bBasic Principles ol MRI1 - KEVIEW

- Wail some time for spins to reach equilibrium in the magnetic field (TR = 3% Ty}

M (1) = M,(1-"")

- Apply a pulse or series of pulses io bring magnetization into the x-y plane:

f=w7t=yBT1

- Wait for spins to dephase (TE):

M, ()= M

- Tum on the receiver and observe the free induction decay (FID):
M, (1) = Mye™™ (cosan,t)

-Apply 1 ing filters and Fourier transform FID to observe sp imag

Gl = [ glt) et

Define: TR - repetition time
TE - echo time

MRI - Image Construction - REVIEW

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

One line for RF and for gradi in 3-orthogonal directi one line for detected signal.
Gradient A gradient is an applicd magnetic field that changes from point 1o point - usually in a lncar
fashion.
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RE W 180° i Sipin ccho i the most basic

and commonly used pulse
sequence for MRI

Conlrnd is geacraicd for

q, differcnl insucs by allcring
- % TE smd T,

G ] \ Thee types of commonly
appliad contrast: T, T, asd
. domsity
Signal r\ proton donsity
NA
T A
R

Sequence timing diagram for a standand spin echo pulse sequence.

Basic Principles ol MRKI - Pulse Sequences -
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2T=TE
A pulse sequence consists of a pulse
or series of pulses followed by data Spin echo - 2 pulses separated by TE2
acquisition. Interval between refocus magnetization at TE, the echo time

sequences is the repetition time TR,

/ Inversion recavery — 180" o inven Multi spin echa allows muliple refocusing
magnetization of magnetization, echo decays with T,"

Basic Principles of MRI - T, contrast
T, Tissue Contrast Tissaes often have different T, relaxation limes

Tisswe A has o bonger T, selaxation
time than Tissec

T

T T
L] L]
Thus, at ,nu%m there is a substantial difference in the detected RF signal intensity

coming from the two tissaes, This means there is a T, contrast
" (i Tadma) conticss
—_—
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OF course at time close 1o zem, there is no signal

At long TR times { TR2) there is a redaced “ T, effect™.

For maximal contrast the TR tme would be similar 1o the T, relaxation time of the



Basic Principles ol MRKI

T, Ch The T, ch of tissue have 1o do with the way protons are able
to give off their energy to the surrounding lattice or absorb energy from the lattice.

The most efficient emergy transfer, and this the shortest T, occurs when the natural medional
frequencies {i.c. translation, vibrtion, and rotation) of the protons are at the Lammor frequency.

Wy =B, oMoy
Although the precessional frequency of a hydrogen proton is 42,6 MHz ina | Tesla

magnetic fickd, the “natural motional frequency™ of protons depends on the physical states
of the tissue (i.¢. the atoms to which they are attached or close ta).

Hy0: The natural motional frequency of water protons is usually faster than the Lammor

frequency

wi(H,0)>>w,
Solids: The natural motional frequency of protons in solids is usually slower than the
Lamor frequency

a Solids) < w,

Fal and Proteinaceous Material: Protons in fal and protein have natural motional
frequencies that are almost equal 1o the Larmor frequencics used in MR

w(Fat) =,
Based on these statements, we would predict that fat and protein have the shonest Ty,

Basic Principles of MRI

T, Ch isties The T, istics of lissue anc by how fast the proton

spins in the tissue dephase,

H0: Because of the stmature of the water molecule and because of the sparsity of these
melecules, spin-spin interaction among the protons is minimal.

* The effect of one proton on another is relatively small

* Distance between protons in water is relatively large

Therefore, dephasing occurs a a much rate than other lissues and the T, relaxation
time is long.
Sellds: Solids {e.g. bonc) are very Iy tissue, with additional dipolar

interactions between protons. Thus, the T for solids is shor.

Fat and I The dephasing or the T, for fal and proteinaceous
material is between solids and H,0.

Basic Principles ol MKI
T, Tissue Contrast Tissues often have different T, relaxat m‘s

Tt cephoie

Ta"(E T2'(w
At shon TE times there is a smaller difference in the detected RF signal intensity coming from

the two lissues Lhan al longer TE times.
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[Ter T2
At very short TE times there is a reduced “T." effea”.
At long TE times there is a enhanced contrast or “T;" effect™, but the signal-to-noise is lower

(because the sigaal has decayed). b)) N lr d_lelﬂl

Basic Principles of MRI

Proteinaceous Solutions Most of the water in the body is not frec but is bound toa
hydrophilic macromolecule such as a protein.

Such water molecules form hydration layers around the macromolecule and are called hy dration
layer water.

BN 8, !

Bound H,O molbecules lose some of the freedom in their motion, and their nataral motional
ol closeriothe | yielding more efficient energy transfer and a
sbonerT. relaxation.

Shoner Ty relaxation times lead to brighter pixels on Ti-weighted images.

1f the protein content gh enough, hydmtion T cmau some T, shortening.

Shorer T, relaxation times lead to darker pixels off To-weighted images.



Effects of Molecular Motion on T, and T,

waler bound water solids
fat
s [ Lower
S Pt
' b % There is a minimum T, cormesponding to
Ty, T, natural (rotational, mmbling ) spin motions
n . at the Larmor frequency. Sometimes called
w T Lo oo the “Goldilocks effecat™: the molecular

w | mdation mie must be neither “ioo long® nor
~O “too shon”, but “just nght.” T, decreases
with decreased molecular motion.
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Basic Principles of MRI - Recovery and Decay Curves

TE iEcho Delay Time)
Reeall: If more than one 90" pulse is administered (at intervals of 1 = TR). then the maximum
magnetization vector in the z-direction ot this time is

Mo, i S —

]
M (1) = M,[1-¢™") |
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™ ?&R
This means that when the magnetization vector flips into the x-y plane it has a mpximom value of
M, (TE =0)= M, {1-¢™") dbey MO volkek

Thus the magnitude of the magnetization vecor o time

TE will be TRIT,
Mo (1-0 b
M, = M"{I_r-rl r.}(-n. A
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Due tothis relationship between T recovery at time TR and T, decay, these carves can be plotted
o the same graph. e——

Ellects ol Field Strength on 1, and 1,
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Left: 1T, decreases with fickl strength.
Right: T, increases with field strength, T; is relatively omnal with field. Red limes represent

clinically relevant field strengths, From: hinp: bo-effedt-on-11-42 him]

Basic Principles of MRI
Recovery and Decay Curves
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Basic Principles ol VK1
Ty and T, Curves The relative recovery (T ) curves of fat, water, and solid tissue are shown

belaw. . su Nhul’

Kemcmber

= P {aad prot macooms i) han e
shertest T,

= H s the Domget T,

= Solid b i termediste T,

™

The overall signal intensity mlxu‘:‘:h the proton density N(H).
-'*N{h'j[l-r'""}e"”: P is the proton deasity

At time TR, if we transmit ancther RF palse. the superimposed T decay curve and T, corve is

shown below MMTE'II M\wm

The comrast between tissues and the signal iMensitics depend on the TE and TR

Basic Principles of MRI

Ty-Weighted Image To maximize T) contrast, a shor TR and a shon TE are used.

£

mrve flor makbon TR

TE, TE;
(shor)  Time —
TyWelghted Image To maximize T; contrast, an istermediate/long TR and a long TE ane used.

Recmvery and devay
Tosg TR

bBasic Principles ol MK - brain imaging conlrast
T, and T, Curves The relative recovery (T} and decay (T:) curves of different tissues in the
brain: 1) gray mllwlmmikr{w}, 3) Cercbral Spinal Fluid (CSF) are shown
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I TE is really short we get an image with the following m“{m T;-NIVT h) iy

«White matter is bright
= Gray matter is imermediate
+ Cerebral spinal fhid is dark W '™
IF TE is long we get an image with the following charcteristics: I l
* Cerebral spinal i is bright
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Basic Principles of MRI

Proton Density The platcan of the recovery (Ty ) curve of a fissue is determined by
the proton density of that tissue N(H).

= Gray malter i

White m s 4 lower proton density than cerchral m:id but its T; is shoner. Therefore,
there is a Cross-over point where white matter and CSF have the same int,
CEF plaisas
CSF plataau 1.0 —— — =
& - S
WM plstasu
500 2500
Time {msec) —

Proton Density -Welghted Image
To maximize proton density differences, along TR and a short TE are used.

Revovery amd decay ¢
TR ai the C5F




T, and T, -weighted MRI

The relative recovery (T, ) and (T.) curves differs for different tissues in the brain: gray

matter {GM), white matier (WM) and Cercbral Spinal Fluid (CSF) '
WAt T
L = i T
(SF -l ll\) T,
r me -
T, Ty Prosen Density of Brain Tisases
Typeof Thwwe 1 (mser) Ny
Whatc e 5 061
Giray Mamcs n [
Edema 126 ™
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Contrasd TR TE wM oM CSF
r lomg short dark* intermed  intenme;
T, short shor bright imermed  dark

T, medbong  bong dark intcrmd  bright

* WM i & ower prton demsity thans CSF but s T s abosticr. Therefose. thes
it whese WhE and CSF have the sam isfomiy

MRI - Gradients
Gradients introduce a spatial variation on B, = B, such that:
Bi(x.yz) = By +AB; (x.y.2)
As a result protons in different locations will precess a different frequencies.
The change in position is related to the strength of the gradient in each dimension:

ABj(x)= G, .x

The application of a gradient affects the precession frequency of the spins as a function of location:

Spins aty By, precess at the Larmor frequency.

Spinsat y By -y G, . X precess's

B

Spimsaty By +v G, . x precess faster.

Giradients have wnits of field strength / distance:  Thm or Giem.

MRI - Image Construction
Gradient A gradient is an applied magnetic field that changes from point 1o point - useally in a
limear fashion.

For MR imaging. a lincar gradient is created along all three axes 1o obtain information about
position.

o I
G, G %
G, O
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Sequence liming dingram for a standard spin echo palse sequence

MRI - Slice Selection

Slice Sclection Suppose a paticnt is on a table in the presence of an exteral magnetic ficld B,
which is oricnted along the z-axis, If wetransmit an RF pulse and get an FID or an echo back, the
received signal would be from the entire patient (Le. there i no spatial discrimination).

20 — vl wio]

Remember: The RF pulse be al the Larmor frequency (i, = Yli..l im onder 1o excite any prolons in
the patient.

If we make a magnetic field that varies from point to point, then each position will have its own
Lanmor frequéncy. This elfect is achieved WEmg s gradient coil.
——
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If we now transmit an RF [Il|1t1!‘_.LALMLIM ency into the patient, we will receive signals
comesponding 1o a slice in the

The slice thickness depends on the slope of the gradient.




MEI = 5lice Selection
Bandwidth If a single frequency RF pulse is transmitted into a patient under a gradient, we will
receive signals from an infinitely thin line.

Therefore, an RF pulse with a mnge of frequencies is generlly trmnsmitted (i.e. a band width of
frequencies ).

(I -
I y Remember: For 'H,
| [T i Mbz) ¥ = 2.6 MHe Tesla
1.54T,

an I 15T fickd
n = VB, ~ 64 MH:

&
18577
1
ao Tmal 55T | 57T fickd
A, = 6 67 MHz

“The bandwidih that is selected determines the slice thickness.

£

“The RF pulse for a range of frequenciesis generally a sine wave (sin x/ x)

e wider the waveform in the Lime
- T, aim the marwwer it i in the
M 0] S ncy domain.

P—— [ ———
g Aw, =Y G, Az
’ The marsower the wavel: e
timee domain the wider i is in Lhe
o e e n-»-m_.n frogquency domain.
MRI - Spatial Encoding

Spatial Encoding Thus fas, we have discussed how to get information from an entire
we do nol have spatial information within the slice.

T create an image, we need 1o know how much signal comes from each pixed (2-13) or more
accurately, each voxel (volume element). This process is called spatial encoding,

The are two parts 1o spatial encoding: frequency encoding and phase encoding.
—— —

MRI = Slice delection

Slice Thickness There are two ways to change slice thickness:

1} Change the frequency bandwidih of the RF pulse
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2) Change the slope of the magnetic fiekd gradient
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The echo signal we gd back from the slice & from the entire shice

Slice thickness can be decreased by
using & pammuwer bandwidds

There s m cloctronsc himdation 1o
herw mch we cas decrease the.
bandwudth

Slice hickaess can be deareased by
incremsing the slope of the magnetic fidd
sradcal

The chanpe im the magnctic ficld along the

2-anis s called the 2- gradecnt (Ge) or shice
sekeet eadiont

There i & maching limkation 1o how mach
we can increme the gradien

This is the moee common method

MRI - Frequency Encoding

Frequency Gradient (Read Gradi

) To get spatial information in the x-

direction of the slice we appl)' the frequency encoding gradient, G, in the x-direction.

T help understand, we are going to employ a 3x 3 grid representing 9 voxels in

examine the effects of gradients.

gle slice and

The Gx gradient is applied during the time the echo is received, i.c., daring read out.



MRl = Frequency Encoding
Frequency Encoding Gradient

For purposes of illustration and simplicity, suppase the number of protons in each pixel comesponds
o a integer valie.

‘When we transmit an RF pulse with frequencies appropriate for a panicalar slice, all the protons will
stan 1o precess in phase af the Larmor frequency (i),

o|1]1 0 | commet | cosmet
1 -] 0 BF cosaol [2o0mmat| @
2101 scosses| 0 | cosemt

The signal we record will be the sam of all the signals from each pixel (i.e. 4 cos 1), but there is no
spatial information.

MRI - Image Construction
Frequency Encoding Gradient
I we book at the Fourier transform of the signal without a G, gradient we get
4 4

4
- N FT.
VARV W0 | 400
1f we look at the Fourier transform of the signal after a G, gradient is applied we get

“cosuE
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Remember: This & o simplification.
Actual signals arc mch mose comphes

MRI = Frequency Encoding

1T a frequency encoding gradient in the x-direction is applied. then each columa will have slightly
different frequencies; o og* oy

0| omogd | cosoat

oot [Jomond | 0 | ——= {comcs, 1) (3oosig) + ( 2ooses)

Domot 0| oot

The signal we record will still be the sum of all the individual signals: however, now each column of
pixels has a differemt frequency.

MRI - Phase Encoding

Phase Encoding In addition to using the G, gradient for slice selection and the G, gradient for
encoding in the x-direction, we add another gradient G, in the y-direction. This is called the
phase-encoding gradiest,

The G, gradient is turned on before the Gx gradient, but afier the RF palse.

TE2 TEZ
RF %" L '
G, (:-_D I_]
G G §
G, G, - —
N
. TR »

Since the Gy gradient is applied during TE, it affects the precession of the spins and thus affects the
phasc of the signal.

The laddening in the G, gradient indi Hisi din i i




MRI - FPhase Encoding

After a 907 RF pulse (before G, or G,), all the protons in the selected shice precess al the same

frequency u,. o
y )
OOD,. |/ QD
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Upon exposing the slice to a G, gradient - a magnetic field gradient in the y-direction, protons
exposed o a stronger magnetic ficd will precess faster than protons ex posed 10 a weaker field.

Onee the G, gradient is rned off, all the protons will again be in the same magnetic field, and will
again precess al the same frequency: however, each row will be out of phase with the other rows

MRI - Image Construction
Phase Encoding
A scparate phase encoding siep is performed for cach row of pixels that is to be discriminated in
the slice.

For example, if we have 3 rows of pixels we would perform 3 phase-encoding steps. To figure out
the phase shifts, we divide 360° by the number of rows:

360° Ad=d L P P
A "J' rows ' Ab =0 om | 2am | g
o't} | (kb
A =0 e | o | om
For three mows the phase shift is 1207, so the dine' 't
three phase encoding steps are at gradients of 07, -
1207, and 240 A= | o (ST
A =0 o |2em | o
Each phase encoding step takes atime TR 1f we o n) | Lot}
wanted to discriminate 256 rows then imaging -tz [ 0 [
would take time 256 5 TR to be completed. -1y - 130}
" L . A = 4240 [ ||
Each signal has information in it about the entire - il sl
picture, but when performing image
reconstruction a single phase-encoding gradient A =0 - ‘t', o
does nod provide enoagh information to fully . —
differentiate cach pixel, A0 w2400 (P 0 PR

MRI - Image Construction

Fallowing the removal of the G, gradient there is a difference in the rows of pixels based on
phase (8).
To read the signal, we wrm on the G, gradient, which introduces frequency encoding in the x direction
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Thas, the protons in each pixel have a distinct frequency and a disting phase, which are nnigue and
encode foribe x and y coordinates for that pixel.

The shades of gray in an MR image are determined by the magnitud plitude of the signal st
each pixel.
MRI - k space
Recall: Fourier Trnsformation is used to convert atime d ignal (FID) 10 a freg
domain signal (spectrum):
4 4
Yy el 1]
VIV o | +o

This is adequate for NMR Spectroscopy In MR imaging however, we need 1o convert a time
domain signal (FID) 1o & spatially resolved signal (image).

Define: k-space as the Fourier transform of the MR image.

K Space image

i

L AkuawEOVE

k space is referred to as a “spatial frequency™ domain.
k-space and the image are Fourier pairs.



MRI - K space

During data acquisition: Each FID acquired is digitized and placed into memory.

Each row in k-space contains the received signal corresponding to | PE gradient.

TRt

This creates a 20 time domain data space that can be Fourier transformed 1o yield the final
image.

0o]1]1

MRI - k space

S0 if the center of k-space contains the maximum signal, then why not just make an
image with the central high signal intensity data?

-

Urignal raw dats riginal b image

We can do this but the edges of the structure will be very coarse. The center of k-
space coni; the majority of the signal. but the periphery of k-space contains all
the fine detail of the image.

MRI - K space

In a real-life imaging situation, there would be many more PE steps (usually 32-256)
and thus many more lines in k-space.

4

Node that the center of k-space contains the maximum signal. This occurs for 2 reasons:

1. the center line contains the data set with no applied phase encode gradient.
(application of a PE gradient causes dephasing and reduces the echo signal)

2. The peak of the acquired spin (or gradient) echo is centered in the sampling time window,

MRI - Kk space

There is no obligation to fill k-space consecutively or linearly.

Cartesian Echo-Planar (EPI) Spiral Radial
K,

I8
be achieved adjusting the strength and duration of G, and G, in
successive PE acquisitions :
= Allows rapid acquisition, over or under

removal of motion artifacts.

Brian Hargreaves, Stanford Universiry Radiology
hrpsVods mmrm ong protected 20M Proveedisgs POFdevE D 59 m|



MRI Image Characteristics
Signal-to-Noise Ratio Several factors that affect image signal-to-noise ratio (SNR) are:

1) Magnetic Field Strength, B,: The higher the value of By, the higher the nuclear polarization
and the larger the voltage induced in the coil by the precessing protons, thus higher SNR.

2) TE and TR times: Signal intensity and thus SNR depends on the TR and TE times selected.

| R TR |TE;  TE2

3) RF Coil: There is a noise contribution from the RF coil due to random fluctuations in the
copper conductor. There is also noise from the patient since humans are conducting.

4) Repetition: Acquiring and adding multiple images with the same parameters will increase
signal-to-noise because the MRI signal is coherent and noise is incoherent.

5) Number of Phase and Frequency-Encoding Steps: If the number of phase and frequency-
encoding steps is increased (i.e. smaller pixels) the SNR per pixel decreases proportionally.

6) An increase in the slice thickness gives a proportional increase in the image SNR.

MRI Image Characteristics
Spatial R esolution Several factors that affect image spatial resolution are:
1) Slice thickness
2) Number of phase encoding steps
3) Number of frequency encoded data points collected
Contrast-to-Noise Ratio Several factors that affect image contrast-to-noise are:

1) Magnetic Field Strength, By: The intrinsic T; contrast between tissues is greater at lower
magnetic field strengths.

In general, however, a higher magnetic ficld strength is
preferred becase:
*Shorter echo times

Tumar. Blood and Ga(DTPA)
Astrocytoma =36°C

*Higher signal-to-noise ratio

+ Effea of T)-shortening contrast agents is more dramatic ot
* Increased spectral sepantion in Magadic R ¢ ‘\

Spectmscopy. 05 mM Gﬂll:‘l'Ml

There is no general miles as 1o whether T, contrast between lissucs
is increased'd, las a fundtion of magnetic ficld strength

since T, is highly tissue specific.
2) TR and TE times

3) The difference in relaxation times between tissues
4) Proton density



Contrast Altering Agents for MRKI1
MR Contrast Agents T, andioe T; relaxati a b sh i considerably in the
presence of pammagnetic species.

T Shonening leads to an jnorease in signal imemsity. T: shonening produces a decrease in
signal inemsity.

| A ™ e T
P Spﬂlﬂ. ic specics are species that have unpaired clectrons.
The s ing T/T; relaxation times depends
o the number of unpaired ckclrrw inthe ion.
T, Relaxation Agents The ism of T, relaxati gh dipole dipole

imeractions between paramagnetic species and water protoss. 1\: Lnuhndt jon GeP'* is by far
the most frequently chosen T, contrast agent

Dupie dipie sencuon withihe
amtbey malecule {waer)

Contrast Agents for MRI: Gadolinium
Gadolinium Contrast Agents Gadolinism has seven unpaired electrons. When Gd*s
comes in close proximity with protons of water molecules it decreases their Ty relaxation tinse.

Unpaared el generally not i stable molecules have a dased-shell
cuﬁpmwnhwlaulﬂl:uw-wdluu

Ciadolinium ions, because of their magnetic moment, exert an influence on the local magaetic

field cassing rapbd-spin dephasing and a decreame inthe Ty relaxation time.
Electron Spin R “The inderaction of unpaired ek ins with |
I ——— .

The magnetic ficld of an electron is 657 times stonger than the magnetic fidd of a proton spin.

Tf the umpaired electron oscillates ot or nearthe L-w Frmmy they will havea strong T,
- This is the cane for the unpaired clectrons in G

Bo ON

Note: a-yhn;lh produces an oscillating magnetic field at the Larmor frequency will incrose
T, effiects.

Contrast Agents for MRI: Gadolinium
Gadelinium Contrast Simce the dlectron spin of Gadolinum matches the

Lammor frequency. i induces dectron-nuclear dipolar interadtions. incressing the mte of
trunsfer of energy to the lattice, which shorens the Ty relaxation time.

The magnetic field of gadoliniums unpaired dectrons does ot extend very far, so the contrast
agent mast be in proximity 1o hydmgen (the source of our MR signal).

Rapid water exchange and slow rotation of minm agents are essential for high rel
MRI

There are two mechanisms that result in enhanced relaxivity:

# Inner sphere relaxation: Water moleciles can temporarily bind to Gd-DTPA and will be
relaxed very efficiently due to its proxim iy 1o the unpained dectroas om the metal jon.

» Owter sphere relaxation: Water mobeoubes that diffu se close 1o the nvetal ion. but are not
bound cun also be relaxed, althou gh this mechanism & not as efficient s inner sphere

St mitin of gabdimure, uich m e barad o a proccin

this
orw llucmarion s Chnersothe wmer’ s Magnenc pesomamce

bassd, selased, sned sk od from the metal o

Contrast Agents for MRI: Gadolinium
Gadolinium Chelates Gadolinum is toxic, so for in vivouse it is wiapped in a non-toxic
Jacket, called a chelate {e.g. DTPA, DOTA, eic.)
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. N L L
Ko o
oot o oo —\_J “— oo
“ooc oo ommcy | pcomon
| e Ny
Boc 4" oo poc 4 " Leoo
‘Chelates pair up some of the ini pai 1 in free). Chelates thus.
redisce the mumber of water molecules hound to gadolinium and the comesponding T, relaxation
effedt.
Chelati I b ignificant toxicity due to their ability 1o bind other metals in

the body. such o calcium and magnesium. The use of a chelate is therefore mutually beneficinl.

very dable.



