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Biomedical Magnetic Resonance

Recommended Literature:

2 “MRI

Pulse Sequences

e M""ﬁ | Mt A erwstcn + Kivin . K.+ cbong o 2hoe
Magnetic Resonance Imaging Magnetic Resonance Imaging Handbook of MRI Pulse Sequences
M.T. Vlaardingerbroek, J.A. den Boer  E.M. Haacke, R.W. Brown, M.R. Thomson, M.A. Bernstein, K.F. King, X.J. Zhou
Springer R. Venkatesan. Wiley-Liss Elsevier
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Biomedical Magnetic Resonance

Some links on the web:

» http://sunnybrook.ca/research/?page=sri_groups_cmri_mrp_1
*  http://www.e-mri.org/

*  www.mritutor.org

M

*  http://www.cis.rit.edu/htbooks/mri

»  http://mrsrl.stanford.edu/~brian/mritools.html/ (including Matlab code)

* http://mrsrl.stanford.edu/~brian/blochsim/ (including Matlab code)

*  http://www-mrsrl.stanford.edu/~brian/mri-movies/ (including Matlab code)
*  http://www-mrsrl.stanford.edu/~brian/bloch/ (including Matlab code)

*  http://www.revisemri.com/
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Nuclear Magnetic Moments

Properties of a nucleus:

Nuclues is charged (multiples of e+)

Some nuclei have a spin angular momentum J:
J =hl (I multiples of )

Then, they have a dipolar magnetic moment
For example: 'H, 13C, '°F, 3'P u=yJ=yhl

h = Planck‘s quantum constant
y = gyromagnetic ration
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Nuclear Magnetic Moments

Nucleus in a magnetic field:

In a magnetic field,

1 the dipolar magnetic moment p is
T quantized along the field:

= },ﬁm

and mcanbe m=1/I-1,...,-I.

B,
h = Planck’s quantum constant
y = gyromagnetic ration
Biomedical Magnetic Resonance: 2 Nuclear Magnetic Moments K. Scheffler, 2017 10
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Nuclear Magnetic Moments

Nucleus in a magnetic field:

Klaus Scheffler

We assume /=% (H, 13C, 1°F, 3'P)
M 2]’ﬁ | T 27f7

Then, the magnetic moment along the field is:

The magnetic moment ., is parallel or
By By,  antiparallel to the field B,

h = Planck‘s quantum constant
y = gyromagnetic ration

Biomedical Magnetic Resonance: 2 Nuclear Magnetic Moments K. Scheffler, 2017 11
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Nuclear Magnetic Moments

Nucleus in a magnetic field:

In an external magnetic field,

spin up or spin down are associated to
different energy levels:
E,=-uBy=-hBym, m=z%.

E,= +%)hBy, Ey= -%)hB,

B, AE = yhB,
h = Planck’s quantum constant
y = gyromagnetic ration
Biomedical Magnetic Resonance: 2 Nuclear Magnetic Moments K. Scheffler, 2017 12
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Nuclear Magnetic Moments

+1/2

B, 5 > n

In thermal equilibrium, there are different probabilities

for spin up and down occupation (Boltzmann statistics).

The difference in occupation 4n is given by: ny#B,
An=n,,—n, =

kg : Boltzmann constant
Ts: Temperature

Biomedical Magnetic Resonance: 2 Nuclear Magnetic Moments K. Scheffler, 2017 13
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Nuclear Magnetic Moments

Macroscopic magnetization:

Visible magnetization: M, = Z,uiz
i

Sum (macroscopic Magnetization along B,):

nyiB,  ny*h’

MOZAn/‘zzsz /Uz_4kT B, = %, (Ts) B,
B'S B'S
o(Ts): magnetic susceptibility
kg  :Boltzmann constant
Biomedical Magnetic Resonance: 2 Nuclear Magnetic Moments K. Scheffler, 2017 15

Nuclear Magnetic Moments

Spim excitation:

Energy AE = yhB,
0 AE = yhB, —_—
= ha)o
Bo
w,: Larmor frequency
y : gyromagnetic ratio
Biomedical Magnetic Resonance: 2 Nuclear Magnetic Moments K. Scheffler, 2017 16
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Nuclear Magnetic Moments

Some MR-relevant nuclei:

Relative
Relative Empfindlichkeit

Spin Gyromagn. Natiirliche Sensitivitat fur korr. mit

Quanten Verhiiltnis Hiufigkeit | gleiche Zahl Spins?® natirlicher

Isotop Zahl [MHz/Tesla] [%e] bei konst.Feld Haufigkeit

H 142 4258 | 9998 1.0 1.0
e | 2| 10.71 [ | iss102 [~ 1810%
w | 1 | 308 | 964 [ 401103 | 10 10°
g | &2 | 577 | 004 | 299 102 [~ 11 10°
T8¢ 112 40.06 | 100. 8.30 107 83 107
BN | a2 1126 | 100. | 927 102 9.3 102
| 12| 1724 | 1000 | eea 102 [ &6 107
3K [ ] 1.99 | 9308 [ 508 10% [ 47 10%
4Cca 712 2.87 | 014 6.40 10° 93 10%
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Motion of Magnetization

Magnetization and magnetic field:

Biomedical Magnetic Resonance: 3 Motion of Magnetization K. Scheffler, 2017 18
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Motion of Magnetization

Magnetization and magnetic field:

Biomedical Magnetic Resonance: 3 Motion of Magnetization K. Scheffler, 2017 19
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Motion of Magnetization

Magnetization and magnetic field:

l 0 I }--\
/ ;
|
B 0 B 0 B 0
M, M, M,
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Motion of Magnetization

Magnetization and magnetic field:

Nuclues is charged (multiples of e+)

Some nuclei have a spin angular momentum J:

- Z J=hl (I multiples of %)
Then, they have a dipolar magnetic moment
M, u=p=yhl
h = Planck’s quantum constant
y = gyromagnetic ration
Biomedical Magnetic Resonance: 3 Motion of Magnetization K. Scheffler, 2017 21
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Motion of Magnetization

Magnetization and magnetic field:

I 4
/
", f
By
M,
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Motion of Magnetization

Magnetization and magnetic field:

gravity

Biomedical Magnetic Resonance: 3 Motion of Magnetization K. Scheffler, 2017 23

[ A

Mewrnwissenschatten

Motion of Magnetization

Magnetization and magnetic field:

gravity
B, B,
— | ravit
p gravity =

! S
| <

By
M,
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Motion of Magnetization

Motion of magnetization:

The temporal change of spin angular momentum J,
and thus of the dipolar magnetic moment x = %
is equal to the torque that acts on .

The torque that acts on a dipolar magnetic moment x
in a magnetic field B is given by u x B.

dﬁ - >
—2 = y(uxB)

Thus, the equation of motion becomes: m =

Biomedical Magnetic Resonance: 3 Motion of Magnetization K. Scheffler, 2017 25

Motion of Magnetization

Motion of magnetization: precession

B
dg
_ .
d [l d y7, > >
—£ = y(uxB)
~ dt
2
—¢ =—w=yB
Biomedical Magnetic Resonance: 3 Motion of Magnetization K. Scheffler, 2017 26
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Motion of Magnetization

Motion of magnetization:

The same equation is valid for the volume magnetization M:

dl\_/l) - >

— = MXB

Gl

dM,

™ =y(M,B,-M,B,)
in Cartesian coordinates: d:;/ly =y(M,B,—M B))

dM,

p =y(M,B,-M B))

Biomedical Magnetic Resonance: 3 Motion of Magnetization K. Scheffler, 2017

Com

T

(@_cm

trum fir Integrative
eurnissenschal

hatten

27

Motion of Magnetization

Motion of magnetization:

5
Example: B=(0,0,B,) B,

dt ¢
dm

dt §
dM

dt

B,

K. Scheffler, 2017
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Motion of magnetization:

N
Example: B=(0,0,B,)

Solution M, =m, cos(m,t + )
M, =-m,sin(a,t +J)
M, = const

with @, =18,

Biomedical Magnetic Resonance: 3 Motion of Magnetization

Motion of Magnetization

K. Scheffler, 2017 29

Motion of Magnetization

Motion of magnetization:

Back to equilibrium: dM X

Bloch Equation

Biomedical Magnetic Resonance: 3 Motion of Magnetization

K. Scheffler, 2017

L= (M,B, ~M,B,)
dm

Y —y(M,B,—M_ B
= =R = )
M
dt zy(MxBy_MyBx)_

Ay
T2
I
T, '’

1
=i =g

1

T,: longitudinal Relaxation
T,: transverse Relaxation

30
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Motion of Magnetization

Motion of magnetization:

E le: B=0 aM, L

mple: B= ==

xampie dt T,
dMy:_i
dt T, '’
dMZ:_i(MZ_MO)
dt T,

Biomedical Magnetic Resonance: 3 Motion of Magnetization K. Scheffler, 2017
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Motion of Magnetization

Motion of magnetization:

Solution:
M (t)x = M xie_t/Tz

M(t), =M e
M(t), =(M,; —My)e"™ + M,

Initial condition M, = (MX,-,My,-,MZ-

Biomedical Magnetic Resonance: 3 Motion of Magnetization K. Scheffler, 2017
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Table of relaxation times at 15T and 3T
L5T ir
Ty [ms] Ty [ms] Ty [ms] Ty [ms]
Liver! 576 4654 812 42
Skeletal muscle! 1008 4435 1412 50/32
Heart! 1030 40 1471 47
Kidney? GE0 4 1194 56
Cartilage 0 1024 30042 1168 27/37
Cartilage 55% 1038 44 1156 43
White matter’ 884778 72 1084 G 36
Gray matter’ 1124 95 1820/ 1470 9971
Optic nerve? 815 77 1083 78
Spinal cord? 745 74 993 78
Blood! 144171200 200327 1932/1550 275
Biomedical Magnetic Resonance: 3 Motion of Magnetization K. Scheffler, 2017 33
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Excitation and Reception

Spin excitation: Decomposition of B,(t) into

two counterrotating fields:
B(t) = Bg(t) + B,(t)

y cos(ayt)

Bg ®= B . t
2 sin(w;t)

B,(t) = 2B,cos(wt) >
T 5,

cos(—ayt)

z By B.(t)=B,| . ’
y sin(—ayt)

X

Biomedical Magnetic Resonance: 4 Excitation and Reception K. Scheffler, 2017 34
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Excitation and Reception

f 2 e || N (AVAVAVAY

1 By By By

Biomedical Magnetic Resonance: 4 Excitation and Reception K. Scheffler, 2017
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Excitation and Reception

=M x 3 for @, = @y (on resonance)

Rotating frame: M
dt
rot

lab frame rotating frame
Biomedical Magnetic Resonance: 4 Excitation and Reception K. Scheffler, 2017
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Bloch equation in the rotating frame

=

M, 0
4 M, |+=| o
dt T

M(J - Mz
Z
B
X
K. Scheffler, 2017 37

Precession ‘c]/ y

‘ x

cos¢p —sing 0
— > R.(¢)=| sing cos¢p 0

0 0 1

Zz
AB
b "
X
////
///

x ¢ =yB,t

K. Scheffler, 2017 38
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RF-Puls

ﬁjar J-[1
d
% .‘L[ y = .‘L[ y X
M, M,
z

o = yB,t

39
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RF-Puls

d M, M, 0 cosa 0 sina
E M, |=v| M, | x| B, —— R,(a)= 0 1 0
M, M, 0 —sina 0 cosa
z
M
Pl ! y
{:
‘ "X =
a = yByt

K. Scheffler, 2017
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RF-Puls

i

‘ ' ‘

(M M, B,
;f M, | =+ M |x| B | —
M, M. 0

cos® +sin*fcosar  sinfcosf(1 — cosa)
sinf@cosO(1 — cosa)  sin? @ + cos® O cosa
—sinfsina

RQ(O{) =

cos fsin o«

K. Scheffler, 2017

X

sin @ sin o
— cos@sin o

COs v

o = y|BJt

£(B,,B,)

41

Excitation and Reception

FID: free induction decay

precession of magnetization

E| [e] B

Signal
Signal
|FT-Signal

a) on-resonance, b) off-resonance, c¢) spectrum

Biomedical Magnetic Resonance: 4 Excitation and Reception
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Excitation and Reception

Spinecho
90° 180°
t
Biomedical Magnetic Resonance: 4 Excitation and Reception K. Scheffler, 2017 43
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Spin Echoes

Biomedical Magnetic Resonance: 4 Excitation and Reception K. Scheffler, 2017 44
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Magnetic Resonance Imaging

Imaging = spatial discrimination

Biomedical Magnetic Resonance: 5 Magnetic Resonance Imaging K. Scheffler, 2017 45
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Magnetic Resonance Imaging

Contents:
» Magnetic Field Gradients
* Selective Excitation

* Hardware

Biomedical Magnetic Resonance: 5 Magnetic Resonance Imaging K. Scheffler, 2017 46
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Magnetic Resonance Imaging

There are just two windows where elektromagnetic waves
are transparent for biological tissue:

MRI
10-° 06 103 100 10 108
Energy /eV
103 108 106 10-° 1012
Wafe length /m
1068 10° 1012 1015 1 10%
Frequency /Hz
(] o > - » »
T 5 - 8 8 53 % &
s = T © o = T T
(o)) = 2 = Q@ x >
< o o = a
o c O = D
— (7p] g > <
& =

Biomedical Magnetic Resonance: 5 Magnetic Resonance Imaging K. Scheffler, 2017 47
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Magnetic Resonance Imaging

For conventional imaging (x-ray) imaging properties are given
by the geometry of the light path.

Rontgen
-tube

Biomedical Magnetic Resonance: 5 Magnetic Resonance Imaging K. Scheffler, 2017 48
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Biomedical Magnetic Resonance: 5 Magnetic Resonance Imaging

CIN
G
Magnetic Resonance Imaging
Objects that are smaller than the wafe length cannot
be imaged (geometric imaging not possible!)
B
|
\
|
\
\
|
\
|
\
J
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Magnetic Resonance Imaging

Signal

K. Scheffler, 2017 50
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Magnetic Resonance Imaging

Bloch equation d —
s =y (M xB)
z z z
B y
---------- "
X o
o =vB Larmor equation
Biomedical Magnetic Resonance: 5 Magnetic Resonance Imaging K. Scheffler, 2017 51

Magnetic Resonance Imaging

Magnetic Field Gradients

Sample in a homogenous magnetic field By

B o = YBo

Biomedical Magnetic Resonance: 5 Magnetic Resonance Imaging K. Scheffler, 2017 52
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Magnetic Resonance Imaging

Magnetic Field Gradients

Z Gradient Coil

Sample in a magnetic gradient field By + AB

o(Xx) = yBo + xyGx

Biomedical Magnetic Resonance: 5 Magnetic Resonance Imaging

K. Scheffler, 2017 53
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Magnetic Resonance Imaging
Magnetic Field Gradients
Swichable, linear magnetic field gradients
independently in X, y and z direction
Biomedical Magnetic Resonance: 5 Magnetic Resonance Imaging K. Scheffler, 2017 54
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Magnetic Resonance Imaging
Selective Excitation

Signal

Signal from all
1 " magnetization inside coil

Signal

Signal only from a
1 * selected volume/slice

Biomedical Magnetic Resonance: 5 Magnetic Resonance Imaging

K. Scheffler, 2017
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Magnetic Resonance Imaging
Selective Excitation

Frequency of B, field is ® = yBp (resonance condition)

S L

Result: 90 degrees pulse!

Biomedical Magnetic Resonance: 5 Magnetic Resonance Imaging

K. Scheffler, 2017
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Magnetic Resonance Imaging

Selective Excitation

Frequency of B, field is ® > yB, (off resonance condition)

B L

Result: 32 degrees pulse!

Biomedical Magnetic Resonance: 5 Magnetic Resonance Imaging K. Scheffler, 2017
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Magnetic Resonance Imaging

Selective Excitation

Frequency of B, field is ® >>yB, (off resonance condition)

S L

Result: 1 degrees pulse!

Biomedical Magnetic Resonance: 5 Magnetic Resonance Imaging K. Scheffler, 2017
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Magnetic Resonance Imaging

Selective Excitation

Bl
dM e
{d_} =yMxBy _4
o
t rot }/
LZ\
By
Bo‘mh" |
|« Y
It | "
]
— N "
Bf
Biomedical Magnetic Resonance: 5 Magnetic Resonance Imaging K. Scheffler, 2017 59

Magnetic Resonance Imaging

Selective Excitation

flip angle
90

=] L= N m al

ow

. frequency

How can this be used to achieve a spatially selective excitation ?

Biomedical Magnetic Resonance: 5 Magnetic Resonance Imaging K. Scheffler, 2017 60
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Magnetic Resonance Imaging

Selective Excitation

fI|p angle ] L
/\ B(x) = yxG
I ‘ T >
®0 X
frequency ®o
Excitation profile Excitation profile
Biomedical Magnetic Resonance: 5 Magnetic Resonance Imaging K. Scheffler, 2017 61

Magnetic Resonance Imaging

Selective Excitation

fipangle Bi: J\/\/\

90 B(x) = yxG
I ‘ T
() X
frequency
Excitation profile Excitation profile
Biomedical Magnetic Resonance: 5 Magnetic Resonance Imaging K. Scheffler, 2017 62
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Biomedical Magnetic Resonance: 5 Magnetic Resonance Imaging K. Scheffler, 2017 63
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Spatially resolved reception

RF excitation

z gradient | |

x gradient | |

Biomedical Magnetic Resonance: 5 Magnetic Resonance Imaging K. Scheffler, 2017
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Spatially resolved reception

Gradient
»
Biomedical Magnetic Resonance: 5 Magnetic Resonance Imaging K. Scheffler, 2017 65
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Spatially resolved reception

Spatial encoding: the Fourier Transform

A s(t) [t g |’I o e A S{(‘))

v

Biomedical Magnetic Resonance: 5 Magnetic Resonance Imaging K. Scheffler, 2017 66
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Hardware
§
Biomedical Magnetic Resonance: 5 Magnetic Resonance Imaging K. Scheffler, 2017 67
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Hardware

Magnet coil

Shim system +
gradient coil

Radio frequence-
(body) coil

Biomedical Magnetic Resonance: 5 Magnetic Resonance Imaging K. Scheffler, 2017 68
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%% Magnetic Resonance Imaging

Hardware

Steel shielding

Biomedical Magnetic Resonance: 5 Magnetic Resonance Imaging K. Scheffler, 2017
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%% Magnetic Resonance Imaging

Hardware: magnet

Pressure
Gauge

tap)

~ \ coldhead

Biomedical Magnetic Resonance: 5 Magnetic Resonance Imaging K. Scheffler, 2017
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Hardware: magnet

* The material of the superconductive wire is Niob-
Titan (NbTi).

+ At -269° the wire offers no resistance to the
current (-269° = 4° Kelvin).

* Liquid helium keeps the system cold at such low
temperature.

» With no resistance the current can flow in the
magnet ,forever® while keeping the magnetic field
stable

Biomedical Magnetic Resonance: 5 Magnetic Resonance Imaging K. Scheffler, 2017 71

CIN
Magnetic Resonance Imaging ((:: e e
Newowissenschatten
Hardware: magnet
Biomedical Magnetic Resonance: 5 Magnetic Resonance Imaging K. Scheffler, 2017 72
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“% Magnetic Resonance Imaging

Hardware: gradient coil

2006

Biomedical Magnetic Resonance: 5 Magnetic Resonance Imaging K. Scheffler, 2017

45 mT/min 0.2ms
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“% Magnetic Resonance Imaging

Hardware: gradient coil

Biomedical Magnetic Resonance: 5 Magnetic Resonance Imaging K. Scheffler, 2017
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Hardware: gradient amplifier

* \oltage:
max. 2 kV

* Current:
max. 600 A
per axis

(1.2 MW / axis)

Biomedical Magnetic Resonance: 5 Magnetic Resonance Imaging K. Scheffler, 2017
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Hardware: rf amplifier

For 1.5 T system:
* 15 kW Pulse power
* 600 W average power

» System control compensates for
non-linearities and phase errors

Biomedical Magnetic Resonance: 5 Magnetic Resonance Imaging K. Scheffler, 2017
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Biomedical Magnetic Resonance: 5 Magnetic Resonance Imaging

Magnetic Resonance Imaging @m

K. Scheffler, 2017
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