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What is MRT?
» Magnetic Resonance Tomography
Image contrast — Slice selective imaging
in Magnetic Resonance Tomography — Magnetic field, no radioactivity

* Nuclear spin’

gisela.hagberg@tuebingen.mpg.de — Medical applications: Water, Lipids

Master’s in Biomedical technologies » Image contrast:
WS 2017/2018 — Magnetic Environment of spins
— MR Sequence
What is MRT? ...some repetition
» Spin excitation and preparation » Zeeman Effect "
oy =y Do

» Encoding of spatial information in k-space o

» Read-out of magnetization multiple times | t{%’l,d

* Fourier transform (or other) and image
generation

» Coding signal by grey-level values

* Bloch- Equations

...... each step influences image contrast!! _


mailto:gisela.hagberg@tuebingen.mpg.de

Magnetization states

» Equilibrium + Excitation:
— M,: Magnetization — Transition to anti-

narallal enin ctata
-
‘ .

A

... signal intensity depends on:
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Relaxation and
Sequence parameters

MR properties of the tissue

—influence the magnetization available for
signal generation

MR Method:

— Determines which magnetization state is
observed

(T2)T>

(Effective) Transverse
relaxation:

Spin-Spin Interaction

Transition from equilibrium Loss of coherence during

M, to transverse M,,, Echo time, TE T, Longitudinal relaxation

magnetization Spin-Lattice Interaction:

after RF-Excitation Recovery of M, during
Repetition time, TR

Relaxation

Transverse relaxation time T, Longitudinal relaxation time T,

e \ .

b m o] ] [T
TE TR
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Some MR properties of tissues T,and T, /T*, — weighting
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Short TE, Long TR
TR determines signal saturation TE determines Contrast

.. and magnetic susceptibility..

Definition of Image contrast

... Image CONTRAST : * MR signal variation across image
+ Signal difference between selected areas,
intensity difference between tissue types Aand B, with intensity /

PO C]

ef

Lyey: arbitrary intensity
reference, e.g. standard
deviation of background
noise



Contrast in MRT

* T1,T2,T2*, PD

Local ;[tl.ssue « Susceptibility, chemical shift

propertes < water motility

MR * Class: GE, SE, FID

Sequence * Prep: Inversion Recovery,
saturation recovery, T2-prep,
Magnetization transfer etc.

Sequence - TE, TR, FA

parameters « Tl, delay etc

Overview

Spin Echo, Gradient Echo, Free Induction
Decay MRI

T2/T2* weighting: Comparison SE, GE
T1 weighting: multiple echo techniques

Spin preparation: Inversion Recovery (and
more)

Contrast agents in MRI
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Overview

Spin Echo, Gradient Echo, Free Induction

Decay MRI

T2/T2* weighting: Comparison SE, GE

» T1 weighting: multiple echo techniques

+ Spin preparation: Inversion Recovery (and
more)

Contrast agents in MRI

Spin Echo

! o0° 180°

RF-pulse

o>

X

A
oo |hl‘_,-"\.p«- N’\UII.II \/\,_1
-II!--':II i X . i



T2: the tortoise and the hare

.. Aesop's fable made MR compatible..

T, relaxation
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T, relaxation

« Irreversible loss of ‘coherence’

SE=k-e TE/T:

MR signal fau]

o 00 1000
Echo Time, TE [ms]

» Contrast: T2-weighting

— A _ B
contrast = k- e TE/T 2 — | . ¢~ TE/T"2

—conrast]
oS [——comrast]

0.5
0.4
0.3
0z
0.1

* Maximum at TE given
by T2 relaxation times
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Example: SE at 9.4T MRI Sequence: Gradient Echo
* ShortTE vs long TE s 0 /\ TE

!
]

: :
" :
|

[ Gradient | _| : 5

Excitation Dephasmg Rephasmg Echo

bocbo

0
7

MRI Sequence: Gradient Echo Example: FLASH
- Excitation with flip angle @ » T1w using short TR vs T2*w using long TE
aE Gl [
+ Gradient dephasing and et '-
rephasing of MR signal = ’Jb‘
* No change in precession g I/i
direction e o

1—e~TR/T:

0 © *GEgs = k- sin(ag) T Srprm ooy eos(ay)
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FID MRI? Zero Echo Time

» Free Induction decay

[ l—l_m'_mm
I (|
;B: | ﬁJ\/\/\W
¥ a3 U

-

_.| F-] - o‘u - 108

e ]
Deblank,5,
ex. from Weigel, Pruessmann et al., 2011
Overview Spin echo vs Gradient echo
» Spin Echo, Gradient Echo, Free Induction F'rzw_‘ T2'w

Il signal d i
Decay MR EE
. . . L a weighting
» T2/T2* weighting: Comparison SE, GE r———————

eliminates signal

magnetic field in homogeneities

« T1 weighting: multiple echo techniques == cause signal loss
. S i t . I i R d eliminates signal
pin preparation: Inversion Recovery (an Tines o

susceptibiity susceptibility effects
more) [t

« Contrast agents in MRI e"".:;::'gj::%"a' dephasing of wate: and fat

pzs due protons
dephasing

no 180°:
fast

imaging

low SAR
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T,and T, Magnetic field inhomogeneity
Spin Echo Gradient Echo « T*, <T,, dueto
* T,:transverse relaxation < T*,: effective transverse inhomogeneity of the
« Only due to irreversible relaxation magnetic field inside the
losses . ';‘f' vgx;?l size - 0, then voxel
2 2 5 .
* Includes reversible dephasing, ¢ T, 2 Ienhanced close to
T’, due to: air-tissue borders
— magnetic field inhomogeneity * T*, weighting enhances
badshim’ tissues with intrinsic
— Tissue susceptibility variation tibility diff
Me?sl:‘raesn:‘eizgrt‘s i — water-fat ‘incoherence’ -1 1 susceptibility difierences,
accurzacy, precision L _ 1. 1 - e.g. VenOgraphy by SWi
and reproducibility T, T, T3
SWI: Idea

SWI: analysis

» SWI - Susceptibility Weighted Imaging:
Venography

— Mask generated from MR phase image is applied on
modulus image

)
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Ex. SWIat 9.4T

Overview
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Water-fat ,incoherence’

Spin Echo, Gradient Echo, Free Induction
Decay MRI

T2/T2* weighting: Comparison SE, GE
T1 weighting: multiple echo techniques

Spin preparation: Inversion Recovery (and
more)

Contrast agents in MRI

in-phase opposed-phase

T, weighting

+ “til now: assume full recovery of
magnetization before next excitation pulse

* Requires long TR, long measurement time!
» Contrast with short TR, 3 regimes:

1. T,>TR>T,

2. TR=T,

3. TR«T,



T,-weighted Gradient Echoes

_TEpin
GE=k-e ™ sin(ag) - (1-E1)

——N=1
——N=2
0.9 [ N=5
N=10
08 N=50
N=100
--------- SteadyState

40 60 80
Flig/angle

Ernst angle

ag = acosle™""/m)

» Maximum signal if full T,
relaxation is achieved
between pulses

» Signal loss increases with
number of pulses, N

* Maximum signal at Ernst
angle

Multiple excitations:
Flip angle

* In general for GE:
minimize T,weighting
by reducing flip angle

40
Flip angle
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Multiple excitations:
from 15t to 2" regime

. T,/TR=1 . T,/TR=100

40
40
Flip angle Flip angle

Example: Time-of-flight MRI

* MR signal from static spins
in tissue undergoes many
excitations and are
suppressed

« Spins in flowing blood
senses a single (or few) RF
excitations and are
enhanced

10
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Expected vessel contrast Other Regimes?
* Relative contrast = + A:N=1:10-15 TR=T, * TR«T,
Vessel—Background . . N=E5- 1.
Background B: N=5:1-5
= :;- - Steady state free
K — precession..
i
B zx/
W L1 =
e
GE when TR=T, or TR<T, Balanced SSFP
» All gradients are
refocussed
* Using same
sequence

parameters, always
better signal than
spoiled GE (FLASH)

'4 )"

Spoiled Gradient Echoes Unspoiled: balanced SSFP « Different dependence
Only longitudinal component Longitudinal
e.g. FLASH: Fast Low Angle SnapsHot plus transverse component on sequence

parameters

11
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Sequence diagrams Sequence diagrams

« Slice selection gradient: combined with the RF pulse

it selects the MR signal in a slice * spGE
« Read-out (or frequency encoding): generation of the — Spoiled gradient
gradient echo echo
« Phase encoding: a different gradient value for each — FLASH,SPGR, T1-
excitation is played out FFE
* balSSFP
: . . — balanced steady
! state free precession
| ] 1 — trueFISP, FIESTA, b-
FFE
Fa-enccdng
balSSFP vs spGE Ex. balSSFP CINE of Heart

* balSSFP mitigates T,
related signal loss

-

Ralative cigaal fau]

* Max is independent of T,
above threshold (40ms)

|-

£
45 L
Y
“. m
03 50
T i

 Strongly dependent on .
T,/T, ratio

a reim OB left ventricle viewed from base to apex at end-diastole
! pacemaker generator (arrows) and lead (arrowheads) cause

artefacts due to magnetic field inhomogeneity.

12



Ex. spGE cine of heart

systole

end-diastole

More about Multiple GE

» Steady-state free precession techniques
www.kyb.tuebingen.de/research/dep/ks/spinzo

http://mrsrl.stanford.edu/~brian/bloch/
» Echo-planar imaging, EPI
—used for BOLD fMRI studies

What about
multiple spin
echoes?
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Equations
- Spoiled GE * balSSFP
1-E1 = k- sin(ag
GE:k'Si"(”‘E)'Tcos(aE) bSSEP =k ) (1-E1)

1= (E1—E2) - cos(as) — E1-E2

» Ernst angle * Flip angle:
Tl/TZ—l)

@ = acos (Tl/TZ 1

TR
ag = acos(e /Tl)
Common factor:

~Tmin |FOV2 - NEX
mx - BW

k=e

Multiple Spin Echoes: CPMG

+ Carr-Purcell-Meibom-Gill
+ Train of 180° pulses after single excitation

HH 1m 141 L

+ Diffusion of spins during during 7
* RF pulse imperfections ->‘stimulated echoes'

13


http://www.kyb.tuebingen.de/research/dep/ks/spinzoo
http://www.kyb.tuebingen.de/research/dep/ks/spinzoo
http://www.kyb.tuebingen.de/research/dep/ks/spinzoo
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CPMG: Phase diagram

90° 180° 180°
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CPMG: Exmples

SpinEcho  gfimulated
Echo

Ex. RARE of Leukodystrophy

* Normal vs. Lesions

RARE (rapid acquisition with relaxation enhancement,
Hennig et al., 3:823, 1986); Turbo Spin Echoes; Fast Spin

echo
TR—-2TE

rare=k-e TE/T2 -(1 —e TN )

Hyperechoes (Hennig, Scheffler; Magn Reson
Med,46:6, 2001)
90°—a; —a— - —ay—180°—ay — - —a, —a;

Multiecho relaxometry

« Laplace transform of decay, short T2
component is the myelin water fraction

Overview

Spin Echo, Gradient Echo, Free Induction
Decay MRI

T2/T2* weighting: Comparison SE, GE
T1 weighting: multiple echo techniques

Spin preparation: Inversion Recovery (and
more)

Contrast agents in MRI

14



Inversion recovery

N om R

y Jy

180° _ag
T

* Inversion pulse (180°)
« Gradient Echo e L
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Inversion Recovery

Experimental data..

* How find T1?

— Find negative points and multiply by -1
« Use MR phase to determine correct sign

« find minimum, invert preceding points with/without minimum

« Exclude minimum from fit

« IR=k-(1-2e7 /M)
» Find T1 from zero-crossing, IR =0

(Rt -inssing

WA wigrasl [au]

T, relaxometry in multiple sclerosis

wu®
o

— fit absolute value:

IR = |k - (1—2e7T0/T)|

Enow

Recovery of My

15
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: . Tissue selective suppression:
Other types of spin preparation PP

Ex FLAIR
+ Saturation recovery: 90°-dephasing-GE * Fluid attenuated Inversion Recovery MRI
o T2—prep: 90°-180°-90°-GE CSF is suppressed by acquiring the image when CSF is

nulled. Improved detection of Multiple Sclerosis Lesions

* T1p pre-pulse, Spin-Lock: dephasing
during RF irradiation at frequency relevant
for exchange between tissue
compartments

» Suppression of specific signals: fat, fluid
suppresison

» Magnetization Transfer

Magnetization Transfer Ex. MT ratio
» Comparison of MR signal from broad band pir —If
RF excitation of bound pool, narrow band MTR = i
excitation of free water 4

 Either complex modeling (2, 3 or 4 pool
models) or semi quantitative MT - ratio

16



Overview
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Contrast agents

Spin Echo, Gradient Echo, Free Induction
Decay MRI

T2/T2* weighting: Comparison SE, GE
T1 weighting: multiple echo techniques

Spin preparation: Inversion Recovery (and
more)

Contrast agents in MRI

Contrast agents

Alters the local tissue property (T1 and T2)

+ Same MR sequences, but parameters
need optimization

* T1 weighting: most common
T2* weighting: perfusion imaging, negative
BOLD*;,dynamic contrast enhanced MRI’

Ex. Contrast enhanced MRI

Paramagnetic: Gd3*, rare earth metals
Calcium equivalent- toxic!
Bound to chelator

Gd?3* concentration dependent alteration of
relaxation times with relaxivity r,and r,
expressed in [mM-1s]:

1 1
T_1 = W +7r [Gd3+]

1 1 P

T, = pyre + e 1647

 Lesion detection
* Musculoskeletal

» Future: Molecular
imaging? Ex.
Resovist

17



Contrastagents and sp GE
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Contrast in MRT

Depends on a)tissue; b) MR sequence+parameters
Two (three) classes: SE, GE, (FID)

Single — echo vs multi echo techniques

Methods for Spin preparation

Contrast weighting: T1, T2 or T2*, T2/T1
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Optimal flip angle

* Maximize contrast between tissue with
and without agent, TR known
+ ,Pelc’ angle (Pelc, 1994; De Naeyer et al., 2011):

T.avg — T, 551 4 1y 0e Simulation at 3T,
' 2 r,=3 MM s, r,/r,=1.2; [Gd]=2mM
E, = e~TRIM™ ;

B 2-E -1
ay = acos i F

T, tissue _ , agent

A=y

FApere = ag - (1+0.1-d?E;)

Exercise

» Use different methods to determine T1:
— Vary the flip angle
—Vary TR
— Inversion Recovery

» See how image contrast is influenced by
T1 time

 See effect of multiple Spin- and Gradient
echoes
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