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We describe imaging experiments in which the pattern of the
dipolar field generated by spatially modulated nuclear magnetiza-
tion is directly visualized in simply structured phantoms. Two types
of experiment have been carried out at 11.7 T using *H NMR sig-
nals. In the first, the field from a single spin species is imaged via
its own NMR signal. In the second, the NMR signal from one spin
species is used to image the field generated by a second species. The
field patterns measured in these experiments correspond well with
those calculated using simple theoretical expressions for the dipolar
field. The results also directly demonstrate the spatial sensitivity of
the signal generated using dipolar field effects, indicating that the
range of the field depends upon the inverse of the spatial frequency
with which the magnetization is modulated. © 2001 Academic Press

Key Words: MRI; dipolar field; intermolecular multiple-quantum
coherences.

In this study, we directly demonstrate the spatial sensitivity
of the dipolar signal by using it to form images of simply struc-
tured phantoms. These experiments also allow us to evaluate t
mathematical expressions for the dipolar field by comparing th
imaged field patterns with the results of simple simulations.

THEORY

Figure 1 shows the basic form of the CRAZED sequeige (
that was used as the basis of all measurements reported he
A conventional analysis of this sequence would suggest that r
signal would be formed after the application of the second gra
dient pulse, because the gradient lobe areas are in the ratio

1:2. However, the dipolar field34, generated by the spatially
modulated magnetization acts to refocus a fraction of the mag
netization, thus producing a signal.
This signal results from the terrﬁﬂf‘— = yM x By, which
is introduced into the Bloch equations by the presence of th
The dipolar magnetic field generated by nuclear magnetizipolar field (). For timest, after the second RF pulse, such that
tion is generally neglected in NMR experiments. However, in, Mot « 1 (whereMg is the equilibrium magnetization), this
highly polarized samples this field can have a significant effegrm only slightly perturbs the evolution of the magnetization.
onthe evolution of the magnetization, giving rise to multiple spigxpanding to first order and neglecting the effect of diffusion,

echoes -4 and unexpected multiple quantum coherené&es (field inhomogeneity, and relaxation, we can write the transvers
6) between spins which are found in different molecules. TheggagnetizationM+ = M, +i M, as

effects are most strongly manifested when spatially modulated
transverse magnetization evolves in the presence of similarly
modulated longitudinal magnetization. Such modulation can be
produced by the application of RF)(or magnetic field gra-

dients (5. Previously it has been shown that signals gen-

INTRODUCTION

M*(r,t) & MT(r, 0) +iyt(M(r, 0)BJ (r)
— M¥(r, 0)Bgy(r)), [1]

erated in this way are sensitive to the sample structure, singgere By, is the z-component of the dipolar field argl =
the dipolar field experienced at a particular location is mainlyg, iBgy is its transverse component.
dependent upon the surrounding magnetization found withinThe dipolar field due to the sample magnetizatidrr), can
a sphere whose radius is one “wavelength” of the modulatiga \ritten as 1)

(with a peak sensitivity to magnetization at a distance of half

a wavelength) &, 8). By varying the modulation through ma- 9 _ (3(T< 32— 1) 1

nipulation of gradient pulse areas, structures can be probedgfr) = —03 / d3kdkr— 2~ <Mz(k)2 — —M(k)) ,
different length scales. In previous work, measurements were 8 2 3

made of the average structure, in simple phantoms consist- (2]
ing of water surrounding polystyrene beads of known diameter

(9). This was accomplished by analyzing the signal amplitudenereM (k) = fd3ke—k‘rM(r) is the three-dimensional spatial
recorded from the whole sample as a function of the degreekgurier transform of the magnetization distributid(r), and
modulation. M, (k) is similarly the Fourier transform of thecomponent
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RF 900 B substituted into Eq. [1]. Following through this process we finc
that there are terms generated by the dipolar field which a
proportional toe%*n? &%nz andée%nz, Averaging the signal

»t overalength in thez-direction and assuming that the structure
does not vary significantly over this length scale leaves onl

. the term varying ag'%»?, This averaging also eliminates the

Gradient . .
4 M™(r, 0) term so that the measured signal varies as
G
l (©) . ~ . [(cosp—1
i M™(r,t) & ytMo(r)by(r, kn2) sing| ———— |.  [7]
T 2t 4

Equation [7] indicates that the transverse magnetization is thel

FIG.1. The basic CRAZED sequence consisting of aR€ pulse followed  fore proportional to the product dflp(r) and the dipolar field,
by a gradient pulse of strengtB, and durationr, aﬁ"‘RF pulse, apd finally a py(r, km2), and an image formed from the resulting signal will
second gradient pulse of the same strength, but twice the duration as the f'rfﬁerefore display the spatial variation of the dipolar field in re

) gions where magnetization is present.

of the magnetizatiorM,(r). Herek = I% Zis a unit vector in  Inspection of Eq. [4] indicates that the spatial variation o
the z-direction, and the term (k) = %(S(k -2)> — 1) shows the bq(r, km2) depends on the sample structure, which is encode
characteristic symmetry of the dipolar field. in Mo(k), and on the degree of modulatidig,. Some insight

In the experiments described in this paper, we consider timo this dependence can be obtained by considering simpl
situation where the magnetization is spatially modulated in the@odel magnetization distributions. Warretal. (5) previously
z-direction using gradient pulses whose areas can be writtencatculated the field generated at a point by surrounding spheric
nkmw, Wheren is an integer. This means that each component siiells of magnetization of varying radii. Here we first conside
the magnetizatioM,(r), wherea = X, y, or z, can be written the analogous situation in cylindrical geometry, which is of mor
as a series of the forf_ =" am,&™"ZMo(r), with thean, relevance to the sample configurations used in the experimel
being a set of constants. Using the Fourier shift theorem, ttescribed below. In this case, we evaluate the field generated
components of the spatial Fourier transform of the magnetiza-cylindrical annulus of magnetization which is modulated ir
tion can be written a3~ am, Mo(k -+ mkn2), whereMo(k)  thez-direction at spatial frequencl,. The cylindrical annulus
is the Fourier transform of the equilibrium magnetization digs of infinite length, radiusp, and infinitesimal thicknessp,
tribution Mo(r). From inspection of Eq. [2], it can be seen tha&nd is aligned with the-direction. The variation of the field at
this in turn means that the components of the dipolar figlg, the center of the annulus is givenMok?2 080 Ko(kmp), Where
take the form Ko(x) is the modified Bessel function. This function, which is

plotted as a function dfp in Fig. 2, peaks akno ~ 0.6, and

m=o00
Bau(r) m;oo ™2y (1, mky2), 3] .
where
0.4 4
ba(r, &) = 2o [ dke* A+ K)Mo(k)  [4]
8n3

034
is the spatially varying dipolar field, which we aim to image. b,
After application of the second gradient pulse in the sequenc
of Fig. 1, the components of the magnetization are describe 021

by

M,(r, 0) = —sinSMo(r) coskmz) [5] %1

M*(r,0) = —iz sin BMo(r)((cosB — 1)elkn?

. . 2 3
+ (1 + Cosﬂ)eflka)eHZKmZ’ [6] kmp

o . . FIG.2. The variation of the dipolar fieldyy, generated by an infinitely long
whereky, = (yGr). Substituting these expressions into Egs. [Hnnulus of modulated magnetizatiomd coskmz)) of radiusp and thickness
and [4] gives the form of the dipolar field, which can then bé. The field ato = 0, z = 0 is plotted in units ofcoMok3 3p.
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its integral with respect tp smoothly tends ta.gMg asp tends instead of the form given in Eq. [7]. This has the advantage o
to infinity, reaching 90% of the final value at~ 7 /ky,.This giving a maximum signal whef = 60° rather than 12Q thus
behavior, which is similar to that calculated in the sphericaéducing sensitivity to inhomogeneities in the RF field. Imaging
case ), means that the dipolar field has an effective range thats performed by adding a slice-selective 1&Jocusing pulse

depends upon the length scale of modulation. and standard spin-warp imaging gradients to the basic CRAZEIL
It is also worth noting that in the case of a large uniforrsequence as shown in Fig. 3. An additional nonselectivé 180
sample, within whichMy(r) = Mg, Eq. [4] shows thalby(r, k) = pulse is used to refocus the dephasing of magnetization due |

%(3(:% - 2)2 — 1oy Mo at distances further from any boundarymagnetic field inhomogeneities. Such a pulse fully refocuses th
than k., wherex” = w7+ In this situation Eq. [7] therefore magnetization as long as any field inhomogeneity does not cau:
predicts that the signal varies as significant spatial modulation of the transverse magnetizatior
on the length scale d¢; 1, the pitch of the modulation induced
- (3R 22 -1\ . cosp — 1 by .the_ gradient pulses. The relations_hip .between pulse time
(r,t)~ noytMg < > ) B (T) [8] whichis needed to refocus the magnetization at the center of th
sampling window is

in agreement with previously published wof}.( ta= 2t +th+ 1y [10]

METHODS while the signal grows for total time = t, + t3 + t4. Althoughiit
is possible to design an imaging sequence for this type of expe
Experimental. Experiments were carried outat 11.7 T usingment using only a single selective T8RF pulse or by making
a 1.5-cm-diameter bird-cage RF coil of 3.5 cm length and a&fither the first 90or the pulse selectivel(0), this has the effect
actively screened gradient coil set. Two different approachesimposing the slice profile on the magnetization terms in Eq.
based onthe CRAZED sequence were used forimaging. Figur@Bfor approximately half or for all of the time that the signal
shows the sequence used forimaging samples containing a sirgiglves. This introduces an unwanted further spatial dependen
spin species. The initial gradient encoding used to modulate theBy, which is largely avoided by using the sequence of Fig. 3.
magnetization is modified so that the two pulses have areas im simple (x, y, —x, —y) phase cycle was applied to the first
the ratio 1:—2. This has the effect of picking out a signal tha9o> RF pulse along with a receiver phase cyole£x, x, —x).
results from transverse magnetization originating in the secorthis gives a coherent summation of the desired signal (whicl
rather than the firsttermin large brackets in Eq. [6]. The resultimgs a bilinear dependence on the transverse magnetiziiion,

signal therefore varies as generated after the first pulse), while canceling the contributior
of standard spin echo and FID signals.
. . 1+ cosp The sequence was used to generate 2828 images of
M™(r, 1) & y tMo(r)Pu(r, km2) 5'”ﬂ<T>v [91 a 9.2-mm-inner-diameter NMR tube filled with water, mildly

doped with 0.1% CuS§) usingky, values ranging from 0.7 to
8 mnt L. A time for signal growthT, of 137 ms was employed
(t1=2.9 ms,t, =604 ms,t3=716 ms,t;=5.4 ms) and the
I I | initial modulation was produced in a time= 0.3 ms. The res-

oo
(=]
©

olution was 90um, the slice thickness 6 mm, and a repetition
ﬂ [Aco] »¢ time, TR=6s, was used.

3 L 5 b VI 4 A second sequence (Fig. 4) incorporating chemical-shift-
selective RF pulses was used to generate images of the dipol

@ — field pattern in a sample containing two spin species (Species
z Slice resonates at frequenay, while Species 2 resonates at fre-
@ qguencyvy). The first two 90 RF pulses applied at frequency
v1 selectively affect only the magnetization of Species 1. In
G 1, conjunction with the intervening gradient pulse, they gen-
Rl erate spatially modulated-magnetization of this species so

that

Ed
—

[_E

B
Gy Crushers E
PE

v

Mz (r, 0) = —Moy(r) coskm2). [11]

The modulated transverse magnetization of Species 1 i

FIG.3. The sequence used to generate images of the dipolar field patt&fiShed by the large gradient pulses applied immediately afte
in samples containing a single spin species. the second RF pulse so thM.f(l‘, 0) = 0. The third 90 RF
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aninner diameter of 4.2 mm and an outer diameter of 5 mm co

' taining acetone (mixed with 10%,0 containing 0.1% CuS{
o 20n I I 180° so as to reduce th& relaxation time and eliminate dielectric
1 VA A, @Gel ., resonance effectd()) and an outer tube of 9.2 mm inner diam-
= T t, ’ t ..‘;U.y‘_s.. t eter containing water, doped with 0.1% CuS®he frequency
difference between thi# nuclei in the acetone GHyroups and
G ’5| ’6‘ — . inthe water was 980 Hz, allowing for the effect of bulk magnetic
z ' Slice "~ susceptibility shifts12). Images were generated of the aceton:
signal produced by modulating the longitudinal magnetizatio
I—l of the water and of the water signal generated by modulating tt
G [ 1 » |ongitudinal magnetization of the acetone. This allowed inves

Read

Ed
—

tigation of the dipolar field pattern produced outside the regio

containing the responsible magnetization.

H B B = We acquired 128« 128 images, with 12@m in-plane res-

olution and 6 mm slice thickness, usingT® of 6 s. Gaus-

sian RF pulses (3.68 ms duration, 1.95 ms FWHM) were use

for chemical shift selection. Modulation was generated usin
FIG.4. The sequence used to generate images of the dipolar field in sampgé@dient pulses of length 1.2 ms and the time over which tr

containing two spin species. This results in an image of the signal generagignal grew was 107 ms, with =7.2 ms,t, =127 ms,t3=

by the action of the dipolar field generated by longitudinal magnetization gf2 5 msts =50 ms, ands =4.7 ms.
Species 1 on transverse magnetization of Species 2.

Crushers

Y

G}f Crushers

PE

Simulations. The expected pattern of signal variation was
pulse selectively excites Species 2 only and after the subsequcealr%(t:glated for the tW.O sa;mpli congl_gﬁr:\tlons_u?n_g Eq'l.[ﬂ' Thi
gradient pulse, requires an expression ftMo(k), which for an infinite cylinder

of uniform magnetizationng, with radius,a, is given by

el 920 2] 2 Ji(K,a)
M (r, 0) = —i Moo(r)e k2, [13] Mo(k) = moa W&(kz), [16]

The dipolar field produced by, acts to refocus a fraction While for an infinitely long annulus of inner radites, and outer

of the transverse magnetizatioh}, giving a signal of the radius,b, as formed in the sample comprising two concentri
form tubes,

2 Ji(kob) 22 Ji(koa)

t
M+ ~ y_M KmZ 14 =
2 (1. 1) ~ 5 Moz(r)ba (T, km2) [14] Mo(k) mo[b k,b koa

]3(kz). [17]

in the limit whenz..oy Moat < 1. Herebys(r. km2) is the dipolar |, poth expressions, is the Dirac delta function, whose pres-
field produced by Species 1. Provided that{vz) > roy Moz, ence along with the azimuthal symmetry means that the integt
the dipolar field_pro_duced bM{_doe_zs not have_a coherent efgyerk in Eq. [4] only has to be evaluated ovies, the radial
fect on the longitudinal magnetization of Speciestg @nd no  coordinate irk-space. In reality, the extent in tizedirection of
net S|gn_al is generated from this component. Imaglng. Was Pfe contributingMo(r) is defined by the RF coil homogeneity,
formed in the same manner as for the sequence of Fig. 3, Wil the functior (k,) should be replaced by a broader function
a nonselective 180RF pulse once again used to refocus dg§gnose width will be proportional tb-1, wherel is the length
phasing due to magnetic field inhomogeneities. In this case, §yane coil's homogeneous volume. The approximate length
relationship of timings needed to refocus the magnetizationtgg nomogeneous volume of the bird-cage coil used in these
the center of the gradient echo of the imaging sequence is periments was 2.5 cm. For the range of modulation frequencie
km, used here, this means that the finite sample extent is like
a3+t =1t + 14, [15] to have had some effect on the signal measured at the |&yest
values Kyl ~ 6rm).
and the signal grows for a tim&, = t3 + t4 + ts. A (X, —X)
phase cycle was simultaneously applied to the first and third RF RESULTS
pulses, along with simplex( x) signal summation. This elimi-
nated unwanted FID signals from the first and third pulses. Figure 5 shows images of the single tube of doped wate
This sequence was applied to a sample consisting of two catained usindk,, values of 4.73, 2.36, 0.95, and 0.71 mim
centric tubes containing different compounds: an inner tube wifborresponding values of the pitch of modulation,/R,,, are
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FIG.5. 128x 128 (90x 90 x 6000um? voxel size) images of a 9.2-mm-inner-diameter tube containing water, generated using the sequence shown in F
The following values ok, were employed: (a) 4.73 mm; (b) 2.36 mnT?; (c) 0.95 mnT1; (d) 0.71 mnT?.

1.4,2.7, 6.6, and 8.8 mm), with the sequence of Fig. 3. Coriiemage obtained at high,, therefore followsMg(r), while that
sponding simulations, which were calculated using Egs. [4 ] agdthered at lovk,, shows edge attenuation.

[16], are shown in Fig. 6. Figure 7 shows the radially averagedAlthough the images of Figs. 5 and 6 show good qualitative
variation of the signal with radius for both the image data (@greement between the experimentally measured and the calc
and simulations (b). These data show that the field is unifodated dipolar field patterns, there are significant differences ir
in the sample center, but decreases in magnitude in a regiothatform of the radial average data shown in Fig. 7. These mainl
the outer radius of the tube whose width increases in size witksult from the effect of RF inhomogeneity, which the sequence:
decreasingqy,. The reduction in signal is a consequence of thaf Figs. 3 and 4 are particularly sensitive to, as a consequenc
reduced amount of local magnetization in the region near tbéthe large number of RF pulses they employ and the fact tha
circumference of the sample. This results in a weakened dipalhe measured signal depends upon a product of transverse a
field when all field contributions shown in Fig. 2 are summedongitudinal magnetization terms, both of which are affected
Viewed in thek-domain, A(k + kyn2) acts as &-space filter, by imperfection in each pulse. This effect can be most clearly
modifying the contributions of the spatial frequencies that malseen in the significant radial variation of the signal at small
up Mo(r), in a manner that depends on the magnitude,0fAs radii in the experimental data gathered at the highgstalues.
Fig. 8 shows, witta = 4.6 mm the filter hardly modifie®g(k) Other effects that have not been considered in the simulatior
atky, = 4.73 mnT!, while atk,, = 0.71 mnT?, there is a sig- are those of radiation damping, the finite effective sample length
nificant modification ofMg(k) at high spatial frequencies. Theand magnetic field inhomogeneity. Incomplete cancellatior
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(d)

FIG. 6. Simulated images corresponding to the imaging parameters of Fig. 5.
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FIG. 7. Variation of average signal intensity with radius in the images of Figs. 5 and 6. (a) Experimental data: closed circles, 4-.78pmmcircles,
2.36 mnTL; closed squares, 0.95 mr open squares, 0.71 mrh (b) Simulated data: continuous line, 4.73 mimdotted line, 2.36 mm!; dashed line,
0.95 mnt!; dot—dashed line, 0.71 nmh.
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FIG.8. Calculated variation oMo(k)A (k + k) with k, for varying values
of k = km2Z: continuous dark lineky, = co mm~1; continuous gray line,
km = 4.73 mnT!; dashed linekm = 0.71 mnTL. Mo(k) is given by Eq. [16],
with a = 4.6 mm.

of the signal from the terms varying es'?, €%n? ande/%«?,
which is more likely to occur with weaker modulation, also
causes artifacts in the images.

Figure 9 shows images generated using the sequence of Fig.
in which water acts as Species 1 and the acetone as Species
Thekq, values used were 15.9, 3.97, 2.38, and 1.19™mBor-
responding simulations are shown in Fig. 10. Figure 11 show:
experimental and simulated images that were produced with th
roles of the water and acetone reversedlang 2.38 mntL. It
can be seen from the experimental data that the signal mainl
results from Species 2 magnetization in the region which is clos
est to Species 1, i.e., at the outer extreme of the inner tube i
Fig. 9, or at the inner extreme of the outer annulus in Fig. 11a
The extent of the signal-contributing region in Fig. 9 increases
as the modulation is reduced, as would be expected from th

(b)

(€)

(d)

FIG. 9. 128x 128 (120x 120 x 6000 m?3 voxel size) images of a sample consisting of a tube containing acetone (4.1 mm id, 5 mm od) inside a t
containing water (9.2 mm id). These were generated using the sequence shown in Fig. 4, with water acting as Species 1 and acetone as Specie®g. The
values ofky, were employed: (a) 15.9 mm; (b) 3.97 mnt?; (c) 2.38 mnt?; (d) 1.19 mnL,
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(a) (b)
(©) (d)

FIG. 10. Simulated images corresponding to the imaging parameters of Fig. 9.

(a) (b)

FIG. 11. Experimentally generated (a) and simulated (b) ¥2B28 (120x 120 x 6000.m? voxel size) images of a sample consisting of a tube containing
acetone (4.1 mm id, 5 mm od) inside a tube containing water (9.2 mm id)kwith2.38 mnTL. These were generated using the sequence shown in Fig. 4, wi
acetone acting as Species 1 and water as Species 2.
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251 based on the local relationship between the dipolar field an
the magnetization in the Fourier domait).(While it is prob-
=" ably more likely thaimagingexperiments based on the use of

ol the dipolar field 10, 13 will find applications in other areas,
. such as functional imagindl4) or mappingMg (15), than in
| structure measurements, the work described here provides us
i e ful verification of the structural sensitivity reported in previous

measurements on bulk samples. Such measurements of averz
structure may have useful applications in the study of emulsions
s porous media, and heterogeneous biological samp&s (
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