds. As shown in figure 4(a), when ¢ = 180°, the angle between the two vectors
is 90° and Mz is tilted to +z the fastest, which indicates the most efficient excitation. As ¢
decreases to 120°, shown in figure 4(b), it takes a longer time to reach the +z direction compared
with a 180° phase since the angle is smaller and spin keeps rotating on the Bloch sphere. Spin

evolves to —z direction with negative active-feedback phase (¢ < 90°). As shown in figure 4(d),

-

when @ =0°, Byp is 90° ahead of Mxy and effectively drives the spin toward the —z

90



direction. Although it is not shown, with an active-feedback phase of 0°, the spin should be tilted
toward the —z direction more effectively than any other negative phases. At the special case with
@ = 90°, the angle between AFF vector and Mxy is zero all the time resulting in an AFF that
cannot be felt by the spins. Therefore, Mz remains unchanged with an active-feedback phase 90°

as shown in figure 4(c).

(a) active feedback phase = 180 (b) active feedback phase = 120
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Figure 4. The evolution of one spin with different feedback phases. Tor = S5ms. (a) ¢ = 180°.

The spin is driven to the +z direction within 0.05s. (b) ¢ = 120°. The spin is driven to the +z
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direction but at a slower rate with a rotation around the z axis. (c) ¢ = 90°. The pin rotates in the
transverse plane and is hardly tilted away from its original position. (d) ¢ = 0°. The spin is driven

to the -z direction without any rotation around the z axis.

The changing rate of longitudinal magnetization is the largest with a 90° angle between
the field vector and the transverse magnetization vector (¢ = 0° or 180°) and the changing rate
is decreasing with a smaller angle when the active-feedback phase is further away from 0° or
180°. Thus, it takes a longer time to fully develop the longitudinal magnetization with an active-
feedback phase other than 0° or 180°.

To understand the effect of the active-feedback phase on selective self-excitation and
contrast development, two spin packets were assigned with different active-feedback phase. The
ctive-feedback time constant tTpr = Sms.

A total number of 100 spins are distributed into two packets with a S0Hz frequency offset.
One packet with a frequency of O0Hz consists of 90 spins. The other packet with a frequency of
50Hz consists of 10 spins. The spin packet with 90 spins contributes 90% to the average transverse
magnetization, which makes the frequency of the AFF match their procession frequency.
Therefore, they are on-resonance with the AFF. The packet with 10 spins contributes only 10%
and will be off-resonance due to frequency mismatch. Spins in the two packets are denoted as “on-
resonance” and “off-resonance” respectively. The on-resonancespin packet always has a positive
active-feedback phase 180° while the off-resonance spin packet has a different active-feedback
phase. The active-feedback phase of the off-resonance spin packet is set to 180°, 120°, 90°, 0°.

Simulation results are shown in figure 5.
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Figure 5. The evolution of two spin packets with different active-feedback phases (100 spins, 90
on-resonancespins and 10 off-resonance spins, frequency offset = 50Hz). On-resonance spins have
an active-feedback phase ¢ = 180°. Off-resonance spins have different active-feedback phases.
Active-feedback time constant Tor = 5Sms. (a) Off-resonance spins with ¢ = 180°. Spins in both
packets are tilted up. On-resonance spins are tilted to +z faster than the off-resonance ones and a
contrast along the z direction is created. (b) Off-resonance spins with ¢ = 120°. Both on- and
off-resonance spins are driven up. Off-resonance spins are tilted to +z much more slowly than the
on-resonance spins. (c) Off-resonance spins with ¢ = 90°. On-resonance spins are effectively
excited while off-resonance spins rotate around the z axis without any magnetization development
in the z direction. (d) Off-resonance spins with ¢ = 0°. On and off-resonance spins are excited
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toward opposite directions. On-resonance spins are tilted to +z with a positive phase and off-

resonance spins are driven to —z due to a negative phase.

Figure 5(a) shows the spin evolution with a positive active-feedback phase 180° assigned
to both on-resonance and off-resonance spins. This is the same as in the previous work where
active-feedback is the same for all spins despite their location and local magnetic field. On-
resonance spins are excited to fixed point along +z faster than off-resonance spins as expected due
to the selective self-excitation. A small contrast along the z direction is generated. As shown in
figure 5(b), when off-resonance spins have an active-feedback phase of 120°, both on-resonance
spins and off-resonance spins are tilted up since ¢ > 90° for both. However, as compared to the
case in which off-resonance spins have a 180° active-feedback phase, with ¢ = 120°, the off-
resonance spins are driven up less effectively. As explained earlier, ¢p = 180° has the strongest
longitudinal effect on spin evolution. Under the same evolving time, the off-resonance spins with
120° phase move more slowly than with a 180° phase, which provides a greater contrast. As
shown in figure 5(c), when off-resonance spins have ¢ = 90°, they are hardly excited by the AFF
since the field is aligned with the average transverse magnetization. With a positive phase, on-
resonance spins are tilted up effectively while the off-resonance spins are tilted in the opposite
direction when they have a negative phase with ¢ = 0° as shown in figure 5(d). Since the two
spin packets are evolving in different directions, it creates the largest contrast among all cases with
different active-feedback phase assigned to off-resonance spins.

As shown by the simulation, the contrast generating process through selective self-
excitation is more effective when on-resonance spins and off-resonance spins have a greater active-

feedback phase disparity and the most effective selective self-excitation process happens when on-
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resonance spins and off-resonance spins are driven in opposite directions with active-feedback
phase 180° and 0°, respectively.

When the on-resonance spins make contributions to the average transverse magnetization,
the off-resonance spins are not excited and keep rotating around the z axis. After on-resonance
spins reach the fixed point along z, their contribution to the average transverse magnetization
disappears, which leaves the off-resonance spins as the major contributor. Thus, off-resonance
spins meet the on-resonance condition and are excited due to the selective self-excitation process.
As shown in figure 4, off-resonance spins are only excited after 0.02s when the on-resonance spins
stay at +z with zero contribution to the average transverse magnetization.

We do not make the active-feedback time constant local-magnetic-field dependent mainly
because it cannot affect the spin evolution in a way that enhances contrast. First, the effect of
active-feedback strength on spin separation is not as obvious as that of active-feedback phase. The
active-feedback time constant controls the active-feedback strength, which influences evolution of
all the spins in the same way. The spin is tilted by the AFF at a faster speed when the active-
feedback strength is greater, and is slowly tilted when the strength is small. Second, it is extremely
difficult to find the optimal dependence. A higher strength does not promise a greater contrast
because quick spin evolution to a fixed point will decrease the active-feedback filed at a fast rate
and shorten the selective self-excitation process. Thus, a high AFF strength may hinder the
accumulation of contrast.

4.3.2 MR Contrast with Local-Magnetic-Field-Dependent Active-Feedback Field

We introduced the local-magnetic-field dependent active-feedback MR through local-
magnetic-field dependent active-feedback phase. The phase is characterized by ¢ = k X y|B,| +

c where |B,| is the magnitude of the deoxy-Hb-induced field, c is the active-feedback phase in
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the absence of the local magnetic field or when the net local magnetic field is zero, as shown in
figure 1. Here ¢ was set to 180° because we want the on-resonance spins to be tilted up most
effectively to create greater contrast.

This method is first carried out on a multi-cylinder model with different blood-oxygen
saturation Y = 0.6 and 0.62, same blood-vessel radius a = 5.3um, same diffusion coefficient D =
6.64x1071° m? /s, and same blood volume fraction f= 6%. Figure 6 shows the simulation
results for spin echo method (SE, TE = 100ms), gradient echo method (GRE, TE = 40ms), active-
feedback method without local-magnetic-field dependent (AF, tar = 2ms) and active-feedback
method with local-magnetic-field dependent (local-field dependent AF, tar = 2ms). The relaxation
time and maximum contrast for the four different methods are shown in table 2. Maximum contrast
is compared with the spin echo method by comparing the maximum contrast between the
alternative method and the spin echo method.

The decay of transverse magnetization under the spin echo method is shown in figure 6(a)
and the contrast is shown in figure 6(b). The curves decays rapidly with relaxation time T =
30.5ms, Toe2 = 31.8ms. The contrast reaches 0.016 at 0.02s and decay to zero within 0.1s. The
decay of transverse magnetization under the gradient echo method and corresponding contrast is
shown in figure 6(c) and (d). The relaxation times are T ¢ = 25.7ms, T ¢; = 28.8ms. The maximum
contrast 0.02 appears at 0.02s and decreases rapidly after that. The decay of longitudinal
magnetization under active-feedback method without local-magnetic-field (tpr = 8ms, @ =
180°) and corresponding contrast are shown in figure 6(e) and (f). The decay is much slower with
Tos = 1.51s, Toe = 1.66s, which allows a full contrast development. The maximum contrast is
0.032 and is enhanced 2.0 times as compared to that under spin echo method. Shown in figure 6(g)

and (h), when using the active-feedback method with local-magnetic-field (T, =8ms, k = —3.5,
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c = 180°), although the relaxation time does not change much (Tos= 1.14s, Tos> = 1.53s), the
maximum contrast achieves 0.135, which enhances the contrast by 4.2 times when it is compared
with active-feedback without local-field dependence. With only 3% change in blood-oxygen level,
the contrast is enhanced 8.4 times and 2 times using the active-feedback method with and without
the local-magnetic-field dependent phase while there is nearly no improvement using the gradient

echo method.
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Figure 6. Decay of magnetization of tissues with different oxygen saturation levels and the

contrast using different MR methods. Y =0.6 and Y =0.62, a = 5.3um, D = 6.64x107° m?/s,

f = 6%. (a) Plot of transverse magnetization under the spin echo method (TE = 100ms). (b) The
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contrast resulting from the spin echo method. (c) Plot of transverse magnetization under the
gradient echo method (TE = 40ms). (d) The contrast resulting from the GRE. Plot of longitudinal
magnetization under the active-feedback method (e) without local-magnetic-field dependence,
Tar = 8ms, @ = 180° and (g) with local-magnetic-field dependence. T, = 8ms, k = —3.5,
c = 180°. The contrast resulting from the active-feedback method (f) without local-magnetic-field

dependence and (h) with local-magnetic-field dependence.

Table 2. Simulation results of tissues with different blood-oxygen saturation (Y = 0.6 and Y =
0.62) using the spin echo, gradient echo, and the active-feedback methods with and without local-
magnetic-field dependent phases. The contrast enhancement is calculated by:

Max contrast(alternative method)/Max contrast(SE).

method relaxation time(AF) Max contrast | Enhancement
SE Toe=30.5ms, Toe=31.8ms 0.016 -
GRE Toes=25.7ms, Toe = 28.8ms 0.020 1.3
AF Tos= 1.51s, Toe= 1.66s 0.032 2.0
Local-field dependent AF Toe=1.14s, Toe2=1.53s 0.135 8.4

The slope k was set to different negative values to test the local-magnetic-field dependent
active-feedback MR. Negative slope was applied to make sure that spin with large shift from the
on-resonance condition will have a small positive or negative phase in order to enhance contrast.
Maximum contrast under local-magnetic-field dependent active-feedback MR with different

slopes is shown in figure 7. Tog = 8ms, ¢ = 180°.
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The largest contrast reaches 0.135 at k = —3.5. Further decreasing or increasing the slope
diminishes the contrast. To understand the optimal slope, the different frequency distributions with
different blood-oxygen level (Y = 0.6 and Y = 0.62) should be examined. As shown in figure 1,
the major population differences appear around OHz (on-resonance) and +50Hz (off-resonance).
Ideally, we would want on-resonance spins to have positive active-feedback phase 180° and off-
resonance spins to have negative active-feedback phase 0° so they are driven to opposite
directions to obtain the greatest contrast. Indeed, the slope k = —3.5 and intercept ¢ = 180°
that provides the largest contrast gives ¢ = 5° at £50Hz and ¢ = 180° at OHz. As the slope
is increased or decreased, the active-feedback phase associated with +50Hz is greater than 5°,
which hinders the contrast generating process by selective self-excitation.

k = 0 resulting ¢ = 180° everywhere despite the variation in local magnetic field, is
equivalent to active-feedback MR without local-magnetic-field dependent phases. Indeed, the

same maximum contrast 0.032 was obtained with k = 0.
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Figure 7. The plot of maximum contrast under local-magnetic-field dependent active-feedback
MR with different slopes. ¢ = 180°, t5r = 8ms. Largest contrast 0.0135 appears at k = —3.5.
Contrast was decreased when the slope is increased or decreased. Contrast is 0.032 when k = 0,
which matches the contrast generating from the active-feedback method without local magnetic

field dependence.

The enhancement in contrast with local-magnetic-field dependent active-feedback MR is
achieved in two ways. First, consider spins that have a frequency close to but not exactly at the on-
resonance frequency. These spins have a chance to be excited as well due to the fact that they have
some contribution to the AFF and they can control the field behavior once on-resonance spins
reach the fixed point. Hence, instead of exciting a single frequency, the selective self-excitation
process has a selection band. With local-magnetic-field dependent active-feedback MR, spins that
are close to but different from the on-resonance frequency will have an active-feedback phase
slightly different from 180°. So they are less likely to be excited in comparison with having a
180° active-feedback phase, which results in a narrower selection band and a more restricted on-
resonance condition. Second, consider the spins that are far away from the on-resonance frequency.
After the on-resonance spins reach their fixed point and stop contributing to the AFF, the off-
resonance spins will meet the on-resonance condition and be excited. Due to the negative slope,
those off-resonance spins have a small positive or negative active-feedback phase, resulting in a
less effective excitation or excitation in the opposite direction. Consequently, further contrast
enhancement is achieved.

The choice of the active-feedback phase functional form should follow several principles.

Most importantly, it should be able to help distinguish the on-resonance spins from the off-
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resonance spins, which means it should be able to generate different phases at different frequencies.
Larger phase disparity between on-resonance and off-resonance spins will provide better contrast.
Specifically, if the phase at on-resonance frequency is 180°, it is better to generate 0° phases at
the off-resonance frequency. Moreover, a good functional form should enable active-feedback
phases to be tuned flexibly and the optimal setup to be found easily. Since the local-magnetic-field
dependent active-feedback MR takes advantage of different frequency distributions and spin
populations in tissues to improve the contrast, it is crucial that the adjustment of phase is flexible
so the optimal dependence on local field can be found without knowing the frequency distribution
beforehand. Lastly, the functional form should be engineering feasible to apply to electronic
devices.

4.3.3 Contrast enhancement in Early-Stage GBM

Now we apply the local-magnetic-field dependent active-feedback MR in the early-stage
GBM model. Parameters Y = 0.6, a = 5.3um, f= 3%, D =7.2x1071° m?/s were used in
normal tissue and Y = 0.67, a = 8.8um, f= 3%, D = 9.7x1071° m? /s were used in an early-
stage GBM brain tumor. The spin frequency distribution of the early-stage GBM tumor and normal
tissue are shown in figure 8. The tumor centered at 1Hz with FWHM 23Hz is represented by red
bars and normal tissue is centered at 3Hz with FWHM 31Hz and represented by blue bars. The
difference in spin populations resulting from the frequency shift is obvious, shown by the black
bars. The tumor has more spins within a small frequency shift (10Hz) while normal tissue has more

spin within a frequency shift range 20Hz to 60Hz.
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Figure 8. Frequency distribution of early-stage GBM and normal tissue and the difference.
Frequency distribution of tumor (red bars) is centered at 1Hz with FWHM 23Hz and distribution
of normal tissue (blue bars) is centered at 3Hz with FWHM 31Hz. The major differences (black
bars) appear at -10 to +10 and 20 to 60Hz. Tumor has more spins within a small frequency shift
(10Hz) as compared to normal tissue while normal tissue has more spin with a frequency shift

range from 20 to 60Hz.

Simulation results are shown in figure 9. Relaxation time and contrast are shown in table
3. Under the spin echo method (SE, TE = 100ms), the transverse magnetization decays to 0 rapidly,
which results in a small contrast peaking at 0.042, as shown in figure 9(a)(b). Figure 9(c) and (d)
shows the transverse magnetization under the gradient echo sequence and the corresponding
contrast. The contrast reaches its maximum of 0.058 at 0.02s and decreases to zero within 0.1s.
The decay of the longitudinal magnetization is much slower in the presence of the AFF. Results

for the field-independent active-feedback method (tar = 2ms, Tar = 8ms, ¢ = 180°) are shown
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in figures 9(e) and (f), the maximum contrast appears around 0.130 with a 3.1 times enhancement
when compared with the spin echo method and the contrast develops steadily and persists at a high
level. Figures 9(g) and (h) show the decay of longitudinal magnetization and contrast under local-
magnetic-field dependent active-feedback MR (tar = 2ms, Tpr = 8ms, k = —3.7, ¢ = 180°).
The contrast is dramatically improved with the maximum value 0.301, which is 7.2 times greater
as compared with spin echo method. The slope that characterizes the active-feedback phase
dependence is -3.7 when the best results were generated. With k = —3.7 and ¢ = 180°, spins
that have a frequency shift within 10Hz have active-feedback phase close to 180°. The active-
feedback phase experienced by spins with a 20Hz shiftis 106° and becomes negative (0° < ¢ <
90°) when the frequency shift ranges from 24Hz to 49Hz.

The effect of such phase disparity is revealed in the relaxation time. Although the relaxation
time of a tumor using the field-dependent and independent active-feedback methods do not differ
much. Relaxation time 1.81s with field-dependence as compare to 1.73s without field-dependence,
the normal tissue decays much faster using the field-dependent active-feedback method, with a
relaxation time 0.79s as compared to 1.23s without field dependence. This indicates that the local-
field dependent phase successfully excites the normal tissue that has greater frequency shift to the
opposite direction. Contrast is further enhanced 2.3 times in comparison with the traditional active-

feedback method which is independent of the local field.
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Figure 9. Simulation results of normal tissue and early-stage GBM using the spin echo method,
gradient echo method, active-feedback method with and without local-magnetic-field dependent
phases. (a) Transverse magnetization under spin echo method (TE = 100ms). (b) Contrast under

the spin echo method, maximum contrast is 0.042. (c) Plot of transverse magnetization using the
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gradient echo method (TE = 40ms). (d) Contrast generated using the gradient echo method.
Maximum contrast is 0.058. (e) Longitudinal magnetization under the active-feedback method
without field-dependence (tpr = 8ms, @ = 180°). (f) Contrast generated under the active-
feedback method without field-dependence. Maximum value is 0.130. (g) Longitudinal
magnetization with the local-magnetic-field-dependent active-feedback method (tpr = 8ms, k =
—3.7, ¢ = 180°). (h) Contrast under the local-magnetic-field-dependent active-feedback method.

Maximum contrast is 0.301.

Table 3. Relaxation and contrast for normal tissue and early-stage GBM using the spin echo, the
gradient echo, and the active-feedback methods with and without local-magnetic-field dependent
phases. The contrast enhancement is calculated by:

Max contrast(alternative method)/Max contrast(SE).

method relaxation time(AF) Max contrast | Enhancement
SE Thormat = 38.1mS, Trumor = 43.0ms 0.042 -
GRE Thormal = 32.6ms, Tmor = 39.2ms 0.058 1.4
AF Thorma1 = 1.23s, Taumor= 1.73s 0.130 3.1
Local-field dependent AF Thormat = 0.79s, Tymor= 1.81s 0.301 7.2

4.4 Conclusions

In this work, a novel MR technique “local-magnetic-field dependent active-feedback MR”
is established to further improve contrast. The local-magnetic-field dependent feature is achieved

by manipulating the active-feedback phase, which controls spin evolution. This work has shown
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that the local-magnetic-field dependent active-feedback MR is highly sensitive to small variations
in the local field. The enhanced contrast originates from a narrower selection band and a less
effective excitation due to the phase disparity.

Monte Carlo simulations showed that contrast was further enhanced 4.2 times in
comparison with the traditional active-feedback method and 8.4 times in comparison with the spin
echo method with only 3% change in blood-oxygen saturation. This method was also applied to
early-stage GBM model to show potential clinical application. A robust contrast was generated
using the local-magnetic-field dependent active-feedback MR. Maximum contrast 0.301 was
reached which is 7.2 times greater than the spin echo method and 2.3 times greater than the active-
feedback method without a local-field-dependent phase. The robust contrast and huge contrast

enhancement makes the detection of early-stage GBM possible in clinics.
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Chapter 5

Conclusions and Outlook

Since nuclear magnetic resonance was introduced in medical imaging in 1971, it has
become one of the most powerful tools in not only diagnostics but also in biomedical research.
Doctors and researchers have been exploring and developing novel techniques and have brought
many breakthroughs.

In this dissertation, I have proposed another advanced technique called active-feedback
magnetic resonance imaging. This technique has been proven to be more sensitive to local
environment than other relaxation based MR techniques. Both computer simulation and
experiments have shown its feasibility to detect brain tumor at a very early stage. This technique
distinguishes itself from the rest in two ways. First, it introduces fixed points and nonlinear spin
dynamics and allows spins to be selectively excited. Second, the contrast enhancement mechanism
is unique, the MR contrast generated by the active-feedback technique comes from frequency shift
while most of the relaxation based techniques produce MR contrast based on different frequency
widths. I believe that this novel technique will become one of the leading imaging techniques for
detecting early-stage tumor due to its great ability to enhance contrast and broad application in
different areas.

However, there are many work need to be done to realize the clinical application of the
active-feedback magnetic resonance imaging. Among all, improving the active-feedback
electronic device to accurately control the active-feedback phase and the carrying out in vivo

experiments to confirm the stability of the technique have the most importance. Moreover, with
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the fast development in artificial intelligence, it is also possible to utilize Al techniques such as

compressed sensing and machine learning to broaden the research scope.
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