EEF RN iRE

BMADTNONM R EHAT (RINMEL7.5H7T), @I INEERHEHIRR GO ARE
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Chao-Gan Yan, Ph.D.
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ycg.yan@gmail.com
http://rfmri.org/yan
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L £ 7% ¢ iz IRYIIEMR Physics
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o1 i5E & f B IREGEE Hardware
M1 g AR 7
0 EE SHRRSE RF TR TE
w02 M RSP .
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02 KR SCER S 5
402 R RS equence [&%
W02 RAER q Excitati
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HOSTUREER . AHHR s Courtesy of Dr. Joe Yazhuo Kong @ IPCAS MRIRC
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Physics of MRI

© minA Good news

you don’t need to know/understand Quantum Mechanics!
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Nuclear Magnetic Resonance Jmaging

“#%” —SRFRH

ANMEALT0%REKE A
MRIBPREKHEIRF

Magnetic Field (F1%)
Radio Frequency Wave (RF) (533#)
Nuclei of the tissue generates MR Signal

R HEVRIES)
MBI BIRERHE T, RE

HB3k 8 A PR AR R SRR R S 1
Eig, BJLETLER!

s
ALFRE{.)””I‘\jOBLL ‘%_

4 l L

3% ##(Felix Bloch ) FA%E/R (Edward Purcell)

19524F 1% TURYIIRF 2 . #53%#(Felix Bloch ) & ¥A%E/R (Edward Purcell)
R T GRS R A0 5 55 R B B RO R I —— 3R «

7 8
» 2003FENREHRK : »
Avrrep NOBEL ;’é EENFERRE FHHR Pavl Laverbu) — pen Nosme E‘
Nobel be HERERBEG SETIERE(Peter Mansfield ) Nobel ‘-
1991FIEUR LR
BHMSR.R.Ernst (1933—) TSR
B PHZE IR S RN SR
© BRITMEFIH IR HARE RIS
* TIZEHRE
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py Imaging

| Lipids

W
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MR spectroscopy
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Before transmitting RF

System
Computer

person in
magnetic field

——

. Scan Subsystem
Gradient

Subsysem RF Hardware :

Scan Room
Hardware

S PR 5 e el

Gradient Coil

RF Coil

13 14

Transmitting RF After transmitting RF

person in

person in
magnetic field

magnetic field

M
o

RF
Transceiver

RF ==
Transceiver MR Signal

15 16

M IRMIER — B AR

- EFEREREMEE

- BFEBEENEZTREERES
o EEEBILREAYE

-+ HB/RATE (Larmor equation)
- BWBE

. EHRUAN R EERER

- ST IE ot TR A
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Why learn MRI physics?

Which image is “better’?
Better signal-to-noise ratio (SNR)?
Higher resolution?
Better contrast-to-noise ratio (CNR)?
Faster to acquire?

Lower distortion?

Structural MRI

Ti-weighted T2-weighted Proton
Density
RIS
20
|
T h e M agn et Billions of Hydrogen ( >
Atoms in the body 1H proton spmnln '.',
Earth’s magnetic field e
Bar magnet ®
Proton
“Magnetlc Moment”
Scrapyard magnet
BN SR EREE ARSI, Hmai
Human MRI BT, WIERBEIE—aiA. 7N
ANSHERBSERFR, BR—MRRIERT.
AR SR B VBT LR RS )
21 22
The behavior of " t of Proton i tic field The magnetic field (B0) causes precession of
e behavior of magnetic momen’ 07 roton in a magnetic fie the magnetic moment (mﬁg mﬁmi&aj)
CHERIHR R T RAEMIT )
\ net magnetization’$+iti{t
e Opr /\
[
@ Vo o /
£0.0 [ C >
applied BO
magnetic
— Polarisation field
BFHSINRF2RERNEEIZR, RI#HRD (Precession)
23 24




Frequency of precession - unique to each nucleus
w: angular frequency 5%

¥ : magnetogyric ratiof$#EE
: ic field gthiIHHREE

High Magnetic Field (@u2T) Low Magnetic Field (Q5T)

£2.89 MHz 2dd MHz
(H)E#F (YRR

Larmor Equation w = yB

SHRbK R @EILRSHERNTL R, AP [radiofrequency (RF)]

# iR URFEDS RFHMARERN, RALERELRT, ERARESENRES, BHRRE.
RF#HAEHLarmor 5 EH wo=y-BO

Hwo AR (£1IHz) ; yRIEMLE; BOXSEIFER, HELMAKHA (Tesla, T)

Resonance#t#k is - absorbing and reemitting energy

example : tuning forkiREI = X
sonic ((dc? Q@ﬁ@@@@

ﬁ

A4

v 9eeY

N

—@)
-
-

(«

/.

B Quad
& Spin

http://www.dremr.dk/JavaCom

In MR, Radio Frequency waves (RF)
are absorbed and reemitted
@ 3) www.dremr.dk/C
larmor frequency
is 21.29 MHz
’_‘\/
RF pulse N the pr.ecession angle
21.20 MHz @ }) increases
il (absorbs energy)
C@®Y)
. goes back to
RF Off P S original state
(reemits energy)
EHSRFHDAERMERMRFGOP, FERMYE: —LEELNRFRKESKTIE
BEAMEEOT. QLSATHRFENEERE, EARBLR)N: ANSBRFE
. RRE, EEN, H#HBmermLNEanmEs, DEQHET

Compass Needle Analogy

Some key points here:
= The main magnetic field (Bo) causes the spins (compass needle)
to align with it:Polarisation

= The stronger the main magnetic field, the faster the natural
oscillations of the spins (needle):Precession

= We can knock the spins (needle) out of alignment with the main
magnetic field using a weaker oscillating field only if the oscillation
frequency matches the natural oscillation frequency: Excitation

= Once the spins (needle) are oscillating, we can detect them:
Signal Reception

= The spins (needle) will eventually stop oscillating and realign with
the main magnetic field:Relaxation

29

Coordinate system

z
M
y
X
BO

Direction of main field (Bo) defines coordinate system

Longitudinal axis: parallel to Bo (designated as z)
Transverse plane: perpendicular to Bo (designated as x,y)

MRI experiments involve re-orienting M relative to Bo
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review

What is needed for resonance?$t iR BBt 47

large number of nuclei (with spin and magnetic moment)
Hydrogen atons ST F

a static magnetic field)$ 1%
Nogneih

RF pulse83 3Bk ih
absorb and reemit nergy
the “re-emitted energy is the “MR Signal”

(FRBIEREMRES)

HARS RFRRERRIREIN SRS AMES T B E#isH
TR AR IR/RIAR,), XMBMIHRSM.

AR RFEEMEG BRI AR, BT REBERETESSIEERSR, NRE
55 i 2 ENTEABN— NSNS BB NS, iTARF), REBNES
FRIFETRFRERD RORE, FRAERAR, RFEMSREXTEEE, M
BESHRBSHES, X—IEMBREARTOIRIK, FLERFRE, LTFHRS
ML S RERIREES, BNRHRF, BANRKNASNSERBEIAR.

RF Coils

31 32
RF Coils RF Excitation
® Generate a magnetic field The actual pulse transmitted to the RF coil is a sinc pulse
perpendicular to the main
magnetic field of the scanner B
RF Amplifier RF Coil
® Coil to ‘excite’ the protons ﬂwl
(transmit) RF pulse
¢ Coil to detect (receive) their After the RF pulse is OFF, the RF coil acts as a receiving coil
resonance
[ . Receiver RF Coil
Can be the same coil, or canbe ———
different coils
33 34

What does the RF pulse do?

1. It makes the nuclei precess “in phase”

> C?D C(FD
same frequency
\ different phase
RF pulse Q?D C?D C<?
21.29 MHz

-in05T-

same frequency
same phase
(“in phase”)

2. It transfers energy to the nuclei

RF pulse
21.29 MHz

N

& ) Net magnetization “flips”

The “flipping” motion is actually a spicalliag motion:

35

36




90° pulse, 180° pulse

“90° pulse” “180° pulse” '

2 %\

How is the signal detected?
1.The net magnetization induces current in the transverse plane

(electromagnetic induction law)

2.The RF coil picks up the current as the signal

=)

37 38
Rephase
After the RF pulse is removed
The 180° pulse is applied to rotate the magnetization back to phase.
1. Loss of “in phase” (T2:spin-spin relaxation EiEEIHEHIE) The signal obtained is called “echo”.
in phase out of phase
/ \ / > 180° pulse
nuclei precession \ A( \Q« M L
— ‘\ _/ A 4
A ANDY
i \ / m phase in phase agaln \
@ >5< =
current induced in none
transverse plane E
D V =
L+ time
A D

FID signal I BIER{ES B c E

Free | ion D H

(Free Induction Decay) at"h o

39 40

Relaxation (T1:spin-lattice relaxation)

i (BRE-EEHE)

net magnetization realigning with the main magnetic field

3@3

time

TI Recovery Curves

1o} — rarary
— Wiater (1)

Longitudinal Magnetization (M_z)

070 500 750 1000 1350 1300 1750 2000
Time (ms)
T2 Decay Curves

10 — fam2)
— water (12)

Transverse Magnetization (M_xy)

0 250 500 750 1000 1250 1500 1750 2000
Time (ms)

41
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3t H RIERFSIEE, BRFASIENZCHENRROTERS. 2HREMHK
(BRERELR) ANHLR (SHEEHER) , S5HHBEARENRDRCHKOTE
YAEIGFRETIE] oA rE i A R O B R MU 63 % P B ROB 18, oA 3B IR T 18]
(longitudinal relaxation time) , EFRT1

HESHIRATE  MEB BB AR BB AEN7% B, AR LR E

(transverse relaxation time) , T2

°TI. T2EHERY, FREME.

® TIRFT2 £MARMMIKAE, T159300ms~2000ms, T2H
30ms~ 150ms KBTI, T2#&, MASAHRITI, T219%E,

* REARAMMEZLLARARSKES, HTI. T2ERK. TINK
ERARAMS . GUNHFEEX, SHEHEEHEX.
* T2 KERSMEIHTARNET NI IEER

T1 Recovery

Time (1)

— Fat
H T T2 AL T T2 - sgfr Tissue
Kl 600 100 i 1155 145 >
S 380 80 kB 235 60
Tt 445 75 i 320 80
N 585 90
43 44
T1/12 relationship T1/72 relationship
T1 Recovery T2 Decay T1 Recovery T2 Decay
\ i
1
1
; I
fime e N
— Fat ﬁ ®RU — Fat
— Soft Tissue T2 Weighted Image — Soft Tissue
— CsF Long TR ~1000-9000 ms — CsF
Bone Long TE ~90-100 ms Bone
45

T2 Weighting

T1/12 relationship

T1 Recovery

T1 Weighted Image
Short TR ~100-1000 ms
Short TE~10 ms

RF Pulse

T2 Decay

47

48




T1 Weighting T1/72 relationship

T1 Recovery T2 Decay

3

Time (1) . fime fime
— fat - : — Fat

Soft Tissue A short TR maximizes F PUIs PD (Proton Density) Weighted Image — Soft Tissue
— CSF T1 image contrast Longer-ish TR ~1000-3000 ms — CSF

Bone Short-ish TE ~20 ms Bone

49 51
The RF pulse “flips” the net magnetization vector
- ST RIS R E
T1/12 relat h - L xs =
/T2 relationship actually it is a spiralling motion3ZRT L E2BFER 8RN

When the RF coil does not send RF, it acts as a receiving

coil LSHALETRBEATN, ERLIZKER

“MR signal” is actually the current induced by
the magnetization vector

MR{ESSLhT LR R B RMARTR

After the RF pulse is turned off, the current induced begins
to weaken - the signal begins to decay (FID)

Ir PD (Proton Density) Weighted | e 2d ge W} s =1 3 Lqcgg (=8 L ET)
Short TR ~100-1000 ms (L;Onggr-isehnﬂ?yllo B0 ms - Long 0009000 ms. HEHTRTELLE, BRERRTHREE R STaRA
Short TE~10 ms Short-ish TE ~20 ms Long TE ~90-100 ms
52 53
B B 57 Field Gradients
What are gradient fields for?
Gradient fields are needed for spatialinformatign (ZsEli=5)
3T +0.2T
z
Y
3T -0.2T
54
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Field Gradients

128 MHz + 85 kHz

128 MHz - 85 kHz

1D Spatial Encoding

Sample Gradient FrequencyAnalysis

Py ‘

56 57
E#HL17BO HMBED ZHiEE Slice Selective Excitation
static magnetic field  linear gradient field z axis gradient ON
(z axis)
‘ larmour equation (a):}'B
with no gradients z axis gradient ON
Y E XEAEE
y axis gradient ON x axis gradient ON
X,
All protons within the bore
21.29 MH; !
precesses at 9 MHz 05T V
R21.29MHZERE
2 WEEREF#H
58 59

Z-axis: Slice Select Gradient

Gradient Coils
RF Coil

RF pulse af
Larmor Frequency af this point_ oz
dis

Gradient Coils

-Curent (B,) +Current (B,)
Larmor Frequency =y *(

XY-plane: Frequency Encoding

60

61
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XY-plane: Phase Encoding

XY-plane: Phase Encoding

F + Fi

~=Bone + Soft Ti

62
» A128x256 voxel slice
XY-plane: Phase Encoding
» In a more familiar form:
+ phase change
b "227 N
) radent no phase change
i phase change
64 65
Phase Encoding
K-Space Image Contrast
FrequencyAnalysis
Phase
encoding
[
Readout
66 67

11



BRERSE: RENBKMIRES, BATEIEROx. vy, AEBEES. BEX
NEGEZNFEESEFRNMEMBN S BERESHRES ——M. i
HIEHGRAPEBRANZEIHTREGRER.
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N
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iz ST
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RF Pulses‘—

Phase
Gradient

signal

tme -
0

68

69

RE Pu\;esl—

Phase
Gradient

signal

“FID"
L B ——
0

Standard Spin-Echo Sequence

90° 180°
s

RF Pulse: '—‘7

Phase
Gradient

signal

Time

70

Standard Spin-Echo Sequence
160°

ey ¥ ¥

90° 90°
s

Phase
Gradient

signal

Time
0

signal

Time

72

73
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Gradient Recalled-Echo Spin-Echo
» 90° initial RF pulse
» 180° rephasing pulse

» Can recover some of these
non-random T2* effects
=>Better image quality

» < 90° initial RF pulse
» No rephasing pulse

» Unable to recover non-
random T2* effects ' o

Multi-Echo GRE 2 In-phase/Out-of-phase imaging

<90° <90°
RF Pulses

Phase
Gradient

signal

Time

74
Echo Planar Imaging Echo Planar Imaging
78 79
Scan Parameters: _ TE TR Structural MRI| Artefacts
HSH:  ERNE  EENE Horiworereioted oo &
TR (Repetition Time)ESHE] r e - PartialVoluming
The time interval from the beginning of a pulse sequence until the «§ ~ ’ — T q
beginning of a next pulse sequence b e R \’ 27§ &l =g
— ST FHATI T — T STk PR A R ) EIRR L 4 If‘ N [ /"' “ -
TE (Echo Time)E&ATE)
The time interval from the first RF pulse of a pulse sequence to the A e i
middle of an echo Contrast & Noise
BRHRFIFIRIEE— T SIS E—MERRAIP AR eI (SNR & CNR)
[« TR > ® There is always a trade-off in
f TE - MRI between acquisition time,
470: OOQ /1~ O — resolution and noise (Signal to
Noise Ratio = SNR)
! RF Bias (Bl inhomogeneity)
80 81




Structural MRI Artefacts

N
Ghosting

Mocin . ”.‘ - :

Wrap-around T’? .f |

% . RF Spiking
‘\\; " E nterference

HEERRFS

B35 (gradient echo sequence, GRE)
=EANRERGFT. EESHHMERLYRS,
REETIWL, ET:WIKEPdWI, EEZHERTFAESE. O
E. SREIRMBAR RIS R B XTI RIR

EIRFERS

[A13% TR % (echo planar imaging, EPI) 2
RIBRERAR, RE—TEEHTEE20ms, T
FTFIhHERLISRIMRI

82 83
MRI vs. fMRI
fMRI
high resolution solution
(1 mm) - (~3 mm but can be better)|
one image
Sir Peter Mansfield
1933 -2017
ivi=]] many images
Blood Oxygenation Level Dependent (BOLD) signal (e.9., every 2 sec for 5 mins) Let’s hear from Prof. Mansfield...
indirect measure of neural activity
. ) P ho pl imaging, EPI) Ri% \
neural activity = blood oxygen = fMRI signal _I?I—j)z$§ﬁi1% (eiﬁ()p anar imaging, Ab) PRI,
P RE—BEYUEZE20ms, EERATINEEREKIMRI
85
Excitation Pulse .
e P o GE-EPI Pulse Echo Planar Imaging (EPI)
— .Sequence EPI is far and away the most common method
ronsr ' for acquiring FMRI data
Slice Selection Kk
Gradent Actually have Y
64 (or more)
freq. encodes
Frequency Encoding, -» in one readout
Gradient : .
(each one < 1 ms)
k)(
Phase Encoding " [only 13 freq.
Gradient f encodes
shown here]
RF Receiver
86 87
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Time & S _

Spiral EPI

Rectilinear EPI

6128 -4 0 4 8 12 16

k

x x

Spiral:
\;;Z BMELNES, HOBERNNE

{BRFSL SPMBERERIE R unwarp VT L
B SHfislice timingZ ——R A
L 1T

Why Use EPI?

BOLD effect causes local changes in T2*
® Gradient echo EPI is a T2*-weighted method

® EP| signal contrast is like that of standard GRE

EPI is much faster than line-by-line GRE
® Haemodynamic response changes occur in seconds

® EP| can acquire whole-brain data in seconds rather
than minutes to to better track BOLD changes

88

Single shot
Spiral

Single shot EPI

i

=
E
o
“»
| >
o
o
m
)

i
]

Echo-Planar Imaging EPI

« sample k-space in a linear zig-zag trajectory

spiral imaging
« sample k-space in a spiral trajectory

single shot imaging
« sample k-space with one trajectory

multi-shot imaging

- sample k-space with multiple (typically 2 or 4) trajectories
* Improve spatial resolution

* Reduce artifacts

Two shot
Spiral

89

[A]3% - %% (echo planar imaging, EPI) BROIERGHA, X
BT EErEZ20ms, ETERATINEEMRGIMRI

Ascending

90

2
g
=
]
g
5
@

20 40 60
Echo Time TE (ms)

ShortT2*, Lower signal

80

100

BOLD Signal Contrast

Blood Oxygenation Level Dependent

Y = 60%

| Low inhomogeneity
LongerT2*

| Higher GRE signal

N7 N

—Y = 60%

—Y=0%

4\/4\/,‘
VAL |
2

BOLD Contrast

Signal Magnitude

\
e
(
e

g/

Y =0%
High inhomogeneity
ShorterT2*

Lower GRE signal

80 100

40 60
Echo Time TE (ms)
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BOLD Signal Contrast

® BOLD contrast comes from signal
fluctuations due to changingT2*

® T2* changes with the oxygenation state
nearby blood

® .. BOLD signal reflects blood oxygenation

® What about the neurons?
Neuro-vascular coupling

94

R & HLE S !
WUEHETEIE !

96

Functional MRI (fMRI)

« indirect detection of neuronal activity

s

+ BOLD: Blood Oxygenation Level Dependent

— magnetic properties of hemoglobin

« deoxyhemoglobin is like a contrast agent

+ dynamically monitor changes in [dHb]
changes and correlate with tasks or stimuli

aF) | e
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