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NMR: Review of physics basics

Classical view of NMR

Excitation and reception of MR signals
Relaxation: Mo, T1, T2. Bloch Equations.
Modes of NMR evolution: FID, spin-echo

MR Imaging: tools and techniques

K-space trajectories

Controlling the image contrast
Other stuff...



NMR: Classical view

NMR: Nuclear Magnetic Resonance

« Effect is due to intrinsic spin of positively charged atomic
nuclei of atoms.

« In the presence of an external magnetic field the nuclei
absorb and re-emit electromagnetic radiation

« The radiation at a specific resonance frequency



NMR: Classical view

NMR: Nuclear Magnetic Resonance

Effect is due to intrinsic spin of positively charged
atomic nuclei of atoms.

In the presence of an external magnetic field the
nuclel absorb and re-emit electromagnetic radiation

The radiation at a specific resonance frequency
w=YyB

w : angular frequency. w = 2mnv

Y . gyromagnetic ratio

B : strength of the external magnetic field



NMR: Classical view

NMR: Nuclear Magnetic Resonance

e W=VYB

« For 'H (aka protons): y = 42.58 MHz / T
wherey =y /2m

« Magnetization is a vector:
M = (Mx, My, Mz)!
« At equilibrium:
M= (0, O, Mo)'
where

Mo = NYR2L(I, + 1)Bo
3kT




NMR: Classical view

NMR: Nuclear Magnetic Resonance

e W=VYB

« For 'H (aka protons): y = 42.58 MHz / T
wherey =y /2m

« Magnetization is a vector:
M = (Mx, My, Mz)!
« At equilibrium:
M= (0, O, Mo)'

where
Mo = NyYR2I,(I, + 1)Bg
3kT
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NMR: Classical view

Excitation, Precession and the Rotating Frame

« Excitation is the process of tipping
the magnetization away from the

direction of the main magnetic
field.

« Once excited, the magnetization
precesses around the magnetic
field with angular frequency

w=YyB

<Y



NMR: Classical view

Excitation, Precession and the Rotating Frame

« Excitation is the process of tipping
the magnetization away from the

direction of the main magnetic
field.

« Once excited, the magnetization
precesses around the magnetic
field with angular frequency

w=YyB

e [tis convenient to work in a frame
of reference rotating at w = yB

MO

<Y



NMR: Classical view

Excitation, Precession and the Rotating Frame

 In rotating frame at equilibrium

<Y



NMR: Classical view

Excitation, Precession and the Rotating Frame

 In rotating frame at equilibrium

o Apply B1 magnetic field along
(rotating frame) x-axis

<Y



NMR: Classical view

Excitation, Precession and the Rotating Frame

 In rotating frame at equilibrium

« Apply B1 magnetic field along
(rotating-frame) x-axis

e W1 = YBs

« Magnetization rotates towards
(rotating-frame) y-axis

<Y



NMR: Classical view

Excitation, Precession and the Rotating Frame
 In rotating frame at equilibrium

« Apply B1 magnetic field along
(rotating-frame) x-axis

e« W1 = YDB1 zA

« Magnetization rotates towards
(rotating-frame) y-axis

o Turn off B1 field when
magnetization reaches the
appropriate flip angle with
respect to the z-axis X

MO

<Y



NMR: Classical view

Excitation, Precession and the Rotating Frame
 In rotating frame at equilibrium

« Apply B1 magnetic field along
(rotating-frame) x-axis

¢ Wi =YB:s z

« Magnetization rotates towards
(rotating-frame) y-axis

e Turn off B1 field when

magnetization reaches the
appropriate flip angle with
respect to the z-axis

« Magnetization precesses and
relaxes back to equilibrium

<Y



NMR: Classical view

MR signal

- M = (Mx, My, Mz)"

« Mz is the longitudinal component
o Mx,My are transverse components




NMR: Classical view

MR signal

- M = (Mx, My, Mz)!

« Mz is the longitudinal component
o Mx,My are transverse components

« NMR signal is proportional to Mxy
where:

Mxy = Mx + IMy

o My IS considered to be a
complex-valued signal induced in
the receiver coll



NMR: Classical view

MR relaxation
e M is the longitudinal component of M
« After excitation Mz relaxes back to Mo by T1 relaxation

sz _ (MO_MZ)
dt T1 A
Mz(t) e g —

e SO that:
M(t) = Mg + (Mz(0) — Mg)e¥/T1 Mo(1-€

e Or, equivalently

»t

M,(t) = M,(0)e YTl + Mg(1—e~ 1)



NMR: Classical view

MR relaxation M, (t) = Mo + (M,(0) — M)e—t/T1

M, follows an exponential recovery,
recovering towards its equilibrium value

z'mag"etisa(tﬁ'; 1 M, with a time constant T1

equilibrium value,

0 T1 time time
constant

from J. Ridgeway, JCMR, 12:71, 2010



NMR: Classical view

MR relaxation
e Myy is the transverse component of M

« After excitation Mxy relaxes back to zero by T2 relaxation

dMyy 3 Myy
dt T>

Mxy(t)

e SO that:
My (t) = My, (0)e~ T2

Mgée

/T2

>t

e Note that T2 <= T1 so that the MR signal generally dies

faster than Mz regrows.



NMR: Classical view

Intra voxel dephasing

spins moving out
of phase

I
J |
R=—— — > time t after
LBy g i K 90° rf pulse

L__)/____U.
.—-\A"""—\L—-‘L

—~~ Actual Decay due to T2* relaxation

(including effects of field inhomogeneities)
/U N ‘Free Induction Decay (FID)’
=7 T2* time T2 time

constant

from J. Ridgeway, JCMR, 12:71, 2010
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NMR: Classical view
Spin-echo

(&) eguiibrium (b) %) degree pulse (¢) dephusing

(d) 180 degree pulse (¢) rephasing (f) spin-echo
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NMR: Review of physics basics

MR Imaging: tools and techniques

- Gradients
- Selective excitation
- Gradient echo

K-space trajectories

Controlling the image contrast
Other stuff



Gradients

« MR image formation is based on the equation: w = yB
« |nthe main magnetic field, By, we have: wy = yBg
e Superimpose a spatial magnetic field gradient,
G=(G, G, G,
then:
w=V¥GCx+G,y+G,z)=G.r

w

Magnetic field
gradient, Gx




Gradients

MR image formation is based on the equation: w = yB
In the main magnetic field, By, we have: wy = YBg

Superimpose a spatial magnetic field gradient,
Gz(Gx, Gz, GZ)T

then:
w=V¥GCx+G,y+G,z)=G.r

w

Magnetic field
gradient, Gx

« Typical gradient fields are G = 30mT/m.
l.e. +/-3mT at 10cm from isocenter.

e 1000 times smaller than Bo



Gradients

e Gradientin +X

Magnet

Bo



Gradients

e Gradient in -X




Gradients

e Gradientin +Z

R Magnet
Z
Bo
SIS T

X




Gradients

e Gradientin-Z

R Magnet
Z
M Bo
Y q; U T
>

X




Gradients

 Gradients in both X and -Z

Magnet

Bo



Shce selection

Consider the slice of tissue at position z

e Inthe presence of gradient Gz, the local
slice frequency is given by:

ow = YG,z

« Excite with frequency wo+06w to move
slice from isocenter to position of
Interest.

« EXxcite with a band of frequencies to
define a particular slice width.

« Sinc pulse:

Frequency

W=YGzZ |-========2

Position z

Magnetic field
gradient, Gz



Selective excitation

(a)
sinc pulse
0 | 2 3 4
time {ms)
(d)
Mo Mxy
rephased
-Mo
- -2 0 2

Offset frequency (kHz)

(b)

Mo

-Mo

(c)

Mo

Mo

4

4

Mx and My

-2 0 2 4
Offset frequency (kHz)

Mz

-2 0 2 4
Offset frequency (kHz)



Gradient echo

900 rf +ve
pulse Gradient
{\ Pulse .

-ve Gradient Pulse
2x length

Signal re-phased by
2nd magnetic field
gradient to produce a
‘Gradient echo’

Signal dephased

by 1st magnetic _
7

field gradient |

Signal
(M)

™

__—__-

- T D* ralaxation curve

/  Echo time, TE

- .

) “from J. Ridgeway, JCMR, 12:71, 2010




Outline

« NMR: Review of physics basics
« MR Imaging: tools and techniques

« K-space trajectories

- Theory: MR signal and reconstruction equations
Fourier Imaging: readout and phase encoding
Echo planar imaging
Spiral Imaging

Controlling the image contrast
Other stuff...



Effect of imaging gradient

« MR image formation is based on the equation: w = yB

« In the main magnetic field, By, we have: wg = YBg
o Superimpose a spatial magnetic field gradient,
G=(G, G, G;)
then:
w=VYGXx+G,y+G,2) =Gur

w

Magnetic field
gradient, Gx




MR Imaging Theory

« Consider the green blob of tissue...

« The frequencydis TR t3(t)

Frequency

w=yGxx

Position x

Magnetic field
gradient, Gx



MR Imaging Theory

« Consider the green blob of tissue...
« The frequencydis TR t3(t)

t
. 69=76f G(t))dt’ - r(t)
« QOver time, phase/accumulates as:

Frequency

w=yGxx

Position x

Magnetic field
gradient, Gx



MR Imaging Theory

Consider the green blob of tissue...

The frequencydis e 13t

t
. 69=76f G(t))dt’ - r(t)
Over time, phase/accumulates as:

t
S(G, t) =Af p(r) expliy G(t')dt’ - rrl d3r
Signal from tKe whole sh€e is given by:

Frequency

w=yGxx

Position x

Magnetic field
gradient, Gx



MR Imaging Theory

« Consider the green blob of tissue...

The frequencydis e 13t

t
. 69=76f G(t))dt’ - r(t)
Over time, phase/accumulates as:

t

S(G, t) =Af p(r) expliy G(t')dt’ - rrl d3r
Signal from fKe whole shiée is given by
Write:

A P
k(t) = 21 fo G(t")at Frequency

w=yGxx

Position x

Magnetic field
gradient, Gx



MR Imaging Theory

Consider the green blob of tissue...
The frequencydis e 13t

t
. 69=76f G(t))dt’ - r(t)
Over time, phase/accumulates as:

t
S(G, t)=A f p(r) expliy G(t')dt’ - rrl d3r

Signal from fKe whole shiée is given by
Write: .
k() = 0 f G(t')dt’
2T Jo
Then:

S(k) = f p(r)exp(i2nk-r)d3r
v

p(r)=f S(k) exp (—i2nk - r)d’k
R3

Frequency

w=yGxx

Magnetic field
gradient, Gx

Position x



Encoding strategies y

t
k(t) = - J G(t)dt’
K-space trajectories "o
S(k) =f p(r)exp (i2nk-r)d3r
"4

« Sample all points in k-space to LoalLiiiiiiii
acquire sufficient data for image sesvesecresrons

reconstrucCtion. e e

..............
...............

 |nitial position: origin Ll

- k(1) is the sampling position ~ tiiiiiiiiiiiile

- G(t) is the velocity through k-space
o Sample spacing: 6k = 1/FOV
o Sampling extent: Ak = 1/pixelsize



K-space

Spatial frequencies

Point near
centre of
¢ K-space

ky

>
>

k Space

2D Fourier Transform

v [t
k(t) = S fo G(t)dt’

S(k) = J p(r)exp(i2nk-r)d3r
v

Low
Spatial
frequency,
‘Contrast’

>

X

ki ¢

Point near
edge of
K-space

ky

2D Fourier Transform

Image
y A

—=—————— High Spatial
frequency,
EBEe—————'Spatial
= Resolution’
————— X
=
"

from J. Ridgeway, JCMR, 12:71, 2010



Encoding strategies

Gradient echo

¥ [t
k(t) = . J;) G(t")dt’

e Forms echo signal
with spatial 500 = | p(r)exp iz N r
encoding in the
gradient direction

(a) (b)




Encoding strategies

Phase encoding

« Offsets each
acquisition in an
orthogonal
direction

(a)

v [t
k(t) = . Jo G(t")dt’

S(k) = f p(r)exp(i2nk-r)d3r
v

-

(b)




Encoding strategies o I ot

2D Gradient echo imaging
S(k) = f p(r)exp (i2nk-r)d3r
"4

« Slice selective excitation combined with gradient echo
In one direction and phase encoding in the other

—
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¥

EﬂCOding S’[ra’[egies k(t)=ﬂjo G(t")at’

Echo planar Imaging S(k)=fvp(r)exp(i21rk-r)d3r
« Acquire the whole 2D k-space after excitation

« Time varying gradients during the acquisition

» Boustrophedonic trajectory
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Encoding strategies o I [atene

Spirals etc...
S(k) = J p(r)exp (i2nk-r)d3r
v

(a) (b)
——

_——

—_——

e ————

(c) (d)
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Outline

« NMR: Review of physics basics

« MR Imaging: tools and techniques

« K-space trajectories

o Controlling the image contrast

Intrinsic contrast of the pulse sequence
Gradient-echo and spin-echo sequences
Effects of TE and TR

Fat saturation

Magnetization Preparation methods
Flow preparation
Diffusion preparation

o Other stuff



Controlling image contrast

 Intrinsic contrast of the pulse sequence
- Gradient-echo and spin-echo sequences
- Effects of TE and TR

Contrast .
Imaging

Module

Preparation >
Module

« Magnetization Preparation methods (examples)
-at saturation

~low preparation

Diffusion preparation




MP-RAGE

Magnetization Prepared Rapid Acquisition with Gradient Echoes

« 3D anatomical scan with white/grey matter contrast
e Typically:

- 0.8-1.25mm isotropic resolution

- 6 -12 minutes scan time
e |nversion recovery preparation pulse

« Multiple imaging readouts (slice direction phase
encoding)



MP-RAGE

Invergion Rapid Rcq.  |pyersion
Pulse Grodient Pulse
Echoes

Next
Fourier
Line

Magnetization Prepared Rapid Acquisition with Gradient Echoes

RF ‘
Encoding
Steps
—>— — >
Inversionl Acquisition| . 0,0424ation
GS l Period Recovefy

White

Mz 4 matter

>
GP | W -_// smatyter
P CSF
GR 2

i
|, y

ADC | I (Ww /" White
J Magnetization b matter

Recovery 9

Gray
matter

//"
T/ -
1

Acquisition

Inversion
Period

Depth Encoding

In Plane Encoding
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Other stuff

Not covered In this talk

« Parallel Imaging
o Sparse sampling of k-space

« Use multiple receiver coils for spatial encoding
(in addition to the image gradients)

Motion monitoring/suppression

Diffusion imaging

Anything involving deeper NMR phenomena

System engineering
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