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A fast, efficient numerical algorithm is used to study intermo-
lecular zero-quantum coherences (iZQCs) and double-quantum
coherences (iDQCs) in two applications where the three-dimen-
sional structure of the magnetization is important: high-resolution
NMR in inhomogeneous fields and contrast enhancement in MRI.
Simulations with up to 2 million coupled volume elements (256 3
56 3 32) show that iZQCs can significantly narrow linewidths in

the indirectly detected dimension of systems with inhomogeneous
fields and explore the effects of shape and orientation of the
inhomogeneities. In addition, this study shows that MR images
from iZQC and iDQC CRAZED pulse sequences contain funda-
mentally new contrast, and a modified CRAZED pulse sequence
(modCRAZED) can isolate the contrast from chemically inequiva-
lent spins. © 2000 Academic Press

I. INTRODUCTION

Dipolar couplings between distant spins produce addit
peaks in the indirectly detected dimension in solution t
dimensional NMR experiments (1–3). Such peaks can be u

erstood in two superficially quite different frameworks. T
ipolar field can be reduced (by a mean-field treatment)
agnetic field correction at each spin, traditionally called
ipolar demagnetizing field (4), but perhaps more accurat
alled the distant-dipole field (5) (we will use the abbreviatio
DDF” here). This approach, commonly called the “classi
r “mean-field” treatment (1, 6), produces a nonlinear versi
f the Bloch equations and has been used in a wide varie
ifferent applications (1, 4, 7). Alternatively, the dipolar cou
lings can be explicitly retained. In this case (which we h
enerally called the “quantum” or “coupled-spin” treatme

he signal arises entirely from intermolecular multiple-quan
oherences (iMQCs) (6, 8) involving spins with a macroscop
eparation.
In solution, these two treatments generally give iden

esults (6, 9); Reference (10) shows that the largest expec
rror is about 1026 of the total magnetization. Unfortunate

analytical results are generally restricted to uniformly ma
tized but nonspherical samples (6, 9) or to magnetization mod
ulated in one dimension over a much shorter distance tha
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variations in resonance frequency or magnetization den
and in many interesting applications these assumptions w
violated. For example, a tumor might have a different r
nance frequency than surrounding tissue because of the
ences in oxygen concentration; it might also have diffe
magnetization density or relaxation times. As another exam
an electromagnet (such as the 25-T Keck magnet at NHF
with a 1066-MHz proton resonance frequency) will typic
have.1 kHz residual inhomogeneity, and the field will drift
well. The DDF now becomes a complex and time-depen
function of the magnetization distribution, which robs
classical treatment of any real intuitive value. The quan
treatment retains some (qualitative) predictive power in
limit: intermolecular zero-quantum coherences (iZQCs)
expected to refocus the long-range component of the inh
geneous broadening or to monitor local resonance frequ
gradients. Experiments have shown that iZQCs can give
mogeneous NMR spectra even in inhomogeneous mag
fields (11) and can provide MRI contrast enhancement boin
vivo and in vitro (12). However, quantitative predictions
ignal intensity in this limit would be difficult and have n
een published.
Recently Ensset al. have proposed an efficient numeri
ethod that predicts dipolar field effects in structured m

13). Here we use this method to present the first quantit
nalysis of the expected line narrowing from iZQCs in in
ogeneous fields and explore the effects of shape and

ation of the inhomogeneities. In addition, this study shows
R images from appropriately designed iZQC and iD
RAZED pulse sequences contain fundamentally new

rast, and a modified CRAZED pulse sequence (modCRAZ
an isolate the contrast from chemically inequivalent spin

II. PROPERTIES OF INTERMOLECULAR
MULTIPLE-QUANTUM COHERENCES

The properties ofintramolecular multiple-quantum cohe
ences have been known for some time, but their applicatio
1090-7807/00 $35.00
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2 GARRETT-ROE AND WARREN
been limited in solution to systems that areJ-coupled with
pins separated by distances on the order of Angstroms.Inter-
olecular multiple-quantum coherences, however, which

he long-range dipolar coupling between distant spins, ca
bserved in nearly all NMR samples and can probe
acroscopic properties. Applying iZQCs to high-resolu
MR in inhomogeneous fields allows measurement of

elative inhomogeneity between two spins, rather than the
nhomogeneity of the system, which could give a signific
ine narrowing. In MR imaging, the evolution of iZQCs at
ifference in chemical shift between two spins introduc

undamentally new and potentially useful source of contr
Figure 1 gives the iZQC and iDQC CRAZED and modifi
RAZED pulse sequences. In this section we briefly rev

he application of the quantum picture for such sequen
ecause as noted earlier the classical picture does not giv
imple results for highly modulated magnetization. The q
um picture for how the CRAZED pulse sequence can c
ignal from multiple-quantum operators after only two pu
egins by dropping the usual high-temperature approxim

o the density matrix. Reference (6) starts from the exa
ensity matrix,

FIG. 1. a: Diagram of the iZQC CRAZED (or HOMOGENIZED) pul
equence, used in both imaging and spectroscopy simulations in this
radient pulses are shown in white and RF pulses in black. b: Diagram

DQC CRAZED sequence. Note that the final 180 pulse does not bise
nal time interval; the iDQC evolution timetdq must be balanced by

single-quantum evolution time of 2*tdq as discussed in the text. c and
Modified versions of the iZQC and iDQC sequences (respectively), w
refocus chemical shift evolution intzq or tdq. These “modCRAZED” sequenc
eliminate chemical shift evolution as a contrast mechanism.
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req 5 22~N1M! P
i

N

~1 2 I II zi! 3 P
k

M

~1 2 ISSk!, [1]

hereI I 5 2 tanh(\v I / 2kT) and IS 5 2 tanh(\vS/ 2kT).
Although Eq. [1] is entirely general, for this paper theI andS
pins have the same gyromagnetic ratio but different La
requencies (i.e.,v I Þ vS). In this description, the equilibriu
density matrix contains multiple spin terms such asI ziI zj (as
well as higher order terms), where thei and j indices indicat
spins on separate molecules.

Reference (6) analytically solves the double-quantum coh
ence case of the CRAZED pulse sequence including all
tispin terms, but Ref. (2) shows that even a two-spin calcu
tion gives a fairly accurate prediction on a short time scale
gives the essential insight into the spins’ behavior (which i
we desire here). The first RF pulse rotates the two-spin
netization into the transverse plane, creating iDQCs
iZQCs, for example

I ziSzjO¡

90x

I yiSyj. [2]

Because the gradient int 1 is unmatched int 2, only the iZQC
terms in t 1 will survive spatial averaging. The zero-quant
operators have two symmetries,

I i
1Sk

2 1 I i
2Sk

1 5 2@I xiSxk 1 I yiSyk#

I i
1Sk

2 2 I i
2Sk

1 5 2i @I yiSxk 2 I xiSyk#. [3]

hemical shift evolution int 1 gives

@I i
1Sk

2 1 I i
2Sk

1#cos~t1~Dv I 2 DvS!!

5 2@I xiSxk 1 I yiSyk#cos~t1~Dv I 2 DvS!!

@I i
1Sk

2 2 I i
2Sk

1#sin~t1~Dv I 2 DvS!!

5 2i @I yiSxk 2 I xiSyk#sin~t1~Dv I 2 DvS!!. [4]

The dipolar Hamiltonian can only make single-quantum, m
tispin terms observable, so the terms that will lead to obs
able magnetization after the second RF pulse (45x) are

5
I xiI xj 1 I yiI yj

I xiI yj 2 I yiI xj

I xiSxk 1 I yiSyk

I xiSyk 2 I yiSxk

O¡

45x 5
I yiI zj 1 I ziI yj

I xiI zj 2 I xiI zj

I yiSzk 1 I ziSyk

I xiSzk 2 I ziSxk.

[5]
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3NUMERICAL STUDIES OF iMQCS: NMR AND MRI
Commutation with the dipolar Hamiltonian (H dij ) gives

5
I yiI zj 1 I ziI yj

I xiI zj 2 I ziI xj

I yiSzk 1 I ziSyk

I xiSzk 2 I ziSxk

O¡

Hdij 5
I xi 1 I xj

I yi 2 I yj

I xi 1 Sxj

I yi 2 Syj.

[6]

Including the chemical shift evolution int 1, the final result i

~I xi 1 I xj!cos~0! 5 ~I xi 1 I xj!

~I yi 2 I yj!sin~0! 5 0 Jaxial peak

~I xi 1 Sxj!cos~t1~Dv I 2 DvS!!
~I yi 2 Syj!sin~t1~Dv I 2 DvS!!

Jcross peak. [7

his signal is then modulated by chemical shift evolution int 2.
There is also a symmetric contribution from theS spins (found
by reversingI and S). The signal from spins with the sam
Larmor frequency (the top lines of Eq. [7]) has an evolu
frequency of 0 Hz and is called an axial peak. The signal
spins with different frequencies has a nonzero evolution
quency and is called a cross peak.

The only difference the modCRAZED pulse sequence in
duces is ap refocusing pulse in the center oft 1. This pulse
efocuses all chemical shift evolution int 1, giving

~I xi 1 I xj!cos~0! 5 ~I xi 1 I xj!

~I yi 2 I yj!sin~0! 5 0 Jaxial peak

~I xi 1 Sxj!cos~0! 5 ~I xi 1 Sxj!
~I yi 2 Syj!sin~0! 5 ~I yi 2 Syj!

Jcross peak. [8

Thus subtracting the iZQC CRAZED signal from the m
CRAZED signal allows only the cross peak to survive.
axial peaks cancel exactly, leaving only

~I xi 1 Sxj!~1 2 cos~t1~Dv I 2 DvS!!!
~I yi 2 Syj!~2sin~t1~Dv I 2 DvS!!!

Jcross peak. [9

This simple two-spin calculation suggests that the real pa
the signal will have a maximum when the difference in ch
ical shift evolution int 1 is p rad. If, for example, the differenc
in chemical shift is 25 Hz, the maximum signal will occur
t 1 5 20 ms.

. Phase Cycling

Phase cycling compensates for artifacts with physical or
s well as artifacts inherent in the simulation and provid
ood example of the use of the quantum picture. In gen

here are three schemes for phase cycling the CRAZED
uence. The first two handle residual magnetization while

hird handles relaxation artifacts intzq. In experiments, residu
magnetization is largely a product of an imperfect excita
n
m
-

-

-
e

of
-

t

s
a

al,
e-
e

n

pulse (i.e., the first pulse is not exactlyp/2 across the enti
sample). In simulations, though, pulse accuracy is not a p
lem, and residual magnetization springs from the limited s
ple size and few helices of magnetization across the sa
When the sample is small, any chemical shift distribution
of the properties we are interested in investigating) will
tially unwind the magnetization helix, giving some resid
single-quantum signal.

This residual magnetization can be eliminated by p
cycling the first RF pulse or the correlation gradient. Chan
the sign of the first RF pulse from190 to 290 leaves th
iMQC signal unchanged but reverses the sign of the res
magnetization:

I zO¡

190x

1I y

I zO¡

290x

2I y6 5 0, [10]

but

I ziI zjO¡

ux

~I zicos~u ! 1 I yisin~u !!

3 ~I zjcos~u ! 1 I yjsin~u !!, [11]

hich shows that

I ziI zjO¡

u 5 190x

~1I yi!~1I yj! 5 I yiI yj

I ziI zjO¡

u 5 290x

~2I yi!~2I yj! 5 I yiI yj6 5 2I yiI yj.

[12]

oadding these signals eliminates the artifacts.
Alternately, Ref. (2) showed that changing the gradi

irection fromz to x or y leaves the residual magnetizat
unchanged but multiplies the DDF by21

2 (see also Eq. [24
below). For short evolution times, i.e., whenguBdut 2 # 1 (a
limit often achieved in practice), the signal is proportiona
Bd. Because changing the gradient direction does not ch
the residual magnetization, subtracting these signals rem
residual magnetization effects but retains the zero-qua
signal.

Relaxation duringtzq also creates significant artifacts.T1

effects can be removed by a third phase cycling scheme, i.
changing the second RF pulse fromu 5 45x to 2135x, which
again reverses the single-quantum signal, but does not
the axial peak of the iZQC. Examining the real and imagin
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4 GARRETT-ROE AND WARREN
parts of the result shows some of the details of this proce
T1 has created somez-magnetization at the end oft zq, then

I zO¡

ux

I zcosu 1 I ysin u. [13]

Adding the results fromu 5 45x and2135x shows that

I z~cos~45! 1 cos~2135!!

1 I y~sin~45! 1 sin~2135!! 5 0. [14]

he effect on two-spin terms is quite different, howe
gain, zero-quantum operators have two expansions.

I 1S2 1 I 2S1 5 2@I xSx 1 I ySy#

I 1S2 2 I 2S1 5 2i @I ySx 2 I xSy# [15]

Phase cycling the second RF pulse effects these two ex
sions differently. For the real pair, an arbitraryu x pulse create

I xSx 1 I ySyO¡

ux

I xSx

1 ~I ycosu 2 I zsin u !~Sycosu 2 Szsin u !

5 I vSzsin u cosu 1 I zSysin u cosu

1 unobservable terms. [1

Only two-spin, single-quantum terms can be made obser
by one commutation with the dipolar Hamiltonian, so thre
the five terms lead to no observable magnetization. Becau
product sinu cosu is positive whenu x 5 45 and2135, this
phase cycling preserves the iZQC from these terms. The i
inary pair, on the other hand, under au x pulse becomes

I ySx 2 I xSyO¡

ux

~I ycosu 2 I zsin u !Sx

2 I x~Sycosu 2 Szsin u !

5 I xSzsin u 2 I zSxsin u

1 unobservable terms. [1

Adding u x 5 45 and 2135 shows that these iZQC co
ributions from theI and S spins evolve in opposite sens
during t 1.

It is worth noting the symmetry properties of these
xpansions of the zero-quantum operators. The real pair, i
If

.

es-

le
f
the

g-

his

pulse sequence, leads to the real component of the obs
signal. For example,

I ySzO¡

Hdij

I x. [18]

The imaginary pair leads to the imaginary component o
signal

I xSzO¡

Hdij

I y. [19]

The second line in Eq. [15] has the same symmetry prope
as I z because

I z 5 2i @I x, I y#. [20]

or this reason, the same phase cycling scheme that remoI z

could remove the imaginary component of the CRAZED
nal, Eq. [17], except that the signals onI and S spins hav
different modulations int 2 in the latter case. If the evolution
t 2 is refocused, however, these imaginary signals will can

Although RF and gradient methods both are effective, t
simulations use only the RF methods.

III. SIMULATION PROGRAM

The quantum formalism gives a sense of how the p
sequences will behave, but the classical, Bloch equation
malism is much more efficient for numerical calculations.
equation of motion for the magnetization vector,M (r , t), is

­M ~r , t!

­t
5 gM ~r ! 3 HFDv

g
ẑ 1 G~ŝ z r !ŝG

1 Br~r ! 1 Bd~r !J 2
Mx~r !x̂ 1 My~r !ŷ

T2~r !

1
M0~r ! 2 Mz~r !ẑ

T1~r !
2 D¹ 2M ~r , t!. [21]

his is a partial differential equation (PDE) that must
ntegrated fromt 5 0 to t final. Most of the components of th
equation are relatively easy to handle, but the DDF and d
sion require some thought to calculate efficiently.

Equation [21] presents a set of nonlinear, coupled equa
Because these equations are nonlinear, the result of eac
step depends explicitly on the starting conditions. Dealing
the terms that create this coupling in a smart way will va
improve calculation time. For chemical shift, applied gradie
and relaxation alone, each PDE, expressed as a functionr ,
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5NUMERICAL STUDIES OF iMQCS: NMR AND MRI
is unrelated to the others, so these can be calculated dir
The radiation damping field is given by

Br~r ! 5
^My&

gM0t r
x̂ 1

^Mx&

gM0t r
ŷ, [22]

wheret r 5 1/(2phM 0Qg), h is the filling factor, andQ is the
robe Q-factor. To compute radiation damping, finding

average magnetization in the transverse plane^Mx& and^My& is
the only necessary calculation. While this term is nonlocal,
inexpensive (in terms of computer memory and CPU time
calculate it becauseBr(r ) needs to be calculated only once
time step. If the coil can be assumed to give a homogeneo
field, the radiation damping field is uniform across the sam

The expressions for the DDF and diffusion, however,
explicitly on each point’s surroundings. The complete exp
sion for the dipolar demagnetizing field is

Bd~r ! 5
m0

4p E dr *
1 2 3 cos2u rr9

2ur 2 r *u 3 @3Mz~r *!ẑ 2 M ~r *!#,

[23]

which is quite expensive to calculate in real-space becaus
nonlocal. FindingBd(r ) at each point requires integrating o
the magnetization of every other point and then repeatinfor
all other points.Similarly, the effect of diffusion at each po
depends on neighboring points. Finding a solution to this s
coupled equations is very expensive in processor time
computer memory.

Deville et al. [4] noted that this expression for the DD

FIG. 2. Schematic of the algorithm that allows efficient numerical c
Fourier spaces.
tly.
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simplifies in k-space. In essence, the DDF depends on
modulation of the magnetization in a simple way, where it
complicated expression in position.

Bd~k ! 5
m0

6
@3~k̂ z ẑ! 2 2 1#@3Mz~k !ẑ 2 M ~k !# [24]

The k-space representation gives a set of local, uncou
coordinates in which to calculate the DDF. Representing
magnetization in this set of coordinates by discrete fast Fo
transformation simplifies the calculation of the DDF
mensely. In addition, diffusion has a simple closed form
k-space,

D¹ 2M ~r !O¡

Fourier transform
2Dk2M ~k !. [25]

Unfortunately, ink-space, chemical shift and relaxation are
longer local expressions, so performing the entire calcul
in k-space is no more efficient than a calculation in real-sp
The solution to this quandary is to Fourier transform
magnetization from real-space tok-space, calculate the dipo
field and diffusion in their local coordinates, and then take
result and transform back to real-space. The final result
vast speedup—two three-dimensional Fourier transforma
in the place of the coupled equations of motion under the D
Figure 2 gives a schematic of the numerical algorithm.

This approach to the calculation brings with it several
itations and artifacts, none of which is overwhelming, but

lation of DDF effects in inhomogeneous systems by switching betwee
alcu
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6 GARRETT-ROE AND WARREN
should be taken. The first of these is a singularity atk 5 0 in
the calculation of the DDF (Eq. [24]). The DDF depends on
dot productk̂ z ẑ which is undefined whenk 5 0. TheBd (k 5
0) component corresponds to the contribution of the ave
magnetization of the sample to the dipolar field. If the sam
is a sphere, this contribution is strictly zero, and there i
error ignoring the pointk 5 0 in our calculation. When th
sample is not spherical, ignoring the contribution of the a
age magnetization is an approximation, but, as long a
sample remains nearly cubic, it is a reasonable one. Refe
(13) corrects Eq. [24] for these residual effects, but the
rection is small in most CRAZED-type experiments.

The next requirement on the calculation springs from
periodic nature of the DFFT. Taking the discrete Fourier tr
form of a sample is mathematically equivalent to replacing
sample with a periodically repeated array of samples
prevent anomalous edge effects, the sample must be
rounded by empty space. So as long as this zero-pa
creates a “period” that is sufficiently long, the artifacts will
minimal. We have recently shown that the error due to e
effects and limited sample size are quite minimal (13).

A fifth-order Cash–Karp Runge–Kutta formula performs
ntegrations in the majority of these calculations. This me
aries the step size based on an estimate of truncation
alancing calculation speed and numerical accuracy. The
ulations are generally performed in double precision, an
runcation error is kept below 1025. Memory requiremen
limit sample size to approximately 64 by 64 by 32 grid po
(between 1 and 10 h, on average, using 77 Mbytes of mem
for one-component systems or 32 by 32 by 64 grid point
systems with two spin species (different gyromagnetic ra
for example). When calculations are single precision and
the less accurate, slower Euler method integration, how
sample sizes of up to 256 by 256 by 32 become possible
reasonable amount of time (approximately 20 h using
Mbytes of memory).

The code for these simulations was written in Fortran an
with several user-interface applications in the scripting
guage Python. Silicon Graphics Indigo-2 XZ workstations
these calculations. These took between 1 and 38 h to com
depending on sample size, number of time steps, and,
importantly, the chemical shift distribution. When there
large distribution of chemical shifts in the sample, the inte
tion step size decreases in order to maintain numerical
racy, and the calculation time increases concomitantly. M
provided postcalculation processing and visualization too

In all cases, global parameters (uniform for all points in
sample) included temperature, magnetic field, radiation d
ing time, and gyromagnetic ratio (up to two kinds of sp
available). Five parameters could be set arbitrarily for e
point in sample including spin density, diffusion constant,T1,
T2, and chemical shift.
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IV. NMR IN INHOMOGENEOUS FIELDS

The first set of simulations examines iZQC as applie
high-resolution NMR in inhomogeneous magnetic fields.
example, in an electromagnet iZQCs can significantly na
linewidths in the indirectly detected dimension of samples
inhomogeneous broadening, as seen in preliminary ex
ments (11). We wish to quantify the expected narrowing

ifferent spatial distributions.
For these simulations, the sample is a 24-point cube

ounded by 4 points of empty space. Each side of the sam
pproximately 1 mm long. The zero-quantum coherence

tzq, was incremented in 3.33-ms steps for a total 192
acquisition time. The residual inhomogeneous broadenin
plies that full two-dimensional spectra can be replaced
one-dimensional spectra in the indirectly detected dimen
since only points near the peak of the echo have signifi
signal. Twop pulses refocus the signal int 2, and onlyt 1 is
varied during the experiment. In a general two-dimensi
experiment, the signal observed int 2 takes the form

S5 O
i

Si~t1, t2! 5 O
i

f i~t1, t2! z exp~iDv i t2!, [26]

hereSi is the signal from thei th spin species,f i(t 1, t 2) is an
arbitrary function oft 1 andt 2, andDv i is the chemical shift (i
the rotating frame). In this specific case, thep pulses int 2

refocus the effects of chemical shift evolution, giving

S5 O
i

f i~t1, t2! z exp~0! 5 C~t2! z f i~t1!. [27]

ere C(t 2) is a constant determined by the refocusing p
chosen int 2. In this way, the two-dimensional time domain
a delta function int 2 and a periodic function int 1. In the cas
of iZQCs, the amplitude constantC(t 2) represents the comp-
tition between the growing signal from the action of mult
commutations with the dipolar Hamiltonian and damping
fects of relaxation. The first of these increases in amplitud
to a maximum at 2.6td, wheretd is the dipolar demagnetizin
time (11), but is simultaneously reduced by bothT1 andT2. In
hese samplesT1 andT2 were set at the common experimen
values of 1 s each. The final point chosen int 2 was the
observed maximum in the signal.

Three different types of samples and several inhomoge
distributions were investigated. Each sample type prese
more ambitious experiment with increasing demands on i
CRAZED pulse sequence performance. The first sample
one-component system, the second is an equimolar, two
ponent system, and third is a solvent–solute two-compo
system (111 M solvent, 1 M solute). The second two syste
consist of homonuclear spins with a 25-Hz chemical
difference.
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7NUMERICAL STUDIES OF iMQCS: NMR AND MRI
The inhomogeneities are modeled as either a linear
Gaussian chemical shift inhomogeneity along either thez- or
the x-axis. The linear inhomogeneous broadening is, es
tially, a permanent gradient along the axis of choice, an
points in a slice normal to that axis have the same reson
frequency. The Gaussian distribution is made by generat
string of numbers with a normal distribution around zero
standard deviation,s 5 25 Hz, via a random number gene
tor. This one-dimensional array is mapped onto the volum
the sample by first increasing thex index, theny, and, last,z.
Because of this construction, there is a chemical offset gra
of approximately 0.1 Hz across thex-direction, 2 Hz across th
y-direction, and roughly 50 Hz across thez-direction. Becaus
the z-modulation is much stronger (an order of magnit
greater) than the other offsets, this adequately approxima
Gaussian distribution along thez-direction. Also, note tha
there are large deviations in chemical shift at the top
bottom corners of the sample with very high and very
frequency components, respectively, on the scale of6100 Hz.

A. Line-Narrowing

As Fig. 3 through Figs. 4a and 4b show, iZQCs significa
narrow linewidths in the indirectly detected dimension. In e
figure, the conventional one-quantum signal overlays the
rectly detected dimension (F 2) spectrum. Figures 3a and
show a 50-Hz linear gradient along thez-axis, while Figs. 3
and 4b show the spectrum of a sample with a Gaussian d
bution (s 5 25 Hz) along thez-axis. The proton resonan
frequency in Fig. 3 is 165 MHz, which corresponds to a fi
strength of 3.9 T, while in Fig. 4 it is 600 MHz, or 14.7 T. T

FIG. 3. Comparisons of SQ and iZQC CRAZED linewidths for a o
component system. These samples have inhomogeneous broadening (
along thez-axis, (b) Gaussian along thez-axis, and (c) linear along thex-axis.
In (a) and (b) the iZQC CRAZED produces linewidths of 6 Hz (FWHM) w
the conventional spectrum linewidth is;50 Hz. In (c) the iZQC CRAZED
linewidth is .20 Hz. See text for details.
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field strength only affects the signal amplitude, which is
portional to the magnetization for single-quantum (SQ) s
tra, or the magnetization squared for iZQC spectra. The
ventional signal of the linear offset has a distortion typica
the Fourier transformation of a function with sharp edges.
SQ signal in the two-component systems consists of only
resolvable peak (as the two components’ peaks overlap s
icantly). The linear case has a FWHM linewidth of 75
while the Gaussian distribution gives a FWHM of 96 Hz.

In contrast to the broad unresolved lines of the SQC s
trum, the iZQC signal for Figs. 3a, 3b, 4a, and 4b show s
lines. The FWHM for the axial peak in all three is appro
mately 6 Hz, very nearly the broadening due to the short
acquisition time imposed by computation time constraints.
cross peaks in Fig. 4, signal from the termsI 1S2 and I 2S1,
have FWHM linewidths of 6 Hz as well.

Figure 5 shows the iZQC signal for a solvent–solute sam
Figure 5a is from an iZQC CRAZED pulse sequence for

near

FIG. 4. Comparisons of conventional spectra with iZQC CRAZED fo
equimolar two-component system, component one 0 Hz, component t
Hz. These samples have inhomogeneous broadening (a) linear along thz-axis
(50 Hz), (b) Gaussian along thez-axis (25 Hz standard deviation), and
linear along thex-axis (50 Hz). In (a) and (b) the iZQC CRAZED cross-pe
are clearly resolved. In (c) no cross peak is resolvable due to thex componen

f the spatial modulation.

FIG. 5. (a) iZQC CRAZED spectrum for a solvent–solute system (11
solvent/1 M solute) with no inhomogeneous broadening. (b) A 90–Gz–tzq–90
pulse sequence for 50-Hz line-broadened solvent–solute system effi
suppresses the solvent peak at 0 Hz and allows clear resolution of the
cross peaks atDvsolvent 2 Dvsolute (225 Hz) andDvsolute 2 Dvsolvent (25 Hz).
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8 GARRETT-ROE AND WARREN
sample under no inhomogeneous broadening. In the pre
of a 50-Hz inhomogeneous broadening, the cross peak w
longer resolvable because of the overlap with the tail o
strong solvent peak. In order to compensate for this imp
ment, a 90x pulse replaced the usual 45x pulse in the iZQC
CRAZED pulse sequence. Under the action of this 90x pulse
the zero-quantum operators that create the axial peak are
into unobservable terms,

I y1I y2 1 I x1I x2O¡

90x

I z1I z2 1 I x1I x2O¡

Hdij

0. [28]

I z1I z2 represents longitudinal two-spin order, andI x1I x2 com-
utes with the dipolar Hamiltonian. The only terms that

ive are from chemically inequivalent spins,

I ySx 2 I xSyO¡

90x

I zSx 2 I xSzO¡

Hdij

I y 2 Sy. [29]

As noted above for the iZQC CRAZED, this imaginary co
ponent would be destroyed by phase cycling the secon
pulse, so only the first pulse was phase cycled, leaving this
of spectrum vulnerable toT1 artifacts. Nevertheless, Fig.
shows very efficient suppression of the homonuclear same
signal and clearly resolved solvent–solute cross peaks
strongly inhomogeneous field.

B. Sensitivity to Structure of the Inhomogeneous Broade

There is no qualitative difference observed between
iZQC response to Gaussian or linear field variation, altho
the differences may become more apparent as the inhom
neity is significant enough to be seen through the signal
cation broadening.

One difference to which the iZQC was quite sensitive
the direction of the inhomogeneous line broadening relati
the correlation gradient. When the correlation gradient an
inhomogeneous line broadening both are linear gradi
aligned on thez-axis, and operating in opposite senses, the
a significant artifact in the FID. When the area under
correlation gradient is matched by the integral of the chem
shift offset, the inhomogeneous broadening unwraps the
netization helix established by the correlation gradient,
stroys the possibility of observing MQCs, and removes
single-quantum filter.

When the offset is perpendicular to the correlation grad
the direction of the magnetization helix (hence the D
strength) becomes time dependent. The iZQC linewidth
samples underx-axis inhomogeneous broadening are m
broader (;20 Hz, no cross peak resolved) because while
correlation gradient modulates the magnetization inz-direction
(i.e., kz Þ 0), the inhomogeneous broadening gives a m-
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lation along thex-axis (and hence a nonzerokx component)
Because the offset continually effects the spins, thekx compo-
nent steadily increases in value throughout the experim
Whenkx 5 1.4 kz, then the effective axis for the modulati
is the magic angle and the first term in the dipolar field,
[13], equals zero, destroying the iZQC signal.

V. CRAZED IMAGING

A. Intermolecular Zero-Quantum Sequences

Contrast in conventional images is dominated by spin
sity and relaxation times. The CRAZED sequence prov
several unique contrast features, as recently reported (14). For

xample, as noted in Ref. (14), iZQC signal is expected
ome from pairs of spins separated by approximately
orrelation distancedc 5 p/(gGT), whereGT is the area o
he correlation gradient pulse. Thus localized resonance
uency variations on this distance scale contribute con
his is particularly importantin vivo, because tissue oxyge
tion levels determine the resonance frequency. In additio

ypical applications this correlation distance is 50–500mm, far
smaller than typical voxel dimensions.

This set of calculations compares the relative effects of t
three parameters (spin density,T2, and resonance frequen
variation) in a simulated phantom. The bulk of the sample
by 64 by 32 grid) has the following default values: relative s
density of 0.5, a chemical shift of 0 Hz, and aT2 of 100 ms
The phantom, however, is divided into nine different ar
seven of which contain a subvolume (8 by 8 by 8) w
parameters differing from the bulk. Figure 6 describes ea
these inhomogeneities. The three regions under the dashe
contain a spin density variation, the three regions unde

FIG. 6. The phantom used in the iZQC imaging simulations (magne
tion summed along thez-axis). The sample is 64 by 64 by 32 grid points in
x, y, and z directions. Each block (a–g) is an 8 by 8 by 8 cube inside
background material. Areas inside the dashed line have spin density var
(M 0), areas inside the solid line haveT2 variations, and the blocks under
striped box have a 25-Hz chemical shift variation. The background
relative density of 0.5, a chemical shift of 0 Hz, and aT2 of 100 ms. Area (a
relative density 1, (b) relative density 0.25, (c) offset 25 Hz andT2 50 ms, (d
offset 25 Hz, (e) offset 25 Hz and density 1, (f)T2 50 ms, and (g)T2 200 ms
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9NUMERICAL STUDIES OF iMQCS: NMR AND MRI
solid line have aT2 variation, and the three under the strip
box have a 25-Hz chemical shift offset. The correlation gr
ent establishes three helices across thez-axis of the sampl
eight points per helix,dc ; 150 mm). Note that the edge

each cube is one helix apart from its neighbors to prevent
to cube interactions.

i. iZQC CRAZED images. The iZQC signal depends
the square of the magnetization (} M 0

2) and therefore emph-
sizes features with high spin density more than does a co
tional image. Each block in Fig. 6 is13 of the total slice
thickness. In a conventional image, such a block with do
the spin density and would provide a signal 11

3 times the
background. In the CRAZED experiment, the areas with a
tional spin density are more than twice as bright as the b
ground. In addition, because the signal comes from two
terms, the signal from areas with a variation in spin den
shows a rounded profile. This profile extends approxima
one half-helix pitch (i.e., four points) beyond the edge of e
cube, verifying that each cube should be nearly independe
its neighbors and will only interact strongly with the nea
background.

Because the signal derives from two-spin operators
iZQC signal decays atT2/ 2, twice as fast as convention
magnetization. Areas with shorterT2 show less signal at lon
tzq, while longerT2 areas keep more of their signal. Aga
there is some small transfer of this signal intensity to
surrounding grid points.

The most interesting source of contrast observed in
CRAZED images is resonance frequency variation. As F
shows, areas c, d, and e each have a ring around them
intensity varies withtzq. This ring is at its most negative wh
the difference between spins’ precession,t 1(Dv I 2 DvS), is p
rad (i.e.,tzq 5 20 ms). In order to see this evolution m
learly, a simpler sample was run (Fig. 8) with only a chem
hift difference in a central cube. Attzq 5 0 the ring around th

inhomogeneity shows nearly no change. Bytzq 5 20 ms the
ignal from this ring has fallen to two-thirds the level of the
f the sample, leaving a “moat” of sorts around the cente

he block. The width of this moat is approximately four g
oints, again one half-helix pitch, emphasizing that the ev

ion is due to the chemical shift difference of two distant sp

ii. The iZQC modCRAZED image.The modCRAZED im
ge gives results which are very similar to those of the iZ
RAZED images, with the exception of the chemical s

nformation. Where the iZQC CRAZED images show p
ounced signal loss near the borders of areas with diff
hemical shifts, the simulations show that thep pulse intzq

refocuses most of the signal, in agreement with the
dimensional calculation in Eq. [8]. There are, however, s
dips around areas c, d, and e (Fig. 7) where the magnetiz
is not completely refocused. This imperfect refocusing is m
likely due to the limited number of grid points near the bord
i-
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between the cubes and the background, creating small d
ences in evolution before and after thep pulse. Other than th
consideration, the modCRAZED experiment gives con
based entirely on magnetization (again} M 0

2) andT2.

iii. Subtraction images. Subtracting the CRAZED and t
modCRAZED substantiates the qualitative prediction mad
Eq. [9]. The only signal remaining in the images comes f
chemically inequivalent spins separated one half pitch o
magnetization helix. Figure 9 shows the subtraction at t
times the intensity scale of the CRAZED and modCRAZ
images. The subtraction image is almost completely spec
areas that contain spins with different offset frequencies.
total width of the excited areas in the subtraction is four po
and the signal in these areas is positive and real at all poi
the sample.

The observed maximum in the subtraction signal is attzq 5
20 ms, in agreement with the prediction that the real part o
signal would have a 12 cos(t 1(Dv I 2 DvS)) dependence
and reaches a peak value of one-third the CRAZED si
Experimentally observed iZQC CRAZED signals have a si
strength of several percent of a conventional image a
signal-to-noise ratio (SNR) of about 30 to 1 in human b
images at 4 T (15). This set of calculations predicts an obse

ble (although small) signal from this subtraction, with a S
f about 14 to 1. The SNR is reduced by a factor of 3 bec
f the smaller signal, but improved by=2 from the additiona

signal averaging.

B. Intermolecular Double-Quantum Imaging

The first demonstration that dipolar field effects could re
sample structure was published in Ref. (16), which showed tha
DQCs could be created between molecules in separated
s long as the correlation distance was greater than the
ation between the tubes. Reference (17) used Fourier decom
osition of the magnetization to explore multiple echo eff

n arbitrarily shaped samples. The firstin vivo iDQC images
ublished in Ref. (18), give much lower quality images th
ur iZQC work and had little contrast. This result would h
een anticipated from a simplistic treatment, because iD
volve at the sum of the resonance frequencies, hence
ould be expected to have much larger inhomogeneous b
ning than conventional resonances and would not revea

ial structure. In contrast, our iZQC images (12, 15) gave good
ignal-to-noise ratios and contrast which was demonst
ifferent fromT2 or T*2.
In reality, the reason for the failure of the experiment

Ref. (18) was more complex. That paper noted the existen
a sharp echo when the delay after the second pulse was
the delay between the first two pulses. This unintuitive fea
can be readily understood. After the first RF pulse a dou
quantum coherence between spins 1 and 2 (I x1I x2 2
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10 GARRETT-ROE AND WARREN
I y1I y2) evolves at the sum of the individual resonance freq-
ies (Dv1 1 Dv2), for a duration oftdq. The second RF puls

transforms this into two-spin, single-quantum coherences,
as (I x1I z2 1 I x2I z1); those coherences evolve at the sin

uantum frequencies6Dv1 and 6Dv2, respectively. After
time interval of 2*tdq, the total phase evolution is6tdq*(Dv1 2
Dv2), which depends only on the resonance frequencydiffer-
enceas in the iZQC case (even though the iDQC coher
itself evolves at the sum of the resonance frequencies). R
ence (12) proposed a modified iDQC sequence (Fig. 1b), w
has now been demonstrated to give iDQC functional im
(19). The sequence at the lower right is the direct analog o

FIG. 7. Each image isMx summed along thez-axis. The modCRAZED
RAZED images show these as well as contrast from a difference in ch
round blocks (c–e). The subtraction (three times magnified scale) isola
s, consistent with the [12 cos(t 1(Dv I 2 DvS))] prediction.
n

ch
-

e
er-
h
es
e

modCRAZED iZQC sequence, with addedp pulses to preven
resonance frequency evolution; it has been used for h
imaging as well (20).

Figure 10 compares iDQC and iZQC CRAZED images
modCRAZED images for the caset 5 10 ms. Systemat
exploration of the differences between iDQC and iZQC im
ing will be presented elsewhere. Here we note that, in
cases, the modCRAZED images lose almost all contrast
resonance frequency variations. For example, the center s
differs from its surroundings only in its resonance freque
and gives no contrast in the modCRAZED images; the
contrast is retained in the two CRAZED images.

ages show primarily contrast due to spin density (} M 0
2) andT2. The iZQC

ical shift between spins one half-helix pitch apart. This takes the form ongs
signal from chemically inequivalent spins. This signal is at a maximumtzq 5 20
im
em
tes
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11NUMERICAL STUDIES OF iMQCS: NMR AND MRI
VI. DISCUSSION

A. Inhomogeneous Field High-Resolution NMR

This technique for improving the apparent homogeneit
the magnetic field is an exciting development. Table 1 g
predictions of the performance of iZQC CRAZED perf
mance first scaled up to a 1-cm3 sample, then to an inhom-
geneous high field application. The samples simulated ar
cm3. Scaling their linear inhomogeneous broadening to a 13

active area gives a total linewidth of 500 Hz. Unlike
conventional spectrum, which relies on the absolute hom
neity of magnetic field across the sample, the iZQC CRAZ
spectrum depends only on therelative inhomogeneityof the
sample over the 150-mm correlation distance, so its linewid
will not change with sample size. The iZQC spectrum h
line broadening of only 6 Hz when the inhomogeneity is a
the z-axis and 20 Hz when it is along thex-axis.

FIG. 8. Illustration of the contrast from chemically inequivalent spins
ecreases. This signal is only significant when spins with different chemi

FIG. 9. Detail of the subtraction of the iZQC CRAZED from the m
CRAZED experiment. Note that signal comes from the region at the ed
the inhomogeneity (one half-helix pitch). The signal intensity is one-thir
iZQC CRAZED signal and scales with the number of chemically inequiv
spins.
f
s

.1

e-
D

a
g

This already significant gain should be even more
nounced in the high field application. Realistic numbers for
application (the 25-T Keck magnet at NHFML) are prese
below. In predicting these values, note that the correla
distance was reduced to 50mm (one-third the value in th
simulation, but still significantly above the 10-mm diffusion
barrier). Scaling the results from the simulation, in the pres
of a 2 kHz/cm linewidth, the iZQC CRAZED sequence sho
provide a linewidth of 10 Hz forz-axis inhomogeneity and 3
Hz for x-axis inhomogeneity. This number nearly agrees
simple calculation based on the relative chemical shift di
ence between two spins 50mm apart in this highly inhomog
neous field. In addition, the indirect dimension of the iZ
spectrum should be completely unaffected by drift in the m
netic field. Drift will affect detection of the iZQC signal, sin
it must eventually be converted into observable magnetiza
fortunately, since the dipolar interaction is unaffected by e
pulse trains, it can be removed by a multiple-echo seque

B. iZQC/iDQC CRAZED Imaging and modCRAZED
Subtraction

In general, iZQC or iDQC CRAZED imaging trades sig
intensity for improved contrast. The most interesting additi
source of contrast comes from localized resonance frequ
variations; in addition, variations in magnetization density
relaxation times give stronger contrast here than in con
tional images. The modCRAZED experiment is a varian
iZQC or iDQC imaging that removes contrast from resona
frequency variation and thus is probably most interesting
for producing reference images. The subtraction in Fig. 7
first order, at least) eliminates contrast from spin density
relaxation parameters, leaving only contrast from chem
shift differences on the distance selected by the correl
gradient.

In addition to a fundamentally new source of contrast,

chemical shift transfers signal from terms likeI ySy to I xSx the observed amplitud
shifts are one half-helix apart (i.e., the four points at the edge of the inhomogeneity)

of
e
t
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12 GARRETT-ROE AND WARREN
CRAZED image offers a new scale of “resolution.” Althou
the actual resolution of the image is limited by sensitivity,
iZQC-CRAZED experiments can specify the distance betw
correlated spins. This specificity can be resolved one or
orders of magnitude more finely than conventional image

The modCRAZED subtraction experiment has the s
source of contrast as an iZQC CRAZED experiment but
sents this contrast in what may be a more practical way.
imaginary component from the iZQC CRAZED pulse
quence also only comes from chemically inequivalent s
but it can be difficult to realize the information it carries du
the symmetry of the imaginary component. The second
pulse and the dipolar field create observable magnetizati
the form (including evolution int 1),

FIG. 10. Comparison of iDQC and iZQC CRAZED imaging experim
locks with different resonance frequency (see Fig. 6); the “X” slices sa
aximize contrast for feature comparison. Note that the modCRAZED im

ariations.
e
n
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e
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he
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F
of
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ij

@I yisin~t1~Dv I 2 DvS!! 1 Syjsin~t1~DvS 2 Dv I!!#.

[30]

n the case of a full two-dimensional experiment, these te
ould also be modulated by each spin’s frequency int 2, but

this t 2 evolution is refocused in imaging. Because sine i
odd function, the total imaginary component of the obse
signal cancels when the number of spinsi is equal toj . There
is one possible way around this—to separate theI andS spins
giving a signal profile with a dispersive peak shape. If, h
ever, the spatial resolution (voxel size) in the image is
coarse to separate theI and S spins, then the positive a
negative lobes of this peak will destructively interfere.

s, and slices through three blocks in the structure. The “Y” slices are th
le variations inT2, density, and resonance frequency. Images have been adju
es in either case remove the CRAZED edge contrast from local resonancy
ent
mp
ag
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13NUMERICAL STUDIES OF iMQCS: NMR AND MRI
The signal from the subtraction experiment, however,
even symmetry and so does not cancel. Even if spatial re
tion is insufficient to resolve all the fine features of a sam
(details on the scale of a grid point in these simulations), t
should be a differential signal increase in the voxels
contain chemically inequivalent spins separated by the c
lation distance. This phenomenon could possibly be treat
a manner similar to fMRI images, using the small increas
signal to make activation maps.

VII. CONCLUSIONS

These simulations have shown that iZQCs provide a p
tially very powerful method for removing residual inhomo
neous broadening in electromagnets, using parameter
approximate the expected distributions from real mag
They also show that iZQC imaging really does produce
damentally different contrast than does conventional ima
They suggest useful extensions of existing sequences as
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TABLE 1

SQC spectrum
(1 cm3)

iZQC spectrum
(1 cm3)

Simulation (dc
a 5 150 mm, Linewidth

600 MHz) (z) 500 Hz 6 Hz
(x) 500 Hz 20 Hz

Drift/h 0 Hz 0 Hz
Prediction (dc 5 50 mm, Linewidth

1.07 GHz) (z) 2,000 Hz 10 Hz
(x) 2,000 Hz 30 Hz

Drift/h 1,000 Hz 0 Hz

a dc is the correlation distance.
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