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1891: OPTICAL HYPERFINE
SPLITTING

fh, Michaluon observes pphical hyparfine
aplitting A8 ealy &= 1831, A tull axplanalion
ol tha ettect had %o wailt mare than &0 yaars
{or Paull fo suggest that the nucleus had a
magnaisc dipole. Thea orbital angular
mizmenium of 1he alaciren maracts with e
nuclear dipole, resulng in hyperfine salRting
af atsorplion and emission lines.

1B96: LARMOR PRECESSION

1888 Sir Josaph Lamdd pulisheg sdgrlic held
oflnot or raciotion requency. Fiolates tho
procussion frequenty of the sagrete dgch
SR Wl an grideg alEten [ an
harndlly Ao suacriahs ad

1896: ZEEMAN EFFECT

18955 Pieler Zearan ooserves scdum O lineg
spdilling i an apoled magnetc ield. The
effect ariges ram the nieraction of the tobs!
lig orbial + inrirsic) angular mameeiem of
&N slechon

Peeiran P Manes 1800 55 L7
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1920 : THE STERN-GERLACH
EXPERIMENT

1921 Sterr and Gerlach obseresc slver
atoem baam spiRling n a magnalic feld
gradant dus 1o quardization of wodal
Enguiar momanium ol sdecin

Pt ird in Fracklud, e el i -
Borrmany in 1520, Mot Prizn | B o i I
In Physics foliowed in 1543, |! ¥ "|_. .l_.-'
% i
= ':. Y
10
1924-25: ELECTRON SPIN
SaTr
Uhlenaci Caoads il
Raph Krong Weitlmang Pail
Raganing ehsmnn ppin "9 8 aeed veny Ceewr Db G ol has nohing oo with el " - Pall
11
1933: NUCLEAR SPIN
1933: Stern and Gerlach
improve their molecular
beam experiments,
deteciing deflection of a
hydrogen beam.
Can only be explained in
terms of a nuclear magnetic
mioment.
12
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1936-37: NUCLEAR SPIN
RESONANCE

1935 C_J. Gorter altempis bo use
nuclear resonance to study
nuclear paramagnatism.

1937 LI Rabi succeeds with first
NMR exparimant. LiCl beam
passed through a combinad

static and oscillating magneatic
fild. RF absorption increased at
Larmor frequency.

13

1945: BLOCH AND PURCELL

1845 within 3 weeks of each
ather, Bloch at Stanford and

Purcell al Harvard observe H
MER in water at 88Hz and

Folix Bloch  Edward Puncsl "y

Slanford Harvard A h

1953 Moso Pore n Physdcs

=i

Paraffin al 30MHz respeclvaly.

14

1950: THE HAHN ECHO

1980 Erwin Hahn cbserves the
first nuclear spin echo.

Feha

\ Y
L W

15
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1973: PAUL LAUTERBUR

P! Ll Sin

1973 Feul Laularbur at SUNY
paislishes Matune eriice cascribing 8
method far genarating MR images
LSing gradient fraguenty ancocng
A DAk projachion raeersinachon

e e

B

16
1977: ECHO PLANAR
IMAGING
1877 Peter Mansfeid publishes echo planar
maging mothod EF later Booamas wikhorsa
maging sequence far fRD win the advent of
1 nigh parrranss: gradient hardwan
17
1970 Damad:an a7 SLINY
pubdshes Soances artcla on
relaxstion ime GRanances
balvwaen rommal ging
cancanus hasae, His 1974
) patan did nol descnba &
- mithagds i genarats images.
[ ot i | By 1977 conslructs haman
._,'_,,:ﬁ:l ! mager ["Indemitabla™) and
I | 5:;_.1-., | acgaiings tral MR 0 & human,
| | | e
= | |
g - s " S wtv Poriancos Tor
POl Darsadian's angur=eed pppoing
his clakm o the 2003 Nobel Prize
Pakend awardod 5974 1 8
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1990s BOLD FMRI

1980-1852 Seiji Ogawa and Ken Kwong
infroduce blood oxygenation level
dependent (BOLD) contrast MRI. SFN is
never the same again.

MAGNETISM

FORMS OF MAGNETISM

* Paramagnetism
v Flectronic Faramagnetism
v NUCLEAR PARAMAGKETISM

L] "_-'.:lFll_'ri,xl'.l.'u.lu.'u_'l:'\1||'
¢ Diamagnetism
5 ALk -:|r|_:.1r|i|_ cormpdangs

* Ferromagnetism

b Metallic Fe N o

21
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MAGNETIC SUSCEPTIBILITY

Susceptibility is dimensionless and relates the
magnetization of a material to an applied magnetic
field.

M
B

xH
po (H + M)
= poH(1+ x)

22

“MAGNETIC FIELD"
* H and B are strictly not the same
thing.
H aka the "auxilliary field”
B aka the “magnetic induction”

B is the total flux density due to
external H field and resulti.ng
mag;mhzahun

B has units of Tesla (kg s A™")

23

SUSCEPTIBILITY SPECTRUM

i q0% q0* 1% 107

Diamagnetic  Paramagnetic Ferromagnetic

24
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MEISNER EFFECT

el LT

Blagmast floatng over HTC superconsductor in Bguid nitrogen

25

SPIN ANGULAR MOMENTUM

For a nucleus with a spin guantum number, J

Mapnets: Beld
parallel tox s

i Dipcle moment

p=~hvI{I+1)
z-component of dipole moment
e =ymph

Magnetic quantum number

my=-—1,—-I+1,....1

26

Dipole moment

V'3 T (O

z-comiponent of dipole moment

dMagnetic quantum number

SPIN 1/2 NUCLEUS

p=yh—

2

h {
Hz = :I:TE A

1|
m;=-_§

27
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IMPORTANT NMR NUCLEI

Mat Rel
Mucieus:| 3B 1y tmzﬂ_{:__:_"_ul_:l_l_ndanm_ Sensitivity
TH 14 42 58 94,95 1009
H 1 f.54 0.5 1.0%
e 0 = i i
D 4 1 il 1.6%
W | 432 037 | 0%
_TF | W | s e L
Hp | 17.24 100.0 B.6%
Ta i 125 | 100.0 9.
I I . 9.3% o8
NUCLEAR MAGNETIC
RESOMNANCE
Cinitliasins Wave Absoeptioen Pulsed RF Exgitation
I }
i 1
|m|5mgﬂf Lfﬂmsh'.g_ﬂfﬂrquurq,- -
m&m:ﬁﬂ ‘ Constacd Reld Srength
,_ Ircreasing Field Strength
Corstart RE Frogquency 29
NMUCLEAR ZEEMAN EFFECT
A magnetc field forces nuclel with a net magnelic moment
o align in bwo or more energy states,
30
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LARMOR EQUATION

E Pracessiara
Frequency

AFE = hw = hyB

Friaton Gyromagratic
i Erarngy Fatio

31

POPULATION OF ENERGY
LEVELS

I=-1/2

! ;
-tL\

iyl B [ AE

R [

32

POPULATION OF ENERGY

LEVELS
Boltrmann distributoen of 'H energy level populabons

Excess fraction in low energy state {paramapnitic]

N, =N, 1-N,
N, +N, 1+N;

AN,

33
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POPULATION OF ENERGY
LEVELS

Excess spins in low energy state in ppm

BULK MAGNETIZATION

BULK MAGNETIZATION

Spin Ensemble Bulk Magnetization
358
585, =M

V g g®

+  Equiibium Bulk Magratization doas MOT precess
+  Abypleal MR vooogl (1ul) conbairs roughly 180°F spins

36
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ForRCES onM A DIPOLE IN A
MAGMETIC FIELD

A magnetic dipole or current loop experiences a
torque in & magnetic field

*
B®

&

\
N=uxB

37

THE BLOCH EQUATION

Provides a classical description for the evolution
of the magnetization with time.

5M
L T
&

Rate of change of magnetization vector due to
the application of an external field

38

FARADAY INDUCTION

o dd
omf = —
entf o

tfl}=f_rl?.*d5

See Haacke 7.1, 7.2, 7.3 for details

39
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DETECTING MAGNETIZATION

Q—x c;)—x

i Field (H,1
Bulk fransyene sagnetiation
prelises sboul e frigi Feld =
detecied bn a loop perpendicalar o
TR

Exguilirram brulk
mapnetization does not preoess
=te pa¥ iudiscion in any coil

40

CREATING TRANSVERSE
MAGNETIZATION

LINEAR POLARIZATION

For an oscillating current in a circular loop

H.'

I =1, cos{wt) Q

w, 1, cos ()
2a

B (1)=

at center of loop

42
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CIRCULARLY POLARIZED B, FIELD

Laboratory Frame Rotating Frame 43
LINEAR TO CIRCULAR
POLARIZATION
44
THE ROTATING FRAME
Laboratory Frame Rotating Frame
z z
L] ¥ r ¥
45
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BLOCH EQUATION IN THE
ROTATING FRAME

Introduce effective magnetic field sean by magnetization

B = (Bﬂ - ”“j;f) 5

vl
H -— TT\.-'IKEEﬁ'

46

OFF-RESONANCE IN THE
ROTATING FRAME

B =0 L B g Ay o

=

47

ADDING RF B, FIELD TO THE
BLoCcH EQUATION

In the rotating frame:

Bog = (Bn — M;E) Z+ Bqix

48
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PRECESSION ABOUT B

Flip Angle due to a finite duration RF pulse

-

— M
x

a=yBT

Taw Haao 5 4 dor O descsiplnn
al BF sgin lipping

RF IN THE ROTATING FRAME

Laboratory Frame Rotating Frame

QUIZ

b 20 MEI immediately
above a surface coil

¥ Image plane is parallel to
coil plane.

F Sample is a large volume
of water.

¥ Question: why does the
image look like this?

Tuesday, September 30, 2008
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BE/CNS 248 M N
1.2 NMR FoR MRI1

LECTURE SUMMARY

& |7 e MATE = OPMG Segquene
s Tha Fres Indection Tooey 3 [ ean Beconeny
= Pelawgtian = BRymraibon Ry
Spanctral dersdty Ransion LIy e s T
s Gpenelaitios inesractions and T s Deailvuie WNME

= Spm-spn arhmestuers and 12

= Fick homogmathe and T2*

= Hpm-lecked nelesaton and Tie
#  Bauc Puls Soquenoes

= Pulse-anguim

®  Hauhe Spin B

FREE INDUCTION DECAY

Thursday, October 2, 2008




RECAP: RF IN THE ROTATING FRAME

Laboratory Frame Rotating Frame

PULSED RF EXCITATION

<
M A
o B
e oy ""ﬂ._‘__
¥ ¥ ¥

¥

Time

EF P

Transmit RF to coil at Larmor Frequency

FREE PRECESSION
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MR SIGNAL AS A COMPLEX

QUANTITY
y
i
* Sigmal detectson is phase
sernsibve, so both My and
My components of A ‘.‘fj
precessng magnetzation { e -
can be measured. M ~
* Two signal channels are .
cormanly elerred tooas
“roal” and “imaglnary™,
]
COMPLEX SIGNAL
II i |I I'ﬁl I'“II III.
B =
i L] B
LSRR AR Y
t L
M= Ae™
= Acuﬁ{¢|:|+ 14 ﬁ!n{@-}
= M, +iM,
RF PULSE PHASING
}'.- Pk r':'lrl_-l_' defirm] in relefon bo

;.:,'nlhl,'\-i.-'l,lr |'|'|.'|'|rq,'.-|! ACTUrACY: 1 |:F||1-\._|'
vear Erill, < 0.5 degres F;'Iql.-t' preciEion

at I =)

F&;lrl'.l:-[— Mgbadion:

.. = 90 degroe pulee phaszed along -x
180, = 180 degree pulse phased along =y
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THE FREE INDUCTION DECAY

Nug' g

| l ||1‘||1M1,., |

10

RELAXATION

THE IMPORTANCE OF TISSUE
CONTRAST IN MRI

T2-weighted MRI

T1-weighted MRI

12
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SPECTRAL DENSITY
FUNCTION

Muckar spins experiaros shor
duration (3, dipoha-gdipoie
inbaraciions giving nisa bo A
spectrum of magnetic fiakd
Tuctuation fraguencies [speciral
density funchon}

gl

[

J{w)

Bagis of Bloabergan-Percell-
Pounc (BFP) relaxation jhanny

E Ll (S A REELLLS LR ]

[l
Y
r]

13

SPIN-LATTICE OR T
RELAXATION

* Spins do not spontareously decay frem highe o lower cnergy
statrs becanse the pesenance frequency is wery low [MIHzL

* Ty melaxatson &8 driven by Beld Buchidalxons gmly ad Ve Larnoar
fremiency

* The longitedinal magnetiration decays exporentislly to
J_-ql:'ili'r'rll:n'

* Typlcal Ty for lqudd water in Bssues ranges from ms o seoonds.

w,
lmumn at
tuu % Lammor Frogquency ‘]

High enrangy satn Low onorgy st

14

T1 (SPIN-LATTICE OR
LONGITUDINAL) RELAXATION

Iz T =

bl

Ma(t) = Ma(1 — e ") 4 M (n)a— "

L5 Fahl
!
/ Sl Pevird

0 E R
Blsia)

15
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T2 (SPIN-SPIN OR
TRANSVERSE) RELAXATION

* T2 relaxation is driven by field
fluctuations at both zero frequency and
the Larmor frequency.

* Spins are in phase following an RF pulse.

* The transverse magnetzation decays
exponentially to zero due to cumulative
dephasing,

* Typical T2 for liquid water in bHssues
ranges from ms to seconds.

16
T2 (SPIN-SPIN OR
TRANSVERSE) RELAXATION
:_—_'“T 0OF oy, i_F
s E é __!_:
Fluctuation at either Total energy
zero frequency or the preservied. Phase
Larmor Frequency randomized.
CaUses SPIn-5pin eneTEy
exchange.
17
T2 (SPIN-SPIN) RELAXATION
z Start Later
i |
R % ‘
¥ L
W x 'y
Byl M (1] = Moy (0] expd —2 /T3]
(1]
' 18
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RELAXATION TIMES AT 3T

S 1, o a5 “T1. T Bl ation and. Magiwiiiliod Timedesd o Thidas of 727 blogp Reesm allid 2000 SS0T-A1 2

19
RELAXATION AND THE
BLOCH EQUATION
Separate equations of motion for each magnetization
comiponent. Add relaxation terms.
AN
= AMB:~ MB)) - £ M,
% = (M. B, = M.B,) - #-My
el 1
TH* = (M.B, ~ M,B.) ~ 4 (1- M)
20
ANALYTICAL SOLUTIONS
Torgue on magnetization causes precession:
Rotation about Bewn
Relaxation processes cause:
Exponential Decays
21
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OTHER CONTRAST
MECHANISMS

T2* RELAXATION

* By inhomogeneities within a volume (right) cause
additional dephasing of total Mxy

* Decreases apparent T; by providing an addilional
dephasing mechanism.

s T;" is NOT an exponential process - By distribution
{below right) would have fo be Lorentzlan].

* Basiz of BOLD and susceptibility sensitive imaging.

* Addressed in part by magnetic feld shimming
{homopenaily optimization)

23
ED HOMOGEMNEITY IN THE
HUMAN HEAD
Falowing whale brain el linear shimming
Cif-resoramnon Frequency (Hz) ol 1.57
S5 40 30 -3 b oD 1E 20 & el 5 24
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T2* RELAXATION

lll
-
«_ |

25

WATER INTERACTION WITH
MACROMOLECULES

Waler modeosler coordinabes
iemporarily w ik macromolec e
ey shord T-

.

Fres: water maolecule

Lo 1y

26

MAGNETIZATION TRANSFER

ft
T 15 gy 1 1 I Ly
T (0] — 5 ...I'I_. | 1 i
MT#H S [ e wases
I

I EEance

Bevigdl Badiiad
Wl
SN ARY

-
»

Aol

27
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MAGNETIZATION TRANSFER
RATIOS AT 3T

MAGNETIZATION TRANSFER
BACKGROUND SUPPRESSION

e

»
T1p RELAXATION

£ S Liock” ising an RF piles along he
I yoaxiE Spinlodosd relaxasion rabe B T,p

o

:':l "

Excita with & 30 degres puks
alzng tha x' axis

Thursday, October 2, 2008
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ADIABATIC PULSES

PULSE SEQUENCES

PULSE ACQUIRE

S0

RE Pulse close to
Larmor Frequency

\ Free Induction Decay
A A

KFTX
. P
EF EX U U o

33
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TWO RF PuULSES

F BX

34
THE HAHN SPIN ECHO
EXPLAINED
90°, 180 B
ﬂ T ﬂ B E
1| FID
Eierrived
i """l'ﬂl.llll'ull|l I.lLll‘lhﬁ‘."_
35
GENERALIZED SPIN ECHO
CONTRAST
#robon Density T, Weighing
S(TR,TE) = 5(0)(1 — E-T“J“T')E-TEJ’E
Signal inlensily T. Waighling
36
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MAGNETIZATION

SATURATION
= 1 s Til i I hart o tia T
.o
50 Pulzs %,

MIMT R = Mall — i TRI!T 5 1 T ‘“'-_. B0 Pusa

AR 1 FLE S| L — - A x\ '-\,II

l""':.x"x .__.I '-I

{."I.:-._I_\_ -__ L1 _ l

"3

_llu"l

SATURATION RECOVERY

SATURATION RECOVERY
CONTRAST (T ,-WEIGHTED)

Thursday, October 2, 2008
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Tz DEcAY AND EcHO TIME

Vibe Wikl |
ey Mile

"

S(TE) = S()e-TET

40
TE-WEIG HTED CONTRAST
41
REFOCUSING MORE THAN QONE SPIN EcHO
Carr-Purcell-Meiboom-Gill (CPMG)Y Sequernce
i 1£01 1, 1801
Ef2: TI | T I
ol L sl recay
RF RX 5 N
Muolienle spin echoes pefnogsed frem single cociiation
ieple spin echoes refoos e alnghe eocliabon 49
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T2 DECAY

CPMG sequence; One image per echo, TE interval 7ms

43
INVERSION RECOVERY
4 b 1 40" Pules
= Sl D
T
% J 4 ﬁ
ix
'3
.*
}T Fhla:re-ﬂ'lm
T
44
INVERSION RECOVERY SPIN
ECHO
18 180k
| O, |
RE TX . I
I Tl 1 TE
EF BX #
45
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INVERSION RECOVERY
WEIGHTING

S{TI,TE) = S(0)(1 — 2~ T/T1 )~ TE/T: 46
MAGNITUDE INVERSION
RECOVERY WEIGHTING

S(T1,TE) = |S(0)(1 — 2a~ TH/1 je~ 518 47
INVERSION RECOVERY
CONTRAST
48
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STIMULATED ECHO
SEQUENCE

Iu--_ Iﬂ:. Iﬂ'.
RETX - e

- sk i
e i e
dicay W, mogips, Ty deday T dee

49

THE STEADY STATE

RAPID RF PULSING

THR>>Tiand T:

TR =Ty and Tz

51
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MAGNETIZATION AND THE
STEADY-STATE

(] Il:l!

Define Mormalized Time within interpulse period
t,=t—nlTH
Iransverse magnetization T decay
M. (tn) = My, (0T )et/T
Longitudinal magnetization T recovery
M.(t.) = Mgl — e/} 4 M, (0" )e 4T

M [FE)

A fac ) e )

uI-f b
i

52
STEADY-STATE INCOHERENT
(SSI)
Assume T2 << TR s0 no memory of Myy across TR intervals
By = cTRIT = STRITe _ g
If & steady-state exists then the following must be tre:
Moayp-=M..=M,.E,cosf + _Hn{]. - El}
and therelore
Mo(1— E1
Jlkfze — : n[ ::I_
(1 — E;cosd)
53
SS] SIGNAL
Applying a flip and T; decay gives us the signal
Mo(l = E1) o1
M. (0.t,) = ————¢ "2 gind
zp{6: ) (1L - E;cosf)’ o
54
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SS| TissUE CONTRAST

TR=<T,

r..\' Wems e R
il N ) ‘mry e AT
I| ."'. i
|
e * L n:“-"-::'_ L [ ©
ST TE, ) - =:[u:r=:i|-rr='|—-l—";H—'.-' TET
B 55
THE ERNST ANGLE
. B = ecos e~ T T
Maximum signal
obtained at Ernst
angle, not go” when

56

APPROACH TO S5I

T

S(TE)

e

e — A steady state magnetization s
reached in the order of T seconds

Time

57
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STEADY-STATE COHERENT
(SS5C)

Transverse Magnetization Preserved. TR = T,

Both M and M_ attain a steady-state.

Iu TR In i

Fi TS il
FiO

Lk ,
T B e

=
s tn
-

58

OFF-RESONANCE EFFECTS
IN SSC

Ap ={2Zn+lim n=0%12I...

FPhase Accumulated Curing TR

59

QuUIZ

S5FEF Imaging Sequence at 3T

60
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OFF-RESONANCE ARTIFACTS
SSFP AT 12 TESLA

61

MNEXT LECTURE

* MR Image Formation [

62
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BECMES 248 AR i
2.2 ImMasinG MoTmidsN e e Ly

LECTURE SUMMARY

= 1 BRI af Firw and Motion
= siphonin g :.l'.'-'.. ne

= Hegier prder gradient momenis

t Phises cerdrast MR
" Phisse dilferenge ve Camplix dilferenoe

8 Fossfiet Ooret MHI

= Pressure MERI

MoTIioN 1IN A FIELD
GRADIENT

COHEREMT MOTION
* Mon-random bulk seolion of a liquid, dastic, plastic or solis)
rraberal
T el engih-acalo dependind
- Coheneri Wiohon
= Lamirar Hond Bow
. CG[ fu
* AMisncasdial sidion
* Ireohensit Motion
= Mlnlkenalar sl fdifFasion

w - Capillary fiow om a large lergth scale (Meeudo-diffusion)
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PRECESSION IM A GRADIENT

Staticnary lscchicmals
Timn L8
@ @ O
9 ® @&
o® ® @

MoTIoN IN A GRADIENT

B,
. fashramat Moing al v
> @
. &
> ®

HIGHER CRDER MOTIOM

Maclauren exparsion of position as a farchion of ime

-y L — E o jmiy
i) =xil) =z {0+ -_i:": {E° = - ;::' '||.:"||‘I' 4.5
il = pfd] [mitial Welocity
£ = ol Inddal Acceleration
£ [mitiad Jerk ..

GRADIENT MOMENT
EXFAMNSION

Sulmstitube info 10 phase mcamusdaticn equation

e | S II" AT

- [:[EI: Jlr_T dreeiE o .:'I;IJ:IJII-I AR b

= (B (] b e[0T 4 aflimg [T 4.
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PHASE AMD MOTION ORDER

Phase contribution dae 1o " gradient
n l:jw;n areder of mifion TRt

6u(T) = 2 (0} (T)

rt Bme-derivative
af |ii_l».F|||l||,1_lrr.(||-||

ZEROTH MOMENT

«  Frpa of gradiesnd in puie anguEnoE Slagrem
»  Prase ayiiubos of SIenaty s

LIS

el s

10

FIRST MoMENT

= PSD eyEu s o SEen Wi oSNt Ve

-\-H' i A
&l Ot b

aparrime

|

11

GRADIENT ECHO MOMENTS

Fazic gradient echn wavefarm

gl

b |

L

Wihat pew the zemth and fst gradiont momenis at the time

al Ehe echo?

12
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GRADIENT ECHO MOMENTS

I3
L
T
0% Sloanend mulTE} = J|r ablr(di =0
Tk
14 Mament miTE] = @bl

13

FLow COMPENSATION

FLoW COMPEMSATION

® ap wee o EELEN D Fr.‘u_ju_‘n' WREE
where both zeroth and finst onder
maments are qemo at the echao time?

v i zs is faleits B, then vy cimaland
mabion woield have no elect as the |:'||'|.|-'|ﬂ.|:
of the echo,

o Meed one mone degres of fresdom.

15
MoTION COMPENSATING
GRADIENT WAVEFORM
L e . i
If
"|'|||!’||'b
16
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MOMENT EQUATIOMNS

Carmiient st with -_-:||..'| dsiration pradiert I'_'III;";.‘:"H

ma(TE) = t(G1+ G2+ Gpe)
e |
mi{TE) = ET'I:'GL + 30 + 50 re)

MoTioN COMPEMSATION
SOLUTION

Ml LE] = r{TE) =1

TE
Ga

.

EVEM ECHO FLOW
COMPEMSATION

Fiast mment rulled infrinsicaily for gven it i

Farh graddient arwd spin echo brains

TR R

FLow COMPEMBATED SLICE
SELECTION AND FHASE ENCODIMG

I'E
"'L-"

ﬂ—A'-“m
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FLow ENCODING

PHASE ENCODING OF FLOW

B l:_ Al a E;r.‘ll_‘ln-_\'l:, WAVEOITR |'l|,'," -c!E"».lSnl_'\:‘!
that gives the echo a phase proportional
o velodty in a given direction?
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= More comverient stiil to have independent
contmod over frst moment.
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Slice

BioPoLAR FLOW EMCODING
PULSES
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BACKGROUNMD PHASE

¢ The woxe |'|=:.-h|; wiblwasit v ity
|_1'||_'-\,}|_‘|||:E cannol b aesiamed W D Bene

= Many comtributions to background phaese:
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Gradient addy cursents

Other orders of motion

Deliberabe offsetting of echa position

24

Thursday, October 16, 2008



REMOVING BACKGROUMND
PHASE

eereral velocty encoded magnetizatinon
- LT
= e
Acomire two images with opposiie sign bipalar
gradient pulses
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X i W
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PHASE DIFFEREMGCE

Dl i I'll-alhl:' of
transverse magnetration
" Ay, between positive and

) £—  regative velocity encoded
atguisitions.
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PRIMCIFLE oF PHASE CONTRAST

Rackgrouend phase arises. from By mhomogeneitivs, ich
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EMNCODING SCHEMES
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RECOVERIMG VELOCITY
FROM 4-FOINT ENMCODING
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ALIASING VELDCITY : VENC
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PHASE UNWRAFPING
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VYWELOCITY IMAGING
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PARTICLE TRACING IM PHASE
COMTRAST FLOW IMAGES
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COMFLEX DIFFEREMCE
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COMPLEX DNFFERENCE
PARTIAL VOLUME EFFECTS
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COMPLEX DNIFFERENCE
EXAMPLE
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RETROSPECTIVELY GATED
PHASE CONTRAST MRI
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FoUuRIER FLOW ENCODING
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REALTIME FOURIER
VYELoCITY MRI

Velocity ercoded EP Amatic Flaw Specirim
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PRESSURE CALCULATION

& The Mavier-Sinkes Equation relsies velodby and
Eeliative pevsuse
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MEXT LECTURE

® | Hifusion MEI
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LECTURE SUMMARY
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TURBO SPIN ECHO
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HYPERECHOES
¢ Drigineted by Jucngen Hennig and Klinis Sl e
o Radiced BF power deposition
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RARE STYMONYMS
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STIMULATED ECHO
SEQUEMCE
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ECHO-FLAMAR IMAGING
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EPI PULSE SEQUENCES

= Ay transverss magnetization preparation
can be imaged using an EPI k-space
traversal.
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SPIN ECHO EPI
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EFFECT OF ECHO TRAINM
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EFFECT OF MULTI-SHOT
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GRASE

41

AFPPLICATIONS OF EPI

» Diffusion-weighted Imaging
» Feduces effect of gross motion
= Redoes iotal beaging tim

* Functicnal BOLLD Imaging
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* Beduwces effect of gross motion

¢ Redisoes lotal bmaping tme
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SPIRAL MRI

SPIRAL TRAJECTORIES
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SPIRAL ARTIFACTS
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SPIRAL FEATURES
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SPIRAL APPLICATIONS!
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MEXT LECTURE
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LECTURE SUMMARY
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REAL-TIME MOTION IMAGING
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GUT PERISTALSIS

FunMcTIONAL MRI
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PERIODIC PHYSIOLOGICAL
MOTION

MRI ANMD PERIODIC MOoTION
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THE ECG WAVEFORM
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THE ECG WAVEFORM
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PERIFHERAL PULSE
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PROSPECTIVE TRIGGERING
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RETROSPECTIVE GATING
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RETROSPECTIVE GATIMNG
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MAVIGATED WIRELESS
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HYBRID TAGGING: HARP
AMD FASTHARP

== iyrll] i i Bl FRaTARED o W )
o T e e P et

Ll

P =

=

PULSED FIELD GRADIEMT
METHODS: DEMNSE

A D S e PV §YEE ael e | DN s PR e
el srirrrad by myprssr

TIME-OF-FLIGHT MRI

THE INFLOW EFFECT

Miadinx

Sy
Flis; Flie v TH
.-_'I- Bloosd Vedem]
poa 5
TR =
44

Tuesday, October 14, 2008



THE INFLOW EFFECT
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FLow ENCODING

PHASE ENCODING OF FLOW
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Acomire two images with opposiie sign bipalar
gradient pulses
- (R

P = pye

X i W
6y = 5{2p- — 28]

25

PHASE DIFFEREMGCE

Dl i I'll-alhl:' of
transverse magnetration
" Ay, between positive and

) £—  regative velocity encoded
atguisitions.

26

PRIMCIFLE oF PHASE CONTRAST

Rackgrouend phase arises. from By mhomogeneitivs, ich
timning afisets, eddy cumments, Macwell berma,

‘Wadstiy prvonad '.ti-ln-rn;r'\-.'r'-:ms-am oyl Sraeu avdosdy
TGN e

27

EMNCODING SCHEMES

6 Pt Seheme 4 Foant Sehome

S pred s by Limpid]

28
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RECOVERIMG VELOCITY
FROM 4-FOINT ENMCODING

Llse limear pxmbenabamns o o vosd !,'ll:.\_ll-\.l_l friem each
.||:.'.||||~.il1n:|r| Fiar .-'\..1rrl.i|5|_l. fiar Ehar r\n.l e epepileEd -

mgroret o veloty

1"5.':=

B3 | b

[{ga 4+ gu) = (g + ga)]

29

ALIASING VELDCITY : VENC

Fhase is modulo 2m =0 we expect bo see phase aliasing
thee welocity exoreds 2 cetain value.

This critical velocity is cafled the eronding vebodty or Ve

30

PHASE UNWRAFPING

31
VELOCITY IMAGING
CINE =0T Ceulln e sea
g 32
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VYWELOCITY IMAGING

EIHE PTAE S u S e e
Fom ey b T e, A 1 VL
e et s

33

PARTICLE TRACING IM PHASE
COMTRAST FLOW IMAGES

34

COMFLEX DIFFEREMCE

}'-. ﬁ i {'l,nr.Ph-_I:: signal differinge
Burtwieen eneechisd ardd
Ay compenasted poguisitons s a
fanctian of the Bow b
within a vl ared can be
x'  umsed diirecily do generate an
imnage af fwiny material,

35

COMPLEX DNFFERENCE
PARTIAL VOLUME EFFECTS

36
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COMPLEX DNIFFERENCE
EXAMPLE

ey U

L4
i
-. A e B, Lhwy” TN 0 TIgd 37
COMPLEX DIFFEREMCE
EXaMPLE
I'I'I—IT
bkl |
. !!
|| || || I.-J "
-.rl- I-I---- = I -|I IJ'-u.-rln--' Py
38

v i L e B, @ ™ WO e e

TIME-RESOLVED FLOW
MEASUREMENT

RETROSPECTIVE GATING

I E GG ‘Aawwlanm

1= i il

Ll e roram i d L D

_

‘ Lo P L L e

e g

hil'lll

Flar mrmis wrige) phaas ol rerea g o eviar cycin

40
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RETROSPECTIVELY GATED
PHASE CONTRAST MRI

-
[_!'Ttl"—l_ 1"’|

Aprrpraried mrame Ha il e F e 2k

30D PHASE CONTRAST CINE

51 Flonw AF Flonw

REAL-TIME VELOCITY MRI

aparal MLHT wil th oo '.;'l.:"-. ied and encoded

EE
iR

':U

ﬂﬂ

MEW VELOCITY DIMENSION

L DETIATE DOAsd BT .'.:::'.'_-:l I I

-
gix) = f dES0Ye ="
b=

with phase encoding af velocity

S{u) = JF dE5(0)e 9

Thursday, October 16, 2008

41

42

43

44



FoUuRIER FLOW ENCODING

TE

45

REALTIME FOURIER
VYELoCITY MRI

Velocity ercoded EP Amatic Flaw Specirim

e o ol [UTD KR 46

PRESSURE CALCULATION

& The Mavier-Sinkes Equation relsies velodby and
Eeliative pevsuse

= [l 5 viscoys, me-varying and motational

—'I-‘,r;--p':—::fpnﬁnﬂ]?u?nu

47

MRI PRESSURE IMAGING

Trasi e Rl TR

48
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MEXT LECTURE

® | Hifusion MEI

49

Thursday, October 16, 2008



.
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4.1 DiFFusionN MRI i

LECTURE SUMMARY

¢ 51 Diffusion MRS
§ Moleoules Sel-THEusion
* Handomi-walk and e Einslein Equalion
o Shepical-Tanner Doperimend
 Aprarent Diffumon Coefficiend
o Restricted and Hindered Crifusion
®  Tha Defliesdases Tensoe Model

# Dilfugion Tefsos raging

MOLECULAR
SELF-DIFFUSION

DIFFUSION
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EINSTEIN DIFFUSION
EQUATION
113 THfFusian Dhffuson Cowdies jend
. Loorwentratios
i g Pl
_— = —_—
i

A
30 Ddffusian

e :
a ¥

DIFFUSION EQUATION
SOLUTIOMS

Thie 10 spatial comcerdration distribution e 8 thme

evalving normalized Gaesslan

MEAM SQUARE
DISPLACEMEMNT

FMES displacement af a maleask
ot =1

10 Diffaston {I}e'} = 2

D Diffusion (17 ) = 6D

STEISHAL-TAMNMER (PGSE)
EXFPERIMENT

TE

|
nm

. I | 5]
—

i
i

[ ]
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SIGNAL ATTENUATION BY
DIFFUSION

Incoherent molecular self-diffusion in & gradient casses
dephasing of rarsy erse magnetization

10 Gausalan Diffusion
5(b) = §(0)e~bP

Where b isa messuze of the diffusson weighting
grnersted by the balanced prodient pulas

IDEAL DIFFUSIOM

ATTEMUATIONM
. For 10 {aussian diffasan
-
W T
el m Mw
;%l% R"-. u-u"'u-.
. S \ - ke
= ) Shope = -0
'.
N
C 10
THE B-FACTOR
The befactor can be caloalated from the k-spaor
irajeciony:
T 2
ba(T) = [ atlka o)
0
11
B-FACTOR FOR STEJSHKAL-
TANMER
.
- -} . h -
iyl o i
bIE) = (1G3)* (A2
12
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DIFFUsIoN WEIGHTED MRI

13

DNFFUsIoN WEIGHTED
IMAGES
1]

Mo Diffusion Weighting 500 & mm?

THE DIFFUSION
TENSOR

RESTRICTED DIFFUSION
WITHIMN A CELL

Lifeively Lnresrnesd Hoaremes
Y s
- . y
—
Tie

16
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UNRESTRICTED AMD
RESTRICTED DIFFUSION

Slope =1

Rasiricieg
diffusien

bn | Wh {50 §

s - N

Uinimsebrictan
dffamian

17

ANISOTROPIC RESTRICTED
DIFFUSION

Al ol b saier, satively uifioitE el

A el D e

Faiia
o
mlewwp
Fesirailid
1 amen
Earridi;

18

FICK'S EQUATION AMD THE
DIFFUsSIoN TENSOR

Fick™s Equatiom reletes sliffusive fuas () boa
sunoentration gradiens using the Daffusion Tensar (K5

de

hi=Digy.
J

19

WHAT 15 A TENSORT

Ti MR BTRE., 3 MR 3§ & g H’brrr#wul-sw-:w
frmnd Ooerdly’ = georeiea el el o Be o proesas @ a
AR ST ROy WA G 3 CNe0n Dl DiSdl NOWeD, B
7 b i ered of ilasll, @ e B ncereozien! oF sy o
e o Eerenod. T rask of 3 0poely” IBraor B T4 embay of
Ay v = L 1T . B P aTrEn,
[TiliSS, WiTWR G, &7 Sined S2akhe TRABNS T84, M 3S1800E Of ik
0 Sobow, nomeium o 05w yocir-Lhe Do s s of
a1 B AL TE N TR B B 7 AT B At
b ZIEF R ey pTAr yecern g e e eni 2

Wikipedia 2006
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PROFERTIES OF THE
DIFFUSION TEMNSOR

defirin secon sank
BONA B GTATRATS Lys o Dy Iy

B i wr Lo g Dy Dya Ihy
ayrrrrelec i 0= -II-:'I.E' UER U‘H

i hain ingey ethaegora
D8 it SRR w6 11 D = A i=1.23
wpE i

21

DNFFUsIoN WEIGHTED
IMAGES FOR DTI

o DiHusion tersor las sty unkirea s

= At least gix diffision weighted images

v DNtusion Erad:fue dineclinns s n-:pln:
directional spaoe

* Encoding directions cannot be co-linear

» Additional image with minimal b-value
msed o elimitate all other welghtings (11,
%)

22

THE B-MATRIX

Wlore meneralhy for T e rewd it calcislete the b-makrix
which nchades cross terms between the gradient axes,

T
‘IJJJ{T:] = T?ﬁ i k:-':ﬂh; (t]

3

X
Sbiy) = Si0)exp | - 578 biDy,

=l f=1

23

AMALYTICAL B-MATRICES
b

Ideal rectangular pulses |_ G |

i 1 )
by = P06 I:L:. : __-1.5:|

Trapexnidal pulses i e Il"_,ll.'

by =] lr.:rﬁ {a ;s:] | i:];l éw]

24
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AMNALYTICAL B-MATRIX

il pulse sequenoes are

Analytical expressions for pe
coenplicabed bl alloes Inversion bo deleroune roquited

gradienl values 0or 3 desired be-madrs

NMUMERICAL B-MATRIX

T} =" I|'r odd Kyl ehk, (2]

o

et oy Tl & [ 8
simvuzation of e

ThR b3 lElls

ckemmamf

cimact inveran

DIRECTIOMAL SAMPLING
SCHEMES FoR DTI

Oplimal leosahedral Sampling:
11,9500 00098, BL300Y

{0 BT 4 S35T 0 G008}

{0 E407,-3 42570 DOIE}

{0 COEDE] ASDT 0 S350

(0L EOIE L AT 0 5357}
(05257 3 A0, 0 ESI7)

o e s i [0 ST A 00 B BT

U0 Doty Pl B 0l P

TETOEE B ST

25

26

27

G-DIRECTION DWI
(lCOSAHEDRAL ENCODING)

28
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FroM DWIs TO DTI

Refererce image (no DWW 5“]}

Dhffesion weighied images 5“—": I"|

i (":;I;;”J:J P IS

=] j=l

29
SoLVING FOR THE TENSOR
Recasi as a makrix equatian
5 = Hd
f
fRstay Y foR b e b e L o
kg B[k : by Bpy dmy B fqns 1 Lha
-1 | (1
Rl b biia Bypa Bpa Bgio B 1 :'h:
Y, o g R
Salve using the Moore-Ienrose perado inverse
d=H"s
30
DT MoODEL OF RESTRICTED,
ANISOTROPIC DIFFUSION
Al Difuson Tansor Mol
RAeariction
31
DIFFUSION TENSOR
ELLIPSOIDS
Orentation and Kegih of oligs0k anes cormospond o
eiporvoctors and agonvalues of the dffusion sensor.
32
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DIFFUSIoN TEMNSOR
ROTATIOMAL INVARIATES

mdependan of e moasuneTend frame of elsonoe
E fpervw s Ijl e ." x
Exgenvecion :

Tracall] Tr| = E.i.

Fracticral R [ A , o R
Anisotrogsy . -

DIFFUsSION TEMSOR INVARIANTS

Mar iLawvy

FRACTIOMAL AMISOTROPY OF
THE MOUSE BRAIN

THREE-DIMEMSIONAL
FRACTIOMAL AMNISOTROPY
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DRGANIZATION OF THE

37
ORGAMIZATION OF THE
HIPPOCAMPUS
38
ANTERIOR COMMISURE
39
TENSOR INDICES IN THE
HuMaAN BRAIN
40
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TEMSOR WISUALIZATION IM
THE HUMAMN BRAIN

41
TENSOR YWISUALIZATION IM
THE HUuMAMN BRAIN
42
TENSOR YWISUALIZATION IM
THE HuMaAM BRAIN
43
DIRECTIOMAL CODING
REMDERING IN AGCC
vl Sl i n flal Bghart
44
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MEXT LECTURE

w Diffusion MEI

= Diffuxion Tractography

45
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BECHMS 248
4.2 DiFrusion MR

LECTURE SUMMARY

¥ 57 Diffusion MEI

& Cliniced Applicatioms of D71
T3 Tret Teachng Mithiels
= Limitaton=of [etermirestic [Sher TRCEITEE
= Probabilistic Piber Tracking
o HARDH and the O0F
" Qs

b bl lmaging

CLINICAL
APPLICATIONS OF DTI

ANG FIELD

HLIGEE 2

DTI in Cerebral Neoplasm

Dagranie pecd Irefiltrarbed :
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Pattarn 1: Shift

oW AI:III:_ ;
Anisotropy:

,': )

~nomai  © M @
Location /

Oinganization:

Abnormal

Fii, '
-
g

Organization:
Abnormnal

Pattern 4: Destruction
ST T ADC | P TTh

Arisotropy: =0
Location | Organizationc 71
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Pilocytic Astrocytoma

Praop ostop

P

TG, ADC T L P S
"

W o

i

- g
i

Fliwi iy

FA
e
o

TrRACT TRACING

STREAMLIMES

Pabhe: Eracid By b masches pantichs in & velockly veclod ield

11

INTEGRATION OF A RADIAL
VECTOR FIELD

Coenparal

B, exoept lor the directioral ambigukly of thae teroac

elgermwector fleld.

- -

"*'.- Straard e { Teact trmon
Valzeity ’
_4 wacior fpid | SRR

i hiae
ﬂH‘I‘:‘I’:.‘mll fireclaoa
l e pationl] ‘ arsbhguily

¢ bo streamline integration through a velocty

12
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FIBER TRACKING
ALGORITHMS

= Wide variety of determinzstic Aber
tracking alporithms

» Mot based on findte differenco
ilegration of the prnciple eipenvector of
equivalent estimate of maximum
diffisson direction

» Mol specilic fo axons - con be peslormed
ke amy fibrous Hasae, including skelead
muscle and myocardinme

13

STREAMLIME TRACT
TRACIMNG [(STT)

i F s r
Consiam sep s Eq '._l'j] et L
{bypacaidy 0.5 vooseds) e
X Tosmicarion creria
E|-[1'1_:_|.-"' rCa | I BCGTRATYY CoiTWIERE
¥, [} Minemem FA

|e) Masistus= Bhar length
Oy
F

€1 fh]} "I Prisezipia Egonvacior
/ camsaled from stnmaialen
I'E:l Tl ] il Fale POl

14

STREAMLIME TRACT
TRACING (STT)

15

F1BER ASSIGHNMENT BY
CONTINUCSUS TRACKING (FACT)

Discrale Tracking Cantinuous Tracking

voun ey

16
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FIBER ASEIGNMENT BY
CONTINUDUS TRACHKING {FACT)

ke el D

17

TEMSOR DEFLECTION

Tensor defliscts fbwr wector brwarcds principhe

elgErvector

18

TEMSORLINE ALGORITHM

aridd Tersor Deflecton

progreed e Wetndden et al

Weenghted combinaton of 5T

Wour = (FE1) H 11— ST — glwis + 90w ]

f and g are wser defired in rarge 0.1

19

TENSORLINE VWISUALIZATION

20
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FIBER CULLING

21

BEYOND THE
TENSOR MODEL

HIGH ANGULAR RESOLUTIOMN
DIFFUsSIoN IMAGING (HARDI)

Approximate =
salution of the
Thomson ™
nlectroatalic i
rapnilaian ia
problem on Ehie s
wurface of the
sphne.

23

D5l oF ADC: MouseE HiFProCaMPUS

.
T2 angutar samplas, Colorscake from maan ADC
ond Bl dineciions

24
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HIMDERED vV8 RESTRICTED
DIFFUSION

8 s Dnmiaba bl g by syl

et W R R TES By .ﬁ'-'\-'
1§

CHARMED MoDEL

Tenenr Modnl fo ALK
Exirlimoe

il ks
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29

DTl BREAKDOWM

ij‘rj' A
Y,
LRSS AT
FLradrfhsS2s
i
FrRELELTTE P
!JHIHIII S
srrrnl &
Principal eigenvedion, &, 30
Llrniason
EhSIDon
Purction $00F)
cmreciy denifes
efrasad it
orieriptions.
hll::'-\::_:.r-.’ 31

OTHER FIBER

TRACKING METHODS
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FAST MARCHIMG
TRACTOGRAFHY

LT o Marmos Band
Veante - Wnine
fronsian veaodty
1
wir| = — = " I3 e i T T
I MmnLiey LF)° A FEL i aF ] @] |

33

FAST MARCHIMG
TRACTOGRAFPHY

34

FAST MARCHIMG
TRACTOGRAPHY

35

BEHREMS MODEL OF
AMISOTROFIC TISSUE DIFFUSION

R akind o~
R miansty
od Tie -

afsdng

# - Pastial volume oo modelod as mivtuse of sl

diffusscmy angd w distribeaiion of fiher coteniations

= Wonte-Cagle Barka T Onain PRT wibh nartial vwodame

s

Compulatinnally very inlendive,

= S Behrers o al Magn Fesom Med 2008

36
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GORILLA PFT: CALLOSLIM
TO CORTEX

SEGMEMTATIOM BY
CORTICAL CONMMECTIVITY

S
o P
g 3

il
.
T T e |

38

@-SPACE

Lienit of the Stegikal-Tanner experiment when
R I Y

40
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Qf THE DIFFUSION
WAVENUMBER

Fiar tha Stejakal-Tamner, aka B Pudsed
Fiedd Cradient [PPG), sequence we
define a new irverse space coondirate:

]
"y 1

= — dtGi{t) = — G
alT) 2 L -

Mgrhe that o is 2 Function of G and & anly.

Di=placement during the gradient pulze
15 msmurmed to be oepligible.

41

DISPLACEMEMT
PROBABILITY AND @-SPACE

Wb can relade ke rormalied attenaatem o the
pondional -r'lr\-q,rcmili: by demsiby oF o el rru_ll.lir.g
o e iu'mlirn o arsther du rings A

Eig,A) = ||' J,f Piry. Alry, 0P e o @y
it S v

42

DISPLACEMENT PROPAGATOR
[f we assueme local hnmageneity, iben the probabiliy

density Rinction depends gondy o Ehe melative

-tli-'\-lp:.lq.'ﬂ"'ﬂllﬂt T

Pir, AlD,0) = Plry, Alr,,0)

Ensy bo show that this PDF cin be calculabed by mvecss
FT uof the normalizasd aftenantion

I'-t -
Plr, Al0.0) = j dq Ela, A)e "
—o

43

G-SPACE PROFPAGATORS IM
PRACTICE

Fh FLAIR

bruel W e

44
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PROFERTIES OF @-SPACE
PROFPAGATOR

# Mp diffusion model assumed.

v Mpasines profability depsity of o
mlecule displacing by o given smount in
a given Eme

s Time-consusing fo soquine data bn more
than one g-space dimension

45

Q-BALL IMAGING

ORIENTATIOMAL
DISTRIBUTION FUNCTIONM

Eadial profection of the 30 displacement
pro@adility Functian

!."{1-1}=f FPlru)dr
0

47
FUMK-RADOM TRAMNSFORM
Tam saswws Dl e Sihedon wekded sgrad on a shell o o i
ke by e bl e U b e e s Balen e
48
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G-BaALL IMAGING IM THE HUMAN
BRAIM

49
QBEl oF THE MIDBRAIN

50

DTI IN THE HEART

51

FIBER TRACKING IN THE
HEART
52
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MEXT LECTURE

* Magnetbs Fesomanoe I'l:_L;:.'ll'l_'r g

53
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BECHNS 248 i LTI
B.1 MRI HaRowaRE R

LECTURE SUMMARY

= &1 MEI Hardware
o Wiain Feld Solenoid
= Grachent Coils
o Shism Coils
® RF Coils
¢ Sypibecheer
= Tuls: Sequenoer

Humam MRI SCAMNMNERS

MRI HARDWARE SCHEMATIC

Pl

(==
HEHE— e
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MainN FIELD SOLENCID

MAGHET SOLEMOID

HELMHOLTZ PAIR
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HELMHOLTZE FIELD ON AXIS

Axial magnictic Hield

4 T | 1 i
i3, == F 1
~1 i b i 5 =1 k2
whepe %= -
n

9
HELMHOLTZ FIELD
UNIFORMITY
| 10
HELMHOLTZ FIELD
UNIFORMITY
L ll!rl-
o i
FFTILLLLL
e IR LiL L
11
HELMHOLTZ PAIR SETS
- ——
4o e e B gt B B 4 1 e o s
— 12
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SUPERCONDUCTORS FOR
MRI

Miobium=Titanium
Class 1 Suporocndincionr
Trarsiion weriparaturs - 10K
Gritical fioid : 35T

B W 1] il W bl WY

Material of choics Fat high-bald
soperconducling magnets dun
I mechanGal and magred:
peromanos advarfages.

13

Lgpuaiad My bamils ooff
prefenertialiy
lsrcraficial crpagenl im
eeder o el ligmid
Hee bl o,

Typical MH] crpnskat
will nired B fillls
weekdy 1o monthly with
He fills monthly o
quarierhy

T

14

HiGH-FIELD MAGNETS

Leading Edge Technology

15

EFUEMCHING

Catastropbaic breadown of superconductivity causes

rodlapee of magresic ficld. Stored energy dusped as
harat inko cryogens. Huge solume of gas released.

16
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GRADIENT COILS

AXIAL FIELD GRADIENTS

Thie Maocwed] Palr
frot ba be canfused with the Helmbnlez Fair)

2+ &2

AMNTI-PaRALLFL
CURFENTER

18

MAXWELL PAIR GRADIENT

19

TRAMSVERSE FIELD
GRADIENTS

ALl you need ane bwo wires

20
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IMPFROVING THE GRADIENT

L L@y 7h Ly 7
/-

A M@ L@ Y

'y, i .

21

THE GOLAY SET

Cvlirsbrcal versicn of fimer paralli] wimes

o
Nt [(F) &9
Ut ) O

|:.:|'|Irllﬂ.\_l:|'."| 358 d =075 = 12K

22

S5HIM HARDWARE

23

THREE-AXIS GRADIENTS

Timm Mawwell-Golzy Design ard Fabrication

24
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THE TARGET-FIELD METHOD

Bahve for the aprrent denuiby,
W26 o e wardece of a -
= a which .____.-"
RErral i requisnd B,z 0] -
e B el ol 4 L
cvimder radiuss < a

cylirader of m

_|r.||_Ig;rnI|' rurrenk cenaby b
n".-lll,'|.—.-r|.1 conbours of current
divaity along e e wirclings

tom b wrapped Tathar o Target St iawad. J Pl
of TAEETH LT Fid Bl Al 25

THE TARGET-FIELD METHOD

Chesdrant af ywanding
patern far TEN
tramwerse ool wirklimge i

Longituclicad graslierd

TFM winding paticrn H ‘ | | H

| TP 26

TARGET FIELD DESIGHNS

MIMIMUM INDUCTANCE
DESIGHS

e LR e N N e
[ ey e e Ty

28
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GRADIENT AMFLIFIERS

High curmst - hundmds of amee:

Frit sy i - 006 Tl rasgi

DeC-500% KHz handwiiih
-
.
.-
yemee i
[

| Wioukd makn secslen sleren
gl

Correirsily, i pliy ol
Erough the grsdiam sl jacmnd
nud sEeain avar deskgnsd |

29

SHIM COILS

SHIM COILS

o Cenerate additenal fields to compensate
for By field inhomopeneities in the
samgle

U o i 111 Y ARG gr adiests alten wsed B
generate linvar shim fieids. (pradient
shimming].

v Higher order spaiial shim folds also used
for isnpaoved shimaing.

31
SHIMMING
1
[ 1
- Ill.-- -'.1__
Zerra shims Optimized shins
#d{H.} = 100Hx sl (B} = 25Hz 32
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Legendre Polynomials

Ehism Hame:  Legendon Polyteel

2% Crdar

TFM S5HIM COILSs

L strpam Furdtian
approach o penecat;

LLeriar s wrnliing: pattesms for high

vrder dhim Rolds
e i

RADIOFREQUEMNCY
CoILS

RF COIL DESIGHNS

36
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RESONANT CIRCUITS

||'_.

Witl £= L o=

L

W L

At resorarce, tank cirosit bhes very high invpedence
and draws little czrrerd. Currenl psciliares between
capacitar and inductor,

37

SIMPLE LooP ColL

: Wire radiss

/

= L= N°Rugm, [Ir. [iH-E:I - i*]
B i Loop radies u

For example: A S3om radius loop
af Imim radics wize inalr has
an Inductarce of aboot 2

38

TYPICAL TUNING CIRCUITS

—# o

B
ARy mmetric C;f —E L
Fy E %

Ik
L
1

Symmetric  C. 3

39

@FUALITY FACTOR

= Energy bost per cycle
v FWHM af ooil resonance enoads
" |'_|.-|_-_'|i{.1'.lg.- if parige TO0-H00) ST A S

_ Ly
A

40
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BIRDCAGE COILS

1 J i Ilr_I.I.”- X

]T TT o iy

Loww Pase Birdcage High Pass Dirdeage

41

PHASED ARRAYS

42

PHASED-ARRAYS

: : - Signal from an amay
[ 0 & & ) | af recelve coils 1=
wied T T 1| | R welghted by a
'-.:_Z-'":fr-'"'-!'.-”’ . cnenplex factor prioe
i 'u_ . i surmymakinm

Mmgin amd Facddh, 0w T | ST

43

IMAGE FOLDOVER

e

I rechused
—

| il
ik

44
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SENSE

BENSE: Sensilivity Encoding hor Fast MAD

45
COoIL SENSITIVITY MAPS
46
SENSE LINEAR ALGEBRA
Lramar
agebra
47
SENSE UNFOLDIMNG
48
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SEMSE LIMITATIONS

EPI aMD SENMSE

BRAIM IMAGING

MEXT LECTURE

& AR Hesethects and Salety
= Static magnebc fiekd
& Laradien] @il g
= EF heating

= Other effect:

Tuesday, October 28, 2008
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@
WY

BEMTMES 2498 i L i
5.2 MRI BicEFFECTS

LECTURE SUMMARY

» fid MRI Bcseffects ard Safety
& Sty Deetal ofimits
FOET ity e prpaigon et - rdixiia b
w i gpracheet seciohing
¢ Pl pheval forer o mbleson
* Arcostic mols
+ R ropl skl
" STWE TR QUETIITALIR

»  Human Hibeas Protocson

STATIC MAGMNETIC
FIELDS

FRANZ ANTOM MESMER
1734-1015

= Germam e
practiced in Vienn

= Therapsrubic system hased
on rr|.l|r|||_'.|,||.1hun ot
EaEne Nuids in U Bady,

= " Smirea] Magnitism®

¥ Eaply alteind b el
magnetic baoo focts,
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STATIC MAGMNETIC FIELD

MAGHETIC SUSCEFTIBILITY

M= H
B =y, (H+M)

= iH(1+ %)

SUSCEPTIBILITY SPFECTRUM

o W C -3
10 o WA
Diamagns Pafamsgne Fanpimagnedc

FERROMAGHETIC METALS

» Ehstingush between formo i gnetn: and

M= ICTMMEEEn ol M lass
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FORCES IN A MAGMNETIC
FIELD

In general, the fonoe an an object is equal ko the
gradicnt of the magretic potendial encrgy

F=-VU

I woe can determime U then we can derive the dnece on
amapretined oblect in a field.

MAGMETIC POTEMTIAL
EMERGY

Fiar a permAnEnE magnetic dipsle ':|r\-q,||:5!|l men s held B

For a magnetzzable pbéeet hrought inka a field B

1
U=-:m:B
2I:I.'I:

10

MAGMETIC FORCE IN A FIELD
GRADIENT

Far an |sotrnpic object with volume V and ficld-indoced
magnetization

F ¥ B dl :
A 'J!,u.;.:t 8z X%
¥ P

L i

LT -3

xl

11

ToORGQUE IN A MAGHETIC FIELD

For & amall, weakhy simss "'FHH': et

il
T — —ﬁu

= MxB

12
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MAGMETIC FORCES

T

s P
i -E-p__l__. i

13
MRI AND METALLIC

IMPLANTS

14
MR ACCIDENTS

15

IV POLE
16
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17

MR] FATALITIES

Ehe Xew Jork Eimes

Sl ey Pahees Leadieg o B H Ratalily

A poddy Faad L, kellda(al gl el dod] Lisbod. o olrdea sl §he
mrmang werastn conidbures i3 bhe candi o e 3opmar-ad boy e rmecdhwim
WA ETuCR By N SRR CHTEET YT NS B MEgaR M i

Pl Py W i e e el e, e ) T @ ] Fp T Sl
rEREES? B

The sarviesy, mapuareL By T rims aber s ainfian, vun-ooroucsc o
W oy O o Doy PPl i B8 et o' Hig b, wisg i %l
by L -z i oy Bl e wes pulanl By e e i
gt Bed oa he urciraee o

B B . A0 RLE
[ ‘I 8

RADIOFREQUEMNCY
FIELDS

RADIOFREQUEMCY FIELD

125 Mz EF Electromagnesic Field at 3T
& Tiseae hoal ing '-":_'_-' aurrent inducton

» Speciic Abworption of Radizton (5AK)
= 130 K limited

= RF arcing possible, but veny rare.

20
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MODELING SAR

® Rew modeling
inos from
miCrawaye
Crmmarica s
BT
= Pinite Ddfferenoe
[ Doenain
{FITDN
Mumerical tissge
muidirls i
mANTICSUETS

25

FOTD oF HEAD CoOILS

we B f

H .
1 I ll
EY | I

" i,

7B g i g s

e et

P g .

S, s I TIE L Todl e

26

OBSERVED RF HEATING

'.‘-'nl_'\"l:-i:l-:ll,l}' HVETEE SAR ZEW kg

i)
tem
e f -

=a

P R LETR SOy SRR R
T s

27

SAR STAMDARDS

IS FTA B G, B B et
= ST | by over whinke oSy over ey 13 momede penad
= T b s b g ey B ool Spriisd

ATk et intn Jara] g loesid e aE 8 3 indiie

+ LV TR a6 iy i (et bl rised datvi 5 i i peran]

& NORADAL CIFERATING MA00E
o FIRST LEVEL COMTIROLLEN OFERATING MO
& SEOCHT LEVE]L CONTROLLED OPERATING MODE

28
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OPERATIONAL MODES OF AM
MR SCAMMER

& MLIRMAL WK R
o Suitable for all subjects ) patbenis
* FIRST LEVEL COMNTROLLED (FLC)
= May couse undue physiological stress
« SECOND LEVEL CONTROLLED (SLC)
o May produce significant sk

29
MRl AND TATOOS
Seremed-deg o barns farnmvs) foflowing 15T RHET
Wapin WA sl Sk b, K1 100 3k 1 30
MR COMPATIBLE SENSORS
= Carbom Fiber Leads
w  Twisied Falr
& Fibwer I:_'I_:HE.L Lameds
- Iﬂl.ltq_'indwﬂ :'ii|:;r|.||,
G s B 31

FIELD GRADIENT
SWITCHING
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RAPIDLY WARYING FIELD
GRADIENTS

» Causes rapid change in B (dB/dt)

dB/dt increases linearly with
distamce from gradient isccenter

dB/dt induces currents

‘L'rip'."u:r-ll nerve stimulation

EMPFPIRICAL DETERMINATION
OF PMS THRESHOLD

o fekik i A0 Lintolerabl

PHS TESTIMNG

PMNS STIMULATION CURVE

5 i L
P e e cgrm Fepnems BF gpbrieg s
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GRADIENT INTERFEREMCE

EF] Banrneng

s =

3 il EE Y i .

R

Percresistive sirain gage sigral darning P 37

OTHER EFFECTS

ACoOUSTIC NOISE

il
Fsd |-
LR
L}

Soumd peessore bevels (5PLToan pasily excesd T10dRA
Mpise reduction for subject indhudes pulee sequenor
mandifications and aomuesi insubation 39

7 -
S 1L TN

[rer—T=

| ]

MODELING GRADIENT NOISE

Ferier Flrrwert Avsens mom paresi

wiih erprtreein remaETTETd
L e M H ol G + 40
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CLAUSTROFPHOBIA

1-"-1
LAY

ra

# Heparted incidence at clinical

s Much lpwer Incdence in
mitivabed restarch subjects.

= hamy sodubinns opon magnets,
TesssEraTIcR, srclabin

sites highly variable: (U0 o 2FE

41

RECOMMENDED READIMNG

e Shellock FG. Magretic Resonance
Procedures: Health Effects amd Sgfety. CRC
Fress

= lin 1ML B4 |:|:md3r.'\-'r'::’ .-"llrJ.'_:,l-l_ﬂ drad [ En
in Megnedic Resomance franging CRC Press

42
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5.1 NOISE aMD ANTIFACTS

LECTURE SUMMARY

¥ R MNoise aned Arlilscis
¥ e oo i MR
L] I‘H.{H' (il l.-': H
»  Harcharbdth amed nimis
a SR and ChE
o TFald inhomegeraity arhdacs
& (Ditet arfacis

LR WL LT

THE MRI TRADECSFF

TTME

EESOLUTION SECMAL-TOSNOESE
EATIC
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SOURCES OoF NOISE IN MRI
* Sample or Subject
* [mpaertant ot loaver fields) barpes
wubijects
= RF coil
= [mportant al higher fields | smaller
el
& RF Preamgitier
= RF Beceiver Eactrenics
= External Souroes

SAMPLE TO COIL MOISE
RATIO

g, Beernrie Moies (G Mokes|

Rar=pia e il ew

SIGHAL AND NOISE

Tirkal sigral from a voxel is prapoctional i the
vooie] volume:

by g opd
— & MrTal N
J'|||' = .-|||| =

N, o ]

Ii_rh

Tarkal Ermaggingg Gime has an inverse sixth power
melatim b vose] dimersion of corsbang SHE.

FREQUEMCY ENCODIMG
BAMNDWIDTH AMD NOISE

S b et iowu ] 00 Sk g 0 2l o the 1] S e e
e SN pspordeasl o the g ea e keor of the Feraber o aigyul averiigsal

E = -|||I:r_|_ - -\Iu'illﬁ.u' - lIF“-_'

Soplar Esaar T
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SNR FER YVOXEL

II J"'u".-..--.."r'r.'"u" ."'I-I
SN ivozel x Azhyhs, | —2 T W ¥
Svazel oo Axiy .1.:1||I AW

SHR aND CHNR

[ L TH e

10

*** MORE ON SMNR ***

¢ Full SR eualion I'|r'||'|u|1|.'|kl; fpedd
'\-In,'_"l:gl-ll. (12 ]

* Muore on noise spectrum [wnite, ganssian)
= Prewhitening of MNME naise

* [Image exatnple fop CNE

= Microsoopy vs buman MELDSNE

» SNE eHiclency

11

DENOISING
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MOoISE IN MRI

Typially treased as Gavssian White Mok

®  Fapr meean, standard deviabon o
* Mapnitude image has a Ridan naise

dlisbril

.|i‘:.|..

& Mor-pert mean, Ssyvenmet e dlsbribukios

13

GAUSSIAN NOISE

14

SAUSSIAN NOISE

15

DaRila

RICIAN NOISE

16
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RICIAM MOISE

17
ESTIMATING NOISE
MAL : Median Absalote Desdation (from the median)
MADT;) = med(jz;| — med{z;}]
Par Laamussian M odse
MAD
TN = ThaTan
? 18
SYNTHETIC GAUSSIAM
MNOISE
19
GAUSSIAN FILTER
DENOISING
20
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MEDIAM FILTER DEMOISING

il el

21

WAVELET DEMOISING

= Warelet deonmpase 20 or S0 imape.

Estimate appropriate threshold af each
fevel of decomponition lor removing noise
compariEnts,

s Recompose image fromy thresholded
wavelet deoomposigion,

22

EXAMPLE WAVELET
DEMNOISING

23

24
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ARTIFACTS

B, INHOMOGENEITY ARTIFACTS

26
FERROMAGNETIC METAL
ARTIFACTS
I
i)
27
EPl GEOMETRIC DISTORTION
28
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BO INMNHOMOGEMEITY

¥

MULTIPLE GRADIENT ECHOES

I J..LJ..L

v B Symamec g el ] = £170E)

EFFECT OF B‘_:l oM MULTIPLE
GRADIENT ECHO IMAGES

Thursday, November 20, 2008
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EPI DISTORTION
CORRECTIONM

EPI DISTORTION
CORRECTIONM

EPI DISTORTION
CORRECTIONM

35

EPI DISTORTION
CORRECTION

36
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Bias CORRECTION

B, INHOMOGENEITY

LIT Do Semdiow Condl LV Flad Ces

38

SOURCES OF SIGMAL BIAS

o #1 inhomogemeity
* Transmit coil response
- Herrve ool SR
= High feld eifects

= Hi innomogemeity

L hl!g:.'l |!r|3|_-.\,:|||:| {LF and EFN

39

APFEARAMCE OF B1
INHOMOGEMNEITY

- chamne! Whiode-hesd Bachammel Oecipital
Phased Array Phassed Array

40
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APPROACHES TO Blas
CORRECTIONM

& L alilial spatinl response of 00i i

phianbam

= FExtimate bias from whale image

T |.'k:-|'l:l_'l 1T Blsag1E

41

SMOOTHMESS ASSUMFPTIONS

¢ Acouiie Thad Bsias fiedd b moech lowes
spatial frequency than Hssoe stractunes

¢ Falimating Dias Deld ifonn paive
'\;.I.'Il_-n.:lil i Ol fagen clala BeEmeraly fhkle
T Feal ME data

¢ Mped to combine with segmentation,
allowing bias field estimabion within

sreEimably i||||'||_-_5|'||-'\-::|- ST

42

TISSUE SFECIFIC BIAS
CORRECTIONM

FrainVoyager: Step 1« food fill “white matter”

43

TISSUE SFECIFIC BIAS
CORRECTION

DrainVioyager: Siep 2 « A1 rosdtiplicative Srd order 30
potynomial (hias field estimabe). Repest until] happsy

44
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COMBINING SEGMEMTATION
AMD BlAS CORRECTIOM

l'.:'.'.-;.;lr..:l'.ti:ar-cd IT=MPRALE
SPAES Sepmenitation Bias Comedion

45

SEGMENTATION RESULTS

OTHER ARTIFACTS

Thursday, November 20, 2008




MOTIOM ARTIFACTS

CHEMICAL SHIFT ARTIFACT

PHASE ROLL AND FOLD-
OYER

GIBEES RINGING

Thursday, November 20, 2008
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RF INTERFEREMNCE

——
by Sreriog [Femtion 53
DISITAL RECOMSTRUCTION
ERRORS
54
RF EXCITATION FAILURE
. 55
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BECHMES 248
5.2 MR IMAGE PROCESSING

LECTURE SUMMARY

x A MR Imige Prooeoany;
& Bpalial Fillering
- E =ary Lipiratias
« Spatisl Inierpolition
s Ohmrbathve lmaps analveds
+  Image Regisosion
o Tiwseose Samerrverniatios,

= Beas Lionmeriue

SPATIAL FILTERING

K-SPACE SPATIAL
FREQUENCY REGIONS
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FWHM oF GAUSSIAN

Sometimes more conveniend bo provide FWHM
of Gawssslan PSF in the gpatial domain

FWHM
. g
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PSF DUE TO FILTERIMNG

SPATIAL DoMAIN FILTERING

Jiscrete implementation of cammalution

il i spabial dorasn

« I ar A0 convvalution fancton.

MASK OFERATIONS

NoaSK Korne] Image M Ty

-

GAUSSIAM FILTER

jq.

Bacial Laaassizn

Thursday, November 20, 2008
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GAUSSIAMN FILTER

13
HoRIZONTAL SOBEL
AR Center weighted od ge detection,
i a0 I:_':lrr.rh.-l.-l; with Prewiit flier - arweighied
a1 |<E st el detectiom 14
HoRIZONTAL SOBEL
15
LAFLACIAN OF GAUSSIAN
a 4y
Hiz.y) =V axp| - 2
16
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LAPLACIAN OF GAUSSIAM

17

MEDIAM FILTER
Replices paaed brtermty wiith median of pree] tnlenssas withm kemel

Fobair b cutlem, Edpe peessne g, Spdor raees e -I 8
MEDIAM FILTER

19
MEDIAM FILTER

20
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BINARY OPERATIONS

MORFHOLOGICAL
OPERATIONS
L A 1" 153 I |
n ] ] 1 1 | 1 1
o 1 o 1 [ 1 1 1 1
O el 1
I 1 1 1 1 1 1 1
Origenal Binary Emage Local Macdum
Jd Square Kerned 22
DILATION
23
EROSION
24
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MORPHOLOGICAL QFEMIMG

Cofs brdips and resoves ssiall ialecads on scale of mask

Appinoimalely preusrees ol 112 25
MORFHOLOGICAL CLOSING

26

SKELETOMIZATION
by - !.I !

27
REGION GROWING

28
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QUANTITATIVE IMAGE
ANALYSIS

RELAXATION [MAGING

MG sequerse: O mage pereclus, TE inberval Tms

30

YWOXEL-WISE CURWVE FITTING

Wioelel sipral decay using prioe Enowledpe

-q'_:l]_'\{h.- ize Gt paramiters usEirg apprapriabe chst funcion

i

Blop)

31

YWOXEL-WISE CURWVE FITTING

32
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DESPOT-1

Bfake wase of flip angle condrast nalations $or SP0E

W1 — Ep e

Seanm T
4 1 = B, s

'E'.:-. TaT

Win i " EAne

{5 R ] R

LEniar yogrrisaion
¥ X b
Ty = -TR!In[m]
Mg = Bf(1=ra)
Corrp oi 1 LW 2007

33

DESFOT-2

bialor nee of flip angle contrast relation for SSEF

Mgl = E;ldnG
ey - .
iraad | = E Eg— (B, — B oosa

Sman T '-I Sgegn |, Mall = S
st g I;i - G Bz 1 tana 1= & f

Lineat negnession
¥ o= mX+k
T = '1'.'.'-'=..:I":'E:_' i
Ay = IR - T -
Corrp oi 1 L5 2007

34

DESPOT vs OTHER T1 & T2
MAPPING APPROACHES

IMAGE REGISTRATION
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DEFORMATION FIELDS

g [

37
LINEAR TRANSFORMS
I'l I:|' .!_:- ."._| r!_. o
1 (21 iz bm dy u
2 fa: I g da E
1 ] ] i) 1 1
38
RiGID BoDY TRANSFORMS
L] Higid |:'l::|']:.' Itamsbee prescrves wiluime
and .ir'lgh:-g-
= Raotatiom
v Trarslation
39
RoTATION MATRIX
1 0 0 0
0 cosf —sm@ 0
B0 =
(1] 0 sné cost 0
i i} i i
40
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DISPLACEMENT MATRIX

1 60 p

: : 014
Dipa.rl=| , 4 1 f
a8 1 N |

41

EULER AMGLES

A vy arbibrary Y roiation can bar |,|.-'|_1_||||.F|;_|-I-\.|_I-|,[
irvhes Bheee rofations abang] he e 5 aned .rl:n_!;nin.l

Rig. 8, v) = Rei{w]Ru(8)Rein]

x-ponventinn descrebed here Thers are several
com:peting converdines (eg Landay and Lifschiez
157, Caldsicin 19560 and Tarea 1974

42

[SOTROPIC SCALING

[ S N

E= ) g

1 368 | A |

43

AMISOTROPIC SCALING

o -0
LI

=
Ll e |

Sla.b,cl =

44
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SHEAR TRANSFORM

a4 5
B Ty Ty T} = L

45

AFFINE TRANSFORM

A affine Eransformation combires sods

211 21z a3 1]

.J-_- - D E S H . 221 ] ﬂ'.\,"\. |:|'
23] daa daz T
Lf] ] o 1

1d Indepen dent parAmEters.

Strakght lmes and distance radios anc PICECTY R,

46

HoMN-LIMEAR DEFORMATION

47

REGISTRATION COST
METRICS

¢ Leasl-sauanes ditlensnce
» Scaded lrast-squarnes

b L orreladion

o Mutual Information

= Mormalized Mubaal Information

48
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MUTUAL INFORMATION

MOMN-LINEAR
REGISTRATION

MOM-LINEAR
COREGISTRATION

* Inber-siskecl fegistralich
I L1}

Inwaked when affine transformation is
mnzufficently acoorafe

v Typbrally exlends an alfine trareformakion
wiith & I,la.-ll ally wariang bal g 'tilll.l sized

displacement in eacn dimensixin

= Hegmbration to normalized brain spaces

51

MORMALIZED BRAIN SPACES

M1 305

TR 152

PER 175

COLIN 27

52
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SPATIAL MORMALIZATION

Mormalized
Tlll.—.la-\'.-\.-l:q, Irviging:

MMII52 T

MoOoNMLIMNEAR DEFORMATION

54
PoLyNoMIAL DEFORMATION
S (e
.l—-.-_..:'
: 55
DISCRETE COSIME
TRANSFORM DEFORMATION
Imipheenented by SPES fne spaifal normalization 56
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MiMIMUM DEFORMATION AVERAGE

Pass 1: Indilal affine cooeplstration o M1 templaie

e Imape Bradlyidhan] mugects sk pass 5

57
REGISTRATION CONVERSENCE
B i) 8 Hesiduzal Images
58
GROUP MEDIAN MDT FOR
AGCC
59
SURFACE-BASED
REGISTRATIOMN
CH T L8 D o W
Yiptriom iy Sartecy Lirlrar Vi 60

g Fw s evetaer S w2y | e Sa e
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SPATIAL
INTERPOLATION

WHAT IS INTERPOLATIONT

Estimate the vabas of a
slgnal function betwesn
samipled data painds &

62

MEAREST-MEIGHBOR

63

MNEAREST MEIGHBOR

'

Fastes! thierpolalion Prorns vome] stnictehe of ape.
Liwd ety el i qpuarstizsed e Avilas) 64
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LINEAR INTERFOLATION

Aseuirrie wigral varie lirearly Betwasm samgplis

S(x) = S{za) + — "2 (x — xy)

MO conkinsaoEs im the st demeative (O]
ountirmiinis)

65

LINEAR INTERFOLATION

Lrmwr § %= mater

u‘
.\-\l\-\"\.

66

LINEAR INTERFOLATION

[ - L L -

Faat irderpolation comenandy used Ho bnage Sspliy (aiizial
mumer” b T et an by distnectng o fugh sagnibiation,

67

CUBIC SPLIME

Speerific cximnple of b phecewine polyncerdal (P

Tirmapray merbe @ Th

68
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CUBIC SPLIME
INTERFOLATIOMN

69
CUBIC INTERPOLATION
npa _—
-
Smaiither nepresinbation af inbensity withot “skar
artifncks” wvidend in Bnear inbepudabion 70
FoURIER INTERPOLATION
Ll
 d ¢
; 71
LERD PADDING
| =
: APl e 72
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IMAGE SEGMEMNTATION

[MAGE SEGMEMTATION

* ldentifcation of different materials o
tissues within an image.

" -'-II'I'\-Il.:u'II_!'Iﬂ
= Mdamual
L |'|,.||:_l.'-|'|ull,,||:|.i'_|_'|1

& ni-an G imnadiead

74
MRI SiGNAL DEGENERACY
75
FEATURE SFPACES
76
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KNHMN CLUSTER ANALYSIS

BAYESIAN SEGMEMTATION
FRAMEWOREK

sagiasian Mixbume Maoded

Ueformaba: spatial Friors with bSpataZ Hegalarizalan

P ey, Pl s, me 1M IING
F - i

B 65 5 6
BHES

Sis Suhteomer and Sfrede S g S e SIS e |
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ASCC SEGMEMTATION: MO PRIORE

t ,r,,
Hl:i

MlEan seprnenis < Bmom Ganissian

AcCC TIEEUE PHIEI'H:E F'A.ES 2

i Ry Y )
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ATLAS-BASED
SEGMEMTATION

Coregiskes suliect imapy with bemplate im SEE i starlanms
S (MNL Takizrach)

ATy For variahome winm seprmienin ng corey

85

CORTICAL PARCELLATION

L enfiel i isin g

86

MEXT LECTURE

o 7T ME Demonstrabions
= Hring food samples

8 Nheed odsade CBEC a1 1 .'T'|1|||

87
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7.1 MR Micnoscory

e s T
e

LECTURE SUMMARY

# 7.1 MR Slicnmongy
= Tpaibal nesoduibon lirdis
» WK mkmcecry achirvermamis
» WK miroscrsy hard wesse
= Applicamims '-"‘-"'-"FI-'-'
= Liuwicon hl-'.l.l::.'
» Imbrvarer diveisporieme

= Mlymceacked Sher ircking

MR MICROSCOPY

MR MICROSCOPY

» Enisghly defined e R1 with 2 spatial
eeolution less thae J00m.
- .-'I.F'Tliil_'.ll'-\.ln AN
» - Eanall anbmal maging
= LRveirpmenca Salngy
& [larg Wodagy
® MEB haodogry
#  Froous media
*  Chanical Engresring
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MASHETIC RESOMNAMCE MICROSCOPY
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Diffusion Linabroadening
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Ta~LIMITED RESOLUTION

T; Signal Decay

[

MUEY = m =k T

Linavigth

|. _:I:- =

Crptimal Resolution

& 1

B e e

. A i
T i

Thursday, November 20, 2008




—

Thursday, November 20, 2008



ALL MR MICROSCOPY 15
DIFFUsIod WEIGHTED

=, S g racierd b
1w acqulsiton have comparable
ciduns wegghied pulses

ks o d

= Al ME mikcrascopy’ must b onredd coed do b
intrimdcally SsBosuin v ghite]
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betiain mmaging i difusin-rcigitiog gradieni
pulses
I
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13

MRM REsSOLUTION RECORDS

14

MRM REsSOLUTION RECORDS
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MRI OF MEURONMS
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MR MICROSCOPY
HARDWARE

HiIGH FIELD MAGMNETS FOR MRM

AT 300mm IL.7T B9mim I 1T 8%mme
i

E

18
MR MicROoSCOPY RF CoOILs
19
MICROSCOPY GRADIENTS
&= Cylindrical 12T {m Riplanar L3T i m Urnplecat
20
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MR MICROSCOPY IM
DEVELOPMENTAL BIOLOGY

EEMNOPUS GASTRULATION To TalLsun

1 22
XENOPUS DEVELOPMENY IN SEALED TUBE
23
FROM GASTRULA TO TAIL-BUD STAGE
24

Thursday, November 20, 2008



HigH RESOLUTION MR HISTOLSSEY

25
MRM oF CELL DNVISION
rpbeakbor FLASH
TH/TE = £ e
i =l
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MRH oF MOUSE EMBRYOS
FLASH acquisition at 11.7T: 2lum Solmopic
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MR HISTOLOGY
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MAGHETIC RESONAMCE HISTOLOGY

Lwing Symie= Smiea .:-_.-¢ -_q:'.!
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29
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EFFECT OF FIXATION ONM DIFFUSION
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SHIVERER MUTANT
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DTl MICROSCOPY DATA ACQLISITION

T-MAFE FOR SHIVERER DIFFERENCES

Thursday, November 20, 2008
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SHIVERER HISTOLOGY

MR MYOCARDIAL
DIFFUSION MICROSCOPY

RABBIT HEART OTI HISTOLOGY

B i, 1 tmen bk mrbors rpests T s Do [ erdmrmdier
Sl T o, A o Bhoremitiog Lmg revrg ATH 39

Dos HEART DT HISTOLOGY
bt ot d i B i B B 40
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MouseE HEART DTI HISTOLOGY

Pioeed adul srouse baaris {8 miy, 179 ola, mo= 20
S irmanad 1i0um? 1 disechims
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41

MoUuseE HEART DTI HISTOLOGY
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SAMPLE PREPARATION

& Samples eceilibrated in
Fmi padoteridnl in FES
and 00T sodium axde
overnight prior to MEL

& T1 drops to T-200ms

& T hearts mounted in
Teflon holbder immerssd in
Fombdin

45

MR MICROSCOPY

+ Appro 12 aewes il

vl ey il

TERTHEFTRL A A ¥

46

MOoUseE EMBRYO HEART DTI

47

48
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MouseE EMERYD HEART DTI

49
CONTROL E16.5
L:
50
CONTROL E16.5
Caution: Viz LR Ei.p-pl:d 51
FIBER HELIX AMGLE
52
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NEWBORM (E13) CONTROL

Cantion: Viz LR Flipped 422 53
HETERDTAXY MUTANT E16.5
54
HETEROTAXY MUTANT E16.5
5
R 1
mm 1
55
HETEROTAXY MUTANT
Fawors Hi 13 Faams 56
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VEGETABLES

MRM OF PLANTS

58

DIFFUSION IN PLANT CELLS

Celery vasouiar bundie explant

Thursday, November 20, 2008



AE F4R A1
FumMcCTIONAL MRI: PHRYSICS
AMD PHYSIOLOGY

Mike Tyseks, Ph.D.

Colirh Bram freprg Coren
Thrpiore o Bewrpreerg sl Reiogy
Laklaminirsida® ri Tectoolagy

LECTURE SUMMARY

= 4.1 Punctional MEL Physics and Physiology
# Misranalimy
& - Mpasrod pnamics
& The BOLD Effedt and HIR
= Meamvasmlar mopling
= Ponlinearities in P
= Spatioiersporal resolation m BWER]

WEBE RESOURCES

# Dl LINC Airmn [ maggesg enad Arahen Cooter: PR Crpdusie Cingne
LT wewy L i reu ol gion oo K irar
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Early "fMRI"
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MEUROVASCULAR
ANATOMY
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ARTERIOLE ACTIVITY

RESPOMSE
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THE BOLD EFFECT

DGAWA ET AL., 19904

+ i ol i el Bk, 30 Tistd filer
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COEAWA ET AL, 1390
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UsinGg MRI TO STUDY BRAIN
FUMCTION

DEAWA ET AL, 1992

BOLD ENDOGENOUS CONTRAST

¢ Bioad Dhrpenstio Level Deparedars Combrasd
kb b e T il Fabiln
»  Mag
v EE

r  epygen is acksied der
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HEMOGLOBIM MOLECULE
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YEMOUS O2 AMD
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PARAMAGMNETIC EFFECTS IN BOLD
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REACTIVE HYFPEREMIA AMD
BOLD COMTRAST

MEUROVASCULAR
COUPLING

28
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PET STUDIES OF BRAIMN
FUMCTION

RCBF anD CMROz
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BOLD mmpores sefiscs. poosisc
R P Db BTy
P il B

BOLD aMD LocaL FIELD
POTENTIAL

38
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THE HEMODYMNAMIC

RESPONSE
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Basic FoRM OF THE
HEMODYMAMIC RESPOMNEE

BASELIMNE PERIOD

Lark,- o T - P d e i T
= Why nclude a baseline PLruod 10 cpoch

= Corrects for scanmer drift across time
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SPATIAL BOLD RESPONSE
TO WISUAL STIMULUS

ARARAY

YAAAA

45

INITIAL DIP (HYPO-OXIC

46

Rise (Hyparcxic Phase)

= Fominily o » )
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= Inliiion poind ol B ol S i er of

Paak — Ovarshoot

[} m—
e A

Wednesday, December 17, 2008



SUSTAINED RESPOMNSE

* Blocked detiga anal yees resl upsa presenoe of
mastained resposise

® Comgarisnn of suslisned sOivily vi. baeline
®  Shdistically simple, poswesial
*  Probless

= Difficulty in sdenkifying megramude of
aciivalion

= Liithe ability W descrilse Baden al |u‘:|'h'ld_-.'|u.ﬂ'u|:
respaTa

* May requise deirendsrg of Fiow s ooure

49

UMNDERSHOOT

= CBF more locked to stimuli than €3V
» |ncreased Blood voliume wilh baseline
Mo leads fo decsease in ME signal
= Mpore frequently observed for langer-
duration stroneli {=10%)
o Short duration simuli may net
evidenos

& May remain for 1 of =econds

50

IssUES IN HRF AMALYSIS

= Diwelay in the HEF
s Heenodynaebe activity lags newronal
activity
* amplitade of the HEF
» Yariability i the HEF
» HRF as a relative measur

51

VARIABILITY IM THE HEMODYMAMIC
RESFONSE

* AcToss Subjects
* Across Sessions in a Single Subject
* Across Brain Regions

® A rross Stmuli

52
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SPATIAL RESOLUTION

IN FMRI

WHAT SPFATIAL RESOLUTION
DO WE WANTT

= Hemisplrti

= Millimeler
= Fapausptidd mappieg b oot o
= Sub-millimeier

s gy

54

YWHAT DETERMINES SPATIAL
RESOLUTIOMNT

¢ Womel Sdce
Flare Fesclodor
+ - Bk ihbieem
v Emakial el
v MHind rrosion
= Apflgrs
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55

Costs of Incresssd Spatial Resobution

= Aoguisiion T
= lngigra
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STIMULUS DURATION AMD
BOLD EXTEMT

57

RELIABILITY ©F QCULAR DOoMIMNAMCE
MEASUREMENTS
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58

TEMPORAL RESOLUTION

WHAT TEMPORAL RESOLUTION DO WE
WaRNTT

8 |03k Chanise In droueil aF el @iuhe
* L l0ms Decisiors, facall lsoen semory
#  500-1000wms Hesponst: 12w
= Fims: Reachon e
s L Kms
Dbt behewows nmporss B
w Irdtiadl cianal pevcdasing

= e Mewranal sctiviby im ane area
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SamPLING RATE IN EVENT-RELATED FMREI

TR =48 TR=128 TR=1s

61

COsTE OF INCREASED TEMPOMAL
RESGLUTION

* Redoced signal amplitude
» Shoier 1 P A bes sl be used (o allony
reaching of steady sate], leading to
reduwoed siznal
= Fewers adi¢es aogaired
= | -.:.-.:_-\. tierpupnal exprossible ag 2lioes

per unat fzme

62

Timing Differences across Régions

EFFECTS OF STIMULUS
DURATION

64
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DuFFERERCES M NONLIMNEARITY ACROSS
Brain REGIONS

LIE
i

N B oA WA L

P W .
A S AMAAMANT O

REFRACTORY PERIODS

1
L :||': g e A P! IR B DEm LHOR S ) e T
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MvEenoP (-3 mmoar preceding event
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¥ Wascilar pelractory Beriod

65

66

HEMCoDYMNAMIC RESPCHNSES TOD
CLOSELY SPACED STIMULI
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Refractory Effects in the MR
Hemodynamic Response

1

MEXT LECTURE

* Data analysis for VR
L b e
& General Linear Model

= .
= Statistice] Faramestric Mapoing

70
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5.2 Basitc FMRI AxMaLvsis Lk L

LECTURE SUMMARY

# 4.2 Functicnal MEI Processing
s B[ aala -|:.|u|'\1i'||'l|'
L] |-"rl"'|_llll|:l_'l-\.'\-|l.'l!l_
» General Limear hodel

» Liaticiical Inderenoe

RESCUHRCES

& SPM for Duammibes Compmie 20606
& Fomnetemal Imapimie Lebarmiory
Elriversity ol Landor, UK
* [MHL Mindcourse 2005
& Rik Hensoo, MREC Cognition amd Beain
Boemges Dinet, Cambricdpe Universidy,

5o

TrricaL BOLD IMAGING

Sriwm 32 and 50 dmm
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TrricaL BOLD IMAGING

FID-EFT { T wwighied}
Sl shot

TH. ) TE: 20000 30
Flp angle: 70

Fab sugpieatian
CGRAFFAD

I AveTa R

FMRI] DESIGNS

FMRI DESIGH TYFES

*  Blipcked Designs
8 Ewvent-Kelated Liesigns
* [erindic Single Trial
*  Jilkeresd Single Trial
* - Stageered Single Trial
*  Mlixed Designs
r  Combination blocked [ event-relabed

= Nariable simualus probabilsty
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WHAT ARE BLOCKED
DESIGMST

» Hlacked designs segrepate differenl cognitive
processes inta distinet time penicds

WHAT BASELINE SHOULD You
cHoosET

» Task Awvs Tosk B
& Ewarnple Squidring Eoohd Hand v5. Lefl Hand

= Al you e disbmermish differential
activation hetween onmd iboe=

® Dhoci e allos idesdilicalion of acEvaty
oormanan bo bath tasks
+  Caw ol o usirl erialingg aosvity
# Task Awvs Modask
® EwampiesSquiecing Kighl Hand v, Ries)
= Shows you activity ssscoated with b
® By Adle pncontealkad

10

LIMITATIONS OF BLOCKED
DESIGHMS

» Yoy sensitive e sigaal deidl

®  Sesredtive Lo hicad motion, espocially wies anly 4 o
Pelisihis. - sl

» Poos chosoe of baseline may proclude
meaningiul conclusions

= Many tacks cannot be conduced nepeatediy

s Drifficult do esticnade the HOR

11

WHAT ARE EVENT-RELATED
DESIGHNST

o [yvent-related desipns asociate brain processes
with diserele pvends, whidh may oocer at any
poinl in e sca nrnyE session

MR N RN N
* o o

4 4 E
e

12
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WHY USE EVENT-RELATED
DESIGMNST

* Some experimerdal tashs are naturally event
el aleid

v Allowe studying of tnal effects
. ';;d'fl'll'_'lll.'.lrl.ll:l'l-\.lll-
& Dalective sveraging
» Pon assumptions of liocarity moquined

» Can beodate HEEs assoclabe with differcm
task Coempanents

13

EVEMT-RELATED v5 BLOCKED
DESIGHNS

14

PERIODIC SINGLE-TRIAL
DESIGN

o Stimmulus events presented infrequently

swith a I arder-stimielias drderval (111

15
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JITTERED SINGLE-TRIAL
DESIGMNS

» Rary g Fha it ||'|i|'||':| af brials withiim a min

W O mw MEw  omw

17

EXTRACTING DIFFERENT TASK
COMPOMNENTS

;
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=
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18

LIMITATIONS OF EVENT-RELATED
DESIGMNE

= Differential sffects of 15]

= Lonpg imtervais do nat aptimally incresse
EFjabL iz Varsange

® Shos ntervals iy resiall n;-l'.-.q{m:}- wElimgls
* Detection ability dependent on formy of HOR
. I-t-l.glh al “iventT may mol e Xnoswm

19

FMRI ANALYSIS
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PREPROCESSING

THE MEED FOR
PREFROCESSIMG

= Algempd locondition dala priod o

sladistical tnfererioe
o Foeduwoe non-task related variability:

L I'n:"lil:n-_"rll s ol prior | 5 Tn 1':!'[;1-
{localization, extent, HEE ..}

23

ELEMEMNTS OF
PREFPROCESSIMG

* Slice Timing Cornection
¢ Mothon Cosmeciion

o Conegistration

* - Alormaliza Homn

= Spatial Smaothing

24
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SLICE TIMING

CORRECTIOMN

MOTIVATION FOR SLICE TIMING
CORRECTION

= Bdost EMRI acquired using 20 multistios EPL
® [rclividial i-li-,'l_lﬂ..l.,jl.ll.:l."l_'lj !|'m,_":;,|:5'|:|_'||,.|| the TH
= TR rypically 1-10=

= Slhice ibming correction alieenpds o

inberpolade signal e conirse al
standardized timepaints

26
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Slior acquikition order
J e [maging Yolzmes
1
27
SLICE TIMING DELAY
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SLICE TIMING ERRORS

I simultaneons slioe aoguisition is assumed:

o
-.. H'\-
—— _.-. _\ln& g
—e, —
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— e

29

SLICE TIMING CORRECTION

Rederence Saoe Limig
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MoTIoON CORRECTION

CORHRECTING HEaAD MoTioN

] 'I_l.'_:'l:.;.lli:. achbeved s gy ragd 3 |:|_'|-:l:.'
coregistration of 21l subseguent volumes
o the frst volume in the series.

B Awierrees Ll 10 B Eeomed A
distoetane of P Tueac]

= SFM can combine motan oormection
with geometric distortion cormrecton.

32
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2. Translormaisn {reslicim)

Residual Errars afler [Ceallpnimesi
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Mulion-Field Cerrectiom v Higressdan

SPATIAL NORMALIZATION

INTER-SUBJECT VARIABILITY

Heasumi far Nermaibalion
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STANDARDIZED SPACES
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SHOULD YOU NORMALIZET

®  Agvaniages

1
&4 acrval o g I
HLF = eddraa
g bad e = e T

BETallng

45

SPATIAL SMOOTHING

FALSE DISCOVERY AMD
HOISE

-

Ursmaathed Lizassian Smoothed

48
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EFFECTS OF SMOOTHING OMN
ACTIVITY

P mmasattan

Smoothed L3 voxel berneld

49

SHOULD YOU SPATIALLY
SMOOTHT

= Advantages
3 Do gl o Nome A3 K

& Belucted Mo Thaae i O Y T R iy il
L R R SRR TR |

& Redocs sk SEPI E
& hLyes appdicat d Lamiasdan T oS Thaoey
* Map prpeves g e g s ErE

Sipmsl ey b aproed whbed e aoress oo, dor i rienatect
B e

¢ Disddvaniiges

2 Moo sl reed o
= Lhmtlerpieg 1o srmedh searnicty B oeer s shaar s mignad m o 50
kraam

STATISTICAL INFERENCE

Ciemeral Limear Mol

= onp cample f-leel

= fumi ammple -Best

= paired flest

= Anma

= AnCave

= rerrelatinm

= limear regressbnn

= peplhigle regressinn
= Febesiy

= e, .,
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Cieneral Limear Mol

+  Equathon Ter slaghe {snd all) vaseis
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