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Section 1

Slice selective excitation
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Slice selective excitation Introduction

Introduction

Contrast between tissues is afforded by RF B
pulse sequences such as those discussed in the
preceding lectures

To make an image, need to localise the signals
to appropriately small regions of space
To localise signals exploit:

@ Resonance, i.e. Larmor frequency v = 4B

e By making B a function of position

i.e. make v a function of position:

Conventional terminology & orientation of RH v(x,y,z) ==+B(x,y, z)
coordinate system

va >

[m] = = =
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Slice selective excitation Slice selective excitation
Slice selective excitation
Goal: excite a slice of tissue of thickness
So far a uniform “main field” By = BOIA( has been considered

Require to make B, a function of position to make Larmor frequency position dependent

Apply “gradient” fields G; such that B, becomes:

BZ(X,y,Z, t) = BO + XGX(t) + yGy(t) + ZGz(t)

Ideally G; only have one field component directed along the z direction so that:

A

B = BZ(X,)/,Z, t)k

With appropriate choice of G; can generate a field gradient in any direction
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Slice selective excitation
Transverse slice; i.e. plane at fixed z

Slice selective excitation

Example:

Helmholtz coils in
opposition

K. Long & R. McLauchlan

Ideal gradient:

G, = constant
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Slice selective excitation Slice selective excitation

Transverse slice; slice thickness and bandwidth

Lets say that response needs to be isolated to a slice: z = 5mm centred about z =10
Take:

@ The magnitude of the main field to be By =1.5T

@ The field gradient G, = 50mT m™!

® 5 =4258MHzT!
Take the slice to be —2.5 < z < 2.5 mm, then the Larmor frequency will run over the following
range:

Vmin = (1.5 —0.125 x 1073) x 42.58 ~ 63.8646 MHz
v = 1.5x 4258 ~ 63.87 MHz
Umax = (1.540.125 x 1073) x 42.58 ~ 63.8753 MHz

So, the spread of frequencies, the bandwidth, Av is:
Av = 63.8646 — 63.8753 ~ 10.7 kHz

K. Long & R. McLauchlan ND&MRI: Wk 5; Lctr 10: MRI spatial localisation Centre for the Clinical Application of Particles 7/33


https://www.imperial.ac.uk/clinical-application-of-particles/

Slice selective excitation Slice selective excitation

Transverse slice; excitation of spins in slice

B, B, ‘Hl
:1 |
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v Ul i | ‘Ijr
vV _. L
min ‘ ‘
Vmax ‘
‘I‘
Fourier transform of square frequency
Idealised, square frequency distribution
distribution B; oscillates at v, amplitude is modulated

according to “sinc” function (red line)
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Slice selective excitation Slice selective excitation

Transverse slice: excitation pulses

Pulse in Time Domain Frequency Content
T . . .
Frequency content of a variety of excitation pulses:

Very Long
Rectangular

| o Very long rectangular: narrow band of Larmor frequencies
i
I @ Short rectangular: frequency distribution follows “sinc” function:

Short
Rectangular

I A(v) x sinc(v) = Y
I v

Gaussian

where A(v) is the amplitude of contribution at frequency v

0 @ Gaussian: Fourier transform of Gaussian in t is a Gaussian in v

sincs
[

sincN: Since square pulse requires contributions over all v, the
| frequency range is often truncated. The “sincN” function

] represents a sinc function for which the frequency range is

Wi truncated after N zero crossings

sinc3
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Slice selective excitation Slice selective excitation

Transverse slice: determining the slice thickness

Slice thickness is determined by bandwidth (Av) and field gradient (G,)

Sorry for the change in notation!

Gh
G G
E i
4 R
£, F Af fofe Afp Af,
LI 1
T — Az |«
Az ;
i b
—| Az, — | Azy | =
| |
Distance along Z-axis Distance along Z-axis
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Slice selective excitation Slice selective excitation

Transverse slice: spin rephasing pulse

dB/dz ‘ dB/dz dB/dz
t t ! :l
A— M—

M—
Slice thickness Slice thickness Slice thickness

$é 4 XX XX
$44 &4 ¢4 4
(X X] LK X4 (XX

Larmor frequency across slice changes. So, over the time that the gradient pulse is applied,

the spins precess at different rates
Therefore, at the end of the pulse the phase of the spins differs as a function of z

A rephasing pulse which reverses the field gradient (i.e. for which G, — —G;) is applied
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Slice selective excitation Slice selective excitation
Transverse slice: spin rephasing pulse

Size of the spin rephasing pulse is determined by considering the rate at which the phase
difference accumulates

Rate of precession is given by the Larmor frequency, w, so change in phase of a spin during the
gradient pulse is given by:

S =wr=7(By+zG;) T
where 7 is the length of the gradient pulse in time
So, phase difference between edges of the slice and the centre is:
6z
2

So, rephasing pulse, GZ°P'®° and the length over which it is applied, 77°Ph8s¢ must satisfy:

AP =~7G,

T
G ;ephase 7_rephause — Gz -
2
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Slice selective excitation Slice selective excitation

Transverse slice: partial spin-echo pulse sequence

« TE >
. TR

Bl_I'TI [ ol __

B; rotates net magnetisation in the selected slice with gradient pulse applied
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Slice selective excitation Summary of section 1

Summary of section 1

Localisation of MRI signal to plane achieved using magnetic-field gradient combined with
frequency-dependent readout of radiowave generated by precession of net magnetisation

Frequency content of RF (Bj) pulse determines spread of perturbations to Larmor frequency

Spin-rephasing pulse applied after main B; pulse. Length of rephasing pulse required is half
that of the main B pulse
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Section 2

Encoding spatial information in k-space
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Encoding spatial information in k-space Encoding spacial information

Encoding spatial information into the net magnetisation

The basis is a 2D Fourier transform:

k

¥ MM matix ¥ Ml matr

2D-FT
k-space |

(phaze encoding)

MR image

*
4

i h:l:
[freqguency encoding)
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Encoding spatial information in k-space

2D Fourier transformation

K. Long & R. McLauchlan

Encoding spacial information

2D image in “coordinate space”, x, y, presented in pixel grid

Field of view, FOV, in coordinate space:

(Xmax — Xmin; Ymax — )/rnin)

Pixel size (resolution):
Ax =

Ay
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Encoding spatial information in k-space

2D Fourier transformation

Encoding spacial information

12 1 2D image in "k space”, ky, ky, presented in pixel grid
I 2
Field of view, FOV, in k space:
(kxmax - kxmina kymax - kymin)
k,
Pixel size (resolution):
kxmax kxmin
3 JAV. N,
k,
Ak,

K. Long & R. McLauchlan

[m]
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Encoding spatial information in k-space

2D Fourier transformation

Encoding spacial information

Transformation between resolution in coordinate-space and k-space representations
13

_ i S
ak,—~C : Ay—{ -]
k, ¥
M, -fJ L
K X
L} Ik‘ m
1
Ak, = Ax
(Xmax - Xmin)
1
Ak, =

1
(ymax - .yrnin)
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(ky max
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Encoding spatial information in k-space Encoding spacial information

2D Fourier transformation

Define p(x, y) to be the intensity pixel-by-pixel in coordinate space.

2D Fourier transform from coordinate to k space is then:

Ymax Xmax
S (kx, ky) / / (x,y)exp (—i2mkx) exp (—i2mkyy) dxdy

Ymin min

where S(ky, k) is the intensity pixel-by-pixel in k space

Inverse Fourier transform takes k-space intensity map to coordinate-space intensity map:

kymax kxmax
p(x,y) / / S (kx, ky) exp (i2mkyx) exp (i2mky y) dkydk,

y min X min
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Encoding spatial information in k-space Encoding spacial information

Example one: a single dot
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Encoding spatial information in k-space Encoding spacial information

Example two: three dots
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Encoding spatial information in k-space Encoding spacial information

Example three: Square in centre of field of view

i

Il
Il
e

D
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Encoding spatial information in k-space
Example three: Abraham Lincoln

Encoding spacial information

K. Long & R. McLauchlan
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Encoding spatial information in k-space Encoding spacial information

Example three: Abraham Lincoln

(a) k-space image of (b) coordinate-space image of
head head

Challenge: record k-space image using NMR signals
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Encoding spatial information in k-space ~ Summary of section 2

Summary of section 2

Intensity distribution in “coordinate space” (p(x,y)) mapped using a Fourier transform onto
intensity distribution in “k"-space (S(k, ky))

Signals generated in MRI scan recorded in k-space; coordinate space image obtained by

inverse Fourier transform
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Encoding spatial information into net magnetisation

Section 3

Encoding spatial information into net magnetisation

= = = = ae
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Encoding spatial information into net magnetisation Encoding spatial information into net magnetisation
Spatial encoding and field gradients

Gradient pulse causes Larmor frequency to become a function of position

So, the phase of the nuclear precession will become a function of position over the period of a
gradient pulse

Exploit these features to:
@ Encode x position into ky via “frequency encoding”
@ Encode y position into k, via “phase encoding”

Remember, gradient pulses G; are such that:

B.(x,y,z,t) = By + xG(t) + yG, (t) + zG,(t)

Gy = %iz; i.e. a magnetic-field gradient in x iiirection
magnetic field xG, is in the k direction
G, = %@Z; i.e. a magnetic-field gradient in y direction

magpnetic field yG, is in the k direction
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Encoding spatial information into net magnetisation Encoding spatial information into net magnetisation

Conversion of field gradient into k space

—

>

< g 4

By g
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Encoding spatial information into net magnetisation Encoding spatial information into net magnetisation

Conversion of field gradient into k space

© At start of phase encoding-pulse, spins are in
Example: phase. G, causes Larmor frequency to be

phase encode v, function of y: v = f(y)

frequency encode x @ At end of phase encoding pulse, phase of
precession, ¢, has become a function of y, i.e.
s Vs IN ¢ — ¢(y)
6, © As time passes, phase dependence on y is

preserved, i.e. ¢ = ¢(y)

@ Gradient pulse Gy causes Larmor frequency to
become a function of x. Result is that
y-position information is encoded in ¢ = ¢(y)

and x-position information is encoded in
v = f(x)

oo -
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Encoding spatial information into net magnetisation Encoding spatial information into net magnetisation

Spatial encoding gradient pulses part of pulse sequence

Phase- and frequency-encoding pulses part of a

Example: longer pulse sequence that repeats with period TR
phase encode vy,
frequency encode x At each repeat the amplitude of G, the

phase-encoding pulse, has a different amplitude (as
indicated on the figure)

s 3 < \4 For example:
e 1% jteration of sequence: G, = 0;

o 274 jteration of sequence: G, = +7;

o 3'd jteration of sequence: G, = —7;

[ -~ LN
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Encoding spatial information into net magnetisation Encoding spatial information into net magnetisation

Example pulse sequence

TE
TR .

B, 1 1 o

Example of spin-echo pulse
sequence

Data is acquired at spin-echo
time as shown

Combination of phase and

G | frequency encoding pulses and
_ repetition to obtain N, data
Available ___ Wt . points completes ones transverse
Signal i | slice
Acquire |_\
Data
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Encoding spatial information into net magnetisation Summary of section 3

Summary of section 3

Field gradient makes Larmor frequency a function of position;

Phase difference as a function of position develops during application of gradient
pulse

Exploit the position dependence of frequency and phase to encode image in k-space

Pulse sequences designed to optimise contrast within slice for various tissues and types of
investigation
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