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1896 Pieter Zeeman
observes sodium D |§
line splitting in a \
magnetic field

1890

1896 Sir Joseph
Larmor publishes
magnetic field effect
on radiation
frequency

1900 1910

Timeline of MRI

1933 Stern and
Gerlach observe
nuclear spin effect
in hydrogen beam

1921 Stern and

Gerlach atomic

beam/magnetic

field experiments

1920 1930

1937 Rabi
predicts and

1940

observes NMR

1927 Pauli and

Darwin include

spin in quantum
mechanics

in a LiCl beam

1950 Hahn Spin Echoes

1952 Nobel Prize
in Physics to
Bloch and Purcell

1950 1960

1951 Packard and
Arnold observe
temperature
dependence of chemical
shift

1945/6 First NMR in bulk materials
— EM Purcell/Torrey/Pound at Harvard - Paraffin at 30MHz
— F Bloch/Hansen/Packard at Stanford - Water at 8MHz

1973 First Magnetic
Resonance Images
by Paul Lauterbur

1975 Fourier
Transform MRI
suggested by
Richard Ernst

1970

1980

Late 1980s
Ogawa observes
BOLD response

N
at Bell Labs ﬂ

1990

2000

1977 Mansfield
develops Echo
Planar Imaging

1977
Damadian first
human MRI

1991 Nobel
Prize in
Chemistry to
Ernst
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Principles of MRI
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Nuclear Magnetism

\

Nuclear Spin

/)

@ @) Magnetic Dipole Moment




Nuclear Zeeman Effect

Magnetic Field
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Spins align randomly in Spins align at specific angles
absence of a magnetic field with the magnetic field and
precess around the field vector



The Larmor Relation

Precessional
Frequency

5 AE =ho=hyB

Photon Gyromagnetic
Energy Ratio

*“The Influence of a Magnetic Field on Radiation Frequency.”
Communication from Dr. J. LArMOR, F.R.S. Received
and read February 11, 1897,

In the course of the development of a dynamical hypothesis¥ I
have been led to express the interaction between matter and ether
as wholly arising from the permanent electrons associated with the
matter ; and reference was made to von Helmholtz (1893) and Lorentz
(1895) as having followed up similar views. A footnote in Dr.



Magnetic Resonance Nuclei *

* Biologically Relevant
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Population of Energy Levels
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Bulk Magnetization

Spin Ensemble Bulk Magnetization
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» Equilibrium Bulk Magnetization does NOT precess

 Tiny fraction of spins contribute to bulk magnetization



Human Brain

1mm
cubic
voxel

3 x 10" water molecules/voxel

7 x 1014 detectable spins

Mouse Brain

75um

J  cubic

voxel

1x 106
9x 101

Frog Embryo

16um
cubic
voxel

1 x 104
1 x 1070




Probing Nuclear Magnetization

Radiofrequency Magnetic Field
(10 uT @ 124 MHz)

Tuned
Loop Coil

Static Magnetic Field (3 Tesla)



Radiofrequency Coils

Circularly Polarized 32 channel RF Receive
Transmit/Receive Head Phased Array
Coil



Detecting Magnetization
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Main Field (B,) x YES

Equilibrium bulk magnetization Bulk transverse magnetization precesses
does not precess => no induction about the main field => detected by a
in any coil loop perpendicular to main field



New Concept : The Rotating Frame

Laboratory Frame Rotating Frame




New Concept : Circular Polarization

124 MHz RF Current

< .

124 MHz Linearly
Polarized RF
Magnetic Field (B,)

Decompose linearly polarized RF
magnetic field
Into two, counter-rotating
124 MHz RF Voltage circularly polarized fields



Circularly polarized B, fields in the rotating frame

— 2m,

Laboratory Frame Rotating Frame



RF Excitation and Flip Angles

Introduce B1 field into rotating frame
Equilibrium magnetization precesses about the B1 field
Switch off B1 field after a given rotation or flip angle

Laboratory Frame Rotating Frame

And that's how we generate
transverse magnetization!



From NMR to MRI

Frequency Encoding



The Free Induction Decay

Natural signal decay of fransverse magnetization following an RF pulse
x' and y' components of magnetization (Mx and My) extracted from receive coil signal
Can be treated as complex-valued (Mx = real, My = imaginary)
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New Concept : Using Frequency to Encode Space

Spatial Localization
of Signal

Vary B spatially | s w=yB
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Homogeneous Magnetic Field

No Gradient




Linear Magnetic Field Gradient

Y Gradient




Frequency Encoding of a Water Sphere

Total signal from spins in
plane perpendicular to
gradient direction

>

Magnetic Field Gradient Frequency (w)

Distance (w/yG)



Real object FID in a field gradient

FID with gradient on

e FID contains total signal from
all spins at all frequencies/
locations.

e Each frequency component T
represents the total signal Time

from a plane perpendicular
to the gradient direction. Magnitude frequency spectrum of FID

* Frequency analysis of FID
reveals “projection” of
object.




Back Projection

» Sweep gradient direction through 180°

Acquire projections of object for each
direction

Sinogram

Back Projection
or

Inverse Radon




The Two Dimensional Fourier Transform

Gy
1D FT




The Gradient Echo

H RF Pulse

Gradient Gradient Gradient
/W/\/W, Dephasing Rephaj/i\ﬂﬂ[\/w Echo
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Spatial Frequencies and k-space

k-space

Real space
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Coordinates in k-space equate to spatial frequency.



space Spatial Frequency Regions

K

o0edg [eay

Joedg 3



k-space Trajectory

Gradient pulses move the

k(t ) = J‘ dt ,YG( t') spin system in k-space.
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k-space Trajectories
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Echo-planar Imaging

G(t)

G,(1)




k-space Image space




MRI Hardware




MRI Tissue Contrast

Relaxation Weighting



T1 (Spin-Lattice or Longitudinal) Relaxation

Equilibrium 180° Flip T1 relaxation Equilibrium
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/ Null point at M,(t) = o
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T2 (Spin-Spin) Relaxation

Equilibrium ?0° Flip Just after flip Later

M,,(0)




Typical Tissue Relaxation Times

Relaxation times are field dependent
Generally, tissue T1s increase and converge at higher field strengths
Tissue T2s decrease at higher field strengths

Tissue
Cortical GM
Subcortical GM

WM

Ventricular CSF




Saturation Recovery T1-weighting

Use RF pulse repetition time shorter than about 5 x Tl
Magnetization does not have time to fully re-equilibrate
Lower Mz and excited Mxy than from full equilibrium
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Saturation Recovery Contrast (T,-weighted)
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Next Time

e \/olume selection
e Spin Echo
e Flow and Motion

e fMRI Pulse Sequences



