Basic Principles of MR1
Nuclear Magnetic Resonance Nuclear magndic resonance (NMR) is the basis for the
imaging technique we pow call magnetic resonance imaging (MRI
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A waves have certain fundamental properties in
all emw el B peed ot lht
= They all travel at the speed of light ic =3 x 11F mater/second).

# They all have two components - an elearic fickd E and a magnetic fickd B - that are
perpendicular to each ofher.
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= In terms of vectors, B and E are perpendicular to each other and the propagation factor
Cis perpendicular to both,
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related to a propeny called “spin quantum namber”, 5.

Unpaired protons and peatrons each contribute 112 1o the overall nuclear spin quantum number, 5.

Protons pair with anti-parallel protons canceling out the magnetic properties.
Neutrons do the same.

Unpaired protons and meutrons do nol exactly cancel each olber's moments.
Muclel can have more than one unpaired proton and one unpained newtron
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Basic Princples of MKRI

Electromagnetic Spectrum MRI employs much lower energies and frequencies
(longer wavelength) than x-ray or visible light.

Eleciromagnetic Spectrum
Frequency Energy Waveength
¥ 17-36x L0 He 30 - 150 keV' B0 - 400 pm
WVisible Light (Vialet) 7.5 104 He 3lev 400
Visible Light (Red) 433104 He 18eV 700 sam
3 - 100 MHz 20 - 200 meV 660 m
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Basic Principles of MRI

Magnetic Nuclel Some nuclides that have a net magnetic moment are shown below

Nuclides with a Net Magnetic Moment

Nucled Unpaired Protons Unpaired Neutrons $ Magnetic Moment (MILT)
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&Lln &lumu&u 'L. I.m. specific energy levels related o the prog nmu..l.bpd “spin
quanlum number”, 5, 1

The mamber of energy stales of a nucleus is determined by the formulac ““ N

Example:
Hydrogen: §

Ninmber of energy states = 2

Number of encrgy states = 25 + |
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basic Principles ol MKI

Magnetic Dipole Moment:  Any nucleus with an unpaired proton or neutron or both has a

et magnetic ficld or a “magnetic dipole moment™. =3 0"‘5 u,n el
i it i

{No magnetic {Net magnatic
field) field)
Paired protons Unpaired prolons

Dipole-Dipole Dipole-dipole i bons refier 1o il ions between two
protons or between o proton and an electon,

MR Imaging of Dipole Moments Any miclei with an odd number of profons or neutrons
can be used for imaging via MK

The proton, an isctope of hydrogen, is most commonly ssed for imaging because of its abundance
In MRI, we primarily image the protoas in water (H,y0), since ~ 60% of the body is water,
Under centain conditions we can also image the protons in fat -{(CH,),-
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Boltzmann Distribution: There is a slight excess of spins in the
wan::ulj i, spin up, parallel) relative to excited state i, spin down,
anti 13
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The namber of spins in each state is d i ‘bylhe
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difference which in tum is proportional 1o the strength of the D
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Basic Principles of MKI

Net Magnetization In the absence of an extemal magnetic fickd, no magnetization is
pmmcrd by plum since they are randomly oriented

2 g g g

I|| :M presence of an external magnetic field By the p(clom act like bar magets and lne
Themselves up with the magnetic fiekd,

r MM## ko

Approximately half of the pluom pnll up l'poll Mn E\cﬂlﬂ]} slightly more spins

poant wp to make the net magnetization point in the diregtion of B, T)

Proton (Spin) Density w_mtonk %ﬂ‘ mc.ﬁhl,w(

density of protons (ie. protons per unit volume).

It is not the absolute mmber of protons in the tissue that is i o .
protons that are rotationally mobile enough to be MR wnlmmﬁ% F ﬂ% M,ul

Basic Principles of MR

Larmor Equation: The rate &t which a proton precesses around the external magnetic field
is called the angular precession frequency or the Larmor frequency:
= vBy

Angular processivaal (quency Strngih of extemal magactic

fick
Civmmagsctic ratio
The gyromagnetic ratio is a proportionality constant that is fixed for any Eim muclide. For
the proton,

oy =426 MHz/Tesla

b=k



basic Principles ol MKI1

Precession When a proton is placed in a large magnetic field By, it not oaly rotates about its own
axis but also begins 10 “wobble” or precess about the axis of By as a resalt of angular momentum
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Basic Principles of MRI

M vs, Time i muha'n;pbwlinumwicﬁeld the spins arc
nwlnmly oriented,

Owertime, the spins line up in parallel or auj;mlll ?I?Ih! magneth Id crealing a net

waguelzation. = e, i @ R o cuting Zeggesaatin
B I o T ALt =T, the net magnesization is
r', 2'1, SII. 4:, et T

TIME —
T, Relaxation Time The time constant describing the growth of magnetization, M, when
profons are exposed 1o a magnatic field is called the T, relaxation time and is described by the

equation;
Mo=M:=1-¢""  _ 311y

The time constant of this curve (7, depends on: dT] = %bl
* The type of tissue being imaged

T =%7
* The srength of the magnet (As the strengih of the magnetic f-ddj.mae- then T, of
the tissue also decreases ). q ‘6&
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Net Magnetization vector If a sample (patient) s in a magnet, all of the spins are lined up
along the axis of the external magnetic fiekd B, about which they are precessing iz-axis).

s
The net magnetization vector, My, is the vector sum of all the individoal spins and docs

nol precess. This is becanse the spins ane all out of phase and when summed the lateral | x and
¥} components cancel out.

M,=M,
__)M'M @# M,=M, =0
wa V4 Moty arel
Wi dM o s piows

Basic Principles of MRI - Effects of a Pulse

Radio Frequency (RF) Pulse: If we transmit an RF pulse along the x-axis perpendicular to
the net magnetization vecor My (ie. B-} then the protons witness a new magnetic field B,

By =4 very magcuie
fickd feg. 1.5T)
———y e
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Resonance The RF palse i in the form of an oscillating magnetic field. 1fthe frequency o,
of the RF pulse matches the frequency of proton precession shout B, then resonance ocoars.

The frequency of the RF pulse must match the proton precessional frequency oy in order for the
RF pulse 1o have any effedt on the protons at all (i.e. o, = o, = Larmor frequency).

Because the magnetic ficld strength of B, is mach weaker than By, the precession frequency wy
of the spins around B, is much slower than the precession frequency around B,



Basic Principles ol MKI - Phase Coherence
Before the RF pulse, the protons precess about the z-axis but they are out of phase and thus
have no net transverse direction

& c__:,g_“f' e %ﬂ uLT\ﬁ WN, et

Afier the RF pulse, the protons are introduced 10 2 new mmdit field B, and comsequently they
will also tend 1o line up with the new magnetic field and will then be in phase
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The RF pulse creates a transverse magne ization (M, ) as more and more protons line up (phase
coherence increases ). The net result is a loss of longinedinal magnetization (i.c. in the direction

" utn ety o & , V5

Basic Principles of MRI- Nutation
Following an RF pulse, there is a nel increase in transverse magnetization (M., ) as more an
more protons line up (phase coberence increases).

The spins now experience the effecs of 2 magnetic field (B, and B,) and thus simulancously
precess at 2 different frequencies, o, and o,

Recall that: € Ay
and B, << B,

This results i a spiral motion of the et magnetization vector from the z-axis imo the x-v plane.
This spiral motion is called “nutation”™.
. -
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Basic Principles ol MKI - Quanium description

Longitudinal Magnetization Prior 1o an RF pulse, the protons that are aligned with the
external magnetic field are in one of 1wo energy siates.

Those in the lower energy state (E,) are lined up with {ie. parallel 10) the magnetic field B, and
those in the higher energy state (E,) are aligned in the opposite direction.

Bo e “EM:MMM
¥, w5 : : i ’)J
__mJ._= Trye

As energy is added by the RF pulse, some of the protos from the bower energy state are
boosted to the higher energy state. This happens only on resonance or at the

e oy @ e, /\awror £

Basic Principles of MRI

Rotating Frame of Reference For someone outside the coondinate system (following an
RF pulse) it would appear that the net magnetization vector is rapidly precessing around the z-
axis as it slowly spirals down into the x-y plane.

coordnate system

-y

x
However, it the observer is located within a rotating coordinate system that is moving at the
same frequency as the profons precessing amund the z-axis, then it appears that the net
magnetization vector follows a simple arc as # falls from the z-axis into the x-y plane.

Moy Wty fiory of réog
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basic Principles of MEKI
90° RF Pulse The net magnetization in the direction of B, prior to an KF pulse, is called M, T‘Ilp Angle The angular frequency o which protons rotate 907 about the x-axis is given by the
armor equation;
When an RF pulse is applied the magnetization vector flips %0 into the x-y plane. The W =Y B|
component of M, in the x-y plane is called M, , . s T
onal frequency
Z
Mo

B W mans Nn—'ﬂ'\l}

Since B, is much weaker than B, the precession frequency o, around the x-axis i much slower
Bo than the precessional frequency oy, arund B,

y The flip angle of the magnetization vector into the the xy-plane can be calculated as:

e 1 Wy
X

8 =a,7 =yB,t Partial fip: 8o
If the entire vector flips into the x-y plane, the the of x-y cquals th itude of the
vector My This is called a 90° flip.

L) =WL= ‘X
The pulse that conses the 90° flip is called the ®0° RF pulse. ‘&":lhl 0 ‘u I:"::t:‘l%] m *n:bl R;JJ

0* (/2) imto the x-y plane at a given RE strength B,

The time necessary 1o ip the profi
Remember: There is only a flip into the x-y plane when RF equals the Larmor frequency e obtained with the equation

R = lamar § S =2/ 1B,

Basic Principles of MR )2 nm- R

180° RF Pulse A 180° pulse has twice the power or duration of a 90° palse. After a 180 *
pulse, the lon gitudinal magnetization veeor is invened { -2-direction).

Basic Principles of MRI

Relaxation Times The term “relaxation” means that the spins are relaxing back imto their
lowest encrgy state and will get out of phase with each other.

After a 180" pulse, the excess nomh-pointing )

ns are boosted fi clo These event result from i but ndependent p : g afler the RF
high encrgy state. 5 ﬁi\) T" h&w ij pulse is wened off:

A LB pul Iy reverses the

. . oot Indo

P g excess without inducing T, Relaxation Time T; relaxation time (also called bon gitudinal rebaxation or the spin-katice
phase cohercnce (e, transverse magnetization). m time} is the time i 1akes for the spins to realign along the loagiudinal (2) axis.

Partial FUp In the case of a pantial flip (< 90°), the component of magnetization ending up in . .

the x-y plane (i.e. M,,) can be written as: T the M, component (M) slowly recovers along the z-axis. | A 5

—_—

T; Relaxation Time T. relaxsation time (also called transverse relaxation or Uhe spin-spin

relaxation i) is the time it takes for the spins 1o dephase inthe x-y plane. "
T.. The M, componcnt of the magnetization vector dephases rapidly.

w3V i

I
hrf!hv fhut,

M, =M,;.sin 6




Basic Principles ol MRKI -1, Relaxation

TR Time: T, rel (also called kongimdinal relaxation or the spin-
lattice time) is the thme it takes for the spins 1o realign along the longitadinal (z) axis.

T, relaxation time is also called spin-latt laxation time becanse it refers 1o the time it 1akes
for the spins 1o give the energy ihey obtained from the RF pulse back io the surounding lattice.

The M, comy grows al @ ral Iby T M ()= M,[1-¢")

(We've seen this before!)

oy & - 8
tm off RE " sloss bl

Basic Principles of MRI
Dephasing: |mmediately following the %0* palse all spins are in phase: they are all lined up in
the same direction.
There are two phenomena that will make the spins get oul of phase:
* Interactions between spins - T, 8
= Extemnal field inhomogeneities - T.* h i‘

i 0 |.-|mr-.,..a.-|ln|m 10 presess

dween ‘When two spins ane next Lo cach other, the
magnetic fi !‘el:l of cne proton affecs the proton pest Lo it

For example, sssume one proton is aligned with the field (B,) and the other is against it

WL Slowy

B8
xpasod bo the magnitic firkd By miss a
gnetic fleld created by e other proton (AB)

I wil precess ot & Ereguesscy dightly showes thas the
L s

This isteraction is an inberent property of every tissue and s called a spin-spin interaction. The
effect of spin-spin imermdtions depends on the proximity of the spins 1o each other.

s 1, (ger |n sacls

basic Principles of MRKI1 -1, Relaxalion

T; Relaxation Time The rte at which the transverse vedor M, decays is characterized by
the time constant T, where

~4T2
M, (1)= My

T, relaxation is often called the transverse or spin-spin relaxation time.

TN ot il

Imponant: The recovery of magnetization along the z-axis and the decay of magnetization
within the x-y plane are two independent processes occurming at two different rates.

T, decay occurs 5 1o 10 times more mpidly than T, recovery.

Basic Principles of MRI
T, versus T" It should be emphasized that T> and T." are distingt
T, decay depends primarily on:
1. Spin-spin iMcractions

iusion (ie. Bow rapidy spins sproa out and larve the latice); however, this is 2 minor faor i

T, of a tissue, because i depends only on spin-spin nteractions, is fixed - we have no control
over what the spins do 1o each other.

T, decay depends on both:
1. External magnetic field
2. Spin-spin interactions
Ty* is not fixed - it depends on the homogeneity of the extemal magnetic field.

T.* is always less than T, (i.c. T,* decay is always faster than T, decay). but they are related

External Magnetic Field Inhomogeneity Exiemal magnetic field mbomogeneity always exiss
to some extent and makes protons in different locations precess at different frequencies becanse
each spin is exposed 1o a slighily differemt magnetic field strength.



Basic Principles of MKI - Detection

RF Coill An RF coil is an electrical device generally composed of multiple loops of wire that
«can cither generate (iransmit) a magnetic field or detect a changing (oscillating) magnetic fiekd
as an electric corrent induced in the wire,

it (i
ﬂanlnmmm 'm
MFU‘.

tor rotatas in the 1. planc 3 frequoncy o

=\ [ v fyopeny
=0 “\i/“ " - Syrejonall Wy

When thc mageticfild s i the same dtion m the R el rceiver 3 vor arge sl  indacod nthe P occver
cxnl. Whien the magaet ic fickd is perpeosdicular to the Srectiom s 1 il reveiver, thers i no signal jadeced

A graph of the received signal will look like a sinusoidal curve with a frequency o,

Received Signal Intensity The signal received by the RF coil is an induced current.
The signal is dependent on the number of mobile protons in the tissue, regardless of TR and T,

S0l sty sy g0 3 of oae s

Basic Principles of MRI

Fourier Transformation: The FID is Fourier transformed to convent from a time domain
signal to a frequency domain signal (spectrum ):

4 4
Ny e 1]
UIJ -wo ‘ +0o

Each oscillating signal in the FID gives rise to a pair of lines displaced by o, from the
central frequency. ﬂ‘e signal intensity is proportional to the strength of the signal in the FID.
The time domain and frequency domain signals exist as Fou rier pairs:

Gla) = [ gty e d Gy = 1122 [ glw) e dew

Basic Principles of MRI - FID
Free Induction Decay (FID) After a 90° pulse, there is a spiral-like decay of transverse
magnetization because of spin dephasing.

4

kS

> Mh‘tﬂm Wm\%h gy,

The signal picked up by the receiver is a dwaylngmallallns sign:
h d
e JSU(V i [ raca

“This signal is called a l'lee induction decay (FID) and is describ ot ¥as
M_ (1) = Me™™ (cos ,,n Trr'# IM

Tramyerc magacticatin R Ouclsing compomcat

Basic Principles of MRI
The Fourer transform can be used 1o provide the frequency domain of very complex time
domain signals.
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l I we sam these two

urves.
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Comples - hasd to interpret Discrete frequencies - easier 1o
imerpret



basic Principles ol MKI - Summary basic Principles ol MKI - Pulse Sequences
Repetition Time ETRJ‘ Apubse sequence is a pulse oﬂmu of pulses, applicd sequentially,

- Wait some time for spins to reach equilibrium in the magnetic field (TR = 3* T)): signal acquisition. The time i ions is called TR the
repatition time). !'F n’
] 90
M (1) = M,(1=e"T Sl i 3
(0= Mf1-¢") e M-
- Apply a pulse or series of pulses (o bring magnetization into the x-y plane: —
—
#=wr =yBt « Before a 907 pulse it = 0), the magnetization vector (M) points along the z-axis.
= Wait for spins to dephase (TE): * Immediately after a 90° palse, the magnetization vector M, , lies in the x-y plane, with no
component along the 2-axis. M, , has magnitude M,
M ()= Mg *With lime, magnetization recovers along the 2-axis (due to 7,1 and is lost in the xy-plane (due

w T
- Tumn on the receiver and observe the free induction decay (FID): * Al time TR, we apply another 90° pulse and the existing longitudinal magnetization vedor (M, )

-9‘,,(-'1 = Mn‘,-.n’r; (coswyr) Mips back imo the x-y plane. This process can be repeated.
* The magnitude of the magnetization vector M, al the time TR can be caloulated
-Apply p ing filters and Fourier form FID to observe spectrum/image: o,
- M (1) = ML) !
Glew) = _f e dt '

M) = M,[1=e™T) i

Define: TR - repetition time; TE - echo time ra s nn

Basic Principles of MRI - Saturation Recovery Basic Principles of MRI - Partial Saturation

Saturation Recovery Pulse Sequence This palse sequence involves trying to recover all the Partial Pulse Seq) Application of a 90" pulse, waiting for a shon TR, then
longitudinal magnetization before we apply ancther %0° RF pulse. TR is long:> 3x T, applying another 907 pulse.

M are obtained i diately after the 90° RF palse. The signal received is an FID

(Free induction decay).

~ %0 e e u
M - o Suration, the signad & mosurcd
o b r\o o] imimedately after the W pube.

Pastisl satmration & wsed o prodece 8T,
weightod tmap.

TR 9T

ime 1 =0, longitudinal magnetization is Mipped into the x- \'m m

Attime t =n TR, the itndi ization has mot quilibrium before it is
Mipped into the x-y plane again,

The FID is measured immedintely after cach 90° pulse, NOTE: There may be no residual transverse magnetization M,, at time nTR just before the next
pulse. T, is several times shorter than T M, has fully decayed.
1L, L1
My,



basic Principles of VK1 - Multiple Pulse Sequences

Inversion Recovery Pulse Sequence This is the simplest multiple pulse sequence. It
involves first applying a 180° RF pulse, waiting a period of time, T1, before a 90° pulse is applied.
The FID is collected and the pulse sequence is repeated afier TR,

180 o0 180 a0 T = Imcrval Time
) - S | S S p
mn TR
Afterthe 180° pulse, the magnetization vector points in the -z-direction. Over time, the
magnetization vector gets smaller in~z, goes through zero and grows in the +2-dircction.

.'.I growih curve ﬁ“m -h

1807

e [ omponant in x-y plane
F ) <nng.9¢.|er

Afiera time T1 a 90% pulse is applied, Nlipping the longitudinal magnetization vector into the x-y
plane. The magnitde of M., depends on the amount of longitding magnetization that has
recovered during time T1,

Basic Prindples of MRI - Inversion Recovery

Null Point Following a 180° pulse, the point a1 which the signal crosses the zero line is called the

null point. hnv\l \“Qﬂw{-ﬁ

At the null point the signal intensity is zero, The time is denoted T1(null). We can calculate the
null point as follows:

Tt
Signal Intensity =0=1-2¢ 3

lnl-ln{"_r-m-x‘]
u-ln:+1n{a'm'%]

; In2 = T
A L

|-2s"”‘

Ti{null) = 06937

T = p40T;

The mull point can be used 1o estimate the T, relaxation time!

ol T wp

Basic Principles ol MIRI - Inversion Recovery

Recovery Curves in Inversion Recovery When using the inversion recovery pulse sequence,
there are two different exponentially growing recovery carves,

1. Recovery afier the 180" RF pulse.
2. Recovery after the 90° RF pulse.
= The T, recovery curve ing the 180° RF pal at -M, and grows ially

M. = M,(I—Ze-‘};' ]

*The T, recovery curve following the 90* RF pulse starts af 0 and grows exponentially

M_.-M.,(l—!r-%ll—r"%']

Basic Principles of MRI — Measuring T,

Measurement of T, is performed using an inversion recovery pulse sequence.

Wail TR = 5* T,, until the magnetization is fully relaxed to equilibrium
. Usea 1807 pulse to inverl magnet ization

. vary Tl systematically

Apply 90 pulse to convert recovering magnetization into x-y plane

- Magnetization afier 907 pulse is given by: M, = M,[I -2

[

-

Aplot of In M, vs Tl yiekds a straight line with slope 1/T,

T1 growh curve

‘1—- Ew!’p_rmnm in x-y plane

Pﬁ‘:m (negigible)



Basic Principles ol MKI - the Spin Echo

Spin-Echo Pulse Sequence The spin ccho is the most commonly used pulse sequence in MRIL
It s wsed to eliminate the dephasing cased by extemal magaetic fiehd inhomogeneities.

As aresult of a 90° RF pulse, the magnetization vector M, is Mlipped into the -y planc. Spins
begin 1o dephase with lime constant T,

Application of a 180" palse at time TE2 leads 10 a reversal in the direction of the spins, causing
the spins to rephase and refocus inthe form of o spin echo o time TE

Tin the time between the 1w pubas

TE is the Sime berween fhe fina pulse and the
oo

2T=TE

TE (Echo Delay Time) is defined as the time between the initial pulse and the peak of the
echo in o malti pulse or spin echo pulse sequence.

Basic Principles of MRI — Mulli Spin Echoes
Multi Spin-Echo Pulse Sequence

In a spin echo sequence. after the first echo, the spins will begin 1o dephase again.

—
Asecond 1807 palse applied at time v, after the first echo will allow the spins 1o rephase again ot
time 21, or TE;. -

The time from the O0° pulse te the
- -4 1 it ccho i TE,
L S ) T ) S " S
- The time from the 9F pubeio the
N P secosd echo is TE;

T Jb.irdnﬂ* ll:.-n:u-n:arl;domm
The ech trin decays with time
constant T

TEy=2Ti+ 2Tz

Ideally, we would like to regain all of the signal from the original FID. However, in practice we
only regain the signal lost due o fived extemal magnetic field inhomogeneties by applying a

refocusing 180° pulse. Ane LWN‘H b

Dephasing caused by spin-spin interaction Le. by 7; cannot be regained since these interactions

are not fixed {i.e. they Muctuate randomly). Y’In w h Tf,rsh
yebou) 1 only Aeoms 2 Tz

T

Basic Frinaples ol M1 - the Spin Echo
Spin-Echo Pulse Sequence

At a certain time v after a 90° pulse. when the spins have gotten out of phase, a | 807 pulse is applied.

All the spins flip 1807 in the x-y plane, and they comtinue precessing. but mow in the
e direction.
u

PUSNCTEY

90, Ty v

T i the time from the 9 pabse i the 1917 pabse

© s alua the time from the 180 pulse to the point
of maimum ophening i.6. the echo)

2 s the ocho delay e TE. The time ser the
P pule when we gt markimam sigaal again.

er an equal time 7, the spins will be completely in phase again. This is why the 1807 pulse is
c“ iw»,::n refocusing pulse.
%0

™

hFo
t

Basic Principles of MRI — Measuring T,
The Multi Spin-Echo Pulse Sequence is used to measure T,

TEy = 2T+ 212

1f we join the points of maximum signal al the peak of the echoes are we will get an exponentially
decaying curve with a time constant given by 7.

In other wonds, the decay of the curve describing the echo train i given by
S =8, exp(-TET,). Spably

NOTE: The decay or cach individual FID is given by ¢ ™, which is more rapid than T, decay due to
the influence of magnetic ficld inhomogencities.




MRI - Image Construction

A sequence timing diagram is a graphical notation of the pulses and gradients applied during
an MR pulse sequence.

One line for RF and for gradients in 3-orthogonal directions, one line for detected signal.

Gradient A gradient is an applied magnetic field that changes from point to point - usually in a linear
fashion.

RF  90° 180° t Spin echo is the most basic

and commonly used pulse
sequence for MRI

&
1<

Contrast is generated for

G, G e different tissues by altering
: E TE and TR.

-——

G G
X el [ Three types of commonly
applied contrast: Ty, T and
Signal {\ /\ praton density.
J Vf\
« T >
R

Sequence timing diagram for a standard spin echo pulse sequence.



