
1D

Introd
as phas
physic
control
sequen
Theory
linear 
whose 
(or M1

be gen
source 
points,
points.
minimu
bounda
time (
gradien
time Δ
wavefo
M1’s) 
from M
combin
(Fig 1C
on the
circum
the gen
space, 
membe
algorith
can be 
Metho
design
behavi
(Ss), M
is M1-
similar
of mom
and TE
sequen
and th
Other 
point w
100% p
Result
RO tra
RO and
Conclu
variabl
based 
signific
also be
Refere

Figure
delinea
differe
for all 
M1-nul
be desi

Efficie

Department of Biom

duction: Time-effi
se contrast and flo
al coordinate syste
l of the M0 (0th mom

nce, along with par
y: The design stra
combination of tw
M0 (and M1) is th
) that is bounded 

nerated by taking 
waveforms are 

, so the combined 
 M0,Design: An 
um pulse width 
ary conditions (st
t0) and time dela
nt amplitude Gmax
Δt) (Fig 1A,B). F
orms: Wmax and W
that can be achie

M0 Design do not 
nations attainable 
C,D) based on Wm
e M0-M1 plane 

mscribed. Each poi
nerated family. If
the desired wavef
ers. Otherwise, P
hm returns a wave
constructed in rea

ods: Three sequenc
ed (Fig 2). Seq A 
ior. Due to tempo

M1 is automatically
balanced at TE f
r to other flow-co
ment nulling of all
E and for all PE s
nce never presente
e PWs of the tran
simulation param

with xres Nx=128
phase resolution, G
ts: The designed s
ansition PWs for v
d SS in B reduces 
usion: Setting the 
le phase accrual on
sequences. Thoug
cantly increase sca
e used in real-time 
ences:  [1] Derbsyhi

e 2: (Left) For eac
ated (gray area).  A
ent sequences are s
PEs). As expected
lling at TE for all 
igned to accommo

ent Gradient W

medical Engineerin

cient gradient wav
ow-compensated ac
ems and operates a
ment), or M0 and M
rtially and fully M
ategy originates fr
wo piecewise linea
e weighted sum of
by the M0’s (or M
a linear combina
defined automatic
waveform is also
iterative algorith

(PW) necessary 
arting/ending grad
ays (Δtpre, Δtpost) 
, max gradient sle
For any given PW
Wmin which repres
eved in that time. 
fully constrain the
in the PW. A "fa

max and Wmin. Whe
(Fig 2), the sp
nt of the “eye” rep
f the desired (M0
form can be created
PW is increased 
eform that matche
al-time. 
ces of varying lev
is standard bSSFP

oral symmetry in r
y nulled along thos
for all gradients a
mpensated bSSFP
l PEs. Seq C is M
steps, and represen
ed before. M1 char
nsition to and fro

meters used in MA
8-256, 10μs Δt,60
Gmax=40 mT/m and
sequences can be s
arious RO resoluti
TR at the expense
M1 at TE can be u

n a TR per TR bas
gh not shown her
an time, as the mo
imaging: the crea

ire MRM 2010 64(6)

ch member of wav
Any M0/M1 comb
simulated using the
d, as the M1-nullin
PEs. C is a new fu

odate any desired M

Waveform Des
Daniel 

ng, Johns Hopkins

veforms with pre-d
cquisitions. A new
at the physical lim
M1 of waveforms. 
1-nulled(M1=0 mT

from [1] which sta
ar waveforms yiel
f the originals; (2) 

M1s) of individual 
tion of the wavef
cally at the gradi
o solely defined at
hm is used to 
to achieve the ta
dient amplitude G
and hardware lim

ew-rate SRmax, and
W, the algorithm
sent the max and 

M0+M1 Design: 
e boundaries of po
mily" of waveform

en all family mom
pace of attainabl
presents one of the
0,M1) combination
d by linear combin
and the process 

es desired M0 and 

vels of motion com
P, fully M0-balance
readout (RO) and
se axes at both TE
and at TR for RO
P sequences [2,3,4

1-balanced on all a
nts to our knowled
acteristics for the 

om the RF pulse w
ATLAB were: 4 
0 μs RF pulse, 3
d SR=150 mT/m/m
seen in Fig 2. The
ions can be seen in
e of control of M1 
used to generate fl
sis, especially for f
re, the design of 
ost time consumin
tion of any M0-M1

):1814.[2] Bolster JM

veform W+
family and

ination can be gen
e proposed method

ng requirements ge
fully balanced sequ
M1 (Venc) at TE for

sign With 0th 
Posfai1, J. Andrew

s School of Medicin

defined 1st momen
w method for desig

its of the gradient 
As an example, si

T/m*us2) variants t
ates that (1) the 
lds a waveform 
any desired M0 
waveforms can 

forms. The two 
ient raster time 
t the raster time 
search for the 
arget M0 given 

Gstart, Gend), start 
mitations (max 
d scanner raster 

m produces two 
min M0's (and 
Wmax and Wmin 

ossible (M0,M1) 
ms is generated 

ments are plotted 
le moments is 
e waveforms of 

n is within this 
nation of family 

repeated. The 
M1 exactly and 

mpensation were 
ed, with free M1 
d slice selection 
 and TR. Seq B 

O and SS. It is 
4] with addition 
axes at both TR 
dge an imaging 
3 sequences can b
were set equal. 
us per readout 
6x36cm2 FOV, 
ms. 
 TRs and SS to 
n Table 1.The fully
in the PE axis at T

low compensated w
fast flowing spins 
waveforms with 

ng portion of the f
1 combination is ac

MRI 1999 10(2):183.[

d W-
family, M0 and M

nerated by the app
ds: A standard bSS
et more stringent, T
uence which shoul
r phase contrast im

and 1st Mom
w Derbyshire2, and
ne, Baltimore, Ma

Canada 
 

ts (M1) can be diff
gning hardware-opt

hardware [1,2]. Th
imulations are use
that are useful for 

be seen in Table 1.

y M1-nulled seque
TR. 
waveforms or for 
[4]. The design m
a particular desir

fully M1-nulled seq
chieved by weight
[3]Bieri MRM 2005 5

Table 1. M
RO

Seq A Free
Seq B Fixed/
Seq C Fixed/

Figure 1: (A)M0
given pulse widt
maximum slew r
from Gend, in rev
with the maximu
negative wavefor
lines) and theref
Using Wmax and W
generated. For ex
segment of Wmin 
considered, they c
by linear combina

M1 are plotted and
propriate linear co
SFP; B M1-nulled 
TR increases. Note
ld have the best m

maging without sig

ment Control fo
d Daniel A. Herzka
aryland, United Sta

ficult to design.  T
timized gradient w
he method works 
d to design an effi
flow-compensated

. To retain the spin

ence C increases T

phase contrast im
methods proposed h

red M1 (e.g. with
quence is the tran
ted addition of 4 fa
54(4):901.[4] Zhou J

M1 @ TE 
O/PE/SS 

M
R

e/Free/Free Fre
/Fixed/Fixed Nu
/Fixed/Fixed Nu

0 waveform design
th (PW) and grad
rate SRmax. W2 is 
verse, at SR. (B) T
um achievable M
rms, yielding Wmi
fore automatically
Wmin, positive and

example, the first 
and then followin
circumscribe an ar
ations of members

d the space of achi
ombination of mem

bSSF ; C Fully M
e that B is similar 

moment flow-comp
gnificant increases 

or Flow Comp
a1 
ates, 2Tornado Me

These gradients are
waveforms is prese
directly on a raste
icient balanced ste
d bSSFP.  

n-echo nature of t

TR significantly, w

maging. Nulling the
here provide the fle
h a given Venc for
nsition into the suc
amily member wav
JMRI 2010 31(4):863

M1 @ TR 
RO/PE/SS Nx=
ee/Free/Free 48
ull/Free/Null 103
ull/Null/Null 142

n begins by creat
dient hardware lim
a flat waveform a

Taking the point-w
M0 and M1. The 

in. Waveforms are
y take into accoun
d negative wavefo
member of W+

fa
ng M0 design (light
rea in M0-M1 spac
s of the two famili

ievable desired M
mbers of the two f

M1-nulled bSSFP (M
to previously pub

pensation performa
in TR. 

pensated bSSF

edical Systems, Tor

e at the core of man
ented that works in
rized time scale, a

eady-state free prec

the bSSFP [5], the

while the use of tem

e M1 at TR can pre
exibility to genera
r phase contrast i
cceeding RF pulse
veforms. [1] 
3.[5] Sheffler MRM 

Transition PW
=128                  192 

80/2080 550/24
30/3180 1210/37
20/3960 1850/50

ting three separat
mitations: W1 rises
at the max gradie
wise min yields W
same treatment i

e defined at each r
nt the gradient ra
orm families, W+

fa

amily is generated b
t blue in C). When
ce that represents M
es.   

0/M1 combinations
families of wavefo
M1=0 @ TE and @
lished sequences w
ance. Additionally

FP 

ronto, Ontario, 

ny techniques such
n both logical and 
and yields complet
cession (bSSFP) 

e echo was centere

mporal symmetry i

event artifacts from
ate efficient bSSFP
imaging), does no
e. The methods ca

2003 49(2):395. 

W/TR (μs) 
                  256 pts

470 610/2470 
790 1400/4430
070 2300/6230

e waveforms for 
s from Gstart at th

ent (Gmax). W3 rise
Wmax, the waveform

s repeated for th
raster point (dotte
aster times. (C&D
amily and W-

family ar
by taking the firs
n all waveforms ar
M0/M1’s achievabl

s for a given PW i
orms. Right: Thre
@ TR for all 3 axis
with the addition o
y, both B and C ca

h 

e 

d 

n 

m 
P-
ot 
an 

a
he
es
m
he
d

D)
re
st
re
le

is
ee
s,
of
an

2307Proc. Intl. Soc. Mag. Reson. Med. 20 (2012)



 
 
    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: none
     Shift: move up by 18.00 points
     Normalise (advanced option): 'original'
      

        
     32
            
       D:20110420103841
       648.0000
       6X9
       Blank
       432.0000
          

     Tall
     1
     0
     No
     251
     241
    
     Fixed
     Up
     18.0000
     0.0000
            
                
         Both
         2
         AllDoc
         59
              

       CurrentAVDoc
          

     None
     108.0000
     Left
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1b
     Quite Imposing Plus 2
     1
      

        
     0
     1
     0
     1
      

   1
  

 HistoryList_V1
 qi2base



