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1947 NMR material science (1952 - Nobel prize):
- Felix Block
- Edward M. Purcell
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1977 Clinical MRI (2003):
« Paul Lauretbur
- Peter Mansfield

- Raymond Damadian
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How does MRI work?

Radiofrequency transmitter Position =» Frequency

B

(Eb

Signal source

Magnet Frequency =» Position

- Patient in a strong homogeneous magnetic field

- Excitation of a part of patient tissue by radiofrequency pulses
- Receive emitted radiofrequency signal from the patient
- Repeat the former two steps voxel by voxel in a plane

Radiofrequency antennae

=




How could be produce these kino
of Images?




What is the connection between
choir and MRI?

- Orchestra - Magnet (pl: 3T, He)
- Singers - Voxel (spins)

- Floors - Encoding (3D)
- Pitch (frequency)
- Duration (canon)



Magnet and voxel

- Earth: 30uT
- MRI: 0.3-12T %
(100,000x )




- Earth: 30uT
- MRI: 0.3-12T
(100,000x )
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d’lo What is signal source in a
voxel?

WITHOUT EXTERNAL MAGNETIC FIELD spins are

not ordered
due to X@-{ \
its spin

aproton  SpIn magnetic
acts like vector
a little of a single

magnet spinning
proton

Spins in the selected voxel



O’-:O What is signal source in a
voxel?

A compass is a navigational
instrument that shows directions
(North - South) -

The magnetic compass contains a
magnet that interacts with the earth's
magnetic field and aligns itself to
point to the magnetic poles (N-S)

Spin = atomic level compass

What does the
spin in the
magnetic
field?




A compass Is a havigational
instrument that shows directions
(North - South)

The magnetic compass contains a
magnet that interacts with the earth's
magnetic field and aligns itself to
point to the magnetic poles (N-S)




Spin = atomic level compass

What does the
spin In the

magnetic




Q. What is the role of
magnetic field?

IN EXTERNAL
MAGNETIC FIELD

PRECESSION:

The spin vector will rotate like a
top (gyroscope) around a cone
with a certain frequency.

It aligns to the magnetic field.



IN A STRONG EXTERNAL MAGNETIC FIELD

The spins precess aligning in the external Only tthe excess spins Precessions of the excess spins
magnetic field directed up or down. are shown shown distributed on a single cone
At room tmperature
and in thermal equilibrium
a little more spins turn downwards.



Energy (eV)

E.

excited state

AE=h-y-B,

In external magnetic field
the enegy level of protons
split.
(Zeeman effect)

AE = Ez = E1 = h‘;f anti_
f= 43 MHz parallel
radio wave spins

Larmor frequency

N

'eg.B,=1T

ground state

Magnetic
field (T)

parallel




due to 3

its spin
aproton  Spin
acts like

a little
magnet

The spins ligning in the

magnetic field directed up or down.
Al room tmperature
and in thermal equilibrium
a litthe more spins tum downwards.

WITHOUT EXTERNAL MAGNETIC FIELD spins are
not ordered

\

magnetic
vector
of a single
spinning
proton

C,)P:O Source of signal

IN EXTERNAL
MAGNETIC FIELD

PRECESSION:

The spin vector will rotate like a
top (gyroscope) around a cone
with a certain frequency.

It aligns to the magnetic field.

Energy (eV)

In external magnetic field

the enegy level of protons
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Precessions of the excess spins

Only tthe excess
Iy amfd'mn un shown distributed on a single cone
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= How voxel sings?

- How absorbed radiation by voxel?
- What happens in voxel?
- How does voxel produce signal?

all excess spins in ground slale p, e Ao BicaEs sERE half of excess spins in
{thermal equilibrum) Fa SRR e excited sbatpe p excited state end of
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(blue arrows = excess spins)

\ extemal

anti- EM-field
parallel
spins

projections of precessing
excess spins into the x-y plane
(opposite spins cancel
each other, so M,,=0)

parallel
spins

resultant of excess spins M =M;
(net magnetization) spins
out of phase .
Horizontal component of spins

with random phase cancel each other,
the x-y projection of the magnetization is zero

M, spins around itself
and aligns to the huge B,
S0 it is not detectable!




part of excess spins in
excited state

middle of
90°
pulse
| |
N=10°+1 & P /M/
ff'/ N external
[ |  EM-field
. \'\ 90”
-
Excitation .
(spins flip) \ AE = hf
W7 resonance
absorption
RF
f=43 MHz
N, =10°+5 ) L

. rotating
net magnetization

spins
partially in phase

ARRAY HHADA LLITTTILE LAYER

REACHING PHASE COHERENCE:
M, INCREASES.
Simultaneously M, decreases
(due to excitation of spins),
so M net magnetization will
spiral into the x-y plane
with Larmour frequency




half of excess spins in
excited state

external
EM-field

o, rotating
net magnetization

T ™
all excess spins in phase .
(phase coherence) S

MARY HADA LITTLE LAMB



To turn M, apply special external EM-field

GOAL: TURN M, INTO THE X-Y PLANE of certain duration (ms) and amplitude EFFECTS:<—__
(so called 90 radiofrequency pulse
e e.g. f=43 MHz at 1T, Larmor frequency) —\WW\—
all excess spins in ground state N, _aE e
E N . part of excess spins in
(thermal equilibrum) N, =B excited state .
(blue arrows = excess spins) start of RG0!
90° a0
pulse pulse
} t Lot
eg. N2=103_-_ /q)\fﬁ'( Ny = N M
Sl . external / Y external
Fils &\_ i . EM-field [ | EM-field
parallel \ ’/|y 90°
spins N\ o "~
B B,
Exc itation
(spins flip) AE=hf
resonance
parallel absorption
spins RF
=43 MHz
projections of precessing
excess spins into the x-y plane
{opposite spins cancel y
each other, so M,,=0)
rotatin,
resultant of excess spins . —M=M; net magneugzanm
(net magnetization) spins spins
out of phase partially in phase
MRERY HRDA LITTILE LARE
Horizontal component of spins REACHING PHASE COHERENCE: z
with random phase cancel each other, My INCREASES.

the x-y projection of the magnetization is zero.

M, spins around itself
and aligns to the huge B,
so it is not detectable!

EXCITATION BY 90° RF- PULSE

Simultaneously M, decreases
(due to excitation of spins),
s0 M net magnetization will X
spiral into the x-y plane
with Larmour frequency

. excitation of parallel spins to antiparallel spins
- arrangement of parallel and antiparallel spins to be in phase

-

half of excess spins in
excited state end of
Ny =N, 90°
pulse

f L external

| EM-field
B,

X

rotating
net magnetization

all excess spins in phas'e
(phase coherence)

MARY HAD A LITTLE LAMB

At the end of 90°the pulse”
M turns 80’ into the x-y plane (M; to M,,).
The rotating x-y projection of M
is measurable!




How detect signal?

Signal induced
in the x-direction § i

- a "
. ,hJ!j"" S . V mistdio of &”‘—‘7) FID slpnal

tart of FID signal
10 signal

: i oy

AE=hd

f=43 MHz
emission

of radio wave

complete loss
of phase coherence,

partial loss

F4

ust after ¥ of phase coherence, thermal equilibrium H
pulse el —— i ralaxatjm{fasl)‘_ is restored ot
-:'.“.'-V h & @y L n&,:.ﬂ-.y
— - = = M, builds up completely, $ g
=

ol M.=0 M (original state is restored
: Mz builds up partially, completa T1 relaxation,
T1 relaxation (slow) thermal equilibrium) M
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Signal induced
: in the x-direction

N,=10"+3 - /  receiver coil

D

-
A -

tart of
ID signal

emission
of radio wave

just after
90’ pulse

phase

—"Mxv ¥ coherence

MARY HAD A LITTLE LAMB



middle of
FID signal

partial loss
of phase coherence,
T2 relaxation (fast)

-

¥

X "z
M, builds up partially,
T1 relaxation (slow)

REARY HADDA (LITTILE LAME



no
signal

Vel
end of
FID signal

complete loss
of phase coherence,
thermal equilibrium
is restored

-

M, builds up completely,

(original state is restored x
complete T1 relaxation,

thermal equilibrium) M,



no

Signal induced signal
‘ in the x-direction g

reuewer coil 3 3 Lo
——, . s
[ ) ; ond of
{ middle of FID signal

FID signal

complete loss
. partial loss N of phase coherence.
just after . of phase coherence, thermal equilibrium
pulse 3 T2 relaxation {fasll is restared

M, builds up completely,
(original state is restored
M builds up partially, eomplete T1 relaxation,
T relaxation (slow) thermal equilibrium)

MARY HAD A LITTLE LAMB AR HRD A, LATTLLE LAME




spiral path of the My, vector

inplanex-y
envelope
of the FID-signal X
measured . (can be measured) My
SPIN-SPIN i T
RELAXATION| My, = M o envelope of  Induction
(fast) A 1 FID-signal Decay
-0 t (FID-signal)
! My = , induced in x-direction
‘ time constant i
i AE = hf
z
f=43 MHz
ﬁ"‘20 T MZ

\ restores
.\

SPIN-LATTICE M;=Mz(1-e ')
RELAXATION ’
(slow)

My=0 > ¢ _ T1 parameter characteristic

time constant ——— for the particular tissue

Exponential decay,
—— caraclerised by T2" relaxation time

afterthe 1. Spins lose their phase coherence fast

90° pulse - e sl g
2. Slow relaxaftion of antiparallel spins - — CApCnentaioeody,
to parallel spins caracterised by T1 relaxation time

reasons . inhomogenity of magnetic field B, (T2..)
of lasing
phase coherence - inhomogenity of magnetisation in tissue (1)

time constantof L= + 1

AT T3 Ty,
;:}':f;:: 2 m time constant
0“'3":2' _ RELAXATION time constant of “iﬁ;;’g‘&“ﬁg;:w
can be and SPIN-SPIN p I8 —
measured. " inhomogenity of B,  RELAXATION {fechnicalincotwinisnice.
Spin-echo together in tissue constant in time)
technique Ny . .
reveals T2. parameter characteristic
) of the particular tissue
RELAXATION,

LOSS OF PHASE COHERENCE,
DETECTING MRI SIGNALS



spiral path of the Myy vector
in plane x-y e
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envelope g
of the FID-signal X

. measured _ (can be measured) _ Mxx
SPIN-SPIN | '\ T~ Free
RELAXATION! envelope of  Induction
(fast) ! FID-signal Decay
t (FID-signal)

induced in x-direction

II t : :
_. time constant receiver coil
M AE = hf

f f=43 MHz
M
Z0 Mz
restores
SPIN-LATTICE r)
RELAXATION
(slow)
M, =0 —— T1 parameter characteristic

11 timeconstant ———  for the particular tissue



Exponential decay,
. g - caracterised by T2* relaxation time
1. Spins lose their phase coherence fast

afterthe
90° pulse . .
‘2. Slow relaxation of antiparallel spins - Exponentlal decay,_ :
to parallel spins caracterised by T1 relaxation time
reasons _inhomogenity of magnetic field B, (T2..)
of losing -

phase coherence inhomogenity of magnetisation in tissue (1)

time constant of l= 5
measured time constant

SPIN-SPIN

. o " caused by inhomogeni
Only ’l:2 RELAXATION time constant of of magir(letic ﬁelngo ty
can be and SPIN-SPIN g s -
measured.  inhomogenity of B, ~ RELAXATION (lecgg'::t'e:sfﬁ_‘";:::)”ce'
Spin-echo together in tissue
r;i‘;';?;ql_:_ez ' T2 parameter characteristic
‘ of the particular tissue

RELAXATION,
LOSS OF PHASE COHERENCE,
DETECTING MRI SIGNALS




You T




What is the connection between
choir and MRI?

- Orchestra - Magnet (pl: 3T, He)
- Singers - Voxel (spins)

- Floors - Encoding (3D)
- Pitch (frequency)
- Duration (canon)



Voxel - position encoding

MRI Scanner Gradient Magnets

Transceiver

Patient






Voxel - position encoding

MRI Scanner Gradient Magnets

Transceiver

Patient



Voxel - position encoding

- Floors
- Pitch (frequency)
- Duration (canon)

3D imaging

. Slices
- Frequency
- Phase






Now Can We Make A Useful Image?

Table XIV

Water content of fat-free normal

human tissue

Table XV

The spin—lattice relaxation time (T) and
spin—spin relaxation time (T2) of various
biological tissues at 0.2 tesla

Tissue

Water content (%)

Skeletal muscle
Myocardium
Liver

Kidney

Brain white matter
Brain gray matter
Nerve

Femur cortex
Teeth

19
80
71
81
84
72
56
12

10

Tissve Ty, msec T,, msec

Fat 240 = 20 = 10
Muscle 400 = 40 50x10
Gray matter 495 = 85 10
White matter 390 = 70 + 20
Lung 460 = 90 30
Kidney 670 = 60 5 10
Liver 380 = 20 20
Liver metastases 570 = 190

Lung carcinoma 940 = 460 20 £ 10

Source: Morgan and Hendee, 1984




Biological applications

Morphological imaging

-T1"anatomy" - Angiography (T1)
- T2 "pathology" (Gd contast)

Functional imaging

- Diffusion coeff - Blood
(water) (oxiFe - deoxiFe)




Morphological imaging

Axial MRI - T1 vs. T2 Normal MRA (Head & Neck)
I

- T1 "anatomy" - Angiography (T1)
- T2 "pathology” (Gd contast)




Functional imaging

DWI/ADC — True Restricted Diffusion

- Diffusion coeft - Blood
(water) (oxiFe - deoxiFe)







Functional imaging

DWI/ADC — True Restricted Diffusion

- Diffusion coeft - Blood
(water) (oxiFe - deoxiFe)




Background ... :

- http://www.imaios.com

- MRI Physics Tutorial (youtube)

k.bme.h

- http://oftankonyv.r

Join us on Linkedin

MRI step-by-step, interactive course on magnetic resonance imaging

Nuclsar Magnatic
Resonance

@ @ Instrumantation and
sataty

@ MR Signal

e-MRI : an interactive online
Paralisl imaging course about MRI physics

MR pres n o

MR Anglograpiy

Miagnetic resonance Imaging (MRI) Iz a

medical Imaging technique used 1o produce

high quality images of the human bogy. In

2003, Paul C. Lautarbur and Sir Petar

tod the Nobal Prize in
waming

Cardlac MR

Perusion imaging

Spatial encoding



