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m Localization - Magnetic field gradients — gradient coils

m Spatial encoding
— Slice selection
— Frequency encoding
— Phase encoding

m How to encode a 3D image

m Some notions about k-space
— Discrete Fourier transform
— What is where in k-space

— How to fill the k-space
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UNTIL NOW ¢ , Sciem

Most MRI applications measure 1H nuclei from water ¢ 6

m Static magnetic field (Bo)

m RF pU|SES RF pulse BO‘ ‘{)? ‘6
. — 5ds [
m FID - relaxation o Qe b

i ' i
i L i H '

- M,, decays, M, grows (T, and T, relaxation)

m No spatial information - RF coils measure signal from entire body
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- FID Spectrum

No spatial information
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MRI — Magnetic Resonance Imaging
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MAGNETIC RESONANCE IMAGING em.sm |

No spatial information gRIicoiIs measure signal from entire body

Equipment N
Bo| 4 4 4 FID o
RF pulse ‘ E Q 6 FT Spectrum
— 2000 —
MV 60
Precession
Frequency (DL=’YBO Static Magnetic Field
MRI Scanner Cutaway + Magnetic field / Resonance frequency — position dependent

Radio
Frequency (RF)
Coil b/

MRI — Magnetic Resonance Imaging

https://nationalmaglab.org
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MAGNETIC FIELD GRADIENTS — GRADIENT COILS




HOW TO ENCODE SPATIAL POSITION ?

Magnetic field gradients - differentiate the signal across space g

Bo; v Magnetic field B along z |
varies spatially with x, y, and/or z:

dB.
d7

G

Bo v =7B,
External magnetic field B, = 3.0 Tesla (T) = 30,000 Gauss (G)
Gyromagnetic ratio y('H) = 42.57 MHz/T = 4257 Hz/G

Larmor frequency v = 127.7 MHz

-r 0 0.04m r

v =7Bg + y1G

position y
Position r = 0.04 meters (m) =4 cm

Gradient (= =0.05 T/m = 5 G/cm = 21.285 kHz/cm
Additional frequency offset = 85.14 kHz

¢ (radians) = 2mvt

-4 ] " ] cisuch
8
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GRADIENT COILS S

'CIBI'I'I

m Gradient coil generate a magnetic field along the main B, field varying linearly “**"™""
along one axis (X, y or z):

-

— G, =x-G, €,

-

— G, =y-G,-¢&

-

- G,=2z-G,-¢e,
m By applying a (magnetic) gradient, we modify the resonance frequency locally:
—w=y-By+y -x-G,=wg+y-x-0G,
N J

'
odw

Or more generally if multiple gradients are applied at the same time

—w=wyty- (x Gy +y- -Gy, +z- G)

I N S B ENIETNT
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GRADIENT COILS &

Z Y X ‘en’rerfor Biomedical Imaging

Gradient coils generate magnetic field
field parallel to B, — added to main B,
which is on Z direction (arrows are
parallel to B,) = direction of the magnetic
field generated by the gradient

Direction of gradient = direction in
which the magnetic field varies =
amplitude is varying along the 3 axes

© CIBM | Center for Biomedical Imaging 10




GRADIENT COILS e!.’am
m Amplitude G/cm or mT/m (10.000G=1T)
m Linearity (homogeneity)

m Rise time (0 to max amplitude, 120 ps) — slew rate=G, /T

rse

m Change current in B, — Lorentz force — acoustic noise in MRI

© CIBM | Center for
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SPATIAL ENCODING ecn’sm _

0 MR relies on four different methods to spatially encode the NMR signal
O Gradient based methods:

O Frequency Encoding (73’ Lauterbur, 1973 Mansfield)

O Slice selection (74’ Mansfield)

U Phase encoding (76’ Ernst)
O Geometrical method:

0 RF-coil sensitivity profile (97’ Sodickson, 99’ Pruessman, 01’ Larkman,...)

Paul
Lauterbur

Lauterbur and Mansfield shared the 2003 Nobel Prize in Medicine

Peter Mansﬁeld

B N e cuCr
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SPATIAL ENCODING — SLICE SELECTION em'sm |

% S ﬂ p(x,x)dx dy
RF slice
6,
6,
&@E 62 _ BWRF
YG,

B N e cuCr
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SLICE SELECTION <

B'ciem
[ | Gradient is applled during an ‘enTerforBiomedicalImaging
RF-pulse, which is s = BWhr
characterized by its excitation »G.

bandwidth (BW) « The slice thickness can be changed either by

W adjusting the pulse length or the gradient
e amplitude
5000 -MM 0 L 5000

80 (000 (000

Frequenc§

ore=Y(G,/3)z

ore [ 77717 | BWx:

1
1
P1RA E ore=Y1G,Z
|
I |-
] Z
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EXAMPLE em.sm

BWgp 9 i
0z = mm Sslice .
YG, _ 5mm out of the isocenter fixed QZ and'a' constant RF pulsef |
- BW 1000 Hz - the slice position can only be adjusted by changing
.G fli; the transmitter frequency

Ver=Vo+ slice pos (cm) x G, (kHz/cm) = vo +2.5kHz

s

kHzcm 1 =5kHzem 1=1.17Gem™ =11.7mTm""

Gy

y = 4257.6HzG"

While elimination of the gyromagnetic ratio makes the variables nucleus-specific, the use of uniform units (kHz and cm) greatly
simplify calculations and avoids common mistakes.

RF pulse frequency vk (kHz),

magnetic field strength (y/2mn)B.(kHz), and

gradient strength (y/2mn)G (kHz cm™)

v(rads1T1)=267.522; y/2n (MHz T1) =42.57

N I I S T
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ORIENTATIONS

[5] Dataset Browser x

Examination - 19082024 _ratMRSlhighres_BA / 18092024 _ratMRSIhighres_BA x]

(& (%) B e 1 [5of1
Ref Instruction MName Status Duration
1 H @ 41 _Localizer (E1) SUCCEEDED il 00:00:00 4
2 H @ 41 _Localizer (E2) SUCCEEDED il 00:00:00
3 H @ 4 2 Localizer (E3) SUCCEEDED ] 00:00:00
4 H @ 4+ 3 _Localizer multi_slice 10 = SUCCEEDED 00:00:00
5 H 4 4 T2 TurboRARE_6_54K_08! SUCCEEDED 00:00:00
5 H 4 5_T2_TurboRARE_6_54K_Col SUCCEEDED 00:00:00
7 45 T2 TurboRARE_6 54K _C SUCCEEDED [ [€ oo0:00:00

© CIBM | Center for Biomedical Imaging 18



ORIENTATIONS g‘!ﬁm _

Selective RF pulse

Coronal slice

Sagittal slice ——

© CIBM | Center for Biomedical Imaging



HOW DO WE FILL THE 2D IMAGE ? egl'sm |

Y 2D Image Space

Object Space 2D Kspace

© CIBM | Center for Biomedica |” ging



SPATIAL ENCODING — FREQUENCY ENCODING .‘!I'Bm

'enTerfor Biomedical Imaging
4 N
R
G [ 1

G

y

G,
- J

X A S

<
<

Y

(VAN

W=y x-G,

S(Gx,t) ﬂ p(x,y)e 1®tdx dy = ﬂ p(x,y)e 7YGXtdx dy
slice slice
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FREQUENCY ENCODING $cEm

m Consider the simple 2-dimensional object, O(x,y) )

N

y

plx=-2)=[S(t)edt

.

Fourier Transform

_h__ e
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Signal Acquired
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BASIC PULSE SEQUENCES (GRADIENT-ECHO) g‘!ﬂam _

- Apply a gradient — encode the FID — hardware limitations on gradient switch — first points are
sampled during a time-varying gradients — artefacts

- Eliminate the first points — | SNR

- Encode only positive values

No Gradient Dephasing
Gradient

© CIBM | Center for Biomedical Imaging 24



BASIC PULSE SEQUENCES (GRADIENT-ECHO) e!ﬂam _

- A gradient-echo is a manipulation of the FID using a bipolar gradient

- First gradient lobe dephases the FID, while the second lobe rephases it at a later time,
generating the echo.

Gradient
echo (GRE)

Rephasing
Gradient

No Gradient Dephasing
Gradient

© CIBM | Center for Biomedical Imaging



BASIC PULSE SEQUENCES (GRADIENT-ECHO) g‘!ﬂam _

- A gradient-echo is a manipulation of the FID using a bipolar gradient

- First gradient lobe dephases the FID, while the second lobe rephases it at a later time,
generating the echo.

-
'ﬁ"-.

In MRI, this can be A
used to generate T, \ AN ===
and T, contrasts.

5 o® 8 & & & & 5 & B & Ea R R e L e e R e e e L R

——— ]
-
-
L
-

v
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GRADIENT ECHO §ciem

90°

RF H
: t
o L \\j
6, —
G, | \
k}’A k}’A kyA
— > — R B >
kx kx kx
»¢ P R L e

I .l ] civcs
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GRADIENT ECHO
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SPATIAL ENCODING — PHASE ENCODING wooo

/NQEQRC} §\

ANBEANTAN
RVASRVAVAURVAVAY

S(Gy» T103) X ffslice p(x, y)e Ve Tedx dy




.‘CI’B m

'en’rerfor Biomedical Imaging

— In a single acquisition, frequency encoding indicates the position in one dimension. Encoding 2" and 3™ dimension is usually
accomplished via phase encoding (position is encoded in the phase of the NMR signal)

PHASE ENCODING

T
R G, AG, \
X w=yGy Tacq t
‘. Gy .
w=7G x t
R t=0
Yi Y2 ¥ o YOt
s, A AN >
VAVAVRVAY, t
VG x,t
‘. NANNN e
VYV VY ¢

I B S B T
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PHASE ENCODING Sciem

— In a single acquisition, frequency encoding indicates the position in one dimension. Encoding 2" and 3™ dimension is usually
accomplished via phase encoding (position is encoded in the phase of the NMR signal)

T
. G, AG, \
X 0=vG,y Tocq t
‘. Gy .
w=7G x t,
- t=0
Yi Y2 ¥ WAG, 1T iyG x;t
s, LN A NNAAAN © °

VARVAN VATRTATAY i

WAG,Y,T  iyG xt
s O ANNANL € e
’ NZRARTAVATAY t

I B S B T
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PHASE ENCODING Scism

— In a single acquisition, frequency encoding indicates the position in one dimension. Encoding 2" and 3™ dimension is
usually accomplished via phase encoding (position is encoded in the phase of the NMR signal)

L Phase of the signal depends on the y
osition
G, 2 AG, i
A > hil
X w=vG,y Toc t wae
| G, - Frequency depends on the x position
_ t
t=0 @=70.x We can not unambiguously identify y
> from a single measurement...
ye Yo ¥ Y2AG y1T iyG xt 9
S, ﬂ /\ /\ ﬂ /\ ﬁ /\ /\ ﬂ /\ ° >e Multiple measurements are needed.
VYV VUV VYV t
Y2AG,y,T _iyG xt
s, N N\ NNNANN e e
VARVARTAVAVATAY t

I B S B T
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HOW TO ENCODE A 3D OBJECT?




HOW TO ENCODE A 3D OBJECT? e!I.Bm |

= Conventional 2D acquisitions
= Phase encoding based — (3D conventional acquisition)

= Slice selection based — (spectroscopy localization)

____ ClB M. Ch

© CIBM | Center for




HOW TO ENCODE A 3D OBJECT? .‘!fsm

« Conventional 2D acquisition | & rfor Biomedical Imagjng
@ | 20 s | 180

RF —

/\
Y
/—\

-8

.
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HOW TO ENCODE A 3D OBJECT?

m Phase encodlng Conventlonal 3D ach|S|t|on

@ | 2% | s 180

RF —

i
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HOW TO ENCODE A 3D OBJECT? g‘!ﬁam _

» Slice selection — Conventional spectroscopic localization

90, 180,— 180, — Echo

a % s E
R f f f
| | | <><m>

B N e cuCr
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SOME NOTIONS ABOUT K-SPACE
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SOME NOTIONS ABOUT K-SPACE pciBM

* BV, In the rotating frame, neglecting relaxation, the NMR signal can be written
90 180° aS

R
t
z

[ \lo W=y -x-G,y
; A
Phase Encoding Frequency Encoding  §(Gx,t) fj p(x, y)e—fwtdx dy = f p(x, y)e—jVGxxtdx dy
slice slice

S « ﬂ p(x,x)dx dy
slice

(y):w-re: 5 .G.Te _
' S I S(GY’ Tpe x ffslice ,O(X, x)e—]Vny redx dy

5(G, t, G, Tpe) X ffslice p(x,y)e TVEXxt o=JYEYY Tpodx dy

© CIBM | Center for Biomedical Imaging 40
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SOME NOTIONS ABOUT K-SPACE pciBM

(_“)R 180°
—jyGxxt ,—jyGyy T
<>‘ S(G,t,G,T,,) ffslicep(x, y)e Y e JY vedx dy
z J \
_ Y _Y
£ N-AG, K= -Gy - t Ky= -Gy * Ty

f \¢G

____ C B M. G
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SOME NOTIONS ABOUT K-SPACE

o

ciBm
‘en’rerfor Biomedical Imaging

k, ¥y
<>_ s SEERERN ERERRES = #°
S Y
e ST EEEEEEE S N EEEEEEEE ERREEN ¢
\_/(—) [ 1 N\ Ak, IAI N\ Az
T Ak, Y
W, FOY,
: : Resolution
Slice Selection FOV. = BWgr _ _
2= 706, « Large FOV requires small steps in k
_ P L . 5y = 2m 2w * AG, 1 creates a 2n cycle across the FOV
Phase Encoding Y Ak,  yAGyT Wi, YAG,Nt - High spatial resolution requires large Gradient x
_ FOV. — 1 2= Sy = 2m 2m time product
Frequency Encoding ¥ Ak, YG AT Wi, VGT - N/2 AG, 1 creates a & shift between two successive

pixels

B N e cuCr
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WHAT IS WHERE IN K-SPACE )\ | 4

.CIBITI

‘en’rerfor Biomedical Imaging

Ky

Higher frequency waves K
are towards the periphery

A VAVAVAN

B N e cuCr

k-space: locations - Questions and Answers in MRI (mriquestions.com) 43

Movie showing spatial frequencies corresponding to
The y and x axes determine the direction of the waves Lower frequency waves are various points in k—space. (Courtesy Brian Hargreaves)

towards the centre

© CIBM | Center for Biomedical Imaging K-space - Radiology Cafe



https://www.radiologycafe.com/frcr-physics-notes/mr-imaging/k-space/
https://www.mriquestions.com/locations-in-k-space.html

DISCRETE FOURIER TRANSFORM em.sm |

FT = GO = [g(x)e™dx
p pe qL
DFT G(Z) = Zg(2—je_2”pq/(2”) p=—n—n+l..,n—1 L=2nAx
g=-n n

Reconstructed Image Signal sampled

(@) “’jA Fk) / X ideally

X X
o ﬂ o /L /\ 20 we can only sample every once in a while
X
AN
- ATT()( - x i Ak kX

we can only sample for so long

and we will only keep so much information

—» 1-— 1 kﬁwk__,{ k

_——_ C B M. G
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DISCRETE FOURIER TRANSFORM

reconstructed

sampled k-space

i

' Center for Biomedical Imaging

FT sampled k-space

PE

© CIBM | Center for Biomedical Imaging



WHAT IS WHERE IN K-SPACE

sampled k-space reconstructed

sampled k-space

object region

1
___ S

© CIBM | Center for Biomedical Imaging
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Low spatial frequencies
(center of k-space) - coarse
structure

High spatial frequencies (edge
of k-space) - detail

CIBM.CH
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WHAT IS WHERE IN K-SPACE et

sampled k-space reconstructed

sampled k-space

reqgion
512x512

256x256

Low spatial frequencies
(center of k-space) - coarse
structure

High spatial frequencies (edge
of k-space) - detail

CIBM.CH
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SUMMARY & ACKNOWLEDGMENTS em.sm |

MRI is incredibly rich & versatile

Introductory NMR & MRI: Video 08: Magnetic Resonance
Imaging (youtube.com)

11.1 - Echo formation in magnetic resonance
(youtube.com)

Slides:

Nicolas Kunz
Jose Marques
Cristina Cudalbu
Rolf Gruetter
Brayan Alves

Introduction to the Principles of MRI (Magnetic Resonance
Imaging) (youtube.com)

Thank you for listening! Questions?

B N e cuCr
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https://www.youtube.com/watch?v=RlsM__mz3bk
https://www.youtube.com/watch?v=kwgytCoKrS0
https://www.youtube.com/watch?v=vC82NeZmL-M&t=1087s

NEXT WEEKS .‘mBm

@ [ - Couse MR Practicclson CBM ¢ X €) Github - ABrayen/MRS4Brain-t x | + -~ & x ' Center for Biomedical Imaglng
7 @ [ |~ Course:MRIPracticalson CBMp X | €) GitHub - AlvBrayan/MRS4Brain-tc X = LIVE Demos - MRS4BRAIN - EPFL X |+

< C () htipsy//moodle.epfl.ch/course/view.php?id=18507
< @] 5 https://www.epfl.ch/labs/mrsdbrain/links/live-demas/

E P F L Home Dashboard My courses

MRI Practicals on CIBM preclinical imaging systems =PFL  avout Education Research imnovation Schools Campus  Q
X
) Course Settings Participants Grades Reparts Mare ~ .
Announcements WRS4Srain Group
v General OUR TEAM
MRS4Brain Toolbox (GitHub) LIVE DemOS
Cristina Cudalbu, PhD
contrastManipulation Codes Jossie Mosso
. Announcements
k-space Codes Brayan Alves
DEMO: 1H-FID-MRSI @14 1T
MR environment screening ... Alessio Siviglia
v 9 September - 15 Septem... MRS4Brain Toolbox (GitHub) Collaborsiors DEMQ: Shimming in the rat brain hippocampus at 14.1T
Master Students
Background and organisati...
Alumni
Lecture] Basics of nuclear .. E contrastManipulation Codes Dunja Simicic .
DEMO_MRS4Brain_toolbox
~ 16 September - 22 Septe... Jan Luxemburg
PHYS-473 Week2 MR Hard... PhD Students
k-space Codes
PHYS-473 Week2 MRI Demo E : Master Stucents
1 h . . R
PHYS-473 Theory: FID, Spin.. riemsnies DEMO_Processing of MM signals acquired in vivo at
NEWS 14.1T using 1H-FID-MRSI
~ 23 September ... E MR environment screening and guarantine checking forms SUBLICATIONS
v 30 September - 6 October ks DEMO_Processing of MM signals acquired in vivo at 94T
using 1H SVS
~ 7 October - 13 October MRS48rain toalbax
v 9 September - 15 September
' 14 October - 20 October P P retres
Understanding MRS & MRI
v 21 October - 27 October DW-SPECIAL: demo, protocol, processing
E Background and organisation LIVE Demos
~ 28 October - 3 November Software, Scripts 2nd Codes
~ 4 November - 10 Novem... Standardized Preciinical MRS:
A Multi-Center Study
= Lecture Basics of lear ma ticr
~ 11 November - 17 Nove... E Scturel basics of nuciear magnetic resonance atssets DEMO: Bile duct ligation surgery protocol, model of
+ 18 November - 24 Nove... . chronic liver disease induced HE
~ 25 November - 1 December JOINUS

. v 16 September - 22 September

CONTACT LIS I
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THANK YOU FOR YOUR ATTENTION

P l- L :if grqugE:SEIJE v m 82;:’5{;“&”&5 EILEEM,MM — Avec le soutien de:
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UNIL | Université de Lausanne
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