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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 x
256 x 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-

variations in resonance frequency or magnetization densit
and in many interesting applications these assumptions will b
violated. For example, a tumor might have a different reso
nance frequency than surrounding tissue because of the diffe
ences in oxygen concentration; it might also have differen
magnetization density or relaxation times. As another exampls
an electromagnet (such as the 25-T Keck magnet at NHFML
with a 1066-MHz proton resonance frequency) will typically
have>1 kHz residual inhomogeneity, and the field will drift as
well. The DDF now becomes a complex and time-depender

mentally new contrast, and a modified CRAZED pulse sequence
(modCRAZED) can isolate the contrast from chemically inequiva-
lent spins.  © 2000 Academic Press

function of the magnetization distribution, which robs the
classical treatment of any real intuitive value. The quantun
treatment retains some (qualitative) predictive power in thi
limit: intermolecular zero-quantum coherences (iZQCs) ar
expected to refocus the long-range component of the inhom
geneous broadening or to monitor local resonance frequen

Dipolar couplings between distant spins produce addition%rlad'ems' Experiments have ShO_W”_ that iZQCs can give he
nogeneous NMR spectra even in inhomogeneous magne

peaks in the indirectly detected dimension in solution twq: : .
dimensional NMR experimentd{3). Such peaks can be un- |g|ds (11). anql can provide MR contras.t enhancement both
derstood in two superficially quite different frameworks. Th¥!VO a;thln v]:ro_ (1;).' };!ov_\iever,I(;mbant(;t.?ft.lvmpregl(r:]nons Oft
dipolar field can be reduced (by a mean-field treatment) toopnad 'nb(la_nf]' 3(; In this imit would be difficult and have no
magnetic field correction at each spin, traditionally called tl%een published.

- . . Recently Enst al. have proposed an efficient numerical
dipolar demagnetizing field4], but perhaps more accurately . : . ) N
called the distant-dipole fielcs) (we will use the abbreviation method that predicts dipolar field effects in structured medi:

“DDF” here). This approach, commonly called the “classical(’13)' H'ere we use this mefchod to pre.sent the first quz'int.itativ
or “mean-field” treatmentl(, 6), produces a nonlinear versionanalysis of th.e expected line narrowing from iZQCs in mhg-
of the Bloch equations and has been used in a wide VarietyrB?geneous.ﬂelds and explore the gffects ‘,Jf shape and orie
different applications, 4, 7). Alternatively, the dipolar cou- tatlor_l of the mhomogeneme_s. In add|t|_on, th|§ study shov_vs the
plings can be explicitly retained. In this case (which we haydR images from appropriately designed iZQC and iDQC

RAZED pulse sequences contain fundamentally new cor

generally called the “quantum” or “coupled-spin” treatmen =
the signal arises entirely from intermolecular multiple-quantuff@St: and @ modified CRAZED pulse sequence (modCRAZEL
can isolate the contrast from chemically inequivalent spins.

coherences (iMQCs)( 8) involving spins with a macroscopic
separation.

In solution, these two treatments generally give identical
results 6, 9); Reference 10) shows that the largest expected
error is about 10° of the total magnetization. Unfortunately,
analytical results are generally restricted to uniformly magne-
tized but nonspherical samples @) or to magnetization mod- The properties ofntramolecular multiple-quantum coher-
ulated in one dimension over a much shorter distance than amces have been known for some time, but their application h:

1

I. INTRODUCTION

I1. PROPERTIES OF INTERMOLECULAR
MULTIPLE-QUANTUM COHERENCES
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" where3, = 2 tanh@iw,/2kT) and I = 2 tanh@wg/ 2KT).
b 90 %0 180 . Although Eq. [1] is entirely general, for this paper thandS
Ty ty + TE2 TER - v, \  spins haye the same gyromagnetic rgtiq but differe'n.t L'armc
4 . frequencies (i.eq, # ws). In this description, the equilibrium
ﬂ ﬂ i density matrix contains multiple spin terms suchlgk,; (as
' " well as higher order terms), where thandj indices indicate
c 9% 180 45 180 spins on separate molecules.
} Referenceg®) analytically solves the double-quantum coher-
T2 T2 T2 TE2 ' ence case of the CRAZED pulse sequence including all mu
! tispin terms, but Ref.2) shows that even a two-spin calcula-
' tion gives a fairly accurate prediction on a short time scale an
d 180 %0 180 gives the essential insight into the spins’ behavior (which is al
' we desire here). The first RF pulse rotates the two-spin ma
Irdqm Irdq/z TE2 TE2 ' netization into the transverse plane, creating iDQCs an
' iZQCs, for example
i Fal |
FIG. 1. a: Diagram of the iZQC CRAZED (or HOMOGENIZED) pulse 90,
sequence, used in both imaging and spectroscopy simulations in this paper. IziSzj - IyiSyj- [2]

Gradient pulses are shown in white and RF pulses in black. b: Diagram of the

iDQC CRAZED sequence. Note that the final 180 pulse does not bisect the

final time interval; the iDQC evolution timey, must be balanced by a

single-quantum evolution time of 23, as discussed in the text. ¢ and d: . . . .
Modified versions of the iZQC and qiDQC sequences (respectively), whic%ecau_se the_gradle_nt n is _unmatchef:l Irt, Only the iZQC
refocus chemical shift evolution in, or 74, These “modCRAZED” sequences terms int, will survive spatial averaging. The zero-quantum
eliminate chemical shift evolution as a contrast mechanism. operators have two symmetries,

+e— -Qt —

been limited in solution to systems that alecoupled with 7S+ 10Se = 2[LSact 1Sy

spins separated by distances on the order of Angstrbmes- 7Sk — 17 Sk = 2i[1,Sk — 1Sud- [3]
molecular multiple-quantum coherences, however, which use

the long-range dipolar coupling between distant spins, can
observed in nearly all NMR samples and can probe ev
macroscopic properties. Applying iZQCs to high-resolution

b . . L .
gﬁemmal shift evolution int; gives

NMR in inhomogeneous fields allows measurement of the [1Sy + 1S ]codti(Aw, — Awy))
relative inhomogeneity between two spins, rather than the total
inhomogeneity of the system, which could give a significant = 2[1Su + 1yiSydcodt (Ao, — Awy))

line narrowing. In MR imaging, the evolution of iZQCs at the

difference in chemical shift between two spins introduces a

fundamentally new and potentially useful source of contrast. = 2i[l,Si — 1Sulsin(ti(Aw, — Awg)). [4]
Figure 1 gives the iZQC and iDQC CRAZED and modified

CRAZED pulse sequences. In this section we briefly review

the application of the quantum picture for such sequencé@e dipolar Hamiltonian can only make single-quantum, mul

. . . - TiSpin terms observable, so the terms that will lead to obsen
because as noted earlier the classical picture does not give a N

: . o able magnetization after the second RF pulse)4fe
simple results for highly modulated magnetization. The quan-

tum picture for how the CRAZED pulse sequence can create

[17Sc — 17 S¢Isin(ty(Aw, — Awy))

signal from multiple-quantum operators after only two pulses Ll + 1yily; Lyl + 1,y
begins by dropping the usual high-temperature approximation Lilyi — Lyily X Ll 2 — Ll 5 5
to the density matrix. Reference)(starts from the exact LS + 1Sk 5 lyiS + 1S [5]

density matrix, LiSp — 1Sk liSac— 1S
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Commutation with the dipolar HamiltoniarH(;) gives pulse (i.e., the first pulse is not exactf2 across the entire
sample). In simulations, though, pulse accuracy is not a prol
Ll + 1l L + 1y lem, and residual magnetization springs from the limited sarr
Ll 5 = Ll dij lyi— 1y ple size and few helices of magnetization across the sampl
liSo + |Zi§/k—> L + Sy (6]  When the sample is small, any chemical shift distribution (one
lSoc — 1,iSu li— S, of the properties we are interested in investigating) will par-

tially unwind the magnetization helix, giving some residual
Including the chemical shift evolution in, the final result is Single-quantum signal.
This residual magnetization can be eliminated by phas
cycling the first RF pulse or the correlation gradient. Changin
}axial peak the sign of the first RF pulse from-90 to —90 leaves the
iIMQC signal unchanged but reverses the sign of the residu
magnetization:

(Ixi + |xj)C0iO) = (Ixi + Ixj)

(i + Sg)codty(Aw, — Awg))
(I, — S;j)sin(tl(Awl _ AC[)Q)}cross peak. (71
+90,
This signal is then modulated by chemical shift evolutiom,in l,————— +I,
There is also a symmetric contribution from tBspins (found
by reversingl and S). The signal from spins with the same —90,
Larmor frequency (the top lines of Eqg. [7]) has an evolution l,———
frequency of 0 Hz and is called an axial peak. The signal from
spins with different frequencies has a nonzero evolution fre-
guency and is called a cross peak. but
The only difference the modCRAZED pulse sequence intro-
duces is arr refocusing pulse in the center of. This pulse 0y
refocuses all chemical shift evolution g, giving il j——— (1,,c040) + 1sin(6))

=0, [10]

(Ixi + lxj)coio) = (Ixi + Ixj)

(I + Sg)cog0) = (I3 + Sy)
Iy — Sy]j)Sin(O) =(ly, — Syjj)}CrOSS peak. [8]

}axial peak X (1,c080) + Iysin(6)), [11]

which shows that

6 = +90,
Thus subtracting the iZQC CRAZED signal from the mod- L2l > (L) (Fly) = Ll

CRAZED signal allows only the cross peak to survive. The = 2]

axial peaks cancel exactly, leaving only 0 = —90,
- (_Iyi)(_lyj) = lyilyj

yityj

Izilzj

(Ii + S¢)(1 — codty(Aw, — Awy)))

(I, — S (—sint;(Aw, — Awg)) }cross peak. [9] [12]

L . . C?adding these signals eliminates the artifacts.
This simple two-spin calculation suggests that the real part o Alternately, Ref. ) showed that changing the gradient

Fhe ag_nal will havg a maximum when the d|fferenc_e in CherTi!ﬂrection fromz to x or y leaves the residual magnetization
!cal shlft_evolut!oq int, is 7 rad. If, for.examp!e, the c_ilfference unchanged but multiplies the DDF by} (see also Eq. [24]
in chemical shift is 25 Hz, the maximum signal will occur abelow). For short evolution times, i.e., whelBt, = 1 (a
t. = 20 ms. limit often achieved in practice), the signal is proportional to
B,. Because changing the gradient direction does not chan
the residual magnetization, subtracting these signals remov
Phase cycling compensates for artifacts with physical originssidual magnetization effects but retains the zero-quantu
as well as artifacts inherent in the simulation and providessignal.
good example of the use of the quantum picture. In general,Relaxation duringr,, also creates significant artifacts,
there are three schemes for phase cycling the CRAZED sffects can be removed by a third phase cycling scheme, i.e., |
guence. The first two handle residual magnetization while tikbanging the second RF pulse fraém= 45, to —135,, which
third handles relaxation artifacts i, In experiments, residual again reverses the single-quantum signal, but does not affe
magnetization is largely a product of an imperfect excitatiaie axial peak of the iZQC. Examining the real and imaginary

A. Phase Cycling
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parts of the result shows some of the details of this processplflse sequence, leads to the real component of the observ
T, has created somemagnetization at the end of,, then  signal. For example,

0 Hdij
|,——— l,cos@ + I,siné. [13] S,— | [18]

Adding the results from9 = 45, and —135, shows that The imaginary pair leads to the imaginary component of th
signal

|,(cog45) + cog—135))
+ 1,(sin(45) + sin(—135)) = 0. [14] Haij

1S, —— |, [19]

The effect on two-spin terms is quite different, however.

Again, zero-quantum operators have two expansions. The second line in Eq. [15] has the same symmetry propertie

asl, because
1'S™ +1°S"=2[I,5,+ ,§]

1*S™ = 178" = 2i[I,5,— 1.§] [15] I, = =il 1] [20]

Phase cycling the second RF pulse effects these two exprie@t this reason, the same phase cycling scheme that rerhove:

sions differently. For the real pair, an arbitratypulse creates could remove the imaginary component of the CRAZED sig:
nal, Eq. [17], except that the signals dorand S spins have

0 different modulations in, in the latter case. If the evolution in
% . . : ) .
LS+ 1,S, 1S, t, is refocused, however', these imaginary signals WI'|| cancel
Although RF and gradient methods both are effective, thes
simulations use only the RF methods.
+ (I,cos6 — 1,8in 6)(S,cos6 — S;sin )

= 1,S,5in 6 cos 6 + 1,S,sin 6 cos 6 I11. SIMULATION PROGRAM

The quantum formalism gives a sense of how the puls
sequences will behave, but the classical, Bloch equation fo
ggllism is much more efficient for numerical calculations. The

+ unobservable terms. [16]

Only two-spin, single-quantum terms can be made observa
by one commutation with the dipolar Hamiltonian, so three o
the five terms lead to no observable magnetization. Because the

product sind cos 6 is positive whend, = 45 and—135, this IM(r, 1) = yM(r) X {[A‘” 7+ G(5- r)g]
phase cycling preserves the iZQC from these terms. The imag- 9t Y

inary pair, on the other hand, undemapulse becomes

uation of motion for the magnetization vectbf(r, t), is

My ()X + My(r)y
T,(r)

+ B/(r) + Bd(r)} -
0
1,S — .S —— (I,cos0 — 1,sin 0)S, Mo(r) — My(r)z

0 — DV2M(r, t). [21]

— 1,(S,cos6 — Ssin 6 L . . . .
S S ) This is a partial differential equation (PDE) that must be

=1,Ssin6 — [,Ssin 6 integrated front = 0O to t;,,. Most of the components of this
equation are relatively easy to handle, but the DDF and diffu
+ unobservable terms. [17] sion require some thought to calculate efficiently.

Equation [21] presents a set of nonlinear, coupled equation

Adding 6, = 45 and —135 shows that these iZQC con-Because these equations are nonlinear, the result of each ti
tributions from thel and S spins evolve in opposite sensestep depends explicitly on the starting conditions. Dealing witt
duringt,. the terms that create this coupling in a smart way will vastly
It is worth noting the symmetry properties of these twanprove calculation time. For chemical shift, applied gradients
expansions of the zero-quantum operators. The real pair, in taied relaxation alone, each PDE, expressed as a function of
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‘ Magnetization field at every grid point:
|

[ I
Chemical - Radiation .
Relaxation
Shift : Damping '
v DDF:
Diffusion:
mrr] [eer]
Perix_rative
) v
’7 Advance magnetization vector:

FIG. 2. Schematic of the algorithm that allows efficient numerical calculation of DDF effects in inhomogeneous systems by switching between re
Fourier spaces.

is unrelated to the others, so these can be calculated direcsiynplifies in k-space. In essence, the DDF depends on th
The radiation damping field is given by modulation of the magnetization in a simple way, where it is
complicated expression in position.
M M
oy = M) o M)
YMoT: YMoT;

[22]
w ~roa -
Ba(k) =5 [3(k-2)? ~ 1][3M,(K)2 = M(K)]  [24]

wherer, = 1/(2mmM,Qy), m is the filling factor, andQ is the

probe Q-factor. To compute radiation damping, finding therhe k-space representation gives a set of local, uncouple
average magnetization in the transverse plang and(M,) i coordinates in which to calculate the DDF. Representing th
the only necessary calculation. While this term is nonlocal, it [ gnetization in this set of coordinates by discrete fast Fourie
inexpensive (in terms of computer memory and CPU time) {pansformation simplifies the calculation of the DDF im-

calculate it becausB,(r) needs to be calculated only once pefensely. In addition, diffusion has a simple closed form i
time step. If the coil can be assumed to give a homogeneous IBEpace

field, the radiation damping field is uniform across the sample.

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

Fourier transform
DV2M(r) —Dk*M (k). [25]

By(r) = Mo dr’ 1-3 coszgrr, [3M(r")Z — M(r')], Unfortunately, ink—spgce, chemical sh.ift and relaxation are na
4m 2lr —r'| longer local expressions, so performing the entire calculatio
[23] in k-space is no more efficient than a calculation in real-spact
The solution to this quandary is to Fourier transform the
which is quite expensive to calculate in real-space because itiagnetization from real-space kespace, calculate the dipolar
nonlocal. FindingB4(r) at each point requires integrating ovefield and diffusion in their local coordinates, and then take the
the magnetization of every other point and then repedting result and transform back to real-space. The final result is
all other points.Similarly, the effect of diffusion at each pointvast speedup—two three-dimensional Fourier transformatior
depends on neighboring points. Finding a solution to this setiafthe place of the coupled equations of motion under the DDF
coupled equations is very expensive in processor time aRmjure 2 gives a schematic of the numerical algorithm.

computer memory. This approach to the calculation brings with it several lim-
Deville et al. [4] noted that this expression for the DDFitations and artifacts, none of which is overwhelming, but care
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should be taken. The first of these is a singularitk at 0 in IV. NMR IN INHOMOGENEOUS FIELDS
the calculation of the DDF (Eq. [24]). The DDF depends on the
dot product - 2 which is undefined whek = 0. TheB, (k = The first set of simulations examines iZQC as applied tc

0) component corresponds to the contribution of the averaggh-resolution NMR in inhomogeneous magnetic fields. Fo
magnetization of the sample to the dipolar field. If the sampf&@MPple, in an electromagnet iZQCs can significantly narrov
is a sphere, this contribution is strictly zero, and there is g€widths in the indirectly detected dimension of samples witf
error ignoring the poink = 0 in our calculation. When the NhoMogeneous broadening, as seen in preliminary expet

sample is not spherical, ignoring the contribution of the avefients (1). We wish to quantify the expected narrowing for

age magnetization is an approximation, but, as long as tw%erent spatial distributions.

. A or these simulations, the sample is a 24-point cube su
sample remains nearly cubic, it is a reasonable one. Referep&:&nded by 4 points of empty space. Each side of the sample
(13) corrects Eqg. [24] for these residual effects, but the co y=p Py space. P

T ; : 5'pproximately 1 mm long. The zero-quantum coherence time
rection is small in most CRAZED-type experiments. T, Was incremented in 3.33-ms steps for a total 192-m

The next requirement on the calculation springs from the. . isition time. The residual inhomogeneous broadening in
periodic nature of_the DFFT. Takmg the_d|screte Founer_ tranal-Ies that full two-dimensional spectra can be replaced witl
form of a sample is mathematically equivalent to replacing thge.gimensional spectra in the indirectly detected dimensiol
sample with a periodically repeated array of samples. Tghce only points near the peak of the echo have significal
prevent anomalous edge effects, the sample must be Sjgmal. Twow pulses refocus the signal i, and onlyt, is
rounded by empty space. So as long as this zero-paddipgied during the experiment. In a general two-dimensionz
creates a “period” that is sufficiently long, the artifacts will b@xperiment, the signal observedtintakes the form
minimal. We have recently shown that the error due to edge
effects and limited sample size are quite minintes)(

A fifth-order Cash—Karp Runge—Kutta formula performs the
integrations in the majority of these calculations. This method
varies .the step size based on an estlm'ate of truncation er\r/(\?rr],ereSi is the signal from théth spin species(t,, t,) is an
balancing calculation speed and numerical accuracy. The cal-. : . ; e

. . . rbitrary function ot, andt,, andAw, is the chemical shift (in
culations are generally performed in double precision, and the

; i is keot bel 0 M ) e rotating frame). In this specific case, threpulses int,
runcation error 1S kept below emory requirements .. s the effects of chemical shift evolution, giving

limit sample size to approximately 64 by 64 by 32 grid points

(between 1 and 10 h, on average, using 77 Mbytes of memory)

for one-component systems or 32 by 32 by 64 grid points for S= 2 fi(ty, to) - exp(0) = C(t;) - fi(ty). [27]
systems with two spin species (different gyromagnetic ratios, '

for example). When calculations are single precision and use

the less accurate, slower Euler method integration, howeveere C(t>) is a constant determined by the refocusing poin
sample sizes of up to 256 by 256 by 32 become possible if20Sen it.. In this way, the two-dimensional time domain is
reasonable amount of time (approximately 20 h using 1§>0d_elta function |rt2.and a periodic function im,. In the case
Mbytes of memory). of iZQCs, the amplitude consta@Xt,) represents the compe

The code for these simulations was written in Fortran and Ei:tion between the growing signal from the action of multiple

with several user-interface applications in the scripting la ommutations with the dipolar Hamiltonian and damping ef

. . ) . ects of relaxation. The first of these increases in amplitude u
guage Python. Silicon Graphics Indigo-2 XZ workstations Al maximum at 2.6,, wherer, is the dipolar demagn%tizing

these cglculatlons. TheS(_e took between 1' and 38 h to compl ﬁ%e (11), but is simultaneously reduced by batandT,. In
depending on sample size, number of time steps, and,

. . TR . se sample§, andT, were set at the common experimental
importantly, the chemical shift distribution. When there is Balues & 1 s each. The final point chosen iy was the

large distribution of chemical shifts in the sample, the integray,carved maximum in the signal.
tion step size decreases in order to maintain numerical acCutpee different types of samples and several inhomogenei
racy, and the calculation time increases concomitantly. Matlglsriputions were investigated. Each sample type presents
provided postcalculation processing and visualization t00ls.more ambitious experiment with increasing demands on iZQ
In all cases, global parameters (uniform for all points in theRAZED pulse sequence performance. The first sample is
sample) included temperature, magnetic field, radiation danghe-component system, the second is an equimolar, two-cor
ing time, and gyromagnetic ratio (up to two kinds of spinponent system, and third is a solvent—solute two-componel
available). Five parameters could be set arbitrarily for eaglystem (111 M solventl M solute). The second two systems
point in sample including spin density, diffusion constant, consist of homonuclear spins with a 25-Hz chemical shif
T,, and chemical shift. difference.

S= E S(ty, tp) = E fi(ty, to) - explidwity),  [26]
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FIG. 3. Comparisons of SQ and iZQC CRAZED linewidths for a one- FIG. 4. Comparisons of conventional spectra with iZQC CRAZED for an

: . equimolar two-component system, component one 0 Hz, component two Z
component system. These samples have inhomogeneous broadening (a) | B . )
; : . ) g Z. These samples have inhomogeneous broadening (a) linear alangtise
along thez-axis, (b) Gaussian along tlzeaxis, and (c) linear along theaxis.

. . . . (50 Hz), (b) Gaussian along theaxis (25 Hz standard deviation), and (c)
lﬂéagoan’:igt’i)ot:ael 'i%itﬁ;'“ﬁfgvfﬁdf:; anev:lrl]dE:)s :’r':f igggvg:x%ggnelinear along thec-axis (50 Hz). In (a) and (b) the iZQC CRAZED cross-peaks
. e P . ' are clearly resolved. In (c) no cross peak is resolvable due to tioenponent
linewidth is >20 Hz. See text for details. . .
of the spatial modulation.

The inhomogeneities are modeled as either a linear orfield strength only affects the signal amplitude, which is pro-
Gaussian chemical shift inhomogeneity along eitherzher portional to the magnetization for single-quantum (SQ) spec
the x-axis. The linear inhomogeneous broadening is, esséra, or the magnetization squared for iZQC spectra. The cor
tially, a permanent gradient along the axis of choice, and &kntional signal of the linear offset has a distortion typical of
points in a slice normal to that axis have the same resonanice Fourier transformation of a function with sharp edges. Th
frequency. The Gaussian distribution is made by generatings® signal in the two-component systems consists of only on
string of numbers with a normal distribution around zero an@solvable peak (as the two components’ peaks overlap sign
standard deviationy = 25 Hz, via a random number generaicantly). The linear case has a FWHM linewidth of 75 Hz,
tor. This one-dimensional array is mapped onto the volume while the Gaussian distribution gives a FWHM of 96 Hz.
the sample by first increasing tixendex, theny, and, lastz. In contrast to the broad unresolved lines of the SQC spe
Because of this construction, there is a chemical offset gradiénm, the iZQC signal for Figs. 3a, 3b, 4a, and 4b show shar
of approximately 0.1 Hz across tiedirection, 2 Hz across the lines. The FWHM for the axial peak in all three is approxi-
y-direction, and roughly 50 Hz across thelirection. Because mately 6 Hz, very nearly the broadening due to the short tote
the z-modulation is much stronger (an order of magnitudacquisition time imposed by computation time constraints. Th
greater) than the other offsets, this adequately approximatesrass peaks in Fig. 4, signal from the teriiS™ and| S,
Gaussian distribution along thedirection. Also, note that have FWHM linewidths of 6 Hz as well.
there are large deviations in chemical shift at the top andFigure 5 shows the iZQC signal for a solvent—solute sample
bottom corners of the sample with very high and very lowigure 5a is from an iZQC CRAZED pulse sequence for the
frequency components, respectively, on the scate D30 Hz.

A. Line-Narrowing 032 12/ b
As Fig. 3 through Figs. 4a and 4b show, iZQCs significantly 45 ] 0.8
narrow linewidths in the indirectly detected dimension. In each /’ 04
figure, the conventional one-quantum signal overlays the indi- 01 . ' J\)
rectly detected dimensior-§) spectrum. Figures 3a and 4a A

. . . R ) -100 0 100 Hz 0 -100 0 100 Hz
show a 50-Hz linear gradient along theaxis, while Figs. 3b

and 4b show the spectrum of a sample with a Gaussian distriE'C: 5 (8) iZQC CRAZED spectrum for a solvent-solute system (111 M

. _ . solvent/1 M solute) with no inhomogeneous broadening. (b) A 90230
bution (o = 25 Hz) along thez-axis. The proton resonancepulse sequence for 50-Hz line-broadened solvent—solute system efficient

frequency in Fig. 3 is 165 MHz, which corresponds to a fielglppresses the solvent peak at 0 Hz and allows clear resolution of the iZG
strength of 3.9 T, while in Fig. 4 it is 600 MHz, or 14.7 T. Thecross peaks abwsoyen — Aweoe (—25 Hz) andAwgue — Awsoven (25 Hz).
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sample under no inhomogeneous broadening. In the presence
of a 50-Hz inhomogeneous broadening, the cross peak was no
longer resolvable because of the overlap with the tail of the
strong solvent peak. In order to compensate for this impedi-
ment, a 9Q pulse replaced the usual 4pulse in the iZQC
CRAZED pulse sequence. Under the action of thig poOise,

the zero-quantum operators that create the axial peak are turned
into unobservable terms,

90, H g

|y1|y2+ |x1|x2—)|zl|22+ Ix1|x2—)0- [28]

FIG. 6. The phantom used in the iZQC imaging simulations (magnetiza-
tion summed along the-axis). The sample is 64 by 64 by 32 grid points in the
| 41, represents longitudinal two-spin order, ahgd,, com x, y, andz directions. Each block (a—g) is an 8 by 8 by 8 cube inside the
mutes with the dipolar Hamiltonian. The onIy terms that subackground material. Areas inside the dashed line have spin density variatio
vive are from chemically inequivalent spins, (My), areas inside the solid line havg variations, and the blocks under the
striped box have a 25-Hz chemical shift variation. The background has
relative density of 0.5, a chemical shift of 0 Hz, and@ aof 100 ms. Area (a)
90, Hdij relative density 1, (b) relative density 0.25, (c) offset 25 Hz ap&0 ms, (d)
,S5-LS,—— |y — Sy [29] offset 25 Hz, (e) offset 25 Hz and density 1, T) 50 ms, and (g), 200 ms.

|y3<_ Ixsy

As noted above for the iZQC CRAZED, this imaginary comlation along thex-axis (and hence a nonzeky component).
ponent would be destroyed by phase cycling the second Because the offset continually effects the spins kheompo
pulse, so only the first pulse was phase cycled, leaving this typ@nt steadily increases in value throughout the experimer
of spectrum vulnerable td, artifacts. Nevertheless, Fig. 5bWhenk, = 1.4k,, then the effective axis for the modulation
shows very efficient suppression of the homonuclear same-sisithe magic angle and the first term in the dipolar field, Eq
signal and clearly resolved solvent—solute cross peaks illal, equals zero, destroying the iZQC signal.
strongly inhomogeneous field.

V. CRAZED IMAGING
B. Sensitivity to Structure of the Inhomogeneous Broadening

. o . . Intermolecular Zero-Quantum Sequences
There is no qualitative difference observed between thAe Q q

iZQC response to Gaussian or linear field variation, althoughContrast in conventional images is dominated by spin der
the differences may become more apparent as the inhomogjér and relaxation times. The CRAZED sequence provide
neity is significant enough to be seen through the signal truseveral unique contrast features, as recently repotiéd For
cation broadening. example, as noted in Refl4), iZQC signal is expected to
One difference to which the iZQC was quite sensitive waome from pairs of spins separated by approximately th
the direction of the inhomogeneous line broadening relative torrelation distancel, = «/(yGT), whereGT is the area of
the correlation gradient. When the correlation gradient and ttiee correlation gradient pulse. Thus localized resonance fr
inhomogeneous line broadening both are linear gradiengsiency variations on this distance scale contribute contras
aligned on thez-axis, and operating in opposite senses, thereTis is particularly importanin vivo, because tissue oxygen-
a significant artifact in the FID. When the area under thation levels determine the resonance frequency. In addition, |
correlation gradient is matched by the integral of the chemidgpical applications this correlation distance is 50—p®0, far
shift offset, the inhomogeneous broadening unwraps the magaaller than typical voxel dimensions.
netization helix established by the correlation gradient, de-This set of calculations compares the relative effects of thes
stroys the possibility of observing MQCs, and removes ttliaree parameters (spin densifl;, and resonance frequency
single-quantum filter. variation) in a simulated phantom. The bulk of the sample (6-
When the offset is perpendicular to the correlation gradieity 64 by 32 grid) has the following default values: relative spin
the direction of the magnetization helix (hence the DDEH#ensity of 0.5, a chemical shift of 0 Hz, andla of 100 ms.
strength) becomes time dependent. The iZQC linewidths fdhe phantom, however, is divided into nine different areas
samples undex-axis inhomogeneous broadening are muckeven of which contain a subvolume (8 by 8 by 8) with
broader 20 Hz, no cross peak resolved) because while tiparameters differing from the bulk. Figure 6 describes each ¢
correlation gradient modulates the magnetizatior-dlirection these inhomogeneities. The three regions under the dashed |
(i.e., k, # 0), the inhomogeneous broadening gives a modaoontain a spin density variation, the three regions under th
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solid line have ar, variation, and the three under the stripetbetween the cubes and the background, creating small diffe
box have a 25-Hz chemical shift offset. The correlation gradénces in evolution before and after theulse. Other than this
ent establishes three helices across #faxis of the sample consideration, the modCRAZED experiment gives contras
(eight points per helixd, ~ 150 um). Note that the edge of based entirely on magnetization (agairM) andT,.

each cul?e is one helix apart from its neighbors to prevent cubg;; g ptraction images. Subtracting the CRAZED and the
to cube interactions. modCRAZED substantiates the qualitative prediction made b

i. iZQC CRAZED images. The iZQC signal depends onEg. [9]. The only signal remaining in the images comes frormn
the square of the magnetization (M3) and therefore empha chemically inequivalent spins separated one half pitch of th
sizes features with high spin density more than does a convemagnetization helix. Figure 9 shows the subtraction at thre
tional image. Each block in Fig. 6 i§ of the total slice times the intensity scale of the CRAZED and modCRAZED
thickness. In a conventional image, such a block with douhblmages. The subtraction image is almost completely specific t
the spin density and would provide a signaj fimes the areas that contain spins with different offset frequencies. Th
background. In the CRAZED experiment, the areas with addétal width of the excited areas in the subtraction is four points
tional spin density are more than twice as bright as the badad the signal in these areas is positive and real at all points
ground. In addition, because the signal comes from two-sgime sample.
terms, the signal from areas with a variation in spin density The observed maximum in the subtraction signal is,at
shows a rounded profile. This profile extends approximate® ms, in agreement with the prediction that the real part of th
one half-helix pitch (i.e., four points) beyond the edge of eactignal would have a - cosf;(Aw, — Aws)) dependence,
cube, verifying that each cube should be nearly independentaoid reaches a peak value of one-third the CRAZED signa
its neighbors and will only interact strongly with the nearb¥xperimentally observed iZQC CRAZED signals have a signa
background. strength of several percent of a conventional image and

Because the signal derives from two-spin operators, thinal-to-noise ratio (SNR) of about 30 to 1 in human brair
iZQC signal decays al,/2, twice as fast as conventionalimages &4 T (15). This set of calculations predicts an observ-
magnetization. Areas with short&, show less signal at long able (although small) signal from this subtraction, with a SNF
T, While longerT, areas keep more of their signal. Againpf about 14 to 1. The SNR is reduced by a factor of 3 becaus
there is some small transfer of this signal intensity to thef the smaller signal, but improved by2 from the additional
surrounding grid points. signal averaging.

The most interesting source of contrast observed in the
CRAZED images is resonance frequency variation. As Fig. 7
shows, areas c, d, and e each have a ring around them wh%s

intensity varies withr,q. This ring is at its most negative when e first demonstration that dipolar field effects could revea
the d!fference between spins’ precesslq(vlal)l - Aws), IST  sample structure was published in Ré6), which showed that
rad (i.e.,7,, = 20 ms). In order to see this evolution MOren5 g could be created between molecules in separated tub
clearly, a simpler sample was run (Fig. 8) with only a chemicgk 5nq as the correlation distance was greater than the sej
shift difference in a central cube. A, = 0 the ring around the | tion petween the tubes. Referent®)(used Fourier decom-
inhomogeneity shows nearly no change. By = 20 ms the ,qition of the magnetization to explore multiple echo effect:
signal from this ring _has fallen to two-thirds the level of the regf, arbitrarily shaped samples. The fiiatvivo iDQC images,
of the sample, leaving a “moat” of sorts around the center g hjished in Ref. 18), give much lower quality images than
the block. The width of this moat is approximately four griq, ;- j7oc work and had little contrast. This result would have
points, again one half-helix pitch, emphasizing that the evoljgen anticipated from a simplistic treatment, because iDQC
tion is due to the chemical shift difference of two distant sping,,qjve at the sum of the resonance frequencies, hence th
ii. TheiZQC modCRAZED image.The modCRAZED im- would be expected to have much larger inhomogeneous broa
age gives results which are very similar to those of the iZQ€hing than conventional resonances and would not reveal sp
CRAZED images, with the exception of the chemical shifial structure. In contrast, our iZQC imagel2( 15 gave good
information. Where the iZQC CRAZED images show prosignal-to-noise ratios and contrast which was demonstrab
nounced signal loss near the borders of areas with differatitferent fromT, or T%.
chemical shifts, the simulations show that thepulse in,, In reality, the reason for the failure of the experiments in
refocuses most of the signal, in agreement with the onRef. (18) was more complex. That paper noted the existence ¢
dimensional calculation in Eq. [8]. There are, however, smallsharp echo when the delay after the second pulse was twi
dips around areas c, d, and e (Fig. 7) where the magnetizatiba delay between the first two pulses. This unintuitive featur
is not completely refocused. This imperfect refocusing is mosan be readily understood. After the first RF pulse a double
likely due to the limited number of grid points near the bordeiguantum coherence between spins 1 and 121,64 —

éntermolecular Double-Quantum Imaging
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Modcrazed ZQ Crazed Subtraction

=0 ms
Zq

t

=10ms

Zq

t

=20 ms
Zq

t

=30 ms

o
™

—

FIG. 7. Each image i, summed along the-axis. The modCRAZED images show primarily contrast due to spin densityl{) and T,. The iZQC
CRAZED images show these as well as contrast from a difference in chemical shift between spins one half-helix pitch apart. This takes the fornysf da
around blocks (c—e). The subtraction (three times magnified scale) isolates signal from chemically inequivalent spins. This signal is at a maximam at
ms, consistent with the [+ cost,(Aw, — Aws))] prediction.

l,:1y,) evolves at the sum of the individual resonance frequemodCRAZED iZQC sequence, with addetbulses to prevent
cies Aw; + Aw,), for a duration ofry,. The second RF pulse resonance frequency evolution; it has been used for hums
transforms this into two-spin, single-quantum coherences, suofaging as well 20).

as (ule, + lel,s); those coherences evolve at the single- Figure 10 compares iDQC and iZQC CRAZED images anc
quantum frequenciesAw, and *Aw,, respectively. After a modCRAZED images for the case = 10 ms. Systematic
time interval of 2%, the total phase evolution isT,*(Aw; —  exploration of the differences between iDQC and iZQC imag
Aw,), which depends only on the resonance frequetitfer- ing will be presented elsewhere. Here we note that, in bot
enceas in the iZQC case (even though the iDQC coherencases, the modCRAZED images lose almost all contrast frol
itself evolves at the sum of the resonance frequencies). Ref@sonance frequency variations. For example, the center squc
ence (2) proposed a modified iDQC sequence (Fig. 1b), whidtiiffers from its surroundings only in its resonance frequenc)
has now been demonstrated to give iDQC functional imagasd gives no contrast in the modCRAZED images; the edg
(19). The sequence at the lower right is the direct analog of tikentrast is retained in the two CRAZED images.
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FIG. 8. lllustration of the contrast from chemically inequivalent spins. As chemical shift transfers signal from term$)it@I S, the observed amplitude
decreases. This signal is only significant when spins with different chemical shifts are one half-helix apart (i.e., the four points at the edgerabtienkity).

VI. DISCUSSION This already significant gain should be even more pro
_ _ _ nounced in the high field application. Realistic numbers for on
A. Inhomogeneous Field High-Resolution NMR application (the 25-T Keck magnet at NHFML) are presente

Helow. In predicting these values, note that the correlatio!

This technique for improving the apparent homogeneity of A ;
Gistance was reduced to §0m (one-third the value in the

the magnetic field is an exciting development. Table 1 giv

predictions of the performance of iZQC CRAZED pencor_simulation, but still significantly above the 1im diffusion
mance first scaled up to a 1-éraample, then to an inhomo barrier). Scaling the results from the simulation, in the presenc

geneous high field application. The samples simulated are 8fi2 2 kHz/cm linewidth, the iZQC CRAZED sequence shoulc
cm’. Scaling their linear inhomogeneous broadening to a 1-cfovide a linewidth of 10 Hz foe-axis inhomogeneity and 30

active area gives a total linewidth of 500 Hz. Unlike th&iZ forx-axis inhomogeneity. This number nearly agrees witt
conventional spectrum, which relies on the absolute homogiMPIe calculation based on the relative chemical shift differ
neity of magnetic field across the sample, the iZQC CRAZEBCE between two spins 30m apart in this highly inhomoge-

spectrum depends only on thelative inhomogeneitpf the N€OUS field. In addition, the indirect dimension of the iZQC
sample over the 15Qum correlation distance, so its linewidthSPectrum should be completely unaffected by drift in the mag

will not change with sample size. The iZQC spectrum hashgtic field. Drift will affect detection of the iZQC signal, since
line broadening of only 6 Hz when the inhomogeneity is aloffmust eventually be converted into observable magnetizatiol
the z-axis and 20 Hz when it is along theaxis. ortunately, since the dipolar interaction is unaffected by ech

pulse trains, it can be removed by a multiple-echo sequence

B. iZQC/iDQC CRAZED Imaging and modCRAZED
Subtraction

In general, iZQC or iDQC CRAZED imaging trades signal
intensity for improved contrast. The most interesting additiona
source of contrast comes from localized resonance frequen
variations; in addition, variations in magnetization density anc
relaxation times give stronger contrast here than in conver
tional images. The modCRAZED experiment is a variant o
iZQC or iDQC imaging that removes contrast from resonanc
frequency variation and thus is probably most interesting onl
for producing reference images. The subtraction in Fig. 7 (i«
first order, at least) eliminates contrast from spin density an
FIG. 9. Detail of the subtraction of the iZQC CRAZED from the mOd'reIaxation parameters, leaving only contrast from chemicz

CRAZED experiment. Note that signal comes from the region at the edge gf . . . .
the inhomogeneity (one half-helix pitch). The signal intensity is one-third th%‘ihlft differences on the distance selected by the correlatio

iZQC CRAZED signal and scales with the number of chemically inequivalelﬁlradiem-_ _
spins. In addition to a fundamentally new source of contrast, the
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FIG. 10. Comparison of iDQC and iZQC CRAZED imaging experiments, and slices through three blocks in the structure. The “Y” slices are throug
blocks with different resonance frequency (see Fig. 6); the “X” slices sample variatidns @ensity, and resonance frequency. Images have been adjusted
maximize contrast for feature comparison. Note that the modCRAZED images in either case remove the CRAZED edge contrast from local resoneyce fr

variations.

CRAZED image offers a new scale of “resolution.” Although ' [lysin(ti (Ao, — Awg)) + S;sin(ti(Aws — Aw)))].
the actual resolution of the image is limited by sensitivity, the
iZQC-CRAZED experiments can specify the distance between [30]
correlated spins. This specificity can be resolved one or two
orders of magnitude more finely than conventional images. , the case of a full two-dimensional experiment, these term
The modCRAZED subtraction experiment has the samg, 4 also be modulated by each spin’s frequency,irbut
source of contrast as an iZQC CRAZED experiment but preyis ¢, evolution is refocused in imaging. Because sine is a
sents this contrast in what may be a more practical way. Thgq function, the total imaginary component of the observe
imaginary component from the iZQC CRAZED pulse sesignal cancels when the number of spiris equal toj. There
quence also only comes from chemically inequivalent sping,one possible way around this—to separatel tardS spins,
but it can be difficult to realize the information it carries due tgiving a signal profile with a dispersive peak shape. If, how:
the symmetry of the imaginary component. The second R¥ver, the spatial resolution (voxel size) in the image is toc
pulse and the dipolar field create observable magnetizationcofarse to separate tHeand S spins, then the positive and
the form (including evolution irt,), negative lobes of this peak will destructively interfere.



NUMERICAL STUDIES OF iMQCS: NMR AND MRI 13

TABLE 1 REFERENCES
SQC spectrum iZQC spectrum 1. Q. He, W. Richter, S. Vathyam, and W. S. Warren, J. Chem. Phys.
(1 cn?) (1 cnr) 98, 6779 (1993).
2. W. S. Warren, W. Richter, A. H. Andreotti, and S. Farmer, Science
Simulation @.* = 150 um, Linewidth 262, 2005 (1993).
600 MHz) @ 500 Hz 6 Hz

3. S. Ahn, W. S. Warren, and S. Lee, J. Magn. Reson. 128, 114 (1997);

b (f)il)h 50(? :Z 2(?:2 S. Ahn, S. Lee, and W. S. Warren, Mol. Phys. 95, 769 (1998).
L _ rn z z 4. G. Deville, M. Bernier, and J. M. Delrieux, Phys. Rev. B 19, 5666
Prediction @, = 50 pum, Linewidth 1979
1.07 GHz) 4] 2,000 Hz 10 Hz ( )
(%) 2,000 Hz 30 Hz 5. S. Ahn, S. Lee, and W. S. Warren, Mol. Phys. 95, 769 (1998).
Drift/h 1,000 Hz 0 Hz 6. S. Lee, W. Richter, S. Vathyam, and W. S. Warren, J. Chem. Phys.
105, 874 (1996).
*d. is the correlation distance. 7. See, for example, P. Robyr and R. Bowtell, J. Chem. Phys. 106, 467

(1997); P. C. M. van Zijl, M. O. Johnson, S. Mori, and R. E. J. Hurd,
J. Magn. Reson. A 113, 265 (1995); I. Ardelian, R. Kimmich, S.

Th . i th btracti . t h h Stapf, and D. E. Demco, J. Magn. Reson. 127, 217 (1997); G. J.
e signal irom the subtraction experiment, however, has Bowden, T. Heseltine, and M. J. Prandolini, Chem. Phys. Lett. 233,

even symmetry and so does not cancel. Even if spatial resolu- 639 (1995): M. Augustine and K. zilm, J. Magn. Reson. A 123, 145
tion is insufficient to resolve all the fine features of a sample (1996).

(details on the scale of a grid point in these simulations), ther@ w. Richter, S. Lee, W. S. Warren, and Q. He, Science 267, 654
should be a differential signal increase in the voxels that (1995).

contain chemically inequivalent spins separated by the corré- J. Jeener, A. Viassenbroek, and P. Broekaert, J. Chem. Phys. 103,
lation distance. This phenomenon could possibly be treated in 1309 (1995).

a manner similar to fMRI images, using the small increases {fi V- S- Warren and S. Ahn, J. Chem. Phys. 108, 1313-1325 (1998).
signal to make activation maps. 11. S. Vathyam, S. Lee, and W. S. Warren, Science 272, 92-96 (1996).

12. W. S. Warren, S. Ahn, M. Mescher, M. Garwood, K. Ugurbil, W.
Richter, R. Rizi, J. Hopkins, and J. Leigh, Science 281, 247 (1998).
VIl. CONCLUSIONS 13. T. Enss, S. Ahn, and W. S. Warren, Chem. Phys. Lett. 305, 101
(1999).
These simulations have shown that iZQCs provide a poter S. Ahn, T. Enss, S. Garrett-Roe, Y. Lin, and W. S. Warren, ENC
tially very powerful method for removing residual innomoge- 1999 poster session.
neous broadening in electromagnets, using parameters #atR- R. Rizi, S. Ahn, D. C. Alsop, S. Garrett-Roe, M. D. Schnall, J. S.
approximate the expected distributions from real magnets, -619h, and W. S. Warren, Mag. Reson. Med. 43, 627 (2000).
They also show that iZQC imaging really does produce furt®: Vi’ég'z'cmer' Q. He, S. Lee, and W. S. Warren, Science 267, 654
damentally different contrast than does conventional imaginlg, (1995).

Thev s est useful extensions of existing sequences as i R. Bowtell and P. Robyr, Phys. Rev. Lett. 76, 4971 (1996).
y sugg usetul ex : xisting sequ WlPBS Mori, R. E. Hurd, and C. M. van Zijl, Magn. Reson. Med. 37,

336-340 (1997).
ACKNOWLEDGMENTS 19. W. Richter, M. Richter, W. S. Warren, H. Merkle, P. Andersen, G.
Adriany, and K. Ugurbil, Magn. Reson. Imaging 18, 489 (2000).
This work was supported by the NIH under Contract GM35253 and by tt&®. J. Zhong, Z. Chen, and E. Kwok, Magn. Reson. Med. 43, 335
National Science Foundation through the NHFML Visitors program. (2000).



	I. INTRODUCTION
	II. PROPERTIES OF INTERMOLECULAR MULTIPLE-QUANTUM COHERENCES
	FIG. 1

	III. SIMULATION PROGRAM
	FIG. 2

	IV. NMR IN INHOMOGENEOUS FIELDS
	FIG. 3
	FIG. 4
	FIG. 5

	V. CRAZED IMAGING
	FIG. 6
	FIG. 7
	FIG. 8

	VI. DISCUSSION
	FIG. 9
	FIG. 10
	TABLE 1

	VII. CONCLUSIONS
	ACKNOWLEDGMENTS
	REFERENCES

