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ABSTRACT

Magnetic resonance imaging is becoming necessitate part of the tissue analysis in the
medical imaging. It is the most efficient and convenient way to monitor the cellular structure
of the tissues. It is important to understand MRI physics, therefore, the magnetic wave
generation is needed to be addressed. The main parameters in the physics of the MR images,
i.e. amplitude, frequency, phase, diffusion physics are illustrated and how this parameters
are implement in the images are described. The mathematical part of the MRI is also have
significant effect in the image generation. The Fourier transform is the main basis of the
mathematical part related to the image generation. This paper presents a well-established
knowledge that forms the basis for understanding the physics of the MR images.

Keywords: Magnetization; K- Space; Magnetic Resonance Images; Frequency; Amplitude;
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INTRODUCTION
One of the most efficient ways of analyzing the soft tissue in nowadays medical procedure is
magnetic resonance imaging (MRI) which provides tissue contrast in order to check its
morphology [1].

In the MR images, the images are generated with the help of electromagnetic waves [1]. The
magnetic wave is generated using the proton oscillation, where the images are generated using
contrast reflecting proton density [2], T1 and T2 relaxation times [3] and diffusion [4-6] and
many other biological parameters. One of the important merit of the MR images, is that the
whole procedure is noninvasive, which means that the images are generated without any
harmful effects to the tissue [6-7]. The overall mathematical studies and original works of the
Fourier [2], Lauterbur [8] and Mansfield [9-10] led to such an advanced and useful
technology. The principle of the MRI is more complicated in comparison to the other medical
imaging like X-Ray images, computed tomography (CT) etc. [9-10]. In order to understand
the complex physics of the MR image formation, there should be some knowledge related to
the electromagnetic waves and its generation as well as the mathematical part which is about
Fourier transformation [11]. The aim of this paper is to understand the fundamental physics of
the MRI. The main parameters affecting the MRI like the wave length, K-space, amplitude,
basic Pulse sequence, and its diffusion physics will be described. The method of the image
generation and the parameters affecting the feature of the images will also analyzed. Then this
discussion is followed by the parameters and the analysis of the diffusion related phenomena.
It also should mention that in order to have a matched unit similar to the biological
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dimensions, the unit of length and time are expressed in micrometers and milliseconds,
respectively. The diffusion coefficient of water isD =4 um?ms at 3#¥C. The Larmor
frequency gradient (rad/s), y, describing the effects of gyromagnetic to be included in gravity
coefficient, is defined in (umms)™.

How MR IMAGES ARE GENERATED?
For the formation of the medical magnetic resonance (MR) imaging, a hydrogen atom (1H) is
needed. In the nucleus of the hydrogen atom, a single electron and a single proton exits. The
single electron with negative charge is orbiting around the nucleus and the proton exists in the
nucleus so the overall hydrogel atom is electrically neutral (Figure 1). For the formation of the
MRI, the protons are main components and play an important role in this field.

It also mentioned that like almost all the elementary particles, the proton has a charge and
spin. The proton rotates around its axis. When a particle rotates, two important physical
properties should be considered i.e. rotation mass (m) and the angular momentum. The
rotation of the proton around its axis means that it has a rotation top and the proton angular
momentum tries to hold the spatial rotation around its axis. This procedure is shown in Figure
2.a. Since proton has an electrical charge and rotation around its axis, it produces the magnetic
field. The rotational effect will cause an additional moment, called magnetic moment acting
like a magnet. The schematic of the generated magnet is shown in Figure 2.b. Both electrical
and magnetic fields generate electromagnetic waves. Therefore, the present of the moving
proton will cause an electromagnetic waves which travels in the space. When the generated
electromagnetic waves are received by a coil, the electrical current is generated in the coil
resulted from an induced voltage.

Electron

Proton

Fig. 1. Atom of the hydrogen. Hydrogen atom consists of an orbiting electron and a proton
.which stays in the nucleus
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Fig. 2. The effect of the proton rotation. a) The proton rotates around its axis and its
angular momentum tries to retain this rotation. b) The rotation of the proton will cause a
.magnetic field which results in a magnetic field generation

Analysis of the Amplitude, Phase, Frequency and K-Space
As previously mentioned, when the proton with its positive electrical charge rotates, it will
generate the electromagnetic waves. When the travelling electromagnetic waves are received
by a coil, it will cause an induced voltage in it. Therefore, for the purpose of MRI generation,
pair of coils is used. The schematic of the coils are given in the Figure 3.a. The coils are joined
to sensitive amplifiers so that the received signal will enhance and tuned to the Larmor
frequency.

The generated electromagnetic waves have two components i.e. transverse and longitudinal
components. The longitudinal component is in parallel to the Bo field and the transverse
component is in the opposite of the longitudinal component. The rotation of the proton which
make the time varying magnetic field will induce a small amount of signal in the coils,
therefore amplifiers are used to increase the amplitude of the signals. The axis of the coils is so
important. The coil should align in the way that the electromagnetic wave can reach. When the
electromagnetic wave reaches the perfectly aligned coils, the transversal wave should couple
with the coils. The rotation of the proton will cause a variable magnetic field which led to the
variable electromagnetic transversal waves and result in a desired signal.

The amplitude of the signal is related to the variation of the magnetization induced at the coils.
When the two coils are used, like the way is shown in the Figure 3.a., it is possible to conclude
the direction of the rotation and the angle by which the transversal wave propagates. As can be
observed in Figure 3.a, the phase of the induced signals, is rotate ca. 90°. The signals are
depicted with dashed and solid lines. Also the angle which declares the rotation of the
transverse magnetization parameter should also be obtained. This angle of the rotating for
transverse magnetization is a function of time and can be obtained by the ratio of the signals.
The alignment of the bulk magnetization is in the parallel to the Bo field. This alignment is
along the Z axis. Therefore, when there is no disturbance, there will be no component of the
magnetization along the transversal plane and this will in turn result in no signal generation.
When the bulk magnetization does not have any component in the other planes, it is mentioned
that the bulk magnetization is in the equilibrium situation. Hence, the bulk magnetization
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should be shifted in a way that it would have a component align in the transversal direction.
For this purpose, the spins of the protons should be tipped away. The spins are altered using a
variable magnetic field (Figure 3b). The variable magnetic field, called B1 field should have
the similar Larmor frequency. It should be mentioned that in the Figure 3b, only one coil is
depicted for the sake of simplicity and for the signal excitation, there should be two coils
oriented by 90° apart from each other, like the alignment illustrated in Figure 3a. The overall
configuration will result in a more efficient RF energy production. The term RF is used here
again since the Larmor frequencies are usually in the range of MHz, which is similar to the
frequency of the radiofrequency in the spectrum of the electromagnetic waves. When the
magnetic field varies, the protein spins absorb energy and divaricate from their original
orientation, and hence, they will cause a transversal electromagnetic wave component which
alters versus time. The change angle depends on the amplitude and duration of the
radiofrequency. Therefore, the precise angle must be chosen so that the magnetization will be
in the direction of the Z axis. It also worth noting that, in order to have the longitudinal axis of
the magnetization, the frequency of the B1 field should be the same of theLarmor frequency.

Another important parameter is transverse relaxation time which determines the frequencies
that can initiate the excitation. The shorter the excitation time, the greater the spread.
Therefore the range of the tissues frequency must take into the consideration. The ranges of
the frequencies in the tissues are usually between 1-100 Hz.
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Fig. 3. Induced signals via Rotating magnetization. The signal is depended on the frequency
w, coils and the amplifiers. (a) The coils are aligned at 90° respect to the
rotatingmagnetization. (b) Generation of the transversal magnetization. By applying a
variable magnetic field, the magnetization will deviate from the Z axis.

MATERIAL AND METHOD

Formulation of the MR Images, the effect of K-Space, Phase, Amplitude and Frequency

The MR images formation is dedicated to the achievements of the Jean Baptiste Joseph
Fourier (1768-1830) who is well-known for his excellent mathematical formulation, called
Fourier series. The Fourier transform is also part of this mathematical formulation which can
apply to many branch of the physics. The mentioned Fourier transform also plays an important
role in MRI. In order to comprehend the effect of Fourier transform in the MR images, the
fundamental of image generation will be discussed briefly. As an example, suppose that it is
desired to draw a portrait of Fourier, depicted in Figure 4a. The picture is drawn via a
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computer program. The usual computer sketch is draw using the common drawing tools like
pencils, paintbrushes. With the aid of such graphic tools, certain lines at the specific locations
are drawn. The overall configuration of the portrait is made of overlaying these lines. In order
to form an image using the electromagnetic waves, a new tools showing in Figure 4b must be
used. In the MR images, the strip pattern is formed by the oscillation received by
electromagnetic waves. The positive or negative oscillation will appear as the gradient of
white and black colors across the image. The color of these patterns can be adjusted by their
density, phase, angle and amplitude.

The overall process of the MR image formation is shown in Figure 5, where images are
formed by overlaying the various stripes. In the first step of the MR image generation, the
pattern of the stripe should be selected. This selection is related to the stripe density, specific
angle, phase and the related amplitude. The result of the selected pattern is shown in a red box
at the right bottom corner of the Figure 5a. Next, the selected pattern is then applied to the
whole graphical area. As it can be seen in Figure 5a, the wavelength of the stripe pattern,
shown with the blue arrow, is obvious from the graphical area. As it can be seen the wave
length of the stripe is 1 which means that the stripe density is 1/1. Hence, the more stripes on
the graphical area interpret as higher density. This concept is known as "spatial frequency" of
the stripe pattern, which is related to the number of the gradients per unit length. The blow
arrow determines the orientation of the stripe in terms of its angle. Also the stripe pattern
contrast variation in brightness relates to the stripe amplitude. Two sets of similar stripe
patterns, in terms of density, amplitude and orientation, are put beside each other to generate
the MR image. The difference exists between two pattern is related to the a quarter shift of one
stripe pattern relative to the other one. Also phase can be determined with the measurement of
the relative size of these two patterns. Therefore, for formation of the MR images, the
amplitude, density, orientation and phase of the stirpes as well as the pattern of the drawing
tools should be determined.
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Fig. 4. The common tools for drawing an image (a) drawing the portrait of Fourier (b)
graphical tools used to form MR images.

The next step in image formation is to add another stripe pattern to the first one. Again the
amplitude, angle, frequency and the phase of the second stripe are very important and should
be selected, precisely. As can be seen in the Figure 5b, the second pattern stripe, shown in the
right bottom part in the red box, is added to the graphical area. It can be seen that the second
stripe pattern has lower amplitude, phase, angle and spatial frequency. In fact the angle, is in
its horizontal format. The outcome of superimposing these two patterns results in a patchwork
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with variation in density. As an example, if 500 stripe patterns are put beside each other in the
graphical area, the result would be similar to what is shown in Figure 5c. It should be
mentioned that the frequency, orientation angle, amplitude and phase of the stripe patterns are
carefully selected to combine and form a recognizable image (Figure 5¢). When 65537 stripe
patterns are used, means we have 257x257 stripe patterns, with the aid of Fourier transform
definition, the Fourier portrait can be sketched with the resolution of 257x257. The MR image
of the Fourier portrait is shown in Figure 5d.

a) b)

sriar
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Fig. 5. The process of the MR image formation (a) a stripe pattern with specific phase,
density, amplitude and orientation. (b) Second stripe is added to the first stripe in the
graphical area. (c) 400 specific stripe patterns are bring in the graphical area to form the
image. (d) The Fourier image with 65537, indicating the combination of 65537 stripe
patterns.

As mentioned before, the combination of the various pattern stripes with specific amplitude,
phase, orientation and frequency will result in the MR image. With the help of Fourier
transform, the pattern of the desired image can be obtained. Each MR image can be
mathematically defined as arrays related to the stripe patterns. These arrays can be written by
the represented data in the "k-space” (Figure 6). As an example, a point in the k-space with the
coordinates of Kx and Ky in the graphical area has a specified X and Y direction in the spatial
frequency domain. Each location in the image area has a brightness which related to the
amplitude of the electromagnetic wave. The points align the Ky axis denote the stripe pattern
with horizontal configurations while the points with Kx alignment are representing the vertical
stripe patterns. Hence, the array of spatial frequencies needed to generate the MR images is
summarized in the k-space formation. In another words the k-space and the array of spatial
frequencies can be transferred to each other and the MR image (Figure 7a) with its k-space
format are equivalent (Figure 7b). In order to obtain the k-space data, Fourier transform is
applied. And in case the MR image of the k-space representation is desired and inverse Fourier
transform of k-space will result in the generation of the MR image.
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Fig. 6. Various locations in the k-space and their related stripe patterns.
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.Fig.7. (a) The portrait of the Fourier and (b) its Fourier transform

Selective Excitation
As discussed earlier, the brightness of the images corresponds to the amplitude of the
electromagnetic wave. In the MR images with the medical application, the three dimensional
images are desired. Therefore, 3D distribution of the brightness throughout the object should
be determined. This 3D brightness distribution is begin with the selective excitation. During
the selective excitation, at the specific location and thickness, a section of the transverse
magnetization is restricted. The process involves MR resonance, gradients and changes of the
magnetic fields, and the ranges of the radio frequency (RF) excitation pulse (Figure 8). Also to
obtain the shaded position illustrated in Figure 8a, the gradient of the magnetic field should be
fixed. This gradient should be in the Z orientation. This will in turn result in magnetization
along the Z axis with the Larmor frequency. In another word, the magnetization of the desired
slice at the certain location will have a continuous range of Larmor frequencies. Their
frequencies have band widths between f1 to f2 (Figure 8b). In the next step, an RF pulse with
the band of frequencies (Figure 8c), is excite which cause the selectivemagnetization
excitation with matching Larmor frequencies. Followed by this step, the magnetic field will be
removed and the magnetic field returns to its original homogenous format. Here, in this
situation the transverse magnetization have been generated along the specified slice and the
magnetization outside the slice remains parallel to the Bo field (Figure 8d). As a result, if the
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suitable coil exist near the head, it can receive the induced signal originating from
magnetization contained within the selected slice.
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Fig. 8. The process of MR image formation in the selected region. (a) Magnetization with
Larmor frequency. (b) the gradient is used to induce a position-dependent field. (¢c) An RF
field with variable frequencies. (d) Transverse magnetization at the selected location

DIFFUSION PHYSCIS
For analysis of the diffusion, first a velocity correlator is defined as below

{v{tljv(tE}}g = {U{tljv(tzj} - {v(t1j}{v(t2]} (1)

In this equation, for the sake of simplicity, it is assumed that there is no motion in the bulk. If

we apply linear derivative on Eq. (1), and then use the time averaging and time translation

invariant on the equation, the result will be
2

( = =2 ) @
v(tzjv(tj_} = dt, dt, x(tzjx(tlj = E x(tzjx{tj_]

The above equation in terms of the displacement can be written as

([x(t,) — x(tlj]z} = {x(tzjz + x{tljz} — 2(x(ty)x(t,)) 3)

Since the mean squared position is independent of time, we can write

((£)0(0)) = - [D(leDlel] (@

This expression coincides with Equation 24 for the case of Gaussian diffusion. The definition
of D, Equation 26, leads to
2

d
D(t) = — [tD()16(2)
If we solve the above equation we have

()

It should be mentioned that based on the Fourier transform, D(t) is the Fourier transform of
D(w). Based on this we can write
(w(ty)v(ty ), =D(t; — ;) + D(t; — £,)(7)

tns = ~ [la (@) D (@) 5 + - (8)
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The above equations provide a way to acquire the velocity function by assuming a delta-
function for q(w). The required parameter is the function called gradient shape q(t), which is a
oscillating function having the wave format, which is plotted in Figure 9. As you can see in
the Figure 9, Sine the cosine format has two peaks, it is more preferable. As you can see in this
Figure, the application of sine format is easy but it has some undesirable peak at w = 0 (Figure

9).
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Fig. 9. Result of the simulation for MRI system with implementations of two diffusion. (Left)
the sine shape which results in an unwanted peak at « = 0. (Right) the cosine format which
does not induce a peak at the « = 0.

CONCLUSION

MRI has become an important tool in analyzing and probing the structure of the soft tissues
and can be found in almost every hospital in advanced countries. The importance of the MRI
is that it can form images of the soft tissues which the other facilities like radiology devices,
CT etc. cannot analyze the soft tissue. MR images are based on the electromagnetic waves. It
is important to produce and induce an electromagnetic wave and adjust the related parameters
like phase, amplitude, wavelength, frequency to acquire the desired image with high resolution
located at the desired point inside the tissue with the specific angle and thickness. The
Fundamental basis of the MR image generation is based on the Fourier transform, which
transfer the basic parameter affecting the MRI to the frequency domain. With this advanced
mathematical transform, the desired magnetic resonance images will become ready.
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