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Saturation Recovery Sequence
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T1-Weighted Scans

Make TE very short compared to either T, or T," The resultant

image has both proton and T, weighting.

I(x,y) = p(x,y)[1- 0]
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T1-Weighted Scans
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T2-Weighted Scans T2-Weighted Scans

Make TR very long compared to T, and use a spin-echo pulse

3 X . 1 —12 =80 ms
sequence. The resultant image has both proton and T, weighting.
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Proton Density Weighted Scans

Make TR very long compared to T, and use a very short TE. The
resultant image is proton density weighted.

I(x,y) = p(x,y)

T,-weighted Density-weighted T,-weighted
Tissue Proton Density T1 (ms) T2 (ms)
Csf 1.0 4000 2000
Gray 0.85 1350 110
White 0.7 850 80
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(a) Four images, all obtained (b) Six images obtained with a common TE=15 ms
with a common TR=5 seconds and TR=500, 1000, 2000, 3000, 4000, 5000 ms
and TE=90, 50, 20, 15 ms (shown (shown in reading order).

in reading order).  Figure 8: Phantom data which illustrates signal intensity and contrast for bottles flled with jello af varying
consistency. Where is 7} long/short? How long, how short? The same for 72? Which bottles might be pure
water? Which jello is most firm? What pictures are the most 7}-, 73- and PD-weighted?
. Hanson 2009
a) Which has the longest T1?
b) Which has the shortest T1?
¢) Which has the longest T2?
d) Which has the shortest T2?
PollEv.com/be280a  ©) Which might be pure water?
Which has the most firm jello?
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(a) Four images, all obtained (b) Six images obtained with a common TE=15 ms
with a common TR=5 seconds and TR=500, 1000, 2000, 3000, 4000, 5000 ms

and TE=90, 50, 20, 15 ms (shown (shown in reading order).

in readmg Urder)_ Figure 8: Phantom data which illustrates signal intensity and contrast for bottles filled with jello af varying
consistency. Where is 7} long/short? How long, how short? The same for 7>? Which bottles might be pure

water? Which jello is most firm? What pictures are the most 71-, 73- and PD-weighted?

Hanson 2009

a) Which is the most T1 weighted?
b) Which is the most T2 weighted?
¢) Which is the most PD weighted?

PollEv.com/be280a
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FLASH sequence

0 TE 0 TE 0
. TR TR
Gradient Echo

I( ) ( ) [1 _e—TR/Tl(A‘v)]Sine ( TE/T¥)
X,y) = X, exp(—- 2
Y=Y [1 —e ™MD o 0] P i

Signal intensity is maximized at the Ernst Angle

6, = cos™'(exp(-TR/T)))

FLASH equation assumes no coherence from shot to shot. In
practice this is achieved with RF spoiling.
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FLLASH sequence

Flash sighal intensity; T1 = 1000 ms
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6, = cos ' (exp(-TR/T)))
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Inversion Recovery

180 180 180 180
90 90
- I -
TI TE
TR

I(x y) — p(x y)[l_zefnm(x,y) + e—TR/T,(x,y)]e—TE/Tz(x,y)
2 k
Intensity is zero when inversion time is

- —Tlln[l + exp(—TR/Tl)]
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Inversion Recovery
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Biglands et al. Journal of Cardiovascular Magnetic Resonance
2012 14:66 doi:10.1186/1532-429X-14-66
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Inversion Recovery
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By Coil

G, Coil

\m

Gy Coil

Radiofrequency Coil

Simplified Drawing of Basic Instrumentation.
Body lies on table encompassed by
coils for static field B,
gradient fields (two of three shown),

and radiofrequency field B;. , R ,
Image, caption: copyright Nishimura, Fig. 3.15
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RF Excitation

Net magnetic

B moment
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From Levitt, Spin Dynamics, 2001

RF Excitation

http://www.drcmr.dk/main/content/view/213/74/
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Image & caption: Nishimura, Fig. 3.2
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RF Excitation

At equilibrium, net magnetizaion
is parallel to the main magnetic
field. How do we tip the
magnetization away from
equilibrium?

B, radiofrequency field tuned to
Larmor frequency and applied in
transverse (xy) plane induces
nutation (at Larmor frequency) of
magnetization vector as it tips
away from the z-axis.

- lab frame of reference

http://www.eecs.umich.edu/%7EdnoliBMES 16/

https://www.youtube.com/watch?v=kODOL-QBzSM
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RF Excitation

http://www.eecs.umich.edu/%7EdnotBMES 16/

Rotating Frame of Reference

Reference everything to the magnetic field at isocenter.
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a) Laboratory frame behavior of M b) Rotating frame behavior of M
Images & caption: Nishimura, Fig. 3.3
I
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B, (1) =2B,(t)cos(wr )i
= Bl(t)(cos(wt)i - sin(wt)j) + Bl(t)(cos(wt)i + sin(wt)j)
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Octahedral head coil
with 12 TxRx channels

2-channel phased array
for cardio MRI (Rx)

Breast coil with
detached coupling box

|

"X coil*, 125 MHz (Rx)

Tunable CSA hyperthermia
module (97 MHz, Tx)

Cable head coil (TxRx)
for 129Xe (34.66 MHz)

Lung coil (TxRx) with
125-MHz CSA differential transmitter for

2-channel strip-line array (TxRx)
129Xe (34.66 MHz)

Dual Tune = _16-Channel Transceiver
> | Knee Coil

TEM 3000
pead ol . , Quadrature
d Knee Coil
Body Coil N TJFH’;:Sch::rer

http://www.mrinstruments.com/
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Precession
du - Analogous to motion of a gyroscope
dt wxy Precesses at an angular frequency of
B w=yB

This is known as the Larmor frequency.

CJM ovement of a G

n without

External Forces

hutp://www astrophysik.uni-kiel.de/~hhaertelmpg_e/gyros_free.mpg
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Rotating Frame Bloch Equation

dM
rot =M x B
d ror X YD gr
0
Beﬂ =Bmt +7701’ wmt = 0
-

Note: we use the RF frequency to define the rotating frame. If this
RF frequency is on-resonance, then the main BO field doesn’ t
cause any precession in the rotating frame. However, if the RF
frequency is off-resonance, then there will be a net precession in
the rotating frame that is give by the difference between the RF
frequency and the local Larmor frequency.
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Let B, = B/(n)i+ Bk

-B(ni+ (BO - ‘”)k
Y

Ifw=0,
=B,

Then B,; = B, (1)i
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. Flip angle

rot

Betf < <y >< Bzf;a)l(s)ds
X By , - By s

Example
T =400 usec; O=mr/2
0 /2

=

y©  27(4257Hz/ G)(400e - 6)
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=0.1468 G

Y x y where
IS o (1) = 1B, (1)
z
Mrot z
(] Mrot
>B B
) B,
X y X y
© @
TT. Liu, BE280A, UCSD Fall 2015 Nishimura 1996
? f T Before
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Nonselective Selective
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Before excitation After excitation
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Let B,, = B (1)i+ (B, +G )k

=B(t)i+| B, +1G.z- L]k
Y

If w=w,

B, = B(Ni+(yG.2)k
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Nishimura 1996

https://www.youtube.com/watch?v=kODOL-QBzSM
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Slice Selection

slice Z

Az

7 om— |

Small Tip Angle Approximation

M M,

z

Xy

For small 0
M. =M;,cos0 =M,
M, =M,sin6 = M0
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rect(f/W)
T sinc(Wt)
(W=yG,Az/(2m)
TT. Liu, BE280A, UCSD Fall 2015
20 Excitation k-space Gz
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2M O exp(-j2mk (T,,1)z)

ViV

Excitation k-space

At each time increment of width A7, the excitation B,(t) produces
an increment in magnetization of the form AM  ~ jMUH(r) = jMyB,(T)At

(small tip angle approximation)
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Excitation k-space

In the presence of a gradient, this will accumulate phase of the form

@=-y f : 2G, (s)ds, such that the incremental magnetization at time t is

AM (1.7 ; 'r)=jMOyBl(r)exp(—jyf:sz(s)ds)Ar

B

| !
- t
= -
g ~
. ~ \
JM B, (T)AT /
z Gz AM, (1.2 5 T) = jMyyB (D)ATexp(jg)

- iM,yB,@)exp| -y [ 2. (s)ds | ax
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Excitation k-space

M, (t.2)=jM, [* yB,(x)exp(-j2mk(z,0)z)dT
This has the form of a Fourier transform, where we are

integrating the contributions of the field B, (7) at the k-space point k(z,¢).

RF
I3 ‘/:/ Slice select gradient 1 ’{ k
G,(t) i \'12 v )
, 3 €&—|]
k(r,t)=ngGz(s)ds
. T
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Excitation k-space

Integrating over all time increments d7, we obtain
M, (z,z)=jMUf;yBl(r)exp(—jyf;sz(s)ds)dr
= jM, [ yB,(v)exp(~j2mk(z.0)z)dT

where k(t,t) = %f; G.(s)ds

This has the form of a Fourier transform, where we are

For a historical perspective see
http://www.sciencedirect.com/science/article/pii/S1090780711002655

TT. Liu, BE280A, UCSD Fall 2015

integrating the contributions of the field B, (r) at the k-space point k(z,1).

Refocusing

M, (1.2)= jM, [ yB,(t)exp(-j27k(T.0)z)dT
This has the form of a Fourier transform, where we are

integrating the contributions of the field B, (7) at the k-space point k().

RF i

TR A B A .
Slice select gradient
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Slice Selection

RF
_— Slice select gradient
G, (t
" Slice refocusing gradient
L]
Gy(®) =
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Gradient Echo

Slice Selection
slice ,
/ \ I Az
7w — )
rect(ft) YV ~
hZf _1_1GAz sinc(t/t)
T 21

RF
o
_— Slice select gradient
G, (t
™ Slice refocusing gradient
L
Gyt — Soins all
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— / phase atk,_,
ADC ]
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Nishimura 1996
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Example

M (x)=M,cos(4mx) 0 0
Ml)
F(M ()= 7(5(& -2)+0(k, +2)) T T
Eoax =4 G/cm T
G

LgmaxT =4 cm™; T =235 usec ___}
2
with small tip angle approximation --> 0 = 1 k(‘L’,t)

2
Compare with sin(l) LT 05036

6/ 2 6
-2

Question : Should we use 6 =% instead?

Exercise: Sketch the quiver diagrams corresponding to the
contributions of the two RF pulses and show that they produce the
desired pattern.
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Exercise: Sketch the quiver diagrams corresponding to the contributions of the two RF
pulses and show that they produce the desired pattern. (Patterns shown below scaled for
display purposes)
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Multi-dimensional Excitation k-
space
M, (tr) = jMOf_lww,(r)exp(—jyf;G(s)' rds)dr

= jMof;wl(r)exp(jZHk(r)‘ r)dt

where k(t) = _ZL f 'G(r)dr
Jr T

Pauly et al 1989
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Excitation k-space

Pauly et al 1989
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Excitation k-space
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Panych MRM 1999
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Cardiac Tagging
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