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RAD 229: MRI Signals
and Sequences

Brian Hargreaves

All notes are on the course website
web. stanford.edu/class/rad229




Course Goals

* Develop Intuition

* Understand MRI signals
* Exposure to numerous MRI sequences and naming:
* “gradient-echo”
* “spiral”
« “T* BOLD”
* many, many confusing acronyms
* Expand EE369B, Complement EE369C, EE469B
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General Course Logistics

» website: web.stanford.edu/class/rad229

* 3 Units, Letter or Cr/No Cr (EE300 Equivalent)
* Mon/Wed 1:30am-2:50pm

* CCSR 4107 (see calendar for changes)
 Texts (NOT required, but useful) -

* Bernstein M. o MRI

Pulse Sequences

 Nishimura D.
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Prerequisites / Grading

* Prerequisite: EE369B /equivalent
» (complements EE369C / EE469B)
« Paper / Matlab assignments / no MRI scanning
 Grading:
* 10% Attendance / Participation
* 10% Midterm
* 50% Homework + Project
* 30% Final
 Auditing:

 Please participate, but allow for-credit students to do so first
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Homework / Project Options
* Replace a HW Question:

* Spend <10min explaining how you'd do a question

* Replace it with a problem and solution that you
choose, related to recent lectures

* Project: (detalils to follow)
* Approximately 1-2 Homeworks

« Simulate and present a sequence / signals / recon
* A sequence we didn’t cover or simulate
* A novel sequence that you devise
* A sequence/recon with EE369C
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Lectures

* /5 min lectures -- Notes online at website
* PDF, whole slide (print 4-6 per page)
* Try to keep numbered.
* Read ahead, but try not to ruin suspense(!)

» Please no emaill, texting etc in class

* | try to stay on time - please help by being on time
« Come early, | will try to entertain with questions etc!

 Class participation: questions, exercises
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Homework

* Due Wednesday 11:59pm, (minus 10% per day late)
» Paper:
* Lucas Center Rm P260 (under door)

* Frank Chavez (nearest cubicle)

* Electronically as PDF (encouraged):
« Email w/ subject “RAD229: HW1” or similar, <10MB please!
» bah@stanford.edu

* Purpose is to learn the material. Note honor code

* Please do not share solutions without permission
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Other Information

* Instructor: Brian Hargreaves

» Office Hours - See Calendar

* Other Lecturers: Jennifer McNab, Others?
* No Teaching Assistant

» Web Site: web.stanford.edu/class/rad229

* Lecture notes, homework assignments, code

 Schedule / Room info, Announcements
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Working Together - Rules

* Follow Honor Code
* Work together on homeworks,
* Discuss freely, but write your own matlab code
» Use resources, but not solutions

* No discussion of exams with others

* In general your responsibility is to learn!

* You should be able to explain anything you submit
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Participation!

 FB: 1/10 (willing to answer, but not likely to be correct)

* 7 (unlikely to answer but likely to be correct)

 Balance??!!
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Introductions

 Your name?
* Who do you work with?
 Your Research?

« Comments - What you Hope to Learn?

11
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Course Overview / Topics

* Review of Basic MRI (EE369B)
* Signal Calculation Tools, System Imperfections
* Pulse Sequences

* Advanced Acquisition Methods

 The RADZ229 class will continue to evolve!
* Things might change, and your input will shape the course!

* You may know more than me about some topics
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Background (~EE369B)

» “Magnetic Resonance Imaging” D. Nishimura
* Overview of NMR

* Hardware

* Image formation and k-space

» Excitation k-space

 Signals and contrast

 Signal-to-Noise Ratio (SNR)

* Pulse Sequences
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MRI: Basic Concepts

Static Magnetic
Field (BO -

‘ BO VAV BO
i
A‘A‘A‘A‘A »
=¥
Excitation Precession Relaxation Gradients

(Reception) (Recovery) (Relative Precession)
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Precession and Relaxation

Relaxation and precession are independent.

Magnetization returns exponentially to equilibrium:
Longitudinal recovery time constant is T,

Transverse decay time constantis T,

Precession Decay Recovery
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Magnetic Resonance Imaging (MRI)
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MRI Hardware

 Strong Static Field (Bo) ~ 0.5-7.0T
« Radio-frequency (RF) field (B1) ~ 0.1uT

* Transmit, often built-in

* Receive, often many coils
» Gradients (Gx, Gy, Gz) ~ 50-80 mT/m
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Bo: Static Magnetic Field

* Goal: Strong AND Homogeneous magnetic field
e Typically 0.3to 7.0 T

- Resonance proportional to Bo :  y/2m = 42.58 MHz/T

« Superconducting magnetic fields - always on
 ~1000 turns, 700 A of current

 Passively shimmed by adjusting coil locations

 The following increase with with Bo:
 Polarization, Larmor Frequency, Spectral separation, T+
* RF power for given B

* Bo variations due to susceptibility, chemical shift
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Bo: The "Rotating” Coordinate Frame

e Usually demodulate by Larmor frequency to “baseband”
e Also called the rotating frame
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Bi1*: RF Transmit Field

* Goal: Homogeneous rotating magnetic field
* Typically up to about 25 uT (Amplifier, SAR limits)
* Requires varying power based on subject size
* Dielectric effects cause B+* variations at higher Bo
« Amplifier power: kW to tens of kW

» Specific Absorption Rate (SAR) Limits:
« Power proportional to Bo2 and B42

 Goal is to limit heating to <1 C
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Bi1-: RF Recelve

« Goal: High sensitivity, spatially limited, low noise
* “Birdcage” coils
» Uniform B1- but single channel
* Surface coills
* Varying B1-but high sensitivity
 Colil arrays
* Multiple channels with Varying B1-

* Allows some spatial localization: Parallel Imaging

21
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RF Coills

Pelvic Phased-Array

Cardiac Coil
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Recelver System

* 500 to 1000 k samples/s

« Complex sampling
 Low-pass filter capability
 Typically 32-128 channels

* Time-varying frequency and phase modulation
(Typically single-channel)
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Gradients

» Goal: Strong, switchable, linear B; variation with x,y,z
* Peak amplitude ~ 50-80 mT/m (~ 200A)
» Switching 200 mT/m/ms (~1500 V)

* Limits:
« Amplifier power, heating, coil heating
 “dB/dt” limitation due to peripheral nerve stimulation
* Switching induces Eddy Currents
» Concomitant terms (Bx and By variations)

* Non-linearities (often correctable)

24
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Gradient Waveforms

« Mapping of position to frequency, slope = yG
* Typically waveforms are trapezoidal

* Constant amplitude and slew-rate limits

Frequency 4 ’YGread Amplitude

.

Position
>
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Shims

» Goal usually to make BO more uniform with subject

 Center frequency

* Linear shims (

* Higher-order (

O)s

* Shim arrays, Shim+

Up to ~1% offset to gradients)

nims (Spherical Harmonics)

RF (Current Research)

» Usually HO shims not dynamically switchable

26
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Review Questions

27
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Image Formation and k-space

» Gradients and phase

 Signal equation

« Sampling / Aliasing
 Parallel Imaging

» Many reconstruction methods in EE369C
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Gradient Strength and Sign
Positive Gradient «
. B C G C.C Tk
Negative Gradient «
A (HHHAHF

Double Strength

Can control both amplitude and duration
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Gradient Along Both x and y
y

Can also vary along z




Ribbon Analogy

X

WOCOOOOOOVOECOOOO©-

» Gradients induce “phase twist” —
* Twist has a number of cycles
ond a sign PO

» Twist can be along any direction

DA
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Gradients and Phase

 Control gradient amplitude and duration

» Can control frequency:

Frequency = v(Gix + G,y)
* Can “encode” phase over duration ¢

Angle = vt (Gxx + Gyy + G:2)
» Generally: ¢:7(x/Gxdt+y/Gydt)

What are the units of Frequency and Angle (¢) here?
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Signal Equations

 For a single spin: ¢ = vy(x / Gdt + y/Gydt)

R ial:
epresent as exponential ¢ — p— (@ [ Godity [ Gydt)

* SUM over many spins:

©.@)

s — / p(x7 y)e—i'y(:chxdt—kyfGydt)dxdy

— OO

 Signal equation:

o0 o0 . t
s = / / p(x,y)e 2T ReHRyY) dady, ko (t) = %/ Gy (T)dT
—o0 J —o0 0

s(t) = FT[p(x, Y)k, ()., (1)
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Fourier Transform in MR
s(t) = FT'|p(x, y)”kx(t),ky(t)
M(k) <===p p(r)

Fourier
Transform

» Given M(k) at enough k locations, we can find p(r)

* |t does not matter how we got to k!
What are the units of kx(t) and ky(t) ?

34

Section A1 B.Hargreaves - RAD 229



Fourier Encoding and Reconstruction

Encoding

Sum over
image

Gradient-induced
Phase

Sum over
k-space

Spatial Harmonic
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k-space: Spatial Frequency Map

Ky I ||||

In terms of pixel-width, what is the width of k-space?
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Image Formation and Sampling

Readout Gradient

Phase-Encode Gradient

time

A ' .'7'
O :‘.' _' phas
Q o
O O
k-space Readout Direction
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K space Extent and Image Resolution

Data Acquisition “k” space Image Space

() /(2.
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Sampling and Field of View

« Sampling density determines FOV
» Sparse sampling results in aliasing

FOV =1/Ak,

Phase-Encode

Readout
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Phase-Encoding with Two Coils

40
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Readout Parameters

« Bandwidth linked to readout
* “half-bandwidth” (GE) = 0.5 x sample rate
« Same as Filter bandwidth (baseband)

* Pixel-bandwidth often useful

Frequency

/YGread

BWpia: — /YGreadACE

BandwidthV BWiat = 1GreaaFOV/2

per Pixel 4

Eosition
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Imaging Example

* Desired Image Parameters:
« 256 x 256, over 25cm FOV
* (£)125 kHz bandwidth

* What are the...
« Sampling period?
» Readout duration?
 Gradient strength?
« Bandwidth per pixel?

* k-space extent?
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2D Multislice vs 3D Slab Imaging

2D

ﬁ=

ann/l)
OO Jl/j/
-

i

_.
———

A
L L L
L _L L

7

Thann aamm

I : Continuous coverage
Shorter scan times, reduced

motion artifact Thinner slices, reformats

———

———
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Imaging Summary

» Gradients impose time-varying linear phase
» k-space is time-integral of gradients
 k-space samples Fourier Transform to/from image
* Density of k-space <> FOV (image extent)
» Extent of k-space <> Resolution (image density)
* 3D k-space is possible

 Parallel imaging uses coils to extend FOV

44
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Excitation

» General principles of excitation

» Selective Excitation with gradients

* Relationships for slice excitation

» Excitation k-space
* Much more covered in EE469B
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Excitation: B1 Field

* Direction of  is perpendicular to

» Magnetization precesses about

* Turn on and off ~ to “tip” magnetization
* Problem: We can't turn off 50!

* Precession still around

46
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Excitation

« Magnetization precesses about net field (By+B)

. B1 << B0

« Must “tune” B, frequency to Larmor frequency

— B —) B, —— Magnetization

Static B, Field Rotating B, Field

47
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Excitation: Rotating Frame

« “Excite” spins out of their equilibrium state.
« B, << By
« Transverse RF field (B,) rotates at yB, about z-axis.

Magnetization

Static Frame Rotating Frame, “On resonance”
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Selective Excitation

Position

Frequency
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Selective Excitation

A
-
i)
."(%’
Dl et e
D- ..................................................................................................................
Slice width = BWRrr / vG:
Slice center = Frequency / yG;
A ©
g S 4 .
2 = —
= n
nd
N\ N >
B, Frequency V Y Time

50 Section A1 B.Hargreaves - RAD 229



Excitation Example

* Given a 2 kHz RF pulse bandwidth, and desired
« 5mm thick slice

e Slices at -2cm, 0, 2cm

* What are the...
* Gradient strength? (y/2m)G;
» Excitation frequencies?

* Thinnest slice possible with 50mT/m max gradients?

51
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Excitation k-Space

 Excitation k-space goes backwards from end of RF/
gradient pair:

=2 [ amdr k=2 /OtG(T)dT

27 J, T or

 Excited profile = Fourier Transform of excitation k-space

 Central flip angle = area under pulse (may be zero!):

o= V/Bl(f)df
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Excitation Example

* For a 1ms, constant RF pulse of amplitude 10uT ...
» \What is the flip anale?

 How does RF energy change if the duration is halved
and amplitude doubled?
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Signals and Contrast

» Simple Bloch Equation Solutions

» Basic contrast mechanisms: T1, T2, IR, Steady-State

T2-Weighted To-w FLAIR T1-w FLAIR
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Signals and Contrast

» Bloch Equation Solutions Mo
(Relaxation): o
My(t) = Mwy(o)e_t/TQ 0 time
M., (t) = My + [M.(0) — Mple /Tt Mo
§ 0
* Rotations due to excitation: time

/ .
Mxy = My, cosa + M, sin o

/ .
M, = M, cosa — My, sin
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Echo Time (TE): T2 weighting
TE = Time from RF to “echo”

90° 90°
RF I\ VAW
1

2“0 // - \/

Signal

Short TE
Long TE
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To Contrast

Echo Time (ms)

Dardzinski B, et al. Radiology, 205: 546-550, 1997.
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Repetition Time (TR): T, Weighting

Each excitation starts with reduced M,
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T1-Weighted Spin Echo

Short Repetition Long Repetition
5 S GRS g Ak allG

¥
AR
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Basic Contrast Question (TE, TR)

60
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Inversion-Recovery

180°

. J\J\

18

Signal
o

Fat suppression based on T,

Short Tl Inversion Recovery (STIR)
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Long Inversion Time (TI) - FLAIR

Long TI suppresses fluid signal
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Signal Question

63
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Steady-State Sequences

* Repeated sequences always lead to a “steady state”

* Sometimes includes equilibrium (easier)

» Otherwise trace magnetization and solve
equations

 Example: Small-tip, TE=0
“TR” “TE”

M,(TE) = M,(TR) cos
M,(TR) = My + [M,(TE) — Myle TH/T

Combining... M-(TR) = Mo-—
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Summary ~ Background |

* Overview of NMR

« Hardware

* Image formation and k-space
» Excitation k-space

 Signals and contrast
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Background |

 Signhal-to-Noise Ratio (SNR)
* Pulse Sequences
« Sampling and Trajectories

 Parallel Imaging
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SNR: Signal-to-Noise Ratio

» Signal: Desired voltage in coll

* Noise: Thermal, electronic Noise

* Thermal dominates, depends on caoill,

patient size

SR = | y Signal
. = average sighal / o |Signall

» Gaussian noise (FT is gaussian)

* 0 Is for gaussian in real and
Imaginary signal components

* N averages = sqgrt(N) increase

« Magnitude noise is Rician; can obtain o
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SNR

SNR is the major limitation for MRI
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Averaging

* Noise Is uncorrelated
* When adding two signals:
* Signal portion M adds, to 21V

 Noise variance o2 adds, increases to 202

* Noise o increases by square-root of 2
« SNR changes from M/cto 1.4 M/o

* SNR Increases with square-root of #averages
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What are Examples of Averaging?
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Imaging Factors Influencing SNR

* Voxel size (spatial resolution)
 Acquisition time (NEX, BW)
 Polarization or Field strength

* RF coll

» Subject size

* Pulse sequence and parameters

* Receive Electronics (ldeally insignificant)

Section A2 B.Hargreaves - RAD 229 @



Voxel Size Example

Full High Resolution 2x Increase (all 3 axes) 4x Increase (slice)
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SNR and Field Strength
3.0T

Sagittal T, RARE: SNR Ratio=1.7
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Coil Sensitivity

* Signal decreases further from coil
* Noise volume increases with coll size

« Smaller coils also limit FOV and aliasing

* Larger coils not ideal

Sensitive Volume
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SNR vs Resolution vs Scan Time

High SNR

SNR « Voxel Volume - \/ T

¢q

High Resolution Short Scan
(Small Voxels) Time
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SNR Efficiency

» Often want to compare SNR of different sequences

* If times differ, comparison can be made fair by use
of SNR efficiency:

~ SNR
PN e
* |In many cases:
~ SNR
NNSNR JTR
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SNR Question

» Compare the SNR efficiency of two pulse
sequences, assuming the signal level is constant:

* Spin Echo, 8echoes, 32.25 kHz bandwidth, TR=100ms

» Simple gradient echo, 62.5 kHz bandwidth, TR=5ms

» Signal level would NOT be constant, so this is harder!
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Pulse Sequences

» Gradient Echo Sequences
* Spin Echo Sequences
* Preparation Sequences

(We will expand on these a lot!)

Section A2
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Pulse Sequences and k-space
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Sequence Questions
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Gradient-Echo Pulse Sequence
FlipAngle  TE ~1+

rRe _J\__ s J\

Refocusing ?
Gz / Gradient
Slice-Select
Gradient \—/
?
Gy Phase- Readout
Encode Gradient

Gradient
ien / \ ?
G,
Dephaser \ /
Gradient
Gradient
Echo
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Gradient Echo Contrasts

RF-Spoiled

Gradient Spoiled

P

N

Section A2 B.Hargreaves - RAD 229 @



Spin Echo Pulse Sequence

Signal “ﬁdﬂ(b@’"
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Basic Spin Echo Considerations

Pros:

» Refocusing pulse reverses dephasing

* Image acquired at spin echo increases signal
Cons:

* Increased RF power deposition (SAR)

* Longer echo times than gradient echo (GRE)
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Spin Dephasing and Spin Echoes

* Frequency variations cause “dephasing” (T2')
 Results in signal loss (T2*)
» Refocus spins to spin-echo (T2)

Section A2 B.Hargreaves - RAD 229 @



Spin-Echo-Train Imaging

S 1 A

vV V vV V vV V vV Vv

Signa

PD-weighted k-space To-weighted k-space
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Proton-Density and T2-weighted Spin Echo

Proton Density Weighted T2 Weighted
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Fast Recovery (FR) or Driven Equilibrium

Signal
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Magnetization Preparation

A A A

Mag Prep R T

* “Prepare” contrast

* Image rapidly before
steady-state evolves

Section A2

A

A A A

il Vo Prop

* Examples:
» Fat Saturation
* Inversion - Recovery
* Myocardial Tagging
o T2-prep

* Magnetization Transfer
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Fat-Saturated FSE

um

Signal

25

Section A2

i

wm
un
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Fat Saturation (Magnetization Preparation)

Fat Saturated T1w FSE
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Inversion-Recovery

180°

. M

180O

Signal
o

Fat suppression based on T,

Short Tl Inversion Recovery (STIR)
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Sampling & Point-Spread Functions

* PSF = Fourier transform of sampling pattern
» Just 1's as samples, mostly a matter of scaling

 Lots more you can do with this...!

k-space Sampling Point-Spread Function

0000000000000000 Fou rier

sessssssssssssss | |ransform o
0000000000000000

— Extent —— <> Width ——-
~ oo Opacing <mp o —— FOV —— o
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Partial Fourier Acquisition/Reconstruction

K

y
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Alternate k-Space Trajectories

Radial Projectiori
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Parallel Imaging

» Coils have limited sensitivity

 Unalias based on known
sensitivities (SENSE)

* Limited sensitivity results in
kK-space correlations

* Fill in missing k-space
(GRAPPA)

* Build up FOV with coll arrays

Section A2
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BaS I C Pa ral Iel I mag I ng P I LS (Parallel Imaging with Localized Sensitivities)

 Consider 2 coils

* Each sensitive to exactly 1
breast

« Each coll uses a reduced
FOV

e _..but simultaneous
acquisition

Readout

« Combination allows full
Image /n less time
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SENSE: Unalias Image

Sensitivity 1 (S)

B

Coil 1 Signal (C,)

33

Sensitivitly 2 (S,)

Coil 2 Signal (C,)

SENSE Image

Section A2

When it fails...
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SENSE: Brief Mathematics

* At each pixel

*Using Coil 1: Ci1=51iax + SieX

* Using Coil 2: Co=5oaXx " + SosX

* If we know S1 and S2 at A,B and signals C1 and Co,

= S C2 - Sop CH = Son C1 - 514 Co
SoaS1B - S2BS1A SoaS1B - S2S1A

* More complicated with more than 2 coils
* |f denominator is small, noise amplification

e Just a matrix inversion or pseudoinverse
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SENSE Calibration

 Low-resolution images from each coll
* Divide images by RMS image or body coil image

* Challenge: coll sensitivity in area of low signal

Low Resolution Image
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Parallel Imaging: k-space Approaches

* Acquire reduced FOV, and some “calibration” lines

* Fill in missing lines to extend the FOV
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GRAPPA: Coll Sensitivities and k-space

Reduced Image Extent

Reduced k-Space Extent
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GRAPPA Calibration

 Fully-sampled central k-space

* Find “data correlation” between lines/coils
* Note: data-driven vs model (SENSE)

* Not just image vs k-space!
Coil 3
Coil 2

Coil 1

-
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GRAPPA Synthesis

» Use kernel information to synthesize data

* Repeat for all colls

« Combine coils and reconstruct
Coil 3

Coil 2
Coil 1

phase

read --
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Parallel Imaging & Noise

Accelerated

D
=
l_

-

®

O
0p)
I=
S

»

-

O
O

Acceleration is in Left-Right Direction in Images
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2D Parallel Imaging (for 3D Acquisitions)

| | _ | 8-Channel Phased-
3D imaging uses 2 phase-encode directions  Array Coil

Can apply parallel imaging in 2 directions ’

Note: Readout is In
S/l (head-foot) direction!

Fully Sampled
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Parallel Imaging Questions
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Summary ~ Background
* Overview of NMR

* Hardware

* Image formation and k-space
» Excitation k-space

* Signhals and contrast

» Signal-to-Noise Ratio (SNR)
* Pulse Sequences

« Sampling and Trajectories

 Parallel Imaging
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Signal Calculations

 Bloch Equations and Matrix Calculations
» Extended Phase Graphs
« Examples (both)
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Bloch Equation Matrix Simulations

 Basic Bloch Equation

 Bloch Equation with B+ / rotating frame

« Basic matrix simulations / Hard Pulse Approx.

* Many-spin simulations: Brute force

*B
*B

OoC

OoC

n-McConnell Equation with Exchange

n-Torrey Equations (McNab?)

Section B1
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Bloch Equation

» Basic Bloch Equation:

dM M,, My — M,
—— =M x~HyB- 2 4
dt T, T,
e In Matrix form with: M, |
M= | M,
- MZ —
« Becomes:
M - —-1/T, B, —yB, | 0
i ’}/By —’)/Bx —1/T1 i i Mo/Tl _

Standard right-handed cross product
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Relaxation

. : _ ,—T7/11
» Over time period < By =e"
E2 — G_T/TQ
" E, 0 0 ) 0 |
M’ = 0 Fy O M + 0
0 0 Er - Mo(1—-Ey) |
. y \ v )
)y B

(See relax.m)

>> [AB] = relax(0.5,0.5,0.1,1)

AB =
0.0067 0] 0 0
0] 0.0067 0 0
0 0 0.3679 0.6321
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RF Rotations

* For a flip angle o

1 0 0
M =R,.M=| 0 cosa sina
0 —sina cosa |
cosa 0 —sina
M’:RyM: 0 1 0
sina 0 cosa

>> A = xrot(90)

a=vbB1T
A =
 Rotations are left-handed
* (also achieved with negative y) 1°°3 3 1_03
* See xrot.m and yrot.m 0 -1.00 0
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RF Rotations (Arbitrary B1 phase)

" cos? ¢+ sinpcosa cosgsing(l —cosa) —singsina |
Ry = | cos¢sing(l —cosa) sin®¢+cos?pcosa  cosdsina
sin ¢ sin o — SIn @ Cos @ COS

<

¢ = taﬂ_l(By/B:c)

* Rotation axis in x-y plane

* Note Ry is just R(-¢)R(a) RA()

(See throt.m)
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Gradient / ABg Rotations

cos 6
M =R,M=| —sinf
0

* Rotations are left-handed
* (also achieved with negative y)
e See zrot.m

sinf 0 |
cosf O
0 1

M

7 Section B1
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Perfect Spoliling

* Explicitly set transverse magnetization to zero

0 0 0
M=|0 0 0|M
0 0 1
rRFJ\ I\
GZ
«——TE——»
< TR >
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Example: Excitation/Recovery

(X.-y a—y a-y
M4|M> M1|M> M1|Mo

"cosa 0 sina ]

Mz —_ 0 1 0 Ml .
—sina 0 cosa. transy/ggsleecli?fgsllvdebtliéz?;tion
0 0 07 i 0

Ml — 0 0 0 Mz + 0
B G E my(1—E;).

M, = Eicosa My + mo(1 — E1) .

| Recall Prior
mo(l E1)

Example!

{ L= E cosa
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Overlapping RF/Gradients?

e 7 rotations and relaxation commute

 RF rotations do not commute with others

 Hard-Pulse Approximation:

« Small rotations/relaxation can be applied sequentially

* Break pulses into very short segments
 Aside: Basis for Variable Rate Selective Excitation

* Alternatively, calculate arbitrary rotations

Al
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Matrix Propagation
* Rotations / Relaxation: M’ = AM+B

e M; = AiMy+B; (Mo is starting M, not equilibrium M!)

* M>, = A2M+B: M, (n “operations’)

e Propagation: multiply A’s, sum B’s after multiplying by
all successive A’s

e M> = (A2A1)Mop+ A2B; + B>
Example (n=3)

i=n A= A3A2A1
. (HAj) B 3 A2 B 3.2 3
i=1 \j=n (See abprop.m)

11
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Steady States

* Propagation over 1 TR: M,,; = AM,+B
« Steady State: M,.; =M,
« Combine: My, =AM +B = (I-A)-'B

* As long as there is relaxation, there is a steady state,
since eigenvalues of A are less than one in magnitude
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Short-TR IR Signal (Agaln')

< JPEOEENEDEIIACNNOEAACNENNEACCNDYINAINNNCINNONACNNODNCOACONO00COACIN00N TR ............................. exampIeB1 13 m

-

< O

* Inversion Recovery Sequence:

>> A1 = diag([E2a E2a E1a]) * Rx(180);
>>B1 =[0;0;1-E1a];

« What is the signal for T1=0.5s, T2=100ms? >> A2 = diag([E2b E2b E1b]) * Rx(90);
>> B2 =[0;0;1-E1b];

>> A3 = diag([E2c E2c E1c]));

« TR=1s, TI =0.5s, TE=50ms

 “Operations” >> B3 = [0;0;1-E1c]:

* Migo = R(180)Mrw >> A = A2*AT*A3;

* Moo = Rx(90)E(0.55)M1g0 >> B = B2+A2*(B1+A1*B3);
* Mte = E(0.05s)Mgo >> M = inv(eye(3)-A)*B

[0; 0.2424; 0.0952 ]
« Mtk = E(0.45s = 1-0.5-0.05s)Mre
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Compact Simulation: abprop.m

* Propagate spins through series of A,B matrices

« Compact way to simulate sequences

function [A,B,mss] = abprop(Al,Bl1,A2,B2,A3,B3,...)
If mss is provided, the steady-state 1is calculated.
If an A1 is 3x4, then it is assumed to be [Al1 Bi]

If a Bi vector is omitted (the next argument is 3x3
or 3x4, it is assumed to be zero.

« abprop(A1,B1, [A2 B2], A3, A1)  (Here Bz= B4= 0)

14 Section B1 B.Hargreaves - RAD 229



Short-TR IR Signal (Compact)

-

< O

* Inversion Recovery Sequence:

« TR=1s, TI =0.5s, TE=50ms

exampleB1_15.m

>> [A,B,Mss] = abprop(

« What is the signal for T1=0.5s, T>=100ms? relax(TR-TE-TI,T1,T2,1), ...
xrot(180), ...
o “Operations” relaX(TI,T1 ,T2,1 ), .
xrot(90), ...
* M1go = Rx(180)Mtr relax(TE,T1,T2,1));
* Mgo = Rx(90)E(0.58)M1s0 >> Mss

* Mte = E(0.05s)Mgo
* Mtr = E(0.45s = 1-0.5-0.05s)M+e

[0; 0.2424; 0.0952 ]
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* 90.y Excitation pulse

Example

RF Waveform

-08 -06 -04 -02 0 0.2 0.4 0.6 0.8 1

* Time samples of 4us Jmene)

Small Tip Approximation

* 3 sinc cycles

e 2ms duration

* Area of 5.9 uT*ms
« BW ~ 3 kHz
« 2.3 mT/m gradient (1kHz/cm)

16
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Simulation

* Loop over z
* Define R,
* Loop over t
e M’=R.R.(t)

* Plot M over time
and space

exampleB1_17.m

M.(8)

-0.5
-1

. _Psition (cm)

-1 0 1

05

0 05
Time (ms)

05

i 05 1
Time (ms)

0
Position (cm)

0
Position (cm)

17
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Example (With Off-Resonance)

04 0B

02 0 02
time(ms)
Small Tip Approximation

* 90 Excitation pulse

................................................................................................

 BW ~ 3 kHz

g osition (cm)

05 i 05 1 - 0
Time (ms) Position (cm)
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Excitation Recovery (Real Pulse)

a=30 =30 a=30
/\ /\ A exampleB1_19.m
0 Myy 0 Myy

» Simulate full pulse and position
» Perfect spoiling (“keep only Mz matrix)

« Matrix propagation to calculate steady-state at each
position: E() = relaxation

« End of RF to TR:  Spoil, E(TR-TrF)
* Over RF: [ E(t)Rz(yGzt) Ry(t,T) ] at each interval
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Excitation Recovery (Real Pulse)
a=30 =30 =30

0 Myy 0 Myy
008 Excitation/Recovery Signal vs Position 0 Excitation Profile vs Position
0.06

[pe]
.
T

0.04 3

[a]
(=]
]

0.02%

Flip Angle (deg)

-0.02%-
10¢
-0.041
St
-0.064-
-0.08 2 0
-5 0 5 -
Position (cm) FPosition (cm)
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Example: Adiabatic Pulse

Adiabatic Inversion Pulse

Bl T)

Time (ms)

05 T T T T

Freq (kHz;

Time (ms)
4 T T T T
=) :
o :
L .
o) 3
[ o &
< ¥ :
4 i i

0 1 2 3 4 5 3 7 8
Time (ms)

(See adiabatic.m,
[b1,freq,phase] = adiabatic(.15,1000,1000,0.008,.000004) )
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Exchange: Bloch-McConnell Equation

» Ma and MY are magnetizations in “exchanging” pools:

* 75, and p are resident times

[ —1/T¢ —1/7, Yo B —Ya By 1/ 0 0 0
_fYaBz _1/T2a [ 1/7-(1 ’YaB:E 0 1/Tb 0 0
ﬂ _ ’YaBy —YaBs _1/Tf - 1/Ta 0 0 1/7_5 M+ Mg/Tla
dt 1/7, 0 0 —1/T2 — 1/ Yo B —vp By 0
0 1/7a 0 —vp B, —1/T? —1/7 Vb B 0
0 0 1/7, v B, —vp B, ~1/T? —1/7 | | ME/TY
_ Mo _
Ma 4 . . ] )
iy Single-Pool Bloch Equation:
M= "z ) _ : _
%gg M ~1/Ty B, —vB, 0
" z L ’}/By —’}/Bx —1/T1 ] L Mo/T1 B
\_ J
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Challenge: Diffusion
180

o [ e

NS\

At

. 1D Gaussian Diffusion: Al = V2DA¢

* Imagine a sequence with 2 gradients of area GT,
with a 180 refocusing pulse between.

* What is the expected value of the spin echo signal
as a function of D, At, GT, ignoring T2?
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Summary

* Bloch equation: Rotations and Relaxation
» Consider M as a 3x1 vector

» Rotations ~ Simple multiplier

* Relaxation ~ M’ = AM+B

* Propagate Effects like “Operators”
* Brute force simulations by looping:

* Time, Position, Frequency, etc

24
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Extended Phase Graphs (EPG)

* Purpose / Definition

* Propagation
e Gradients, Relaxation, RF
* Diffusion

 Examples

Section B2 B.Hargreaves - RAD 229



EPG Motivating Example: RF with Crushers
RF S\
e, Ll L

» Crushers are used to suppress spins that do not
experience a 180° rotation

* Dephasing/Rephasing work if 180° is perfect
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EPG Motivating Example: RF with Crushers

G, D*120X°RF VAW GZ*I:\

MV

LIPS

—> Y,

Spin Echo vs Refoc. Angle

0 02 04 06 08 1 g 80 100 120 140 160 180
Position (mm) = Refocusing Angle (deg)
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EPG Motivating Example: RF with Crushers
RF S\
e, Ll L

 Brute-force simulation works, but little intuition
* Quantized gradients produce “dephased cycles”

» Decompose elliptical distributions to +/- circular
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Extended Phase Graphs: Purpose

If we assume...

Gradient areas are quantized into units

that give a phase twist of one cycle (2n)
across a voxel

One cycle of phase
twist from a spoiler

. gradient (for example)
... then we can easily represent large groups

of spins with a simple Fourier basis, and
accurately calculate MR signals

Hennig J. Multiecho imaging sequences with low refocusing flip angles. J Magn Reson 1988; 78:397—-407.

Hennig J. Echoes — How to Generate, Recognize, Use or Avoid Them in MR-Imaging Sequences, Part |. Concepts in
Magnetic Resonance 1991; 3:125-143.

Hennig J. et al. Calculation of flip angles or echo trains with predefined amplitudes with the extended phase graph (EPG)-
algorithm: principles and applications to hyperecho and TRAPS sequences. MRM 2004, 51:68-80

Weigel M. Extended Phase Graphs: Dephasing, RF Pulses, and Echoes - Pure and Simple. JMRI 2014;
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Basic Magnetization Vector Definitions

« Common representations for magnetization:

M,y = My + iM, My = My - iM,

- M, 05 05 0] [ Mg,
M, | =| —0.5i 05 0 Mz,
I Mz ) I 0 0 1 1L M. )
- M, 1 ¢ 0] [ M,
My, | =1 —i O M,
M, 0 0 1 || Mz
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The EPG Basis

» Consider spins in a voxel:
* z is the location (0 to 1) across the voxel

- M,,(z) and M, *(z) are the transverse magnetization
« M_(z) is the longitudinal magnetization

» Represent the (huge) number of spins using a
compact basis set of F,, and Z coefficients

* Motivation: Propagation of the basis functions
through RF, gradients, relaxation is fairly simple

7 Section B2 B.Hargreaves - RAD 229



EPG Basis: Graphical

F+; F+o

« ' and Z are basis
coefficients

&
by
|
[ ]
[ ]
[ ]

.°/ Voxel Dimension

X &/

* Transverse basis
are simple phase
twists (sign of n
Indicates direction)

 Longitudinal basis
are sinusoids

e o o
Voxe imension
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EPG Basis: Mathematically

- Transverse basis functions (F )

are just phase twists: _
M:Uy(z) — Z F’r—Li_627Tinz %
May(2) = Ff +)  [Ffe™m* + (F,)*e 27

n=1

» Longitudinal basis functions
(Z,) are sinusoids:

N
M., (z) = Real {Zo + 2 Z Zne%mz}

n=1

Voxel Dimension

F.,and Z, are the coefficients, but we sometimes use them - A"

Voxel D ension

to refer to the basis functions (“twists”) they multiply I
Although there are other basis definitions, this is consistent with that of Weigel et al. J Magn Reson 2010; 205:276-285
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Magnetization to EPG Basis

e F+ states: 1 |
Fou = | Moy ()e s
0

e - states: 1 |
Fn=F*,= / M:;:ky(z)e_Zmnde
0

e / states: 1 |
Ly = / M, (z)e ™" dz
0

Note redundancy F-, = (F+.,)*
(Can use F+, and F-, for n>0, or just F+_, (all n)
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Review Question

 What are the F+ and F- states that represent this
magnetization (entirely along M )?

Z
/
V/%
=
=
~ e - M
~~~~~~~ %#,f
‘‘‘‘‘‘‘‘‘‘ M,
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Basis Functions in MR Sequences

Key Point. Basis is easily propagated in MR sequences:

*Gradient (one cycle over voxel):

—Increase/decrease F*  or F- state number (n), e.g. F*n+1=F*n

RF Pulse

—Mixes coefficients between Z_, F* ,and F-_ [or (F*n)* ]
*Relaxation

—T, decay attenuates Fn coefficients

—T, recovery attenuates Z_ coefficients, and enhances Z,
*Diffusion

—Increasing attenuation with n (described later)
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EPG Propagation: Gradient

Gradients induce one cycle o

(2rt) of phase across a voxel il = L,
- Magnetization in F* moves to F*__, 5
—Dephasing for n>=0 s
—Rephasing for n<0 (or F-)
* Generally can apply p cycles
(increase n by p)
- /Z states are unaffected

R 05 g — 05 B
~—— S e MK

Assume the “gradient” such as a spoiler or crusher induces one twist cycle per voxel
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EPG Relaxation over Period T

* Transverse states: - F - F

= -T/T2
F=F ¢

. Z  states attenuated:

Z =7 eTTl  (n>()

n

. Z, state also experiences
recovery:

14 Section B2 B.Hargreaves - RAD 229



EPG RF: Transverse Effect

* First consider transverse spins after i

one cycle of dephasing: 2’
F+
|

. After a 60.° tip, the transverse

¥

distribution is elliptical, but can be

decomposed into opposite circular > M,
twists (F*, and F-,) Transverse View
M, ™,
A A
REN | W v M
Transverse View — F*  F-

Longitudinal (Zn) states are also affected — described shortly
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EPG RF Rotations

* An RF pulse cannot change number of cycles

- ‘Mixes” F* , F- - and Z, (details next...)
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EPG RF Rotations

* Dephased magnetization generally has an elliptical
distribution, even after additional nutations (flips)

« Can decompose into a sum of opposite circular twists

« Can derive (trigonometrically) for flip angle a about a

(previous slide) and cosines along M,

transverse axis with angle ¢ from M. :

Ft,
Fy
Zin

/

cos?(a/2) e??sin*(a/2) —ie'® sin o
e 2 ?sin?(a/2)  cos?(a/2) ie ™' sin o
| —i/2e7sina i/2e?sina COS (X

Same Ry RF rotation as before, in [M,,M* M. ]T

frame

17
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Example: 180x° Refocusing Pulse

Magnetization Starting as F+1=1
e

18
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Phase Graph “States” (Flow Chart)

Gradient Transitions

Transverse
(Mxy)

Longitudinal
(Mz)

T1 Recovery

19
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Examples:

* For a 90 rotation:

* (Right-handed!)

* For a 90y rotation:

* (Right-handed!)

TP, 1 cos?(a/2) e??sin*(a/2) —ie'® sina Ft,
F=, | = | e ?®sin*(a/2) cos?(a/2) ie sina F,
. T | —i/2e "sina i/2e"?sina cosoe | | Zn
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Example 1. |Ideal Spin Echo Train

90 °

RF _J\_

G,

180 °

IR

- 90 excitation transfers Z, to F,,

 Crusher gradients cause twist cycle

* Relaxation between RF pulses (Here e-TE/T2=0.81, e TE/T1=0.9)

- 180, pulse rotation:
—Swap F_and F_|

—Invert Z_

.
Fy
Zin

/

S = O

180 °

IR

o O =

exampleB2 23.m

0
0
—1

B
Fy
Zin

21
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Example 1. |Ideal Spin Echo Train

180, ° 180, °

RE _\/gf)-o J\f Signal = 0.8l J\f Signal = 0.66

o 0 [ 0 0.73 066 0
[ 0 0.90] 0 0 066 0
—05 0 0.05 0 0 0
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Example 1. Summarized

00 10 F_=0.00 + 0.00 F, =0.00 + 0.00
Q=(0 0 1 0 R T
1 0 O O 05 : 05 :
0 0.90 . ; I T B P O T T
O 0 0 O . 9 O k. 05 0 05 1 g 05 0 05 1
0050 -05 0 | Famomeom
081 O 0 0.73 S AU NN W WA
0.81 O 0 0 g
0 0 0.05 0
0 0 0.66 0 1o
[ 0 0.73] 0.66 0 s
—.05 0 0 0 TS
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Coherence Pathways: Spin Echo

a1 A I

Z
F+1 F+1 F+4
» Diagram shows non-zero states
and evolution of states
—— Transverse (F)
------------ Longitudinal (Z) » Perfect 180° pulses keep spins in
@ Echo Points low-order states
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Example 2: Non-180° Spin Echo

* |deal spin echo train gives simple RF rotations
* Now assume refocusing flip angle of 130°

« Compare RF rotations:

180, ° 130.°

0 1 0] - 0.18 0.82 —0.77i
1 0 0 0.82 0.18 0.77i
0 0 —1. - 0.38 0.38; —0.64 |

- Positive F*_ states remain (from F* ) because magnetization
IS not perfectly reversed, generating higher order states

 Many more coherence pathways (see next slide...)
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Coherences: Non-180° Spin Echo

180° 180°

rE 0 LD nj/n

Z

phase

time

—— Transverse (F)
- —-. Transverse, but no signal
------------ Longitudinal (£) -9

Echo Points +'| .-

Only F, produces a signal... other F, states are perfectly dephased /
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Example 3: Stimulated Echo Sequence

60° 60° 60° 60°

S\ |\ o |\ s |\

* We will follow this sequence through time

« Show which states are populated at each point
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Example 3: Stimulated Echo Sequence

60° 60° 60° 60°

S\, |\ o |\ s ]\,

L

» Prior to the first pulse, all spins lie along M,

. This is Z,=1
Lo

Voxel Dimension

S e
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Stimulated Echo: Excitation: F*,

60° 60° 60° 60°

J\ |\ o |\ s |\,

L

- After a 60° pulse, transverse spins are aligned along M, (F*,=
sin60°)

 One half (cos60°) of the magnetization is still represented by Z,

F+
Zo 0 Ve
1 -I’w : + z‘ ‘Wl

\ Pi\mgns'\on

5 Mz

Voxe

./ Voxel Dimension
2/ —_—

1L Voxel Dimension

*Note that we show the “voxel dimension”
along different axis for Z and F states
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One Gradient Cycle

60° 60° 60° 60°

- The gradient “twists” the spins represented by F~,

- We call this state F*,, where the 1 indicates one cycle of phase
(F+,=0.86)

- The spins represented by Z, are unaffected

F*o

|dm|

o xel D\menS\on

+

)

Voxel Dimension

!W

.°/ Voxel Dimension
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Another Excitation (60°)

ﬂ(/)o ﬁ ﬁoo \ﬂ(/)o
« The Z, magnetization is again split to F*, and Z,

- The F*, magnetization is split three ways, to F+,, F-,
(reverse twisted) and Z,

- L 7,
| T ‘ Mgce\\ SN nsion
b Y+MX Voxal D3
4
Z
|H‘“’ au ; g|-|

‘ \/o>(\Dm“On

31 Section B2 B.Hargreaves - RAD 229



Another Gradient Cycle

- The F-, state is refocused to F-oor F*,

- The F*, and F*, states become F*, and F+*,

 The Z states are all unaffected

* The process continues...!

| \ . ‘
% . \/OXe D\menS\On ‘-;5 s

-
+
N

;" Voxel Dimension

Zo Lo
+ + & ] | ‘ + + £| -“
% Dimension : \% Dimension
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Example 3: Coherence Pathways

* The stimulated echo sequence coherence diagram is shown below

« Compare with F and Z states on prior slide (location of arrow)
60° 60° 60° 60°

RF/
Gradients | 3

—— Transverse (F)
----------- Longitudinal (Z)

phase
i
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Summary of Sequence Examples

* 90° and 180° RF pulses “swap” states

* Generally RF pulses “mix” states of order n

- Gradient pulses transition F* to F* , and F- to F-

» Coherence diagrams show progression through F
and/or Z states to echo formation

 Signal calculation examples actually quantify the
population of each state
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Matlab Formulations

 Single matrix called “P” or “FZ" (for example)
 Rows are F+n, F-n and Z, coefficients, Column each n

* RF, Relaxation are just matrix multiplications

Fo  Fy 1 >O
P — Fg F_1 F_z .V.. O
Lo 41 Zy 0

 Gradients are shifts
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Matlab Formulations

» EPG simulations can be easily built-up using modular
functions: (bmr.stanford.edu/epg)

—Transition functions:
epg_ RF.m Applies RF to Q matrix
*epg_grad.m Applies gradient to Q matrix
epg grelax.m Gradient, relaxation and diffusion

—Transformation to/from (M, M, M,):

cepg spins2FZ.m Convert M vectors to F,Z state matrix Q

cepg FZ2spins.m Convert F,Z state matrix Q to M vectors
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Stimulated-Echo Example

rRE )\ J\ J\

2?
G,
» Simulate 3 Steps: RF, gradient and relaxation
« Sample Matlab code: (See epg_stim.m)

function [S,Q] = epg stim(flips)
Q=1000171";
for k=l:length(flips)

o\©

Zo=1 (Equilibrium)

Q = epg rf(Q,flips(k)*pi/180,pi/2); %2 RF pulse
Q = epg grelax(Q,1,.2,0,1,0,1); % Gradient/Relax
end;

o\©

S =0(1,1); Signal from FO
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Stimulated Echo Example (Cont)

Calculate signal vs flip angle: fplot(epg_stim([x x x],[0,120])
3TR Stimulated Echo Signal

0.7

0.6

0 20 40 B0 a0 100 120
Flip Angle (degrees)
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Diffusion

» Diffusion weighting can easily be applied

— Details in Weigel et al. J Magn Reson 2010; 205:276-285

- Attenuation greater with n for both F_ and Z_

Requires physical “2x” gradient twist & (m-1)

f gradient is played, Ak=k, otherwise Ak=0

b (k, AK) = [(nk + A’*5/2)2 + (Akz/lz)] T

Fn’ — Fne —b,, (k,Ak)D

Zn’ — Zne —b,,(k,0)D

39
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Summary

- ., Z basis represents many spins in a voxel
- MR operations on F_, Z states are simple

« Coherence diagrams show which states are non-zero

- Signal at any time is F, Other states are dephased

» Matrix formulation allows easy Matlab simulations:
—Construct sequence of RF, gradient, relaxation, diffusion
— Transient and steady state signals by looping
—Can simulate multiple gradient directions

—Can also simulate multiple diffusion directions (Weigel 2010)
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System/Imaging Imperfections

* Bo variations: Shim, Susceptibility
 B1 variations: Transmit, Receive
» Gradient Imperfections:

* Non-linearities

* Delays and Eddy currents

 Concomitant terms
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Bo Variations - “Off-Resonance”

 Imperfections in the Bo field (~1ppm)
* Coil design
» Imperfections in coil placement, currents
« Susceptibility variations (~1-5ppm, normal body)

« Chemical shift (-3.5ppm for fat, most common)
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Susceptibility

* Tendency to be magnetized
* H field is continuous H = xB

* Bo is convolution of y with a dipole field

Frequency Variations (Hz)

‘ I]DUD
= 1500

L 1o

- 4-500
& 7 I1UDU
.
»
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Susceptibility

* Air-tissue interfaces and complex shapes
 Field can be improved by shimming

* Measured Bo may still vary considerably (500Hz here)

Shimmed Bo

Image

4 Section B3 B.Hargreaves - RAD 229



Chemical Shift

 Refers to the frequency shift due to electron shielding

* Reduces the resonance frequency

* Most common: Fat-Water:
« -3.5ppm (220Hz at 1.5T / 440Hz at 3T)
 Actually multiple peaks in fat (more complicated)

* Many Others ~ Spectroscopy i

W

6 4 2 0
(Frequency) ppm
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Shimming

* Passive Shimming:

* Add small materials to correct field
* Active Shims:

* Coils with adjustable currents to correct field
Linear:

« Small current usually added to imaging gradient
* High-Order:

°72-(X2+y2)/2, 3zx, 3zy, 3(x2-y?), 6Xy
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Minimizing Effects of Bo Variations
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B1 Transmit (B1*) Variations

 Coil Inhomogeneities (minimal with Birdcage)

* Dielectric effects (worse at high fields - shorter
wavelengths, standing waves)

* RF amplifier non-linearity (small, harmonics)
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Minimizing Effects of B1* Variations
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B1- Recelve

* Primarily coil sensitivity variations
« Somewhat fixable in reconstruction

* Measure sensitivities (SENSE)
« “Surface-coil intensity correction”

Coil 2 Coil 3
Coil 4 Coil 5 Coil 6
|
K
10
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Gradient nonlinearity

* |deally, linear mapping of position to B;

* Must end somewhere(!)

e dB/dt limited too

* Distortion of image
* Loss of resolution

* Aliasing

Actual Gradient

1.5

2l

05 0 05 1 15
Desired Gradient

11
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Gradient Non-linearity Correction

* Apply “grad-warp” warping to correct distortion

* Note image boundaries are curved

T e, 2 e “
: [ e 2
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Gradient Non-linearity and Bo Variation
B(z) = ABg_(r) + ABy(r)
* [f B(r1) = B(r2), positions are

Indistinguishable

» Aliasing or “Annefact” (if RF coil =
sensitive in region)

* Applies to slice selection too:

e Can correct slice location

* Warps slice (harder to fix)
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Example: Bo and Gradient Nonlinearity
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RF / Gradient Delays

« Amplifier delays, circuit delays
« Can vary between scanners but also calibrated

 Cartesian imaging insensitive, but other methods
much more affected

» Gradient delays can be axis-dependent

* RF transmit and receive delays can vary

15 Section B3 B.Hargreaves - RAD 229



Delay Questions

How do these delays affect standard imaging:

* Slice select gradient delay (general)?

* Reauuut ylauiceliL ueiay vl £ dallipied ¢

* Phase-encoae gradient deiay Oor1 £ readout samples s
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Eddy Currents

» Generated by gradient switching, subject independent

* Linear system models (dG/dt):

ABy(T,t)= > h i (1)

1=x,Y,2

« Spatially-independent terms (global phase/rotation)

* Linear terms ~ gradient errors (self, cross axis)

* Higher-order terms - hardest to correct

17 Section B3 B.Hargreaves - RAD 229



Concomitant Gradients

1
2B,

x2_|_y2
B.(z,y,2) = ;

(G2 22 4 G222 + G, — G, Goxz — Gszyz>

* “Maxwell” terms - impossible to create B, variation
without some Bx and By variation

* Bigger problem at lower field strengths

e Some correction schemes
BC\"
|B] '

"' \.‘IB% + B)az

B, " O - (From Bernstein,
MRM 39:300 (1998)
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Summary:. System Imperfections

* Bo variations: Shim, Susceptibility
 B1 variations: Transmit, Receive
» Gradient Imperfections:

* Non-linearities

* Delays and Eddy currents

« Concomitant terms

19
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Signhal-to-Noise in MRI

 What is SNR?
* Noise statistics & Measurement

 Multichannel noise
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Basic Noise Statistics

Ciatibe ion of callin!

Fovy 2abfe=tebnt e =7 back o 7

C

2 8

Rician Cistribution of Iforegreund|

v=0

1 (mean)

4
-
-
S
e 6
3 05f
¥
—
- 04
T
= ()
3 o
3 03t
R o02r
—
C
] 0.1

2 4 a a

s
1z

See conceptB4 2.m Value ”
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FFT of Gaussian Noise

k-space Image

o N

2005;u3ﬂ.5# 1?Efff'!;*‘ ) IS 200 Iffﬁ;‘ f'7”“

PRI i R e e s s P 250 Bk g NS o S
50 100 150 200 250 50 100 150 200 250

* Note sqrt(N) scaling preserves noise energy
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Basic SNR Measurement (1 coill)

* Measure mean in signal area ROI
* Measure std-deviation in magnitude background RO

» Correct for Rayleigh distribution in background

meanRayleigh = 1.26 Ogaussian = MeaNRayleigh / Sqrt(1/2) = 1.008
ORayleigh = 0.65 Ogaussian = ORayleigh / Sqrt(2'-|T/2) = (0.997
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Difference Method SNR

* In theory, N measurements should give you a
population, and at each pixel you get a (roughly
gaussian) distribution

* With 2 measurements you can still estimate mean
and standard deviation (Reeder et al)

OMag-Diff = 1.394
Ogaussian = OMag-Diff SQrt(2)

Difference of
Magnitude Images
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Multiple Coils

* Multiple images, ideally with uncorrelated noise

» Combine with RMS or sensitivity-rbased methds

Section B4 B.Hargreaves - RAD 229



Multi-Coil Combinations
 S; = signal from coil i, C; = sensitivity of coll |

* Root-mean-square (RMS)

Ncoz'ls
_ 2
SRMS = E S;
\ =

« SENSE (Each pixel, for any reduction factor R)

S = mC “ SsENsE = (OH\IJ_lc)_l cHy-tg

Ncoz’ls

SSENSE = Z ;S

1=1
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Multiple Coils

Single-Channel RMS SENSE
(uniform noise) (Signal shading) (Noise Varies)
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Multiple Coils - Noise Statistics

 RMS combination: Ci=coil image, Si = sensitivity
* Image = sqrt(C+2+ C22...)
e = sqrt[ (MS1+n1)2 + (MS2+n2)2 + .. ]

* Noise will not be gaussian

 R=1 SENSE combination
° (Iinear) SSENSE = Z ;S

* Noise remains gaussian

» Can calculate amplification
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SENSE Reconstruction

* Si(k) = signal from coill i,

* R = reduction factor

 C;; = sensitivity of coll I, to aliased pixels j=1...R
* m = aliased image for coils (Nc x 1)

m=7F {S(k)+n} (includes all channels)

¥ |S noise covariance matrix

M= (cPu='c)” Py 'm
SNRy

gv/ (R)

SNR =

9= /[cmie)] erema,,
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SNR Measurement

* (correlated) Noise is additive in k-space
* (correlated) Noise is added to channel images

e Linear combination - noise is a function of
combination coefficients and covariance

» Good reconstruction should give something:
» coefficients or noise maps

A

M= (CHy=1C)" cHu'm SN Ry

SNR =
g = \/{(Cﬂqflc)lhx CHY—1C), 9V (B
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Pseudo-Multiple Replicas (Numerical)

Robson PM, et al. MRM 2008; 60(4):895-907
* Like difference method, but don’t want N scans??

* Motion, scan time, contrast-enhancement
* Measure noise covariance 1 N
\Pij — 2N E nikn;'kk
* Neglect existing noise -
» Generate and add noise to raw data

 Linear reconstruction (ex. R=1 SENSE)

* Measure stats at each location
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SNR Measurement - Pipeline

* What if we have a “pipeline” for reconstruction
* No simple coefficients

* Generate noise-only, given ¥

* Reconstruct only noise, multiple times

* Measure statistics

(Linear)
Data » Recon Images
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Other Reconstructions

 GRAPPA uses linear combination to synthesize coils
» Self-calibrating (“pipeline” is data-driven)

» Coil combination can be RMS or SENSE

* Many variations, most linear

* Numeric and analytic g-factor methods

Coil 3
Coil 2

Coil 1

kphase
kread --

14 Section B4 B.Hargreaves - RAD 229 @
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Noise Measurement

1 N
| V.= — N ;0 G
» |deally measure noise-only 72N g o

» Sequence with no RF, but same receive BW
* Turn off RF amplifier (some scanners)

» Quter k-space

* Ideally a few thousand samples

» Background noise in separate channel images?

Section B4 B.Hargreaves - RAD 229 @
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Noise Example

exampleB4 14.m

» Code for you to play with (modify, improve!)

 Parallel Imaging with up to 4 coils
* 1D objects for visualization / speed
» g-factor calculation

* Noise calculation (direct)

* Noise calculation (propagated)

Section B4
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SENSE Example (R=2)
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SENSE Example (R=2)
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SENSE Example (R=2)
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Noise Example (Try!)

» Change acceleration (R)
» Change coll sensitivities (width, etc)
» Change noise covariance

» Complex sensitivities

Section B4

exampleB4 14.m
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Noise ~ Summary

* Noise is additive, complex, gaussian
» Reconstruction steps affect statistics:
* Magnitude ~ Rayleigh, Rician
* RMS combination ~ complicated
* (R=1) SENSE combination ~ linear, space varying
» Similar for parallel imaging

* Pseudo-multiple replica / difference / propagation
methods

* |[deally scanners/recon would do this for you!
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Gradient Echo Sequences

» Balanced SSFP

» Gradient Spoiled Sequences
* RF Spoiled Sequences

* Variations

* Double-echo, Reversed
« UTE, BOLD, T2*

Section C1 B.Hargreaves - RAD 229 E



Gradient Echo Pulse Sequence

Flip Angle

rRE )\

G, L

TE ~ 1+
ms

Refocusing
Gradient

Slice-Select
Gradient

G

Readout
Gradient

e

t

/£

\

y Phase-
Encode
Gradien
G,
Dephaser
Gradient
Signal

Gradient

Echo "‘W”’

?

AW

* Eliminate
» Average

» Recover

Section C1
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Contrast Example

» Contrast based solely on end-of-TR action
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Balanced SSFP

* Goal: Maximize signal
» Steady-state on-resonance
» Steady-state off-resonance
* Flip-angle effects

 Transients
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Balanced SSFP

Fully-balanced Gradients - Ignore!

e

5 Section C1 B.Hargreaves - RAD 229



Balanced SSFP
60,° -60,° 60,°

e N N

* SO0 what happens here?
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Balanced SSFP
60,° -60,° 60,°

e N I
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60,° M(0)

/

RF

1+ 5 cosa
0

—Fs sin o

Some algebra...

m(0)

Matrix Derivation

0
1+ E5
0

TR

.60,°

S\

—E1 sin o
0
1 — Eqcosa

1 - F4

60,°

J\

* Sequence: Erciaxation — R(180°) — Ry(a)
* Note R,(180°) lets us do this over only 1TR

* m(0) = Ry(a) R(180°) Em(0) + Ry(a) [0;0;1-E;]
* Note: Could do as 2x2 formu

ation (no my)

B 1 + cos Oé(EQ — El) — E1E2

Siﬂ()é(l — El)
m(0) = 0
- cosa(l—Ey) |
sin o
0
] E5 + cos o ]

Section C1
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Matrix Derivation (cont)

60,° nz( 0) R -60y° 60,°
re _J\. J\ S\
| _E I SIn o ]
m(0) = 1 E J;’ FLE !
+cosa(Br — Er) — E1 By Ly +cosa
SN « My
(B>~ 1) [ ——— tan(a/2) = o

» Steady-state m(0) is tilted by a/2 (good!)

* If £2=0, same as excitation-recovery (good!)
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Example: Alternating RF, No precession

+40° -40° +40°
rRe J\ J\
a b c d a

RF Rotation Relaxation RF Rotation

* Intuition: Relaxation does not change length much over TR

10 Section C1 B.Hargreaves - RAD 229



Length Solution

* If Relaxation does not change length:

dM/dt- M = 0

x T; & Rearrange...

v, Mo\® M+My (Mo
= B To,/T1  \ 2

e Ellipsoid:

» height My, half-width (signal) M,/2+/T>/T;

o T,/T, contrast!
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Full Solution

* If Relaxation does not change length: Small

E

e Length: Ellipsoid intersection

dM/dt- M = 0

e Direction: a/2 angle from M,

12 Section C1 B.Hargreaves - RAD 229



Signal Question

13

Section C1
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Steady State: No Precession
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Off-Resonance: Precession
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Increasing Precession
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bSSFP: RF, Relaxation and Precession

* RF is balanced by relaxation and precession

* Length is still relatively unchanged over TR

* Ignore relaxation for now...

M:

M:

o

My M, = M. tan(p/2)

»
»
»
v
«
D
»
D
Q
«
»
.
.
0
»
»
»
«
v
«
.
»
Q3

— > m

—

Mx

M, = M, tan(c/2)

NI,

4
M; ;

‘ﬂ/"xﬁ M,=M, t;n(B/2) cos(/2)

4

*

o
:

.~ ’ .
-~ ’ .
~ .’ .
.~ ., .
. P .
. .’ .
e .’
-~ . .
-~ . .
- .’ .
~ ] e .
N .

M, =M, tan(B;Z) M

tan(o/2) = tan([3/2) cos((p/2)

17
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Balanced SSFP (FIESTA)




Precession and “Effective flip angle”

« Larger precession gives a larger “effective flip,” p

e tan (0/2) =tan(3/2) cos(¢p/2)

o B >=

« Can replace flip (o) with effective flip () for all calculations

* Limiting case (®) where p = 180° (Schmitt MRM 2006,
Zun, ISMRM 2006)
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“Ellipsoid” Derivation of Signal

- Starting with ellipsoid: (Mz - %>2+M3 +M2 <%)2

. 2 T T 2
B [M cos(3/2) — %] 2 n M2;1211/2T(15/2) _ [%r
M? cos?(8/2) 4+ (T1/To)M?sin?*(B/2) = M My cos(/3/2)
M B/2) = e P s 57D
S >0

" cot(B/2) + (T1/T2) tan(B/2)

e Signal drops with increasing T1/T2
e At =180° signal is 0. At 3=90°, T1=T2, S=Mo/2
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Ellipsoid vs Matrix Derivation

Ellipsoid:

= -
cot(B/2) + (T1/T2) tan(B/2)
) ) _— [ sina |
Matrix: m(0) = 1+ cosa(Ey — Er) — E1Fs B, +OCOSQ

Approximate Ei2 = exp(-TR/T12) ~ (1-TR/T12), neglect TRZ/(T1T2)

=> If f=a then the two equations (for S=M,y) give the same result.

Substitute E1 2, m(O) _ Sin o

Divide out TR/T1 (1 = cos Oé) + (Tl/T2>(1 oS Oé)
Divid :

silr:/(laz;)cu;s(a/Z): m(0) = 2sin(a/2) cos(r/2)

 2cos2(a/2) + (Ty /T»)2sin? (ot /2)
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Signal vs Precession/Frequency

—
© 3_—-\ T
)5 \
ORI
=
-1/TR 0 1/TR

Frequency
Signal depends on many factors:

« T1, T2 (contrast)
« TR, TE
* RF flip / phase

&

22 Section C1 B.Hargreaves - RAD 229



>
/

Signal vs Frequency: Phase

M

©
=
c
(@)
®
=
JU
Post-RF @ //
P
o "
J‘[ e ———
(D)
Center I
o
-7 ——
JU
(D)
Flipped! ©
O
Pre-RF a
-JT Frequency
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Flip angle effects

10° Flip

50° Flip

\

Section C1

90° Flip

\
\
\
N\
\\\\
AN
3: \\\\
"\
L \\\
NN\
N\
\ \\\
N N
\
\,
A,
.
\

B.Hargreaves - RAD 229



bSSFP Dark Bands

Must limit precession:
Short TR
Limits resolution

)
©O
=
=
O)
(©
=
2 1/TR
R
n
Frequency
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60x°

-60°

~N \r

PhaSe CyCIIng Hinshaw 1976

60x°

60x°

60x°

Signal
Magnitude

MLV

1/TR 0 1/TR
Frequency
)
60° T -
=
| h &
=
-1/TR 0 1/TR
Frequency
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Review Question: Phase Cycling

27
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Balanced SSFP Abdomen Example

Alternating RF Combined Acquisition
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Matrix Solutions

Apply 3x3 matrix scheme:

My, =AM +B  [1] [ [ ] ] [
In steady-state: M, M, M,
M =AM + B [2]

Mics1- My, = A(My.- M) [1-2]
Consider Eigenvector Decomposition:
A= VAV_] Mk+] - MSS — (VA) V-](Mk - Mss)

At least one eigenvector/value is real.
Others often oscillatory and die out in steady state

Note in [2] A is mostly rotation, B is small, so M __ lies almost along the
real-valued eigenvector
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bSSFP: Transients and Steady States
60,° -60,° 60,°

e N

« Same periodic steady state

* Transient paths differ based on initial state
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Balanced SSFP: Transient

Rotate
mz Reference

60 o Frame my

Section C1
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Transient: Off-resonance

Viewed along Steady-State Vector Orthogonal View

» Orthogonal Component >
» Parallel Component » Steady-State




Transients (General)

e Generally include two components:
e Smooth exponential (useful!)

e Oscillatory (problematic)

e Smooth transient is along steady-state direction

e Manipulate to steady-state direction to avoid oscillations
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Review Question: Transients

34
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Half-TR, o/2 Setup

* First RF pulse has half-amplitude
* Pulse applied TR/2 before next RF pulse

* (More complicated schemes exist)

Acquisition
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bSSFP Direction: Some Intuition

Net Axis

of Rotation ﬂ
g (approx.) [
Increasing 6

BT

* Magnetization aligns to rotation axis
« Rotation 0 includes RF phase-increment

« As 0 approaches 0°, axis is transverse, signal dies out

* Negative 6 means steady state on -x
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bSSFP Steady-State: Summary

* Ellipsoidal distribution: shape given by T2/T+1
» Path depends on flip angle and precession

* Signal very sensitive to resonant frequency

$ TN
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Gradient Spoiling

* Average balanced SSFP magnetization

» Reduce sensitivity to off-resonance
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Gradient-Spoiled Sequence (Gre, Frg, Fisp, GRASS)

TR
rRe _J\ S S
. . - A
G, éé éé
= = = =
6. '- '.
Signal
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Gradient Spoiling

TR

\
i
\




Gradient S oilin

RF J\,. J\

— -~ U

Signal

Precession across a voxel dominated -

by spoiler:

« Each spin has a different precession

 Average of balanced SSFP
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Gradient Spoiled Signal

Spin Distribution
Signal vs Balanced SSFP

. g

» Lower signal than balanced SSFP

17 ATTTTTS d

Magnitude

Frequency

* Flat signal vs. frequency profile

 No dark band artifacts!
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Gradient Spoiled vs Balanced SSFP

Balanced SSFP Gradient-Spoiled

(Courtesy of Suba Srinivasan, Stanford)
Section C2 B.Hargreaves - RAD 229




Reversed Gradient Spoiling

rRe )\ J\
Spoiler Image

G Gradient |Acquisition

TR

Same as gradient-spoiling, but

* Precession before imaging

(SSFP Signal at t=TR) I '\

« Some 7, contrast

L 7
4
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Reversed Gradient Spoiled Signal

Spin Distribution Signal vs Balanced SSFP

g

» Almost identical signal to gradient-spoiled imaging

) Ph?SG o Magnitude

* Flat signal vs. frequency profile
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Double Echo Imaging: DESS/FADE

TR

Difference
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Gradient-Spoiler Question

10
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Gradient-Spoiler Question (cont)

11
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Ssummary: Gradient Spoiling

* Average balanced SSFP magnetization
* Reduce sensitivity to off-resonance

* Unbalanced gradients - more motion sensitivity
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RF Spoiled Imaging

« Goal: Pure T1 contrast with short TR
 Fast, 3D T1-weighted imaging

* Need to “zero” Myy at end of TR
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RF -Spoiled Gradient Echo

"(Quadratic Phase Increment)

_ N

RF '
m B =m A=
G, w
1
<
0
T \ X \ X
S |
(V)]

Eliminate transverse maqgnetization: T1 contrast
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Quadratic Phase RF

- axis of rotation, not flip angle!

- phase is “‘randomized”

15
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RF Spoiling

« Goal: Eliminate transverse magnetization

» Quadratic phase increment with gradient spoiling:
o, = (0.5)117° k2
 Shifting, spoiled profile

* Transverse magnetization “cancels”

T, contrast

16 Section C2 B.Hargreaves - RAD 229



SPGR Signal Evolution (Bloch)

————
M
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RF Spoiled Signal

Signal with residual transverse
magnetization perfectly zero

18
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RF-Spoiled Gradient Echo




RF-Spoiled Contrast-Enhanced MR

Pre-Contrast SPGR Post-Contrast SPGR
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RF Spoiling: Summary

» Gradient spoiling + Quadratic phase RF
 “Eliminates” transverse magnetization

* Lower signal than GRE or balanced SSFP

» Pure T, contrast

21 Section C2 B.Hargreaves - RAD 229



Gradient Echo Sequence Comparison

Sequence RF-Spoiled
Spoiling RF +
Gradient
Transverse Cancelled
Magnetization
Contrast T,

SNR Lower

22 Section C2 B.Hargreaves - RAD 229



Just for Fun... Putting it Together!

Gradient- Constant RF Quadratic Phase
Spoiled Phase Increment (Increasing Phase
Increment)

) Signal Across Voxel, 119 " Increment 0.14

0.12

W B

0.1

o)
o
=
=

S

@
=

0 20 40 BO_ 8O0 100 120 140 160 180
RF spoil increment
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Image Comparison

Balanced SSFP Gradlent Sp0|led RF Spoiled
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Your Turn

B.Hargreaves - RAD 229

Section C2

25




Your Turn...

An RF-Spoiled and balanced SSFP image are shown.
Which is on the right?

26 Section C2 B.Hargreaves - RAD 229 F
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Flip Angle Selection

Blood

0 1 | 1 1 1 x T =
0 10 20 30 40 50 60 70 80 90
Flip Angle (°)
Muscle
0.25 T T T T T T T T
wes RF Spoiled
0.2 Gradient Spoiled =
—— Balanced SSFP
0.15F Soan AR -

L A - =
0 10 20 30 40 50 60 70 80 90

Flip Angle (°)

0 1 /| 1 l
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Flip Angle Selection?

The best flip angle to use is found by:

28 Section C2 B.Hargreaves - RAD 229



Flip Angle Examples
RFE-Spoiled

Gradient Spdiled




Echo Time (TE) Considerations

* Longer TE: T2* weighting (BOLD, Perfusion)
« BOLD Imaging for fMRI
« T2*-weighted perfusion

* Short TE
* Reduced flow/motion sensitivity

* Reduced T2* weighting

* In-phase and Out-of-phase TE

» Water/Fat cancellation, Dixon Imaging

30
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Blood-Oxygen Level Dependent (BOLD) Imaging

10ms 20ms 30ms 40ms

5B0ms 90ms 140ms 160 ms
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Echo Time Reduction

A TE=9

32
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Short TE to Reduce Artifacts

 Fractional TE reduces motion and flow sensitivity

Full TE Fractional TE

Section C2 B.Hargreaves - RAD 229




TE and balanced SSFP

 SSFP signal is refocused at TE = TR/2
» Fat / water are often opposed-phase

* SSFP is naturally flow-compensated

Balanced SSFP RF-Spoiled
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Ultrashort TE Imaging

Fast Spin Echo
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Magnetization Preparation Options

« Fat Saturation

* Inversion - Recovery
* Myocardial Tagging

* T2-prep

* Magnetization Transfer

|

Imaging Sequence

36 Section C2 B.Hargreaves - RAD 229



Cardiac: bSSFP and IR-RF-Spoliled

Balanced SSFP IR-Prep RF-Spoiled
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Gradient Echo Summary

*Spoiling Variations
*Flip Angle Selection

Echo Time (TE) Selection
*Magnetization Preparation

38



Spin-Echo Sequences

* Spin Echo Review

* Echo Trains
» Applications: RARE, Single-shot, 3D
 Signal and SAR considerations

* Hyperechoes

Section C3 B.Hargreaves - RAD 229 E



Spin Echo Review

« Static Dephasing: 1/T2"=1/T2 + 1/T2’

» Spin echo “rephases” magnetization

» Spin echoes can be repeated

Section C3 B.Hargreaves - RAD 229



Motivation: Spin Echo Imaging

* Probably over 75% of clinical MRI

O N
Pl 4
b

\ N
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Spin Echo: T, and T,* Decay

Stanford
@ Gradient Eche:

The Spin Echo

Spin Echo

. : \

el ¥R

wrN® 1807 n 180° 80

Signal
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Multi-Echo Trains: RARE, TSE, FSE

Hennig 1986

B.Hargreaves - RAD 229



Spin-Echo-Train Imaging

/\ /\ /\ /\ Hennig 1986
RF

VvV VvV VvV VvV

Signa - L

PD-weighted k-space T>-weighted k-space
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Spin-Echo Contrast Variations

T1-weighted Proton Density T2-weighted

(Coronal shoulder images showing rotator cuff tear)
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Interleaved T1-weighted Imaging




Single-Shot FSE (SSFSE, HASTE)

Entire image acquired in single echo train
e Lower resolution
e Significant echo-train blurring

e Robust to motion
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3D Spin Echo Train Methods

* Originally quite long
« Extended echo-trains help

* Phase-encode orders vary
Ky and kz modulation

* No interleaving(!)
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Spin Echo Variations - Summary

» 2D Interleaved:
* Single-echo
* Echo-train PD or T2 (FSE, RARE, TSE)
* STIR, FLAIR, Fast-recovery options
 Single-shot (SSFSE, HASTE)
« 3D: (Cube, SPACE, VISTA)

11
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Spin-Echo Signals

* Basics: T2 decay models, EPG
* Reduced refocusing angles
 CPMG
* Pseudo-steady-states

* Modulated refocusing angles
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Spin-Echo Signals - Warmup!

13
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Spin Echo Train Example

180° 180,° 180°

rec, o BB o BJE o BIA 4
1EEH EEEE 8EEE B

* Simulate

1. 90° excitation
Repeat:

2. Relaxation and crusher gradient
3. Refocusing pulse °Pg_cpmg.m
4. Relaxation and crusher gradient
5. Signal at spin echo

 Vary refocusing angle and/or phase...
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Review: Spin-Echo Coherence Pathways

180° 180°

rE 0 LD nj/n

Z

phase

time

— Transverse (F)
- - -. Transverse, but no signal
------------ Longitudinal (Z) -9

) I ="
‘ Echo Points #/,/

Only F, produces a signal... other F, states are perfectly dephased /
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Effect of Crusher Pulses - Eliminate Pathways

180° 180°

RF ol 1N n\m

phase

time

— Transverse (F)

- --. Transverse, but no signal /
------------ Longitudinal (Z)
‘ Echo Points |

Only F, produces a signal... other F, states are perfectly dephased /
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Crushers Review Question

17
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Standard CPMG Sequence... FAST!




CPMG Sequences

* Most spin-echo train sequences use CPMG

« CPMG = Carr Purcell Meiboom Gill
* 90« , 180y, 180y, 180y, ...
* 90x , -180x , 180x, -180«, ... (alternate ref. frame)
« - +90° +270°, +90°

» Consider the “dephased” disc:

* If the 180 angle is lower, CPMG “corrects”

19 Section C3 B.Hargreaves - RAD 229



Example: CPMG

120,° 120,°

re 0L J
G 0 D1 2D D4 5D

>> Q0 =[1;1;0];
>> Q1 = epg_grad(QO0)

3
>> Q4 = epg_grad(Q3)

0 1 0.00 + 0.00i 0.75+ 0.00i 0.00 + 0.00i 0.25 + 0.00i
0 0 0.00 + 0.00i 0.00 + 0.00i 0.00 + 0.00i 0.00 + 0.00i
0 0 0.00 + 0.00i 0.00-0.43i 0.00 + 0.00i 0.00 + 0.00i

>> Q2 = RR*Q1 >> Q5 = RR*Q4
. . 0.00 + 0.00i -0.19 +0.00i 0.00 +0.00i 0.063 + 0.00i
8'88 ; 8'88: 8'?2 ; 8'88: 0.00 + 0.00i 0.94 + 0.00i 0.00 +0.00i 0.19 + 0.00i
0.00 + 0.00i 0.00 - 0.43i 0.00 + 0.00i 0.00-0.11i 0.00 +0.00i 0.00 - 0.11i

>> Q3 = epg_grad(Q2) =2 0o = @e geel(Ce)
. . . 0.94+0.00i 0.00+0.00i -0.19 + 0.00i 0.00 + 0.00i 0.06 + 0.00i

0.75+0.00i 10.00+0.001 0.25+0.000 g, . 450i 0.00+0.00i 0.19+0.00i 0.00+0.00i 0.00+0.00i
0.75+0.00i 0.00+0.00i 0.00+0.00i o7 "o oo ot e e e 0,001
0.00 + 0.00i 0.00 - 0.43i 0.00 + 0.00i : Ao DOY =LA D Ao D=0 D Ul
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Example: Non-CPMG

o 0
00 © 120, 120,
RF_/\_ JM Jk
G, A A A A
0 112 3 415 6
>> QO = [i;-i;0];
>> Q1 = epg_grad(Q0) >> Q4 = epg_grad(Q3)
0.00 + 0.00i 0.00 + 1.00i 0.00 + 0.00i 0.00-0.75i 0.00 + 0.00i 0.00 + 0.25i
0.00 + 0.00i 0.00 + 0.00i 0.00 +0.00i 0.00 +0.00i 0.00 +0.00i 0.00 + 0.00i
0.00 + 0.00i 0.00 + 0.00i 0.00 + 0.00i 0.43 +0.00i 0.00 + 0.00i 0.00 + 0.00i
>> Q2 = RR*Q1 >> Q5 = RR*Q4
0.00 + 0.00i 0.00 + 0.25i 0.00 +0.00i 0.00-0.56i 0.00+0.00i 0.00 + 0.06i
0.00 + 0.00i 0.00 + 0.75i 0.00 + 0.00i 0.00 -0.19i 0.00 + 0.00i 0.00 + 0.19i
0.00 + 0.00i 0.43 + 0.00i 0.00 + 0.00i -0.54 + 0.00i 0.00 + 0.00i 0.11 + 0.00i
>> Q3 = epg_grad(Q2) >> Q6 = epg_grad(Q5)
0.00 -0.75i 0.00+0.00i 0.00 + 0.25i 0.00 + 0.19i 0.00 + 0.00i 0.00-0.56i 0.00 + 0.00i 0.00 + 0.06i
0.00 + 0.75i 0.00 +0.00i 0.00 + 0.00i 0.00 - O.19|_ 0.00 + 0.00i 0.00 + 0.19i 0.00 + 0.00i 0.00 + 0.00i
0.00 +0.00i 043 +0.00i 0.00+ 0.00i 0.00 + 0.00i -0.54 + 0.00i 0.00 + 0.00i 0.11 +0.00i 0.00 + 0.00i
21 Section C3
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Intuition: Stabilization Pulse

 Often use reduced refocusing angles

¢ 90x : '120x , 120x : '120x y e
» Consider the “on-resonant” spins
* 90x ; '150x ; 120x ; '120x y e

(Hennig 2000)

\ 4
PP |
l |
.
’

22
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Example: CPMG (prep)

15

0.°

120 °

o X
RE JM Jk
G, A A A A
0 12 3 4 |5 6
>> Q0 = [1;1;0]; >> Q4 = epg_grad(Q3)
>> Q1 = epg_grad(QO0)
0.00 + 0.00i 0.93 + 0.00i 0.00 + 0.00i 0.07 + 0.00i
0 1 0.00 + 0.00i 0.00 + 0.00i 0.00 + 0.00i 0.00 + 0.00i
8 8 0.00 + 0.00i 0.00-0.25i 0.00 + 0.00i 0.00 + 0.00i
>> Q5 = RR*Q4
>> Q2 = RR1*Q1
| _ 0.00 + 0.00i 0.02 + 0.00i 0.00 +0.00i 0.02 + 0.00i
000. +0.00i 0.07 +0.00i 0.00 + 0.00i 0.92 + 0.00i 0.00 + 0.00i 0.05 + 0.00i
0.00 +0.00i  0.93 + 0.00i 0.00 + 0.00i 0.00-0.28i 0.00 + 0.00i 0.00 - 0.03i
0.00 + 0.00i 0.00 - 0.25i
>>Q6=¢e rad(Q5
>> Q3 = epg_grad(Q2) Pg_grad(Qs)
_ _ ~0.92+0.00i 0.00+0.00i 0.02+0.00i 0.00+0.00i 0.02+ 0.00i
0.93 +0.00i 0.00+0.00i 0.07+0.00i " g92+0.00i 0.00+0.00i 0.05+0.00i 0.00+0.00i 0.00 + 0.00i
0.93 +0.00i 0.00 +0.00i 0.00+0.00i ' 0.00+0.00i 0.00-0.28 0.00+0.00i 0.00-0.03i 0.00 + 0.00i
0.00 + 0.00i 0.00 - 0.25i 0.00 + 0.00i
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Spin Echo Train Results

+ Repeated with o, refocusing pulses, 10ms echo spacing

(see epg_echotrain.m)

1 T T T T

—__180 CPMG
— 180 Non-CPMG 3rd |ine uses 90-150-120-120

—— 120 CPMG ﬁ 4th |ine uses 90-120-120-120

I SR SN SORUOIN. . SCUNOUPUNL. | SOOIV . (|

; @ é .| ——120 CPMG no cor Hennig J et al. 2000; 44: 938
08l /\\ T | — 120 Non-CPMG \L ennigJeta s

o
o
T

|

Echo Amplitude
R @ 3 @
/
/
N 4
/f
| | | |

o
—
T

|

| | | | |
UU 50 100 ; 150 200 250 300
Echo Time (ms) [T2=200ms]
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CPMG Cases: Examples

o

CPMG (90-y,120y, 120x, 120y, ...) CPMG (90,1505, 120y, 120y, ...)

o> h - 05

05 . T 954 '

0.5 057

Non-CPMG (90.,150., 120.,, 120.,, ...) CPMG (90.,-150.y, +120.,, -120.y, ...)
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CPMG: Effect of Phase

« Compares 90°x2 - a for ¢=[0,1] and a=105°

 CPMG (¢=0) shown for reference

90 deg Deviation from CPMG Angle
1 , . :

2 [l CPMG
-z [ Y- M
- ===
DBH---- ........ ........ M
N S
Yoo e | ——Abs(signal) |
0.2} 1 @
o 5 =
: ©
& 0 i ®
%) | ; N
-0.2H- : ™
| = : :
-U.4--I : : :
| : : :
-D.E.{ ................ B 100 8 8 VR BB R T T RRTREEIEE Fe oo
_0.81' ................ .................
1 ' i :
0 20 40 60
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CPMG: EPG States

« Compare 90° - ay (non-CPMG) to 90° - ax (CPMG)

* F/Z states on 2nd spin-echo after perfect 90° pulse

EPG States on 2nd Echo - F!y EPG States on 2nd Echo - RX

o
a0

o
(23]

Magnitude
Sl

Magnitude

Phase
Phase

State number State number
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Pseudo-Steady States

Pseudo-steady-states

1
. e
. Reduced flip angles B\
* “Stabilization™ pu m—tT
—90
, : : — 60
.............................................................. =0
0 2i0 4ilJ B;U BiEl 100

Echo number, long T2
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 Transition to Pseudo-steady-states

TRAPS

Hennig 2003

* Enhance signal at k-space center (sequential ky)

Modulated TRAPS Echo Train

1 PO St
\ .+ . [—TRAPS Signal
i
|
{
1
|
|
|

I i L Flip d

0.7F

Signal, Flip/ ©

5 10 15 20 25 30 35 40 45
Echo number

29
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Modulated Refocusing Angles

* Variable flip-angles with CPMG

* Different schemes to “optimize” signal over echo train
“optimize” varies(!)

* AUC vs SAR vs flathess?

Modulated FI|p Angle Echo Train Modulated FI|p Angle Echo Train
1 . 1 T
' : L s Exp( nTET ) . ; ; ,,,,,,,, Exp(- nTET )
N (PO S | DG fn s SRTELETPRRPRIRPY -ERTRLRPPRLRS H
e : : ——Mod-Flip Signal : : : ——Mod-Flip Signal
0814} s TR ———Flip/x 1 R S R ———Flip/ g I
e 070 L : ' ' :
a
= 06|
T 05)
2
0 p4at
0.3
02F
0.1 i L L L ; L 0 L L [ AR ST A A e
0 5 10 15 20 25 a0 a5 0 20 40 GO a0 100
Echo number Echo number
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Modulated Refocusing Angles: XETA

» “Extended” exponential -- Busse 2006

* T2 contrast with extended echo train

Modulated Flip-Angle Echo Train

1 :
T e ee— Exp(-nTE/T )
1 R SO SUUTRTR 2 i
i ' ——Mod-Flip Signal
Qs s — ———Flip /7 1
0.7 _I , ................. ................. ........ P 2
B ' :
B 06F ;
— e e
: o
o 0.4}
n =
0.3F P
0.2t §
0.1 §
0 i ; a
0 20 40 60 80 100

Echo number

31 Section C3 B.Hargreaves - RAD 229



Phase Correction

* Eddy-current variations are a problem

» Between refocusing pulses eddy currents are the same -
so less problematic

* 90-180 eddy currents differ, causing loss of the 90°
phase difference for CPMG

e Linear corrections
by modifying Gx and
Gz areas

No PHase Correcé)n\ Pfi‘ase Correc40n
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CPMG Summary

180° 180,° 180°

rec, o BB o BJE o BIA 4

« CPMG: Refocusing pulses “self-correct”
* 90y, Qy, Ay, Ay, ...  or 90y, -ax, Ox, -0, ...
* Prep Pulse: First refocusing pulse balances echoes
* Non-CPMG: Signal oscillates and decays quickly
« CPMG allows reduced, variable refocusing angles

« Eddy-current-induced phase can prevent CPMG
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Hyperechoes Hennig 2001

y
A y
R (Precession) R: (RF) ,‘
S A"\ !7/ v
('p < '-\.‘.“ ," \ :. \{ "\ '\\ .
'\ A(ﬁwo . ' ’QC j
N N\ | AW W
X P \\ \} ) ‘ ‘-.\ /:“}: /
* Symmetry around 180,°: .

* Rz(B) Ry(180°) R«(B) = Ry(180°)
* Ro(a) Ry(180°) R.¢(-a) = Ry(180°)
 The following reduces to Rx(180°), with ¢ defined w.r.t x
(G1,(P1), (02,(P2), (GN’CPN)’ (1800’0)1 ('GN,'(PN), ey (-02,-([)2),(-(]1,-([)1)
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Hyperecho Example Henriig 2001

Ok, Pk

180x° -Olk,~ Pk

RE ﬁyo Dﬁﬂ k=1..N D\/LD k=N...I DJLD

phase /

Rotation (rad)

' '
n o o

Rotation
i

03 .’ : .’ 7 ; .’ .’

-0.8

Refocusing Pulse

Random a, ¢. N=4

20

F(top) and Z(bottom) States

Echo

Phase Diagram (epg _cpmg)
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SSFP vs Fast Spin Echo

bSSFP

Oy

Oly/2

FSE

180, “180,~ “180,” “180,” “180,
90,
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Spin-Echo vs Balanced SSFP

 RARE is bSSFP with high-flip angles and crushers
* 90-TE/2 pulse is like the a/2-TR/2 pulse
» But steady-state is eliminated by crushers

* Transient state is imaged
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cTIDE:

“Continuous Transition into Driven Equilibrium”
 Start with 90° pulse.

« Ramp down from 180° to a
* Looks a lot like modulated spin-echo train
« Usually acquire data during pseudo steady state

+

A

t o+

-90° oo+

>
I

+ -0 O

RF

Acquisition
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Off-resonance Behavior of TIDE

360

360

'iia) bSSFP

Precession (deg)

0 20

a: trueFISP
b: N=80
c: N=5
d: N=2

(90° - 90°+a/2 - a...)
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Spin-Echo Trains: Additional Points

 J-coupling: Relaxation mechanism in fat

* Rapid refocusing decreases relaxation rate, so fat
is brighter on FSE/RARE than SE

 MT: Interleaved multislice
* Slice-selective pulses are off-resonance to others

 MT saturation effect - suppresses some signals
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Summary: Spin-Echo Sequences

» Basic spin echo
 Echo-trains: RARE, FSE, TSE
* Efficient T2 and PD contrast
« Extreme cases: SSFSE/HASTE
* 3D Echo trains
 Signal considerations
« CPMG / Reduced refocusing angles

 Modulated echo trains

41
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Magnetization Preparation Sequences

* Acquisition method may not give desired contrast

* “Prep” block adds contrast (and/or encoding)

 MP-RAGE = Magnetization prepared rapid acquisition with
gradient echo (Mugler, ~1990)

* Inversion-recovery (IR) prep

» Fat saturation

* To-prep

» Diffusion-weighted imaging

|

Imaging Sequence

1 Section C4 B.Hargreaves - RAD 229 F




(From Previous) Challenge: Diffusion

' PN

2 Section C4 B.Hargreaves - RAD 229



Challenge: Diffusion (Solution)

PN
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Contrast Review

* Spin Echo
*PD, T1, T2
* Echo-train effects
« Gradient Echo
* bSSFP, Gradient Spoiled (T2/T1)
* RF spoiled (T1)

* PD (how?) is inefficient, T2 is not possible

4 Section C4 B.Hargreaves - RAD 229



Fast Recovery (FR) or Driven Equilibrium
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Saturation or Nulling

 Eliminate the signal from something

* Chemical species

* Regions of image
* Advantages

* Minimal cost (example, can do short TE)

* Increase dynamic range for desired signal
* Disadvantages

 Exciting unwanted signal - it can come back!

6 Section C4 B.Hargreaves - RAD 229



Fat-Saturated FSE

um
|
i

Gy
G

’ v
Signal

P
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Fat Suppression for Contrast
PD FSE Fat-Sat PD FSE

AR
4 , .
l‘t‘ ' ,

Coronal Wrist Coronal Wrist

Radial cyst was otherwise iso-intense with fat
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Fat Saturation

Excite Fat Dephase n . .. Sequence
Only Fat Signal (maybe short TE!)
s

Time —

RF Bandwidth

: Unsuppressed

Fat Signal

........................ o / \ .'°.,.... Fat
/ \ Suppression

» Chemically-selective excitation \

.

* Dephaser gradient 4
 Normal imaging sequence / i
Water ﬁ

Suppression
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Effect of Fat Saturation

Fat-Saturated (PD) Not Fat-Saturated (T1w

,/

B s e

- ~
M
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Questions: Fat Saturation

11
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Inversion-Recove[z

Tl

180°
i M
RF

Fat suppression based on T,

Short Tl Inversion Recovery (STIR)
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Fat Suppression near Bo Inhomogeneity

Fat Sat STIR
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Fluid Attenuated Inversion-Recovery

Tl
180° 180°
Ao Lo
1

0

Signal

-1

Fluid suppression based on T,
FLAIR
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Long Inversion Time (TI) - FLAIR

Long Tl suppresses fluid signal
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IR Prep to enhance T1 contrast

 Often used with GRE (MP-RAGE)
« Example: Cardiac CINE, IR at start (note septum)

IR-Prep RF-Spoiled

16 Section C4 B.Hargreaves - RAD 229



Mag-Prep: Inflow-enhanced MRA

Respiratory

g /> Gating Fa.
|
] i
Inverted SI - e
Slice-selective Spectral bSSFP

IR IR

Preparation:

Courtesy Pauline Worters
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Questions: Inversion-Recovery

18
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T2-Prep (Enhance T2 contrast)

. 180° 1800

RF /\ /\ M

g, 0 III I-I.
| | T | |

< >

T2-prep + Fat-Sat Renal Artery
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T2-Prep: Flow-Independent Angiography

* Inversion: Suppress synovial fluid
* T2-prep: Arterial-venous contrast

T2-prep + IR prep
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Questions: T2-prep

21
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Spatial Saturation

* Reduced FOV imaging

e Saturate “bands” outside FOV to
prevent aliasing
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Spatial Saturation

a Fixed with CM-VSS
N NN
- Use with arbitrary sequences ~ [ /- /-

e LN NN
« Save time with reduced FOV _. mmmmmm

 Very selective w/o time penalty b a5 y )\}6\ as
M

» Cosine modulate (dual-band) g

S
e Osorio JA, et al. MRM 2009

1 4

ad”

g\

a3

\\

N .
N ey
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Myocardial Tagging

« Spatially selective saturation pattern (lines, grid)

e Often ‘cine’ acquisition

Tagging Pattern

Tagging Pulse
Excitation k-space
6. M\
S UIITg

time

McVeigh ER, MRI 1996

Courtesy J. Zwanenburg (MRM 2003)

24 Section C4
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Diffusion-Weighted Imaging (DWI)

i

re L

G,

No Diffusion D

25
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re L

G,

Diffusing
Spins

180°

Diffusion-Weighted Imaging (DWI)

26
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Diffusion-Weighted Imaging (DWI)

Low b-value High b-value ADC T2 FSE
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Phase Contrast

RF

‘e
.
‘e
‘4
0

‘e
.
.
‘e
0

‘e
.
0
‘e
0

N

Frequency

‘e
.
0
‘e
0

L Phase is not zero!

o
o
.
o
.

o
.
o
o
S

Position (any position) X

X
e o= / Gpdt + o' / G tdt)

“Zero Moment” “First Moment”

‘e
.
0
‘e
.

28
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Flow Encoded Imaging

Marcus Alley

Krishna Nayak

29
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Magnetization Transfer (MT)

» Saturate very-short-T2 water bound to macromolecules
* MT effect causes saturation of free water (signal loss)
* More RF generally causes more MT saturation (adverse)

« CEST:. Saturation at specific frequency

Free Water
Pool

MTR = ~°_“sat
RF Saturation -
Bound Water Mo
l Pool
-\
30 -20 -10 0 10 20 30
Aw (kHz)

Henkelman RM et al. NMR in Biomedicine 2001; 14(2):57-64.

30 Section C4 B.Hargreaves - RAD 229



MT and EPG!

« "EPG-X: An Extended Phase Graph formalism for
systems with Magnetization Transfer or Exchange.”
Shaihan J Malik, Rui PAG Teixeira, Joseph V Hajnal.
ISMRM Workshop on MR Fingerprinting

EPG EPG-X (MT)
 Add state for bound Mz ==z

A L

Figure 1: Schematic of classic EPG

compared with proposed EPG-X

framework. RF pulses (blue shaded 2
regions) mix states. For EPG-X the

RF pulses mix states in T | | | |
compartment a but directly Zb

saturate compartment b. !

Relaxation and exchange occur in

evolution periods.
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Other Preparations

 Double IR: Non-selective, then selective
 “Black Blood”
* Multiple IR: Null multiple species simultaneously

* Arterial spin labeling (Invert blood, subtract
reference)

* Diffusion preparation (tip-up)
» Motion-sensitized driven equilibrium (MSDE)

* Null vessel signal

32 Section C4 B.Hargreaves - RAD 229



Summary of Magnetization Prep

» Suppression: Spatial, Fat, Blood, Fluid
« Contrast: Inversion, T2-prep, Diffusion

* Encoding: Flow/motion, Diffusion, Tagging
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Midterm Review - 2017

« EE369B Concepts
* Noise

« Simulations with Bloch Matrices, EPG

» Gradient Echo Imaging
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About the Midterm...

o o ke

* Monday Oct 30, 2017.
« CCSR 4107
* Up to end of C2

. Write your name legibly on this page.

. You may use notes including lectures, homework, solutions or Matlab

script text on the course website.

You may not use Matlab or the Internet.

Please answer questions on the exam, showing your final answer clearly.
Show your reasoning and work, as this will often earn you partial points.

You may request more paper if needed.
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Fourier Encoding and Reconstruction

Encoding

Sum over
image

Gradient-induced
Phase

Sum over
k-space

Spatial Harmonic

3 Section D1 B.Hargreaves - RAD 229



K space Extent and Image Resolution

Data Acquisition “k” space Image Space

() /(2.
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Question 1
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Sampling and Field of View

« Sampling density determines FOV
» Sparse sampling results in aliasing

FOV =1/Ak,

Phase-Encode

Readout

6 Section D1 B.Hargreaves - RAD 229



Readout Parameters

« Bandwidth linked to readout
* “half-bandwidth” (GE) = 0.5 x sample rate
« Same as Filter bandwidth (baseband)

* Pixel-bandwidth often useful

Frequency

/YGread

BWpia: — /YGreadACE

BandwidthV BWiat = 1GreaaFOV/2

per Pixel 4

Eosition
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Question 2
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Imaging Example

* Desired Image Parameters:
* 512 x 512, over 20cm FOV
* 62.5 kHz bandwidth

Period= 1/(2*62.5kHz)=8us,
Duration=8us * 512 = 4ms,

 What are the... Gradient = 125kHz/ 0.20m / 42.58 kHz/mT ~ 15 mT/m
(1.5 G/cm)

. Samp“ng period?  pix-BW ~250Hz/pixel
K-extent = 0.5/.4mm = -1.25 mmA(-1) to +1.25
 Readout duration? mmA-1=25cmA-1)
 Gradient strength?
« Bandwidth per pixel?

* k-space extent?

Section D1 B.Hargreaves - RAD 229 F



Selective Excitation

Position

Frequency
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Question 3

11
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Sampling & Point-Spread Functions

* PSF = Fourier transform of sampling pattern
« Extent/Windowing of sampling = PSF width/ripple

* Regular undersampling = replication/aliasing

k-space Sampling Point-Spread Function

Fourier
Transform .
000000000
00000000000

e0ce0000000 “

—— Extent — o« Width ——e-
> oo Opacing <=y e —— FOV —— o
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SNR: Signal-to-Noise Ratio

 Signal: Desired voltage in coll

 Noise: Thermal, electronic Noise

* Thermal dominates, depends on caoll,
patient size

 SNR = average signal / o Signal

» Gaussian noise (FT is gaussian)
* N averages = sqrt(N) increase

« Magnitude noise is Rician; can obtain o

13 Section D1 B.Hargreaves - RAD 229



SNR Efficiency

« Often want to compare SNR of different sequences

* If times differ, comparison can be made fair by use
of SNR efficiency:

~ SNR
USNR B \/TSCCLR
* |In many cases:
~ SNR
N'SNR JTR

14
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Basic Noise Statistics

Distribution of real(im)
045 : . . : . 07

Rayleigh Distribution of Ibackground|

PDF

1 1.5 2 25 3

Valia

Rician Distribution of Iforegroundl

T T T T T T

PDF

o0

Value
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Multiple Coils - Noise Statistics

 RMS combination: Si=coil image, C; = sensitivity

exampleB4 9.m

* Image = sqrt(S12 + S22...)

e = sqrf[ (MC1+n1)2 + (MC2+n2)2 + ...]

 Signal bias, noise (slightly) non-gaussian

Signal Distribution (200,000 samples)

—RMS
——SENSE |

 R=1 SENSE combination

Neoils 2 10000

* (Iinear) SSENSE = Z i S; S o
i=1

* No bias, Gaussian noise

* Phase preserved

Signal Level

16 Section B4 B.Hargreaves - RAD 229



SENSE Reconstruction

* Si(k) = signal from coil |,

* R = reduction factor

 C;; = sensitivity of coll I, to aliased pixels j=1...R
* m = aliased image for coils (N¢ x 1)

em=7F { S(k) +n} (includes all channels)

¥ IS noise covariance matrix

M= (CHu o) cF oy m
SNRy

9/ (R)

SNR =

9= [cmime)]emeea,

17 Section B4 B.Hargreaves - RAD 229



Bloch/Matrix Simulations

M = [Mx My Mz]T
* RF and precession ~ 3x3 rotation matrices

» Relaxation ~ 3x3 diagonal multiplication + M; recovery

* Propagation of A/B: Pre-multiply both by A, add new B
« Steady states: M, = AMy+B = (I-A)'B

18 Section D1 B.Hargreaves - RAD 229



Question 4

19
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EPG

 Forward / Reverse Transforms
* Propagation of states (matrix)

» Coherence pathway diagrams

20 Section D1
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EPG Basis: Graphical

F+; F+>

« ' and Z are basis
coefficients

&
by
|
[ ]
[ ]
[ ]

.°/ Voxel Dimension

<5/

* Transverse basis
are simple phase
twists (sign of
superscript or
subscript indicates
direction)

 Longitudinal basis f‘
are sinusoids

e o o
Voxe imension
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EPG Basis: Mathematically

 Transverse basis functions

(F,) are just phase twisO;[s:
M:Uy(z) — Z Ffr—Li_€27Tinz %
May(2) = Fyf + ) [FFe®™™ 4 (Fy ) e 2min?]

n=1

* Longitudinal basis functions
(Z,) are sinusoids:

N
M., (z) = Real {Zo + 2 Z Zne%mz}

n=1

Voxel Dimension

F.,and Z, are the coefficients, but we sometimes use them
to refer to the basis functions (‘twists”) they multiply

05
0
"l Voxel D ension

Although there are other basis definitions, this is consistent with that of Weigel et al. J Magn Reson 2010; 205:276-285

22 Section D1
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Magnetization to EPG Basis

1

- F* states: g _ / M, (2)e~ 272 d2

0

1
» F- states: Fro= F — / M (2)e 27 d
0

1

» Z states: 7z — / M. (2)e=27m2
0

Note redundancy F-, = (F+.,)*
(Can use F+, and F-, for n>0, or just F+_, (all n)

23
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Phase Graph “States” (Flow Chart)

Gradient Transitions

Transverse
(Mxy)

Longitudinal
(Mz)

T1 Recovery

24
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Question 5

25
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bSSFP - Geometric Interpretation

* Ellipsoid
* Effective flip angle
* Precession

* Freq response

26 Section D1 B.Hargreaves - RAD 229



Geometric Interpretation - bSSFP

a b
* Ellipsoid height Mo,
radius (Mo/2)sqrt(T2/
T1)
* Flip angle is a C d

0 Signal at TE=TR/2 vs ¥

——

« Effective flip angle 3

-2r - 0 b1 21
Precession per TR, ¢ (radians)
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PhaSe CyCIIng Hinshaw 1976

60x° -60x° 60x°

N |

Signal
Magnitude

ML LY

-1/TR 0 1/TR

Frequency

60x° 60x° 60x°

| |

Signal
Magnitude

I

-1/TR 0 TITR™

Frequency
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Question 6

29
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Question 7

30

Section D1

B.Hargreaves - RAD 229



Gradient Spolling

* Averaging, at appropriate time

 Forward / Reverse

31
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Signal vs Frequency: Phase

Magnitude

Post-RF @ //
_
il
. _ 1 —
O
Center B
o
T —
1
O
Flipped! cc‘@
Pre-RF >
-JT Frequency

M

@\ﬂ
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Gradient Spoiling

— T -
e\ I i
c, R
w
Signal
Precession across a voxel dominated -
by spoiler:

« Each spin has a different precession

* Average of balanced SSFP
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Question 8

34
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Question 9

35
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RF Spolled Gradient Echo

|(Quadrat|c Phase Increment)

TR

) N .
RF

m M =m A=
G, | |

1

-

0

.UQ))

Eliminate transverse maqnetization: T1 contrast
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RF Spoiled Signal

Signal with residual transverse
magnetization perfectly zero

37
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Question 10

38
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Gradient Echo Sequence Comparison

Sequence RF-Spoiled
Spoiling RF +
Gradient
Transverse Cancelled
Magnetization
Contrast T,
SNR Lower
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Flip Angle Selection

Blood

O 1 | 1 1 1 x T : —
0 10 20 30 40 50 60 70 80 90
Flip Angle (°)
Muscle
0.25 T T T T T T T
wes RF Spoiled
U2 Gradient Spoiled =
—— Balanced SSFP
0.15F ——e. R 2

L 4 - " =
0 10 20 30 40 50 60 70 80 90

Flip Angle (°)

O 1 /| 1 l
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Summary

* EE 369B Review:
* Imaging principles / review
* SNR considerations
 Bloch/Matrix Simulations
» Extended Phase Graphs

» Gradient Echo Sequences

Try to use intuition as much as math!

41
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Sampling, Ordering, Interleaving

« Sampling patterns and PSFs
* View ordering
* Modulation due to transients
* Temporal modulations
* Timing: cine, gating, triggering
* Slice interleaving
» Sequential, Odd/even, bit-reversed
* Arbitrary

 Simultaneous Multislice / “Multiband” MR

1 B.Hargreaves - RAD 229 @)



Sampling & Point-Spread Functions

* PSF = Fourier transform of sampling pattern
» k-space: Extent, Density, Windowing
 PSF: Width, Replication, Ripple (side-lobes)

k-space Sampling Point-Spread Function

0000000000000000 Fou rier

sessssssssssssss | |ransform o
0000000000000000

—Extent — a Width ——-
~ oo Opacing <my o —— FOV —— o
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The “Discrete” sinc function

sn(rAkz) M |l

h(z) = Ak

nc(x)

* Function of extent

* Shows challenge of low N

c(x)
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Variable Density Sampling

» 2Xx undersamling
» Ak linear with k
* Minor Aliasing

* PSF broadens

exampleE1 vds.m

Sample Modulation

Sampling Modulation H(k)

_ -0-'0'--05-0-0-O-O-bOGOWOO 95-0-0-0--0-%0---0--0--5

k-space
PSF h(r)

Ik ... T > R .= ==Ful
: : . | ===Var-Dens

i

g e R Ay 5 3
f A - u-a:\{vro).ﬁ?(«.n&, ‘Jg.['ﬁ\ﬁm?\\,kqaph_‘f,\féf

-30 -20 1000 10 20 30
position (pixels)
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Variable Density Sampling: Density Compensated

» Multiply by Ak

Sampling Modulation H(k)

= 1-.? .............. I ............................. ORI RO I .............. T_
. o B : : @
o NO PSF Broadenlng E DB—':"""'Q"&; ............................ .............................. 6..9
3 06| - .fayg ............... i ;ﬁﬁ°
* Higher ringing 2 g4l Ll ¥ & . ?
(center less dominant) € ozr -ttt HH TN
" Dem _ . . . _ .
* need to apodize 30 20 0 0 0 20 a0
k-space
PSF h(r)
........................... , - — = Full
t:', — —=Var-Dens
) § z s
.................................................................. H'_
Ll AR
.......... wniM imsannlieh jv)
LSOV Jv ltm\f“w{rl ‘,;JL 'l;:oijl *\‘}P& \ \;‘
"""""" 101

0 10 20 30
position (pixels)
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Question - SNR?
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Non-Cartesian Sampling / Gridding

* Irregularly sampled data

* Resample to grid to perform DFT

o —0 0 0 0 0 0 o o

—0—0—0 0 0 0 0 0 ¢ .\<

o—90 0 0 0 0 0 o o
—0—0—90—90—90— 090 90 0 o

99— —0—90—90—90— 090900
—0—0—0—0—0—0—90—90 0
—0—0—0—0 90 0 0 0 0 o
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Gridding Steps
Jackson 1991

* Divide samples by
density at location k

* \Want to have uniform
signal if we grid 1's

» Convolve sampled k
locations with kernel c(k)

 Resample at grid points
* FFT Reconstruction

* De-apodize to undo
convolution side effects
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Partial Fourier and PSF

* Full k-space trajectory is S«(k), psfis o(r)
 Half-k-space trajectory is Sn(k), PSF is sn(r)

* Sn(K) is real, with even component 0.5 S#(k)

* Real{sn(r)} = 0.5 6(r)
» Sampling: M(k) Sn(k) €@ m(r)*[0.5 &(r) + Imag{sn(r)}]
» If m(r) is real, the image is the real—part of m(r)*sn(r).

* How can we remove phase when m(r) is complex?
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Partial k-space PSF - Contiguous

Sampling Function H(k)

* Odd component is | | | |
d Step function 5 0 5 0 5 10 15

* Imaginary PSFis | EREh

i« - ” g g g i . [-——Real
IOcal Ized 0.4 _ .................. .................. .............. ”{51 ................ ....... o Imaginary i
:\ s -

02k .................. .................. ............. ; ":
z s e B TR
! \

o

L 2 2 -~ : :
o . : . 3 RN ol ;
: : : S : :

| SRR A NN PR AN A 2
: : : 1! : :

- R T s R — R s |

position
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Example: Partial k-space PSF - Even/Odd
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Partial k-space PSF - Random Selection

* Odd component
IS random 0 or 1

* Imaginary PSF
IS spread out

12

o
oo

o

o
EEN o
&

Sample mask

-~
N

©
&
©
&
©
©
©
&
©
&
®
©
©
i |

PEPEPEPEE

U.B T ! ! : l
5 5 3 { : ———Real
R A e aen s !fl ................. Mvnens — —— Imadai q
: : : 3 : ginary

0.2 _ .................. .................. ................ Py s e g ................. z

PSF
=
I
b
/1
b
-1
|
|
4

: : 5 : . : Vv
-02 L. .................. ...... R Siacarsiareis .................. T .................. ................. -

| R R AR R TR s e R 2

position
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Homodyne Reconstruction

« Sample half k-space plus a little extra
* Symmetric k-space:

* low-resolution image phase ¢(r) = -m(r)
» Use ramp filter to reconstruct m(r)*sn(r)
 Remove phase: [m(r)*sn(r)] e

* If sn(r) is narrow, phase of m(r) is canceled, and real-
part leaves m(r)* o(r)

» See John Pauly’s notes for other recon methods
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Partial Fourier Acquisition/Reconstruction

14
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Homodyne (k-space interpretation)

* From McGibney
MRM 1993

* H(u) ~ Density
Compensation,
reduced ringing

* Assumption ©O(u)
IS narrow
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k-space Modulation

* Many sequences acquire multiple lines with transient
magnetization:

* Echo trains: T2 and T2* decay over k-space

* Magnetization-prepped bSSFP, RF-spoiled transients
» Off-resonance (EPI, Spiral primarily)

» Temporal signal effects (non-motion);

» Contrast uptake, inflow, varying Bo,

16 B.Hargreaves - RAD 229 )



View Ordering / Grouping

Sequential k, Centric / K,
@ > Center-out@ g
@ > ©), >
® > k, D g K,
@ > @ >
® > @ >
® > ® >

Interleaved k

Each color is a different “modulation” (echo, time, etcz
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3D Image (ky-kz) View Ordering/Grouping

Sequential k; Sequential ky Center-out (¢,kr)

K, K, K,
00000 o000 o000 00
00000 00000 00000
o000 o000 000060 000000
eo0 0000 00000’ 0000600 "
o000 o000 00000 o0 0000
o0 0000 o000 o0 0000

» Centric (ordered by radius first or azimuth (o) first)
* Segment groups by ky, Kz, @, kr
* Sub-segment groups (ky, kz, @, kr, randomly)
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Modulation and PSFs

» Group k-space samples by intensity
» Reconstruct PSF for each group

* Multiply by modulation and sum

B.Hargreaves - RAD 229 @



Modulation Example 1: FSE

Sampling Modulation H(k)

. R T S S T
S oo i s §
E 0.8 Ht uome ............. ............. ............................
3 osf{{||Mhoooo S— S S——
: = oo g g
PS Echo Traln Of 2T2 %04 A1 mm ............. ............................
£0.2 JHEHHHE '”'”-*-M*
. [4%1
* Peak reduction (area) @ ol ; ; ; ; ; ;
. -30 -200 -10 0 10 20 a0
» Decompose Modulation Eepace
: PSF h(r)
into even / odd parts ,
QO e N R N S N At = enl
— == |maginary
¢ reaI{PSF} gOOd E‘agni;u?i 3
L(B 1 < e i
» |PSF| broadens o |
DI .. .o e esfe Ao st et . ...........................................
-9 0 =

position (pixels)
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Modulation Example 2: PD FSE

Sampling Modulation H(k)

|| I et sininn raon sintas it st e etar et
. [ESN SO W | SO W S
- EEEERA |]]],, S——
ST O || 117, SO
 Echo Train of 2T> 2 02 Tﬁﬁﬂmﬂm | | m'm ......
v | | |
» Peak reduction (area) T
k-space
* Symmetric modulation: PSF h(r)
Real PSF T ——— - N— :::ﬁ::gl}inaw
Magnitude
° PSF broadens 5 e SR P T AR, (SR Unmodulated L
2
0
- [ N

21
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Example: Echo-Train + CS + Half-Fourier + Elliptic

» 2D k-space sampling variation (ky-kz phase encodes)
» “smooth” modulation with echo train
 Random sampling for CS

» Choose trajectories through regions to minimize
change (eddy-current)

7 B L ] 'E EEEEE. . EE | : ........ .I
2 et i I e R L ekt
N
x ....:..I.“.:-.“.m :...:.:.“ :. S : A4 i i
e D Tt o I o L et el kb
-8 l I TI IIIIIIIIIIIIIIIIIII ] = J
-128 -108 -88 -68 48 -28 -8 12
Ky Worters 2011
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Question: Temporal Odd/Even Sampling
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Temporal Sampling (ks and k-t)
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Temporal Undersampling: DISCO

Temporal Footprint Temporal Resolution

A

>
e O

s il M .
N E SO W L) g
-"'{"r( L lt'fb"
s Ay - . o™ -
Pt R AR A,
. u '.'.:-,_ - s '_‘9 Yo
e F NN A
e Py
-V Ry
AL
sf_] "'-
Jas
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Temporal Undersampling: PSFs

Cartesian Acquisition with Time-Resolved
Projection Reconstruction Imaging of Contrast
Data DISCO, TWIST (CAPR) Kinetics (TRICKS)

Acquisition
(ky-kz -space)

Saranathan 2012 Madhuranthakam 2006 Korosec 1996

Point-Spread
Functions
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Cardiac/Respiratory Acquisition Timing

* Cine: Exploit periodicity of cardiac/respiratory cycle
« Sample N ky lines repeatedly, next N lines on next heartbeat.
* High frame rate and spatial resolution

* Triggering: Start acquisition based on external trigger (EKG,
plethysmograph, respiratory bellows)

» Gating: Excite continuously, but acquire only after trigger

« Can combine any/all of these

%&4; 23123 zsu.Jy; sc450450kaltlll e

trigger / gate trigger / gate
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Cine Example

Section E1
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Slice Interleaving

* Multislice acquisitions allow volumetric imaging
* Acquisitions can be sequential or interleaved
* Interleaving time efficient if there is “dead time”

* Different ways to interleave (reduce adjacent-slice-
saturation)

« Sequential:  0,1,2,3,4,5,6,7 IT“

UT1]
=

 Odd/Even: 0,2,4,6,1,3,5, 7
e Bit-reversed: 0,4,2,6,1,5, 3,7

S K
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How Many Slices to Interleave?

» Usually specify TR, Tl, Echo-train-length (ETL),
Resolution, ...

* Tells “pulse durations” (Tseq) and RF power
° Nmax ~ TR/ Tseq
e Can re-order slices in “time slots”

» Additional slices require another “acquisition”

i 111 TR 1
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More Flexible Interleaving

* |f Nsiices > Nmax, Scan Is 2x, 3x, ... longer

* Decoupling phase encode number allows flexible interleaving

« Read-out “matrices” across then down

Slice Number

2 4 6 8 10 12
Inner Loop

Pop/View Number

Slice Number

o A DN
o O

Outer Loop
o

(00}
o

2 4 6 8 10 12 14 16
Inner Loop

Pop/View Number

N
o

o o
O 40 o

S 40 9 40

(0] (0]

= 80 20 = 60

O 100 o 80

120 0
2 4 6 8 10 12 2 4 6 8 10 12 14 16

31
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FLAIR / STIR?

» Additional dead-time during Tl interval
» Can sometimes interleave other acquisitions

» Additional constraints on TR, TI, Tseq

.G ¢ OO0
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Multiband Imaging

* Imaging multiple slices simultaneously lTr“‘

W 1IL

 Excitation: Multiply RF(t) by cos(t+o)

!_1_1_

T

« Hadamard: Excite “1,1” and “1,-1” pattern, add & subtract

* Increases SAR

* Imaging:

« POMP: Alternate patterns, increase y FOV

» Parallel Imaging: Use colls to separate slices

 Blipped sequences: G; “blips” induce slice-dependent phase
* Like 3D k-space with limited excitation

» Similar to Dixon water/fat: slices are like spectral peaks

33 B.Hargreaves - RAD 229 @



“Controlled Aliasing in Parallel Imaging” (CAIPI)

Breuer FF MRM 2005, 2006

* 3D (ky-kz) sampling: ®0 oA'Io(Zc 0
| CeoO|leO e ky

» Hexagonal sampling offsets replicas S e olone

00000

» Reduced aliasing (further apart) Ceojece

o 2D Multislice:

 Alternating phase during excitation or blips

» Offset replicas allows in-plane coill
sensitivities to help separate slices

» Can think of as 3D k-space
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Multiband Example
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Compressed Sensing MRI

Lustig, et al. MRM 2007

MRI Data

« Sample less data, randomly

» Choose “compressible” image matching data

36 Section E1 B.Hargreaves - RAD 229 @



CS Reconstruction and PSFs

O0®0®0000#000H00000H00H00

(N|, SFFT |

Wlmwm*.ww‘*m“

Recovery

e (— )t |

L t el ninimaattanitingy

1

=il
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Summary

» Sampling and PSFs
» Resolution, FOV, ringing
» VVariable-density and gridding
 Partial Fourier
* View ordering and k-space modulation
* ky-kz and k-t sampling
* Slice interleaving

» Simultaneous Multislice Imaging

38 Section E1 B.Hargreaves - RAD 229 @



Advanced Imaging Trajectories

! ﬁj\

Projectior
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Radial and Projection Imaging

» Sample spokes
e “Radial out”: from k=0 to kmax

¢ PrOjeCtion: from 'kmax to kmax

* Trajectory design considerations (resolution, #shots)

» Reconstruction, PSF and “streak-like” aliasing
* SNR considerations
» Undersampling

* 3D Projection

Section E2 B.Hargreaves - RAD 229 @



Projection-Reconstruction (PR) Sequence
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Radial (k=0 outward)

» Similar to Full Projection, but center-out readouts
» Shortest TE (~0) of any sequence

* Low first-moments

» Fastest way to reach high-spatial frequencies

* Impact of delays

» Can do odd/even sampling

* Impact of ramp sampling

Section E2 B.Hargreaves - RAD 229 @



Radial (out) Sequence

| Often Replaée wi | Ky
Non-Selective @ |
Excitation

RF
c. AR

Signal (bm,,

5 Section E2 B.Hargreaves - RAD 229 @



Projection (PR): Design Considerations

« Readout Resolution?
« Same as Cartesian

« Readout FOV?

« Same as Cartesian

* Number of angles?

* (7t/2)Nread (Full Projection)

® JTNread (Radial-Out)

* (Note: Nyead = # points across disc)

* May undersample

6 Section E2 B.Hargreaves - RAD 229 @



Projection Reconstruction

* Non-Cartesian Sampling

* Filtered back-projection

* Gridding + FFT

» Both use |k¢| density

compensation

Section E2

gridmat.m

K,
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Radial Sampling Efficiency

 Number of samples per-unit-area of k-space:
» Cartesian requires NxN samples, Area 4kmax?

 Radial requires (11/2)NxN samples, Area TTkmax?

» Radial requires (11/2)/(11/4) = 2x samples / unit area
* Penalty 1/sqgrt(2)
* Noise variance averaged over k-space area

» average of kr (Density compensation)

» “pill-box minus cone” = 2/3 SR Kax
+ Overall Efficiency is 1/sqrt(2 x 2/3) = V3/2 = 0.87

Reduced aliasing artifacts using variable-density k-space sampling trajectories.

Isai CMi Nishimura DG. Magn Reson Med. 2000 Mari'43(32:452-8.
8 Section E2 B.Hargreaves - RAD 229 @




Radial/Projection: SNR Efficiency (n)

* Radial density D = kna/k,, extent [-1,1]

Quantity Symbol Cartesian | 2D Radial
kK-space area (A) 4 1]
vl IR ¢ | e
sivekeioal I VI 4 2ml3
Efficiency 1= \/fA DAfA /D 1 V3/2 =0.87

* Note that the density variation affects efficiency
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Radial-Outward Design Example
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Projection-Reconstruction PSF / Undersampling

 PSF has a “ring” of aliasing (less coherent)
* Intuition: No “preferred” direction for coherent peak

» Undersampling tends to result in streak artifacts

Fully-sampled PSF Undersampled PSF

From Scheffler & Hennig, MRM 1998

11 Section E2 B.Hargreaves - RAD 229 )



Undersampled PR: Streak Artifacts

» Reduced sampling leads to streaks

» With reasonable undersampling the artifact is often
benign

J.Liu, A.Lu, A.Alexander, J.Pipe, E.Brodsky, D.Seeber, T.Grist, W.Block, Univ Wisc.
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Radial Out - Odd vs Even #Spokes

e Odd N is a half- Even, Magnitude Odd, Magnitude
Fourier trajectory

* Difficult to do
homodyne, but
quadrature aliasing

Even, Real Part Odd, Real Part

Section E2 B.Hargreaves - RAD 229



Gradient Delay Considerations

* Full projection
» Global Delay: Shift center
* Inter-axis: May miss center
» Radial out:
* Global Delay: Shifts along traj.

* Inter-axis: Warping of trajectory

G

y

Gy

14 Section E2
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Off-Resonance Effects

Radial-out (O to t variation)
K, Reference

r
Wi

Full Projection (-mt to &t variation)

Reference
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3D Projection-Reconstruction

* Encode in kx, ky, kz (0,¢ end-point parameterization)
 Density (1/kr)2, compensate by multiplying by k2
* SNR efficiency now 0.75

» Can undersample more though!

J.Liu, A.Lu, A.Alexander, J.Pipe, E.Brodsky, D.Seebr, T.Grist, W.Block, Univ Wisc.
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3D Radial/Projection: SNR Efficiency (n)

* Radial density D = (kna/k:)?, extent [-1,1]

Quantity Symbol Cartesian | 3D Radial
k-space volume 3 4/31T
iy /D s | am
oo’ | /2 |8 | ams

Efficiency = \/fv D‘va /D 1 V5/3 =0.75
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Temporal Radial Patterns
I i

%
* Field map generation by delaying L

Odd VS even Iines kspace :th1pro;ectlons

* Reduction R gives a fully-sampled
image with R lower resolution

 Vary spatio-temporal resolution

o "KWIC: k-space weighted image contrast”

O\
A

» Golden-angle increment: 111.246°
180°/ 111.246° = (sqrt(5)+1)/2

* Arbitrary Ns<N has “uniform” angular
spacing

IEEE Trans Med Imaging. 2007 Jan;26(1):68-76. "

An optimal radial profile order based on the Golden Ratio for time-resolved MRI. 05 0 S
Winkelmann S, Schaeffter T, Koehler T, Eggers H, Doessel O. X s

18 Section E2 B.Hargreaves - RAD 229 @




Zero Echo-Time (ZTE)

 Gradients always on! =7=m LT
» Radial sampling G \\
* Very short RF

 Low flip angle (SAR) G, W

* Actual RF excites
slab with varying

direction G, W

Signal LRI

19 Section E2 B.Hargreaves - RAD 229 @



Zero Echo-Time (ZTE)

» Gradients always on!
» Radial sampling
* Very short RF
 Low flip angle (SAR)

 Actual RF excites
slab with varying
direction

20

-

RF

"y
- ...
- -y
- L™
‘— ...
- Y
-y
- -
- L
- - -y
-
- -
-
- -~
- -~
- -~y
-
= -

Signal WWWWW
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Radial and Projection: Summary

* Non-Cartesian, requires gridding reconstruction
* Incoherent undersampling artifact (similar to CS)
* Short TE (and UTE) imaging

» 2D and 3D options

* No phase-encoding ~ can be efficient

» Off-resonance causes blurring

* SNR efficiency loss due to high-density near center,
but resampling the center can be advantageous
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Gridding Code: gridmat.m

KB Kernel

* Designed to be reasonably fast, but Matlab
(readable)

» Uses Kaiser-Bessel interpolation kernel | i
(precalculated) N
» For each k-space sample M(k): \\\O /}

———

 Build a "neighborhood” of affected grid
points Kgrid

» Calculate contribution at each grid point:
« M(k) x kernel(k-Kgrid)

» Add the values to a full-size grid

* No deapodization

22 Section E2 B.Hargreaves - RAD 229 @



gridmat.m

* Inputs:
» ksp = list of k-space locations, kx + iky
» kdat = data samples, ie M(kx,ky)
» dcf = density compensation factors at each k-space location
* gridsize = size of grid
» Convention:
* K is In “inverse reconstructed pixels”
* |k| < 0.5
» Larger gridsize zero-pads image (reduce apodization)

» Scale ksp smaller to “fill” FOV and interpolate pixels

23 Section E2 B.Hargreaves - RAD 229 @



Spiral

* Flexible duration/coverage trade-off
» Like radial, center-out, TE~O
* Low first-moments
» Longer readouts maximize acq window

* Archimedean, TWIRL, WHIRL

* VVariable-density

Section E3 B.Hargreaves - RAD 229 @



Archimedean Spiral
* Radius proportional to angle: k(1) = A4 6(t)

 Somewhat uniform density, with N interleaves

» Extreme case: single-shot with N=1

* § increases 2x per turn... what is 47?

N6 i0
k(t) = e
2t FOV
Stopping point:
2T
Hmax — NkmaxFOV

Challenge is to design 6(t)
to meet constraints

2 B.Hargreaves - RAD 229 §)




Archimeden Spiral Design

NGO 10
2t FOV

» Begin with spiral equation:  k(7) =
* Differentiate to obtain dk/dr and d2k/dz?

« Amplitude limit: dk/dt < y2n G,

« Slew limit: d2k/dt> <y2n S, .

B.Hargreaves - RAD 229 @



Solution Options

Approximations for 6(t)
Consider slew-limited and amplitude-limited regions

Solve numerically at each point

Find all limits, use active limit

Can include circuit model easily

Both methods allow variable density design

4 B.Hargreaves - RAD 229 @



== Example Spiral Waveforms

K-space vs time

Gradient vs time

K-space Trajectory
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Spiral Characteristics esm
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Variable-Density Spiral

ky = kx kvst

—\far Dens
- ——— Unifam

* Undersample
outer k-space

 Vary spacing
(1/FOV) with

k/kmax‘ or© 5

* Increase gust

SpaCIng aIOng 3:: ................ ;"“\ ,,,,,,,,, ’ ..... R .......... : 15 f"” “"\ ‘‘‘‘ f;’\\ ...... ‘,‘:

i . A £ - %, IR e
trajectory P M A \\'

Slew Rate (Giem/s)

J 2
NH ] i E W \ E ‘ | | J = B
; A : | k.. . \ .
i 0 : A \ &; \: / VA / :
- 1 A . 4 g uw L N 1
3

k(1) =27|: FOV(G)e
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Spiral Point-Spread Functions

« “Swirl” artifacts from
undersampling Even, Magnitude Odd, Magnitude

* Again, odd/even
selection applies

* VVariable Density:

Less coherent

Variable Density
(Brightened)
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Spiral Imaging Sequence

RF—\/\,~TE

G,

G riviviwa

y AARRVA,

G, WA
RARAYRY
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Off-Resonance Sensitivity

* Uniform-density - ¢ ~ Alk|?
» Spiral usually longer than radial
* PSF broadening

e Off-resonance correction in recon

5

T

-

=

L] I

=

i

i

w

[y

Rl .

o
1 : ; : : A |
r TR I ara I nra an0

k spacc (gridded)

10

ZAN

Zb5

270

245 =5 235 260 265 7
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Spiral Design Trade-offs

Minimal # Int_erleaves, 0.6 s
Scan Time
-
e
5
[e)
(7p]
)
nd
©
@)
O
5
High Spatial Minimal Readout —
Resolution Duration (off—resonance)O
S
0.5 3.0

Spatial Resolution (mm)

1. Choose tolerable readout duration
2. Trade scan time (#interleaves) for spatial resolution
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TWIRL / WHI

RL

whirl.m

 Faster start, with radial segment
* TWIRL.:

318

» Radial, then Archimedean spiral s

Sl -

Spiral vs Whirl

WHIRL.:

'y

to trajectory

« WHIRL: N N\

* Non-archimedean spiral

N\

° Constrained by trajeCtOry i S N, A AT G

_~Archimedean: N\ ... .

spacing

I

* Faster spiral, particularly for :
many interleaves

 whirl.m on website

12

ekl oo

\ k: direction

perpendicular

3 3.Jo
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WHIRL vs Archimedean Spiral

WHIRL

L] L] 6
- lv..ll.-l - »°
u\»-\ll” nn“.l\)\.\
P o e == >~
Bl . o-={Tr Tf 2
et Tt I S B
Sl B AR T B lr it o <t
e : | |
- TR
% ..\.........lw I\]i_ _
m ..u.‘slllllv\”llloollrullr.l ([
[eh ] .f.l..mlal /.llan. -Qnu .f.\
T R o =
m o TR o g e P o " . 4~
TR WO O
R Stk
.-.‘tl.l-lulll”” %
.-U.,n.)l.ulnll.ulol D
..llulnli ¥
2T o
<t cJ o oY <t
(Way5) usipei
(]
= N N
T X
ol I
* | S e
—
| | E=s ~a
= L e
m 3 R L oty B
ﬁ \\I“ l\'\,‘\allsl\
r ‘\(v\l.ll
w el
- . e P
s-Jl..fJIJJ = .lr.f..'
m ul ll.r,..lxll’“*
- - .
© o AT
o T i
| - -
hv4 Foa b O
- Iv.l\l‘r’. y
T L L~
A
w.fr“”or
el
X ™
Tp) o Tp)
AF wo) aoeds-y

space Trajectory

K-

uJ

time(ms)

time(ms)

Archimedean Spiral

Gradient vs time

ol o

K-space vs time

-
-
- -

s T an
- - -

d

-
-
‘-l"\.
-

-

A_-E& aseds-y|

K-space Trajectory

C
-

¢

2

¢

2

uJ

-
£
T
E
c
O
el
>
@)
(7p)
m O
= &
£ &
-—
Vll
@)
L
-
O
4
QN
%’
>
®
O
1
(4b)
e
g
@)
(Q\|
kx

B.Hargreaves - RAD 229 @

13



14

Spiral in - Spiral out

» Useful for delayed TE
* Perhaps also for spin echo

» Simply add time-reversed gradient
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3D Methods: Spiral Stack, TPIl, Cones

Stack of Spirals Cones, Twisted-Projections

» Many variations (spherical stack of spirals)
» Density-compensated cones, TPI
* 3D design algorithms get very complicated
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Rewinders and Prewinders

* “Preparatory gradients”
» Spiral rewinders
* Phase-encode/rewind

* spoilers

» Consider 3D rotation again \/

* Arbitrary path

» Speed always helps efficiency

16 B.Hargreaves - RAD 229 )



Approaches to “Rewinder” Design

Gradient

* Goal: Bring Gandk to /\ /
zero quickly /\
 Just use trapezoids \/ \/

* Problem:

 How much “power” to k-space
use on each axis

* Finite segment method
solutions (Meyer 2001) /\
/\

» Convex Optimization ] \/ \/

17 B.Hargreaves - RAD 229 §)
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Spirals and Gradient/RF Delays

* Delays can have a few effects:

* Mis-mapping of center of k-space, causes a low-
frequency “cloud”

* In outer k-space, delays cause rotation of the image
» Other effects can be similar to radial

» Often measure actual gradient waveforms (later | hope)

« Study in homework!
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Gridding Code: gridmat.m

» Designed to be reasonably fast, but
Matlab (readable)

» Uses Kaiser-Bessel interpolation kernel
(precalculated)

* For each k-space sample M(k):

 Build a "neighborhood” of affected grid
points Kgrid

 Calculate contribution at each grid point:

* M(k) x kernel(k-Kgrig)
* Add the values to a full-size grid

* No deapodization

19 Section E3

KB Kernel

2 0 2
Cistance
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gridmat.m

* Inputs:
» ksp = list of k-space locations, kx + iky
» kdat = data samples, ie M(kx,ky)
» dcf = density compensation factors at each k-space location
* gridsize = size of grid
» Convention:
* K is In “inverse reconstructed pixels”
* |k| < 0.5
» Larger gridsize zero-pads image (reduce apodization)

» Scale ksp smaller to “fill” FOV and interpolate pixels

20 Section E3 B.Hargreaves - RAD 229 @
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Density Calculation Options

» Radial Density: 1/kr (2D) or 1/k#? (3D)
» Spiral: Approximate DCF = ? % @

» Gridding: Can grid 1s to k-space points, then sum.
* Iterative (Pipe): Wi+ = Wi/ (Wi ** C)
W =weights (DCFs), C = convolution kernel

* Voronoi regions (areas/volumes around each point,
and calculate area/volume)

Section E3 B.Hargreaves - RAD 229 @



Gridding Example (FOV / Res

;.:-S. "
\%&‘,,
fl ’IJ i)'.::!::z;‘;) £
i i bt o e %

S \‘::\
?\;% L1
19-|nterleaves =
f’%ji <
20cm FOV &
Tmm Res

crr
JCC

K-space (for gndding)

Normalized for
grlddlng to 256x256 -

1CC
1EL
2CC

2eC

100x PSF showing
FOV from 512x512

400

arn

“nrn

TRNn

S0rn

2arn

30C0

35C0

40C0

3N

500

Scale ksp 1/8
Grid x 8 (pad)

10F 1507 2iF PSin A 207s

Gridded to 512x512
to s_how FOV

Gridded data 50

PSF Yalue

* Main lobe: ksp=ksp/8,
4096 grid

<040 2037

L350 2030 237C

22
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Spiral Design Example
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Spiral Design Example

* For resolution of 1mm, 24cm FOV
and 12 interleaves

 How many turns in each interleaf?
* How far does each interleaf “travel?”

 Estimate the duration of each interleaf

24 Section E3 B.Hargreaves - RAD 229 @
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Spiral Summary

* Flexible duration/coverage trade-off
 Center-out: TE~O, Low first-moments
* Archimedean, TWIRL, WHIRL, variable-density
* PSF with circular aliasing, swirl-artifact outside
» Off-resonance sensitivity, correct in reconstruction
 Variations: Spiral infout, 3D TPI, 3D Cones

* Rewinder design

Section E3 B.Hargreaves - RAD 229 @



EP]

 Faster “"Cartesian” approach
 Single-shot, Interleaved, segmented, half-k-space
* Delays, etc -> Phase corrections

* Flyback EPI
« GRASE

Thanks to Samantha Holdsworth!

Section E4 B.Hargreaves - RAD 229 E



EPI. Speed vs Distortion

Fast Spin Echo Planar
Echo (FSE) Imaging (EPI)

_Slow ~3mins _Faster ~ 10 seconds _

(T2-weighted image. Full brain coverage. Same target resolution.)
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Echo-Planar Imaging (EPI)
RF «/\p

G,
G Phase /_\ | |
Encodes Blip Gradients
Bipolar
G Readout
X

Signal ‘qu[w ‘mbb & 4 Pk
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EPI| Calculations

« T = ESP = Echo spacing. 1/T = effective bandwidth
 Limited by gradients, readout resolution/duration
* Aky = 1/FOV
* Aky / T = ky velocity (Hz/cm)  Faywater Displacement in EPI
* Displacement = Af (FOV) (T)
 T2* decay over “echo train”
« exp(-ETL x T /T2%)

" Y

Catherine Moran
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EPI| Variations

Single-shot Segmented Interleaved
ky ky ky
> >
< < 3
< > < > <
: > 3 > 3
: : kx : :kx < kx
< < >
< > < > <
<€ > < > <
< < > 2
- > p > <
Half-Fourier |%v
b >
p >
b >
<€ > k
< > "x
p> >
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Interleaved and Single-Shot EPI

 Single-shot EPI:

* All lines on one shot - reduces impact of motion
* Segmented EPI:

* Acquire ETL consecutive lines - not used much
* Interleaved EPI (Ny = ETL X Ninterleaves:

* Acquire ETL lines per shot

* Reduces T2* and distortion by Ny/Ninterieaves

« Half-Fourier (ky) often used (all methods)

6 Section E4 B.Hargreaves - RAD 229



Signal Modulation in EPI

 “Blip” direction traversal is slow
e To>* similar to echo-train T2 modulation in FSE
* Low “effective bandwidth”

« Usually ignore readout direction effects
Signal Phase

Time — Time ——
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Signal/Phase Modulation

« T2 = 100ms, Echo-spacing 1ms, 128 lines (full ky)

* What is the signal loss?
* ky=0 at 64ms, so e0-64,

« What is the fat/water displacement (3T) per FOV?
* (0.44kHz)(1ms) = 0.44 cycles/ky line... 0.44 FOV!
» Use fat suppression!

* How do these change with 3x parallel imaging?
* 021 3and 0.13 FOV

» With 2x reduced FOV?
* (Like 2x PIl) e032 and 0.4 FOVorig/2
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Other Effects - Single-Shot (SS) EPI

* What are some effects of bidirectional readouts?

VIiVIVIVIVIVIVIVIVIY
N

AIAIAIAIAIAIAIAIAIA
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SS EPI - Odd/Even Decomposition

VIVIVIVIVIVIVIVIVIV

AIAIAIAIAIAIAIAIAIA

Image Magnitude
Full Even

O H =

Image Phase (-
Full Odd

10
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SS EPI - Alternating Constant Phase

VIVIVIVIVIVIVIVIVIY

AIAIAIAIAIAIAIAIAIA

Image Magnitude

0 Phase Difference Odd Even

DI 1]

Image P(Qgse (-17

) Even

v . - q e
HEET T ¢
10 g dvr— e I 5| 25
s o 3 ol P I IO L 1Y 13}
5 oF spmass sty o Sols 00
o ST . FRF GO ) o
Risg Er s » =N = o :
e o 8 PG
31 e R b v
Sy (U e 0
411 8 A5 e 05 3 YRR
Pt r s - o
” "~ -

FII

(Phase Iargely due to BO eddy Currents)

11
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SS EPI - Linear k-space Phase

Image Magnitude

-2.00 Lin Phase Diff. Odd Even

_ U

3 3
< 3
: ; & FuII Image P(Jlﬁse ) Even
< > g i !3@%@% G

> i i {3 e
2 >
< 2

(Phase largely due to off-resonance)
|
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SS EPI - k-space Delays

Image Magnitude

-2.00 Relative Sample Delay Odd Even

RIS >

AIAIAIAIAIAIAIAIAIA

VIVIVIVIVIVIVIVIVIY
Sa)

13
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SS EPIl: Odd/Even Effects Summary

» Constant phase (image or k-space)
» coherent ghosts
 due to eddy currents or sequence imperfections
 Linear phase in k-space
« component images displaced (high x-freq ghosts)
* due to off-resonance
* Delays in k-space
* X-varying ghosts in y

* due to eddy currents or gradient delays

14 Section E4 B.Hargreaves - RAD 229



EP| Phase Correction

 Turn off ky blips and phase-encodes

* Acquire projections along kx and FT in x
» Estimate constant and linear phase of each x line

* Typically both alternate, but early lines may differ
as eddy-currents not in steady state.

No Correction With Correction

15 Section E4 B.Hargreaves - RAD 229 F



Single-Shot vs Interleaved EPI

Single-Shot EPI

* N/2 ghOStS VS N/(2Ninterleaves)
ghost effects

* Phase correction is very similar ‘
V. ww
Catherine Moran

* Reduces sensitivity to T2, off- N, . =2 (Pj
resonance

 Interleaved EPI:

 Single-shot EPI:

 Faster, reduces sensitivity to
motion (especially for DWI)

Catherine Moran
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Example of EPI with parallel imaging

(Different parallel imaging acceleration factors. T2-weighted image.
Same target resolution. Scan time matched)
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Stair-step Modulation in Interleaved EPI

ky
o : K,
* Lines in a Segment of k-space all E
acquired at similar time >
* Boundaries have a discontinuity in i
time, thus amplitude and phase t
* What might this cause in the image? -
—

18 Section E4 B.Hargreaves - RAD 229



Interleaved EPIl: Smoothing Phase

* Time T between echo n and n+1
 Desire smooth ky(t) overall
* Delay mth interleaf by (m/N)T ~ (N=4 here)

19 Section E4 B.Hargreaves - RAD 229



EPI Design Example

* We want to sample a 30cm FOV at 1mm resolution as fast as possible
using EPI with less than 1cm displacement between fat and water at 3T

VIiVIVIVIVIVIVIVIVIY
N

AIATAIAIAIAIAIAIALA

N
S
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Flyback EPI

* Readout in only one direction
« Completely avoids odd/even line sensitivity
» Slower, but useful when flyback is fast

« Still sensitive to off-resonance

a) Gradient Waveforms ) k_space Trajectory

4

V V V T R ST TN (LR T T U <8

...............................

<<>>
B
B
B
H
B
o
i
]
v**

...............................
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GRASE (Gradient and Spin Echo)

* Helps improve efficiency of spin echo

* Both T2 and T2* modulation! (3D can spread over y and z)

180° 180°
- L] I

Y e W

T HRRN:
2 N B AR
- oA A A0 A
‘ U U U1 \J\JL/\J

22
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EPSI (Echo-planar Spectroscopic Imaging)
* No ky blips, or repeat ky pattern every N echoes
« Spectral FOV of 1/T or 1/(NT)

RF /- Wi
G,

G, =

G,

Signal ,ﬂqmb ““ﬂlh"’ ““ﬂhn" - ““@”"“@EChO Spacing (T)
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Propellor (EPI or FSE)

» Rotated low-ky-res acquisitions (“blades”)
» Self-navigating (low-res image every blade)
* Individual blades corrected for phase, delays and gridded

 Robust to motion

EPI Propellor FSE Propellor

24 Section E4 B.Hargreaves - RAD 229



Propeller EPI

EPI — positive k, blips EPI — negative k, blips

EPI Propeller Short-Axis EPI Propeller
Skare et al. MRM (2006) B.Hargreaves - RAD 229




Interleaved EP| and other pseudo-EPI| approaches

interleaved-EPI SAP-EPI RS-EPI

“short-axis propeller EPI” “readout-segmented EPI”

Distorti onyoc F OVyTesp
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Important differences between interleaved EPI and other pseudo-EPI
approaches

interleaved-EPI SAP-EPI RS-EPI

“short-axis propeller EPI” “readout-segmented EPI”

Advantages Disadvantages
Interleaved EPI Easier to implement/ Motion between interleaves causes
reconstruct, not slewing all the ghosting — harder to correct

time (more efficient)

SAP-EPl and Each ‘segment’ acquired at full Slewing a lot. Residual distortion for
RS-EPI FOV -> can correct for motion each “SAP-EPI segment” combines to
between segments give overall image blurring.
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Half-Fourier EPI| approaches

Ky ky
A A
: | |
| |
> | - |
l < I <
> I > |
| — | - :
-------------------------- e TN S
T o [Ny Tl —
| - I
|
|
]
Half-Fourier in k, Half-Fourier in k,
Compared with full-Fourier: Compared with full-Fourier:
* Reduced T2* effects * Reduced distortion
e Reduced minimum TE o Slightly reduced T2* effects
 Slightly reduced minimum TE

(most common)
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Other distortion reduction strategies
Reversed Gradient Polarity Method (RGPM!)

Phase encoding

K, | _ f o~ st
Phase enCOdmg direction

, phase-encoding-

[11 Chang H, Fitzpatrick . A technique for accurate magnetic
resonance imaging in the presence of field inhomogeneities. |IEEE
Trans Med Imaging. 1992;11:319-329..
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EPI| Other Considerations

* Readouts: Trapezoid gradients

* Phase encode/Blips: Consider quantization to avoid
boundary artifacts

» May sample on ramps
» Regrid data, slight sensitivity to off-resonance
 Parallel imaging: How to calibrate?
* Partial kx to reduce echo spacing
* Partial ky to reduce T2* effects (not off-resonance)

 Off-resonance correction in reconstruction may help

30 Section E4 B.Hargreaves - RAD 229



EPl Summary

* Very fast imaging trajectory

* Single-shot, Interleaved or Segmented

* Bidirectional EPI requires phase correction

* Sensitive to T2* and Off-resonance (blur and distortion)
* Much more widely used than spiral (currently)

* Variations: Flyback, GRASE, Propellor

31
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Quantitative Sequences

» Basic Quantitative Sequences
» Gradient Measurement
» Fat/Water Separation
* Bo and B4+ mapping
* T4, T2 and T2* mapping
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Gradient Measurement

* Duyn method

 Modifications
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Duyn Method - Pulse Sequence

* Excite a thin slice (position x) along the *same™ axis
you are measuring

o dop/dt =y G(t) x ¢ = 7/0 G(t)xdt = 2mky (1)

* Can measure baseline without G(t) or with -G(¢) to
help correct off-resonance

(Courtesy Paul Gurney)

Acquisition
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Gradient Measurement Example

Signal Phase

| Trajectory | FID Magnitude FID Phase | FID Unwound Phase | RMS

k-space trajectory (unwrapped, scaled)

Trajectory  FID Magnitude = FID Phase FID Unwound Phase | RMS

20
15
10

(Courtesy Paul Gurney)
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Gradient Measurement

» Can play opposite gradients, excite opposite slices
» Separate different effects:

» off-resonance (independent of gradient)

» eddy currents (linear with gradient G)

» concomitant gradient terms (G2)

Section F1 B.Hargreaves - RAD 229 @



BO Mapping

» Simple multi-echo sequences
» Fat/water in-phase
* IDEAL/Dixon built in
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Bo Mapping

e Signal phase: ¢(TE) = ¢o + 2 TE Af)

* poincludes terms from excitation, coil, other

L [s(TEy)s*(TE")]
27T(TE2 — TEl)
» Assumes Af only due to Bo variation

Bo Field Map i Magnitude Image

» Simple dual-echo method: Af =

(From Nayak & Nishimura, MRM 2000)
Section F1 B.Hargreaves - RAD 229 @



Bo Mapping (with Fat)

S

e Use “in-phase” TEs
e |gorithms (eg. IDEAL) can fit W, F Ay

* Bo map less sensitive to presence of fat
Bo Field Map ’T"

Water Image

S P A
oy LR

."".‘. . ‘0_": 4
;}mﬁé”." Rl
7

o'-.‘
~ N .'9
. Ay
LIS
Ay ,

' .
e
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Fat/\Water Separation

» Concepts: Phase-based separation
» 2-point models

* 3+ point models

Section F1 B.Hargreaves - RAD 229



Phase-Based Fat/Water Separation

Multiple TEs

- —ﬂ-----‘
.

.

.

Time >

e Estimate phase or field map
* Decompose into water and fat images

e 2-point and 3-point Dixon imaging

» | east-squares separation “"IDEAL” Water

10 Section F1 B.Hargreaves - RAD 229 @



2pt Dixon-Based Imaging

S @ A

SI g n a/ _HHIIIIN _

\Water
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3pt Dixon-Based Imaging
Ju

* TE =10, 0.5, 1]/ 46cs (in-, out-, in-phase)
*So = WHF
o S; = (W-F) e w/Abes
o S) = (W+F) e-2n w/Aes
Water * Estimate y from S./Sy
» Calculate W and F
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Least-Squares Fat/\Water Separation

* Fat/Water model: A6cs = 440Hz (3T), Ay = Bo freq
e

Field map (4y)

* Acquire S; = S(TE;) for
i=1,2,3 (or more)

N
R=y
1=1

* Find W, F, Ay to minimize
residual

* Residual: o

Si — S

Reeder 2004 Lu 2008
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IDEAL R2>* (Further Steps)

e Can fit water, fat, R2* (1/T2*)

« Can multiply W,F by multipeak model - better fits and
fewer spurious solutions

N
Sf (TE) _ FZ Oéj@Qﬂ-iAejTE
1=1

Water Fat R>*
Yu 2006, Courtesy Scott Reeder
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Mapping Principles

* Generally want to measure some
parameter x

s = f(x,c)
* Measurement s = f{(x, c)

* Invert function analytically or by
curve-fit

- = L -
- -y
_‘—’ . m mma
-

e Desire:

* High sensitivity (ds/dx) X

* Low sensitivity to confounders (¢):
Ignore, remove or correct

* Dynamic range of x

15 Section F1 B.Hargreaves - RAD 229 )



Example: T2 Fitting (Sensitivity)

°s5s; = so exp(-TEi/T?)
» 2 unknowns (sp and 73)
* EX: 2 measurements (i=1,2)
* Analytic solution

« Removed effect of s¢
 ‘Best” case is TE4,TE2=0,T>

16 Section F1

1'Fq —1'Es
1y =
In SQ — In Sl
dly,  TE,—TE,
dSQ N 52(111 SQ — In 51)2
d1ls S 15

dSQ TQ B (TEZ — TEl)

Fractional T2 Errorvs T2

d

ST 00 T

- 1 N 1 N N N
20 40 EC CC  ICC 20 40 160 100 ECC
Actual T2
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B1 Mapping

* Double-angle method, SDAM (Insko 1993)
» Stimulated Echo

* AFI (Yarnik 2007)

* Phase-sensitive (Morrell 2008)

* Bloch-Siegert (Sacolick 2010)
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Double-Angle Mapping (DAM)

* Assume complete decay/recovery over TR

Double-Angle Measurement

 Signal proportional to sin(a) :
* Acquire S; with flip angle a
* Acquire S with flip angle 2a:

*S1=A SiIl(O() ’0 20 420 60 820
Flip Angle
*So = Asm(2a) =2A cos(a)sim(a)
* o= cos! (S2/2S1)
* Very slow, works better at higher flip angles
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Phase-Sensitive B1 Mapping
* Play 20x-ay RF (90° phase change)

» Observe signal phase vs a

» Better range, but still slow

Phase-Sensitive B. Mapping

150

o
= o
T T

Phase of 20(_( -« (deg)

-150

M 21 dr Al Al 100N 121 140 1R 13N

Flip Angle « (deg) Morrell 2008
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Bloch-Siegert Shift Mapping

* Play off-resonant pulse after excitation

* Phase is encoded by pulse

1B, RF field

18,9 effective RF field vectorin
the rotating frame of the RF

@wpr Frequency offset of the RF
pulse from resonance frequency @,

@ze: Bloch-Siegent frequency shift.

(vBi1(1))°?
ZUJRF (t)

Sacolick 2010
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21

T, Mapping

~
~
L
~
~
~
-
-
L
-
~
-
-
-

Echo Time (ms)

Dardzinski BJ, et al. Radiology, 205: 546-550, 1997.

Section F1
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T2-Mapping Options

» Basic Exponential Decay Model:
» Single-Echo Spin Echo, repeated at many TEs
 CPMG with image at each TE
» T2-preparation with arbitrary readout
* Fit by linear regression to In(S;)

* Double-echo Steady-State:
« Simple fit using “effective” echo times TE and 2TR-TE
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Example of T2 Mapping

T, (ms)

1-20
21-30
31-40
41 - 50
51 -60
61-70
71-80
81-110
111 - 140
141 - 255

can: 7 y A - & . <V

lice: 1/1 W ey Ba P NUNNE FI:’V’;%:I:J e EX 8
ChG: ‘ “ % . ' " Y 5124880
‘_h-. 1 A , s : .(_I\%T*_ '_1 2j' .
EEI ' . (R ! Pos=20.0.mmni
R: 150 ms ' , \ Y AN S . Q
E: 21 ms

A:45.0 deg

Dardzinski, et al.
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T2 and T2 Mapping

» Multi-echo spin-echo (T2) and gradient-echo (T2%)
» Can combine using GRASE / GESFIDE methods

180° 180°
- 0] )

. I T I

1o
Signal | P B
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T1 mapping

* IR spin echo

» Saturation-recovery
 Look-locker

* VFA/DESPOT1
 MPNRAGE

Section F1
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IR Spin Echo

* Vary Inversion Time (TI) 1 B Measorement (T1205)

* Fit Mo, T4, Inversion “efficiency”

« Can fit TR in case of incomplete
recovery

- | —— |dedal Curve
... | ===Impertfect Inversicn |_
= Measurements

Signal

e Slow!

o 500 000 500 2000 2300 3020
Inversion Time (ms)

26 Section F1 B.Hargreaves - RAD 229 @



VFA/ DESPOT1

» Variable Flip-Angle RF-spoiled

* Measure both sides of Ernst peak

* Linearize, regress S
» Slope = E1 SIn &

=

S — M, ( — Fq)sina
1 — Fqcosa

S

1
tan «

- Mo(1 — Eq)

» Sensitive to B4, and flip angles depend on T

RF Speiled Signal [T1=1000 ms)

T ; (fit) = 1020 ms

000 T T T T T T T L'B 1
: : : Thearetical §
x  Measured wiNoise b4
ST NS SHNURTIS
B o R A e A ST ..............................
N e SR SRR RE ............................
£ :
o e weviessraalic i et woalise B ey e o)
B CA E
B o ety SO ..............................
B O R e e R AR ...............................
r : :
L :
0 S IC 15 20 25 J] JS 4] 00 01 0 0 0.4 Bl (3] 18 0
Flip Angle (deg) Sttan(c)

27 Section F1

B.Hargreaves - RAD 229 @



Look-Locker

* IR sequence, with repeated, small tips instead of 90°
* Much faster than true IR T1 mapping

* Must correct for signal change ~ T1 eff

130°
o T o
S S
1 1 In(cosa)
Tl,eff N T1 T

Karlsson MRI 2000
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Summary: Quantitative/Mapping Methods

» Gradient Measurement
» Fat/\Water Separation

* Bo and B4+ mapping

* T4, T2 and T2 mapping
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Course Review

* Midterm Review:
« EE369B Concepts
» Simulations with Bloch Matrices, EPG
* SNR
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Bloch/Matrix Simulations

M = [Mx My Mz]T
* RF and precession ~ 3x3 rotation matrices
» Relaxation ~ 3x3 diagonal multiplication + M; recovery

* Propagation of A/B: Pre-multiply both by A, add new B
» Steady states: M, = AM+B = (I-A)-'B
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EPG Basis: Mathematically

- Transverse basis functions (F ) are F+g

just phase twists: N
Myy(2)= Y Fe*mn
Mazy(z) _ FO—I— 4 Z [Fq;I—BZWinz 4 (Fn—)*e—Qﬂinz}

* Longitudinal basis functions
(Z,,) are sinusoids:

N
M., (z) = Real {ZO + 2 Z Zne%mz}

n=1

Voxel Dimension

F, and Z, are the coefficients, but we sometimes use them - 'l
. . “© . 17 . ' 5 D\ ension
to refer to the basis functions (“twists”) they multiply Yoxel T
Although there are other basis definitions, this is consistent with that of Weigel et al. J Magn Reson 2010, 205:276-285
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Phase Graph “States” (Flow

Gradient Transitions

4 ) 4 ) 4

Fo mmy 1 )y [ \lﬂn -(FN

N

&,

&

S

2= ji ji ji )
© Decay
|_

FO*- Fo - Fo -_ F.n

) _
:E ﬁ Effects E
\

©
-
-
22| Lo /] /) /N | =T
=2 R Deca
S ™ /) - J - J - J y
- Y

T1 Recovery
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Basic Noise Statistics

- st b micon of callin] Ry 2 b Ce=te bt e =23 bk o 2
i 4 T ! 2 A :

3NF
Lk

| Prasy 3 : J

Rician Cistribution of Iforegreund|

PDF
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Question 1
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Post-Midterm Course Review

* EE 396B, Bloch & EPG, SNR
 After Midterm:

* Spin-Echo Methods

» Sampling

» Radial, Spiral, EPI
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bSSFP - Geometric Interpretation

* Ellipsoid
 Effective flip angle
* Precession

* Freq response
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Geometric bSSFP - Question 1

a b
What is a?
What is 37

What is the max radius of . d

0 Signal at TE=TR/2 vs ¥

the ellipsoid?

s s—

o
n

Signal / M,
o

|
ot
o

Q
>

T o2n - 0 b4 21
Precession per TR, ¢ (radians)
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Phase Cycling - Question 2

Signal
Magnitude

Which signal corresponds
to alternating RF sign?

-1/TR 0 1/TR

Frequency
What can you say about

the distribution of spins on
the ellipsoid?

Signal
Magnitude

T/ITR 0 TITR

Frequency
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Question 3

Section F1
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Gradient Spoiling

» Averaging, at appropriate time

 Forward / Reverse

Section F1
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Signal vs Frequency: Phase

= ATTTI T
£ \
S
=
JT
Post-RF > /I/L
\ CSU
o
) - JT
)
Center TR
o
-JU
T
)
Flipped! i_‘@
Pre-RF 3
=TT Frequency.

13 Section F1 B.Hargreaves - RAD 229 @



Gradient S oilin

Signal il Ll

Precession across a voxel dominated
by spoller:

» Each spin has a different precession

» Average of balanced SSFP
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Question 4

Section F1
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Question 5

Section F1
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’ Quadratic Phase Increment
TR ( )

X X

—liminate transverse magnetization: [T1 contrast
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Question 6

Section F1
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Gradient Echo Sequence Comparison

Sequence RF-Spoiled
Spoiling RF +
Gradient
Transverse Cancelled
Magnetization
Contrast T,
SNR Lower
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Flip Angle Selection

90

Blood
0.2 l l l || ' 1 | |
0.2} -
01 5 B it 5 AL, i B S it s I o o T AL S s t iy el Bk o s A s P B i A e Lt e i e 5 i S KA e L N i 8 iy fa o
0.1F -
0.05F 4 -
Y 4 ; :
O - 1 1 1
0 10 20 30 40 50 60 70 80
Flip Angle (°)
Muscle
0.25 r T - - - . -
we RF Spoiled
0.2 Gradient Spoiled 7
m—— Balanced SSFP
0.15F - -

0 10 20 30 40 50 60 70 80 90
Flip Angle (°) |
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Spin Echo Sequences

2D Interleaved:
* Single-echo
* Echo-train PD or T2 (FSE, RARE, TSE)
* STIR, FLAIR, Fast-recovery options

* Single-shot (SSFSE, HASTE)

« 3D: (Cube, SPACE, VISTA)
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Question 7: Spin-Echoes - Warmup!

* Why do we not play perfect 180° pulses?
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Spin Echo Trains

« CPMG: 90°% - 180° - 180° - 180° - ...

» T2 decay over echo train ~ modulation

* Reduced flip angles reduce SAR

* “Prep” (90°+a/2) pulse reduces oscillation

» Crusher pulses prevent parasitic signal
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Effect of Crusher Pulses - Eliminate Pathways

00° <180° <180° f< 180°
RF \/\f
G,
S time

Transverse (F)
"""""" Longitudinal (Z)

- --- No signal (removed)
Echo Points

Only F, produces a signal... other F, states are perfectly dephased
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Reduced / Modulated Flip Angles

* B4 variations and SAR prevent use of 180° pulses
 Signal only enters on 90° pulse
* Reduced flip angles - less signal, more T1 contrast
* Modulated flip angles “shape” signal

* Flatter

* Slower decay

» Specific Echo time
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Sampling Considerations

» Sampling and PSFs
» Resolution, FOV, ringing
» VVariable-density and gridding
 Partial Fourier
* View ordering and k-space modulation
* kKy-kz and k-t sampling

* Slice interleaving
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Sampling & Point-Spread Functions

* PSF = Fourier transform of sampling pattern
» k-space:. Extent, Density, Windowing

 PSF: Width, Replication, Ripple (side-lobes)

k-space Sampling Point-Spread Function

0000000000000000 Fou rier

sessssssssssssss | |ransform o
0000000000000000

— Extent —— <> Width ——-
~ oo Opacing <my o —— FOV —— o
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Question 8: PSFs

* If you sample “continuously” from -kmax {0 kmax What is the
PSF in 1D?

S p(X) = Sinc (2 kmaxX)

* |If the sample spacing is Ak, how does p(x) change
(“intuitively”)? (ignore “discrete” sinc)

* q(x) = 2 p(x + n/Ak), where n includes all integers

* |If we apply a triangle window to k-space, how does that
affect the sampling p(x)?

* 1(x) = p(x/2)> orq(x/2)
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Variable Density Sampling

» 2Xx undersamling
» Ak linear with k

Sample Modulation

0.8

Sampling Modulation H(k)

- -0-'0---05-0-0-G-O-QOOOWQO QS-O-O-O--O-%O---O--O--E—

e e DR “a e CEEEE R R ErEEEEE 41 . 4 . O EEE) O BN DR DR D ... . e

k-space
PSF h(r)

............ g ===
: : — = = \ar-Dens

| : : . .

: % e : g3 | : PR :
i sesmene ) it

: : f (IR : ;

-30 -20 100 0 10 20 30
position (pixels)
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Variable Density Sampling:

Sample Modulation

Multiply by 1/Ak
No PSF Broadening

o o 9 9
B N N = B = o R e

Sampling Modulation H(k)

! ! ! ! ! !
o i § § § i ®
N D . B ave < tataraprapase, ol S SRR . A 4] il
9. : : -9
-9 : : Q-

O L) (S| Rl 1 Qa ............................ 010 21
00 00

k-space
PSF h(r)

Bacmavni R s o S e T e e _
h,‘ — —=—Var-Dens

: i) : : E

. ., Lgl' ............................ . A
: : : A :

z 1 z « 1 ofop

: -} - J | 1 !y (B

: AL PR kA pas

: 3 Rl h leyd 4y %

f Tk lkl 1: \, x

-0 -20 10 0 10 20 0

position (pixels)
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Question 9: SNR Efficiency

* If we resample one point in a 1D set, what do we
have to do to ensure the PSF is still a sinc()?
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View Ordering / Grcuplng

Sequential k, Centric /

@ g nter-out® g
o ) Ce teot@ &
3 ks 2 -k
@ > @ >
® > ® >

Interleaved k

Each color is a different “modulation” (echo, time, etcz
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How Many Slices to Interleave?

» Usually specify TR, Tl, Echo-train-length (ETL),
Resolution, ...

* Tells “pulse durations” (Tseq) and RF power
° Nmax ~ TR/ Tseq
e Can re-order slices in “time slots”

» Additional slices require another “acquisition”

i 111 TR il
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Question 10: Interleaving

» Consider a spin-echo train to image 15 slices, 256x256
with an echo spacing of 10ms, and echo-train length 16.
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Radial and Projection: Summary

* Non-Cartesian, requires gridding reconstruction
* Incoherent undersampling artifact (similar to CS)
» Short TE (and UTE) imaging

» 2D and 3D options

* No phase-encoding ~ can be efficient

» Off-resonance causes blurring

* SNR efficiency loss due to high-density near
center, but resampling the center can be
advantageous
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Radial (k=0 outward)

» Similar to Full Projection, but
center-out readouts

» Shortest TE (~0) of any
sequence

e Low first-moments

» Fastest way to reach high-
spatial frequencies

* Impact of delays
» Can do odd/even sampling

 Impact of ramp sampling

Section F1
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Question 11: PR Design
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Radial/Projection: Recon and SNR

» Usually use gridding
* Density (D = kmax/kr)
» compensate by multiplying by 1/D =k
* How does this affect SNR?
* More samples required to cover a given area
* Noise variance is altered by gridding reconstruction

* Noise is colored (“Speckle” or “salt and pepper”)

» Efficiency:
n = A ~ 0.87 for Uniform-
\/fA DJ,1/D density projections
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Projection-Reconstruction PSF /

* PSF has a “ring” of aliasing (less coherent)

* Intuitition: No “preferred” direction for coherent peak
* Undersampling tends to result in streak artifacts

Fully-sampled PSF

From Scheffler & Hennig, MRM 1998
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Spiral Summary

* Flexible duration/coverage trade-off
e Center-out: TE~O, Low first-moments
* Archimedean, TWIRL, WHIRL, variable-density
* PSF with circular aliasing, swirl-artifact outside
» Off-resonance sensitivity, correct in reconstruction
 Variations: Spiral infout, 3D TPI, 3D Cones

* Rewinder design
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Spiral

* Design

 Resolution = extent
» Spacing = FOV

Interleaves <> duration

* Longer readouts maximize
acquisition window

* VVariable-density

41
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Spiral vs Whirl

WHIRL.:
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X, kedirection \i
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k
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Question 12: SPIRAL

* An Archimedean spiral has 20 complete turns and
reaches an k-space radius of 2Zmm-1. If we use 10
interleaves, what are the FOV and resolution?
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EPl Summary

 Very fast imaging trajectory

» Single-shot, Interleaved or Segmented

* Bidirectional EPI requires phase correction

» Sensitive to T2* and Off-resonance (blur and distortion)
* Much more widely used than spiral (currently)

 Variations: Flyback, GRASE, Propellor
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EPI Variations

Single-shot Segmented Interleaved
K, K, K,
P : p : >
p > p > =<
< > < > 3
: > kx : )kX < kX
< i < : >
p > p > =<
< > < > <
< < 1
<€ > < > <€
Half-Fourier Ky
p >
p >
p >
>
: > K,
b >
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Question 13: EPI Odd/Even Effects

* What is does each effect cause, and why might it occur?

45 Section F1 B.Hargreaves - RAD 229 )



46

Summary: Quantitative/Mapping

» Gradient Measurement
» Fat/\Water Separation

* Bo and B1 mapping

* T4, T2 and T2 mapping
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Mapping Concepts

» Sensitivity to a parameter
* Dynamic range of parameter

» Confounding variables
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Mapping: Question 14

 Complete the chart...

Method Main Parameter Confounder(s)

of Interest
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Motion Artifact Suppression

» “Patient Independent”
» Rapid scanning (resolve motion)
* Breath-holding
 “Patient Dependent’
 Clever ordering of k-space
* Triggering and gating of signals
* Measure motion and correct
» cylindrical, orbital navigators

* butterfly navigators
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Diffusion MRI: (Not Tested!)

* Diffusion MRI: a marker of tissue microstructure.
* What is diffusion and how do we model it?

» Sensitizing the MRI signal to diffusion.

* Diffusion MRI signal equations.

* Mapping diffusion coefficients.

» Effects of motion.

* Eddy currents.
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(Gaussian Spread of Particles

o Patterns of water diffusion in tissue reflect the tissue

microstructure .
Mean squared displacement given by the Einstein relation
can also be interpreted as the variance of the spread of

positions after a period of time.
3

t, >0

o’ = 2Dt

For n dimensions :

.91- 05 0 0.5 1 0-2 — 2nDA

» Sensitizing the MRI signal to water diffusion is a way to
indirectly get information about tissue microstructure.
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The Bloch-Torrey Equation

Torrey H.C. Physical Review 1956.

 Patterns of water diffusion in tissue reflect the tissue
microstructure .

dM
—==7(MxBo)+ | -7 | +DV'M
Mo—M
T

» Sensitizing the MRI signal to water diffusion is a way to
indirectly get information about tissue microstructure.
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b-value

e Patterns of water diffusion in tissue reflect the tissue
microstructure .

0
- n - > Echo

Al “A...,
L1

90° 180°

THE t
b= ~* /O ( /O G(t)dt')*dt

» Sensitizing the MR signal to water diffusion is a way

to indirectly ¢ o)
microstructul b = (vYG6)? (A 3)
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Diffusion Example
A 180
or| [l Jer

At

» 1D Gaussian Diffusion: A] = vV2DA¢

* Imagine a sequence with 2 gradients of area GT,
with a 180 refocusing pulse between.

* What is the expected value of the spin echo signal
as a function of D, At, GT, ignoring T2?

*b = (yGT)?T, signal = exp(-bD)
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Diffusion Example
) 180 L =
GT /\ GT o/ 2m

wAtv‘ o= Al = V2DAt

* Phase vs x Is ¢ = yGT x, x IS displacement

* Expected valug is expec;ed value of COS(¢) .
COS GTZC e 4DA’5 dZIZ' e9 % cos (kx)dx = .’ . e e
/ ¢ ) Var DAt f a
_ \/47TDAt€—(’yGT)2DAt (: 6—(fyGT)2DAt _ B_bD )
VAar DAt = =
b= (YGT)? At )
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Question 15: Diffusion

* We now replace the “delta-function” gradients with
gradients of duration T=10ms, still with area GT.
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Post-Midterm Course Review

e EE 396B, Bloch & EPG, Gradient Echo Methods
 After Midterm:

* Spin-Echo Methods

« Sampling

» Radial, Spiral, EPI

 Measurement and Mapping
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