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Course schedule

* June 07, 8:30-10:30, alpha: How to obtain RM images and python lab (FFT)
 June 10th, 10:30-12:30, H: Bloch Torrey equation and homogenization techniques

* June 11t 8:30-10:30, gamma: solution of Bloch Torrey equations in simple 2D
geometry in FreeFem

 June 12, 14:30-15:30, F: Numerical Convex Optimization applied to diffusion MRI
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The challenge of mapping the human connectome based on diffusion MRI tractography
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Example MRI image

Magnetic resonance imaging (MRI) is an
imaging technique used primarily in
medical settings to produce in-vivo high
qguality images of the inside of the
human body.
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How the scanner resembles...
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A bit of history

* 1946: Felix Bloch and Edward Purcell (Nobel laureates in 1952)
discovered the phenomenon and applied it in analytic chemistry for
identifying chemical compounds in a specimen

* 1967: first in vivo NMR signal (a finger)

* 1971: Raymond Damadian showed that the nuclear magnetic
relaxation times of tissues and tumours differed

* 1975: Richard Ernst proposed magnetic resonance imaging using
phase and frequency encoding, and the Fourier Transform

* 1980: clinical Magnetic Resonance Imaging
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NMR
Nuclear Magnetic Resonance



Nuclear Magnetism: Spins

NMR: nuclei in a magnetic field absorb and re-emit electromagnetic radiation

An element shows NMR only if it has non-zero spin (i.e. the number of protons or
neutrons in an atom is odd).

Nuclei U;;‘;‘:‘;‘:fs" g‘;l‘:fr‘o’ﬁ‘: Net Spin |Y (MHZ/T)
g 0 1/2 42.58
24 1 I I 6.54
3ip 1 0 12 1725
2BNa |1 2 312 1127
4y i 1 1 3.08
Be 0 1 12 10.71
9 i 0 12 40.08

In human tissue, the signal typically derives from the *H protons of H,O.
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Nuclear Magnetism of 1H

The hydrogen’s nucleus is composed of just a single positively
charged particle (proton).

This charge induces the nuclear magnetism phenomenon

This nucleus with its charge behaves as a small magnet which
has magnetic field lines.

We can describe the magnetic field as a vector:
* length = magnitude of the generated field

* orientation and direction = orientation and direction of the field
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Nuclear Magnetism

We cannot observe a single proton, but always a population.

In the absence of any external magnetic field, the orientation of every nuclear
proton is random.

ol f o The resultant
F 2 W 4 magnetic field is 0
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If we put a strong external magnetic field ...

When a proton is put into a magnetic field produced by an external source it is
subject to a torque tending to orient its magnetic moment parallel to the field.

The proton’s spin will align parallel to the external magnetic field.
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Thus for a population of spins ...

All the spins will align parallel to the applied magnetic field but they can choose
between two orientations: parallel and anti-parallel.

d e n e 9§}
I B W 20 o |
LR B W
F AN IV o I W Y ¥
A S B B N B4
§ g oo e,
$ o oe d ¢4
LR AL BN IV gF 2L W I

At the common field strength of 1.5 Tesla only 6/10000 spins contribute to the signal
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Curious fact
You might have probably heard of 1.5, 3, or 7 Tesla MRI scanners...

These values indicate the strength of the magnetic field B,

MiniP Thickness : 15 mm

1.0mm? TA= 4:51 043 mm’ TA = 8:58 0.3mm?* TA= 12:10
TR=57ms TR=57Tms TR=25ms
TE=40 ms TE=35ms TE=14ms

Gachon Medical School, Kore
© Siemens AG 2011. All rights reserve(
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Spin angular momentum

When an external magnetic field B, is applied, the proton will tend to align with the
field, but, because of its spin it will settle out of alignment with the external
magnetic field. Its magnetic vector will then rotate in a cone shape trajectory

around the axis identified by B,.
This particular rotation movement is called precession

magnetic field

Larmor equation: wo = YB,

/N

gyro-magnetic ratio

frequency
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Spin angular momentum

We can decompose each spin into its 3 components along the Cartesian axes
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Spins angular momentum

Because of the initial random orientation, a population of spins will have 0 total
transverse component and a non-zero parallel component.

d e n e 9§}
I B W 20 o |

R R AY 18 i
L B W R e o
A S B B N W4

}Q-o»«o—-o.*,‘\ x"'>./\

$ o oe d ¢4
LR AL BN A B

Since only 6/10000 spins contributes to My and their magnetization is very small
comparing to B, we need to do something to be able to measure a signal!
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How do we measure magnetization?

Idea: use the sum of vectors!

But if B, is on, the sum of the
magnetizations of the spins
will be too small to be
detected...

o
[EN
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How we measure magnetization

We flip the magnetization vector into the perpendicular plane, where two
quadrature coils (coil 1 and 2) can measure it. This is a 90° flip

coil 2 § %M
o=
c/oilll /747

B

We must use a perpendicular alternate magnetic field B, tuned at the very same frequency
of the spins precession (Radio Frequency band) in resonance (swing effect)
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Understanding resonance with a video

PRYSICS
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Animation...
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Relaxation

When the spins are flipped, the RF pulse is turned off and we use the coils to measure the signal
and then infer two different times:

* T, amount of time it takes for the system to recover 63% of the longitudinal magnetization (M,)

* T, amount of time it takes for the system to |ose 37% of the transversal magnetization (M

xy)

M)

T,: spin-lattice relaxation
is due to the energetic

longitudinal

M, = M€ [1 — exp <_L)] exchange between spins and
63| i i Iy neighbouring molecules
{
. — M g
37% l“.[;py = M_." exp ( T‘z) T,: spin-spin relaxation

is due to the energetic
exchange between spins

transversal
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T1>T2

In clinical practice, we acquire images that are
“‘weighted” in T1 or T2, such as these.

Water/CSF

Gray matter

Muscle
Liver
Fat
Tendon
Proteins

Ice

T1-weighted T2-weighted
Approximated values at 1.5T
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Measure the Free Induction Decay (FID)

Different tissues will have different values of T, and T,

During MRI we actually measure the decrease in the signal amplitude, called the free
induction decay (FID), of the signal at the echo time Tg. In particular we find that the FID is

governed by T2

Magnitude Phase

\ i
M, (t)=M,, cos(€t +\¢)e /n

M, (0)=M,,sin(Qt + go)e'/Tz

Simona Schiavi
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In practice...

In general, signals would suffer additional
suppression due to dephasing from external
field inhomogeneities (T, would be replaced
by a smaller relaxation time T,"<T,).

A re-phasing or echoing of this source of
dispersion can be achieved by an additional
RF pulse application, where the basic idea is
to flip all the spins 180° in the transverse
plane. Following the 180¢° flip the dephasing
is reversed, and the phases refocus at what is
called echo time T¢. The value of T¢ can be set
by varying the time interval between the
initial 90° pulse and the 180° pulse.

A longer wait time will result in a larger T,
while a short interval between the two pulses
will give a small Tg.

Scientific Computing in MRI
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In practice...

In general, signals would suffer additional
suppression due to dephasing from external

field inhomogeneities (T, would be replaced
by a smaller relaxation time T,"<T,).

A re-phasing or echoing of this source of
dispersion can be achieved by an additional
RF pulse application, where the basic idea is
to flip all the spins 180° in the transverse
plane. Following the 180° flip the dephasing
is reversed, and the phases refocus at what is
called echo time Tg. The value of T; can be set
by varying the time interval between the
initial 90° pulse and the 180° pulse.

A longer wait time will result in a larger T,
while a short interval between the two pulses
will give a small Tg.
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In a schematic way

90° 180,

o ((1») ()

time

I echo

signal
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In practice

(90° - (Tg/2 - 180° - Te/2) -T').

— _J
V

Tr
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Spin echo signal
protons density j / (TR_TE/Z) _&\ Ie
Socpl-2e 1 1le

L y

If Te/2 << Tk (true for clinical applications):
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T1 or T2 weighted

If Te <
:

Scientific Comp

1 1—e |
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uting in MRI

/

T )

T1-weighted

(no T, dependence)

T2-weighted

(no T, dependence)

T1-weighted

T2-weighted
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From NMR to MRI ...

(Nuclear) Magnetic Resonance Imaging
(MRI)
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Gradient magnetic fields

To disentangle signals coming from different spatial locations we use gradients.

» w=yB = yBy+yG, X

ol

This equation associates the position x to the angular speed w.

If we use a gradient and tune the coil to receive at the frequency [ = % we can “listen” to

the signal coming from only the spatial locations having position x

31 Simona Schiavi
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Fourier Method

The most used acquisition method is composed of three steps:
1. Preparation: selection of a plane along z direction

2. Evolution: codification in phase in y coordinate

3. Readout: codification in frequency in x coordinate
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1. Preparation

We apply a gradient G, along the z-axis to select an
axial plane (slice)

w(z) = V(BO + GZZ) = wo + Y6,z

RF amplitude

Transmitted RF
| I at resonance freq.

Frequency

Bo

At the same time, we apply a 90° RF pulse with Z axis
frequency f = w™/2m to select only the spins with

z = Zy (which coincides with the isocentre)

w" = a)(zp) = wo + vG,2,

In practice we are not able to select only a specific
plane z, , but we achieve a small volume identified by
Az (we talk about voxel not pixel!)

Aw
Y G,

Aw =yG,Az Az =
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2. Evolution

We apply a gradient G, along the y-axis for a time t,, . Phase accumulation
t=0 t,>0 t,>t,

w(y) = wy + YGyy

After a time t,, the previously selected (z,) spins that are located at position y will
accumulate a phase

@y = (wo +¥Gyy )ty

At the moment, we have selected the intersection between a plane perpendicular
to z and a plane perpendicular to y. We need to do the same for x.

34 Simona Schiavi
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3. Readout

We apply a gradient G, along the x-axis.

Ww(x) = wy+VG,x

G, J ]
Spins with the same x have a frequency [ = w(x)/2m . Gy )
Each voxel in the plane with z = z,, is
uniquely identified by the pair (a)x, cpy) Ve o

5 i
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K-space

Each spin inside the magnetic field precesses with frequency w and phase ¢

S, = S| COS (wt—I-SO)} s(t) = s, exp |i(wt + )]
§ Sy = 51 sin (wt + @)

y

Sz = 9|

Here s is a function that depends on the relaxation times T1 and T2 and on the
quantity of spins present in the volume (protons density).

Substituting the expression of w and @ given by the applied gradients we have

s(t) = s1 exp [i(wot + vGrxt + yGyyt)]
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Measured Signal

The measured signal comes from the whole specimen, that is from all of the positions.
At the time we sample the FID, typically t = t, (= n * T for spin-echo), the signal is
the integral over all of the x and y positions:

+ 00 +00
— 00 — 0 \ constant so does not depend on (x, y)
VG ity - YGyty
97 Y 2T

Thus defining &k, =

we obtain oo ptoo
S(ky, ky) = / / I(z,y) exp [2mi(kyx + kyy)]|dedy

By acquiring the signal for a square grid of k, and k, we obtain the k-space signal.
The image I(x,y) = s, can be obtained by inverting the equation (Fourier Transform).

Scientific Computing in MRI Simona Schiavi



Interpretation

Each Point in K-space Corresponds to a
Particular Spatial Frequency

e e N S A I We measure how much of these basic blocks
—— S g P B R contributions the image is made of.

o | k R The measured image is represented in frequency.

Each measured (k,, k,) point corresponds to a

specific type of pattern, defined by an orientation and
a frequency.

A dark pixel here means that in the image there is not such a basic block. Never!!

On the other hand, the brighter the pixel (in k-space) the more the real image I(x,y) contains the
corresponding basic block..

Notably, the brightest pixel is usually the one in the middle (k,=0,k,=0), corresponding to a constant (zero
frequency, no directionality).
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Understanding the K-space

 YHZZZ=SSSIN

" MHDZZZ=SNNNN\

* MDHZZ=SNNNN\

| MMAZZZNSNNNN | i iegencie s e .

o TN Pl = NN NN NN 1t  singie point in (two-cimensionai) k-space. These
-+ MR DRI e sy e

-1 mmmn:gurmm fm.md in the cent.er of k-.space; image intensity varies sl(?wly

53 \\% \\\\ g E E g % % % ::: ;ln;)aogii :sp?iek-li;g:l :.panal frequencies correspond to periph-

s SN==Z.

“ NNNS=S==Z2Z%7

* NNS=E=Z222%

5 4 3 -2 -1 k=0 1 2 3 4 5
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From k-space to images

b

Fig. 1.11a,b. a Raw data in k-space (magnitude presentation of complex data) and b corresponding reconstructed MR image.
Highest intensities in k-space are found in the center, corresponding to slowly varying image intensities in b,
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Basic contrast = low frequencies

Fig. 1.12a,b. a Raw data in the center of k-space and b corresponding reconstructed MR image. The image appears
filtered; only large-scale changes of intensity corresponding to low spatial frequencies remain.
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Details = high frequencies

b

Fig. 1.13a,b. a Raw data in the periphery of k-space and b corresponding reconstructed MR image. The image con-
tains information complementary to Fig. 1.12a. Only changes of intensity in small spatial scales corresponding to
high spatial frequencies remain.
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Interpretation

Location of Information in k-space

Center of k-space Periphery of k-space
basic image contrast edges, details
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Artefacts due to wrong k-space sampling

b

Fig. 1.14a,b. a Raw data after removing every other line in k-space and b corresponding reconstructed MR image. The
effective field of view of the image is reduced to 50%, resulting in aliasing artefacts in anterior-posterior direction,
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Artefacts due to wrong k-space sampling

Fig.1.15a,b. a Raw data after removing three of four neighboring lines and b corresponding reconstructed MR
image, The effective field of view of the image is reduced to 25%, resulting in severe aliasing artefacts in anterior-
posterior direction.
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Artefacts due to modifications of k-space

Fig. 1.16a,b. a Raw data after adding a single point with artificially increased intensity (arrow) and b corresponding
reconstructed MR image. The image is affected from artefacts extending over the complete field of view.
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Some references

https://www.cis.rit.edu/htbooks/mri/index.html

http://mriquestions.com

Michael L. Lipton. Totally accessible MRI: a user’s guide to principles, technology,
and applications. Springer Science & Business Media, 2010

Robert W. Brown, Y-C Norman Cheng, E. Mark Haacke, Michael R. Thompson,
Ramesh Venkatesan. Magnetic resonance imaging: physical principles and
sequence design. John Wiley & Sons, 2014

http://eknygos.Ismuni.lt/springer/339/3-17.pdf (images of k-space)
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Questions?



