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The enhancement of magnetic resonance image intensity near
impermeable boundaries can be nicely described by a new ap-
proach where the diffusional spin echo attenuation is linked to the
correlation function of molecular motion. In this method the spin
phase structure created by the applied gradient is considered to be
a composition of plane waves with the wave vectors representing
feasible momentum states of a particle in confinement. The en-
hancement of edges on the magnetic resonance images (MRI)
comes out as a discord of plane waves due to particle motion. It
results from the average of the wave phase by using the cumulant
expansion in the Gaussian approximation. The acquired analytical
expression describes the MRI signal space distribution where the
enhancement of edges depends on the intensity and the duration
of gradient sequence as well as on the length of the mean squared
particle displacement in restricted geometry. This new method
works well with gradients of general waveform and is, therefore,
suitable for imaging sequences where finite or even modulated
gradients are usually used. © 1999 Academic Press
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INTRODUCTION

(10) equation to define characteristic regimes of observation.
These are regimes of the slow and fast exchange of spin
compared to the time of signal acquisition. Callaghan and
Codd @1) employed an impulse-propagator method with ma-
trix multiplication to calculate edge effects on the NMR image.

Generally, the calculation of image contrast and other dis-
tortion effects arising from these phenomena is not at all quite
simple. As yet there is no general analytic expression that
would describe thoroughly the effect and work for an imaging
pulse sequence with gradient pulses of general form. This
paper is an attempt to tackle diffusive MRI edge distortion by
the recently developed theory of gradient spin echo attenuation
of restricted diffusion Z, 12). Preliminary results13, 14 in-
dicate this could solve the problem of providing the MRI
diffusion edge enhancement in analytic form for a general
imaging sequence.

In this theory we consider the spin phase distribution created
by an applied gradient within the enclosed volume of a pore,

0i(t) = F(t) - ri(t) — J' F(t) - vi(t)dt, (1]

whereF(t) = v[G(t)dt andv;(t) is particle velocity. Owing

e molecular confinement in the pore, the spin phase factor can
The molecular self-diffusion that tends to attenuate the NM described as a composition of a series of plane waves,

signal at gradient spin echo is responsible for an edge enhance-
ment effect that may limit the resolution achievable in NMR
microscopy. While it is known that motional narrowing due to
molecular self-diffusion could cause image blurring at micro-
scopic resolution, the intensity enhancement of MRI is caused
by diffusive attenuation3-5 rather than by diffusive line- with the wave vectork related to feasible momentum states of
shape distortion§, 7) or enhancement of magnetization negparticles in confinement.

barriers 8). Namely, the spin echo signal exhibits weaker Random motion of spin-bearing particles in the magnetic
diffusion attenuation at boundaries since the motion is réeld gradient causes a variation of spin precession frequency.
stricted by walls. Thus, in certain circumstances, the edgesBf NMR one cannot detect the magnetization of an individual
a region may be enhanced in MR images. This was expemiolecule undergoing Brownian motion but rather the induction
mentally confirmed by Callaghaet al. (5) and others. In signal created by innumerable spins. The spin echo is the
attempts to provide an extensive quantitative theory Hystopcumulative effect of a large number of small perturbations of
al. (3) and de Swiett al. (4, 9 have used the Torrey—Blochspin precession frequency caused by molecular motion in the

eiFr — E SK(F)e”", [2]
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fusion length of the particle at the locationn the restricted
' e W geometryR:(r, r). We have introduced two new quantitie (
- e, —IS(F )| having the following meanings:
0.8 e, || 2
fdl, 1. A sequence of gradient pulses creates an average spin
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5 .
where the unit vectof is aligned along the direction deter-

0 10 20 30 40 50 60 70 mined by the cumulative effect of applied gradients and where

E k v, denotes the velocity of thigh particle along the directions
_ _ 0[ applied gradients. Namely, due to a finite (or modulated)

FIG. 1. Structure components and the attenuation factor in plan-parallel . . . . .
confinement. gradient waveform (which may change direction), the spin

phase structure is not created in a step, as in the case of short
pulse gradients, but is built up during an extended interval of

magnetic field gradient. Consequently, it is possible to app#jadient persistence. Clearly, the formation of nonuniform spin
the central limit theorem and consider detected frequenBf)ase structure is accompanied by particle motion tending to
fluctuation to be a Gaussian random procds, even assum- destroy its buildup. Thus the gradient/velocity correlation func-
ing that the frequency variation of an individual spin mightion in the phase integral, Eq. [4], hides two processes with
behave as a non-Gaussian process. Thus the ensemble avétaggsite tendencies. In the case of a spin echo sequence with

with the cumulant expansior (2) gives the signal at the peak@ short enough duration so that most of the particles do not
of spin echo as reach the boundarieB, can be approximated as a spin dephas-

ing in an unbounded medium. For an isotropic liquid and short
correlation timesr, < 7 it is equal to
E(F, 7) = J Eo(r)eiFa(t)r E SK(Fa)e—ik~re—(l/2)k2~R§(7,r)dr.

k

y FA(r) = © JTHOHL 5]
) :

The acquired expression comprises the components of phasehe special case when two gradient pulses of duraion
structure,S(F,), attenuated by factors depending on the diseparated by tim& are applied,

L YT T T T I T YT YT YIT YNV T YTV TV YV Y Y VYT VYV Y Y YV YV YV VY YV Y VYV VYV Y YV Y'Y
7% *, H
1 Dr/d =0.001
_2, 0.8 l-. H bk oA R A Ak ARk A bk ok Aok Ak Y r —
= . s Fd
2 " u 8
I0) Am m A v 0
= 0-6702 a fl | *10
= __ '-"q . = 20
& o.alf') r 4 30
= || 4 40
. £
0. " i
Nrge =y

0 | X d

FIG. 2. Calculated one-dimensional MR image of spins enclosed by plan-parallel walls. Edge enhancement at constant diffusion time remains aln
unchanged in a broad range ©f variation.
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FIG. 3.

(a) Calculated one-dimensional MR image of spins enclosed by plan-parallel walls for different diffusion tirtée constant spin dephasifg

(b) The mean-square particle displacem&yx), dependence on the initial location of particle in the cell which is approximated with the help of joint probability

function from Fick’s law.

 p-om
|Fa(7)| = yGb T

F.(7) in the general form of Eq. [4] includes all regimes o

/2

RF I

i

motion including the transition from the regime of slow to fast
exchange of spins, as defined in Ref). énd ©). However,
Eq. [4] shows that knowledge of a diffusion constant/gradient
amplitude ratio is not enough to reveal all features in these
regimes. Whenever the signal sampling is accompanied by
substantial diffusion shifts of molecules in the restricted re-
gion, details of molecular motional correlatioy,(t,) -
Vg(t2))e, must be known.

2. The mean squared particle displacement along the ap-
plied gradientRi(r, r), depends on duration and directions of

Gradient

Signal

applied gradients as well as on the averaged location of the
particle in the porer. For an infinite system the velocity
correlation is positive and falls off quickly with time. Thus for
times longer than the correlation time,> 7, the diffusion
length is

/2

FIG. 4. MRI pulse sequence.

Ry(7)% = 2Dy, (6]
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FIG. 5. (a) MRI of water in the notch in the transverse cross-section. Image is extended alomgaitie to amplify view of edges. (b)—(i) Their

one-dimensional projections at the acquisition times varying from 35 to 100 ms.

whereD, is an average diffusion rate along the directions afote that evidence follows from the estimate of cumulant series
spin dephasing. In the case of confined diffusion the velocitpnvergencel) as well. When assuming that the correlation
correlation function cannot be approximated asfanction but time, 7., corresponding to the average collision time of mole-
as a function depending on the size of the pore and theles, is much shorter than the spin echo pulse sequetice
scattering mechanism of molecules at the wall§18§. evaluation of higher order velocity correlation givegerm of
Therefore, in the regime of fast spin exchange, when particlesmulant series roughly linear in time. Its magnitude appears
frequently collide with walls, a more generalized form ofo be proportional tath power of spin phase fluctuation as
diffusion length has to be taken into account, (FJ)", wherel is a molecular mean free path. It provides, for
instance in the case of the two gradient pulse sequences with
pulse widths, that all cumulants higher than the second order

R2(7) = f J (Vg(ty) - vg(to))e dtydt, [7] can be omitted (and fluctuations considered Gaussian random
0 4o process) whenyG - § < 1/I.
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where the velocity correlation function holds details of the MOLECULAR DIFEUSION

molecular motion and the scattering process.
As yet we based the arguments for usage of Gaussian apThe main advantage of this theory over other approaches is
proximation on the central limit theorem, but it is important tés ability to incorporate very general pulse sequences where a
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25 . apparent increase of MRI signal at the edges while reducing
the intensity of the bulk-spin signal.
In the following we will restrain our consideration to a

—e— ampl_bulk

ampl_edge1 //Q simple sequence where the magnetic field gradient is aligned

— —+— ampl_edge2 7 only in one direction, although the method is very general and
= /! capable of explaining the effect when very sophisticated im-
= _Q/ aging sequences are applied. One-dimensional images of water
E ¥ spins closed between parallel walls will reveal interesting
; 2 /@,/ details of phenomena relevant for images obtained from the
B 4 5 spins in the confinement of more general geometry. The mag-
E /_b/ nitude of the MRI signal induced by spins in a pixel »at
= afa g—F —* follows from Eq. [8] as

= ,(6/ . s
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1.5 le(x, Fa )] = [6(X)g 2, Sy(Fae!nmaxe o)
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FIG. 6. Intensities of various sections of one-dimensional MR images é{glth
a function of signal acquisition time.

S(F) =i (Fd + nm)e™ — (=1)"2Fd + (Fd — nm)e'™
= I n L]
finite-width or even modulated gradient pulses are used. Thus (—=1)"2(n’w? — F%d?)

we expect it could adequately describe the MRI diffusive [10]

artifact that appears at edged structures or other diffusion

phenomena arising at NMR microqupy O_f a porous StUCtUEhere R is a mean-square displacement along the gradient
If we assume that the_ data acqwsmon mt_er\zal, IS shc_>rt aligned in the direction ok axes perpendicular to the plane
8”0“92 compare to the inverse rate of d|ffu§|on at_tenuaﬁon, boundaries. Figure 2 shows one-dimensional NMR image of
< 1/F.D, th_en the magn!tude of NMR signal induced b3§pins in a slit calculated according to Eg. [9]. The increase of
ensemble spins can be written as spin dephasing , intensifies the image contrast in proximity to
_ , compartment wallsX = 0 andx = d). It appears as broad-
le(r, Fa 7| = |e(r)o 2 S((FJe™e M2**Rd= 0| [8] ened lines truncated at the edgas=< 0 andd) and with the
k peaks shifted from the proximity of the edges. The width of
lines and position of peaks do not change with increasing
Here we neglect the spin relaxation andienotes the mean By changing the time ofr RF pulse application we can alter
location of a spin-bearing particle. Figure 1 exposes terms ke time of molecular diffusion at unchang&q. Resulting
this equation presented in the reciprocal space. The compgriations of the edge enhancement are shown in Fig. 3. In the
nents of the phase structug(F,) are symmetrically distrib- short-time approximation the exact calculation of a mean ve-
uted around the poirk ~ F.. In the sum [8], each term is |ocity correlation function for diffusion between plan-parallel
reduced for an attenuation facter ?*®:"". In Eq. [8] the planes R0) gives the same result as that obtained according to
predominating structure compone8t.q,(F.), experiencing Fick’s law (21). Therefore, we adopt position-dependence of
the attenuation ofe ~“2FR;™ appertains to the spin mean squared displacement as calculated with the conditional
dephasing in the bulk. The attenuation strengthens for coprobability according to the diffusion law, Fig. 3b. Doing so
ponents withk > F, and lessens when lowering Thus demonstrates that for molecules in proximity to walls, the
there is almost no attenuation for components closk to mean squared displacement of molecules is shorter than in the
0. Along this line follows the basic understanding of théulk. Prolonging the diffusion time moves the shortest dis-
MRI contrast enhancement at edges. The component wilacement away from the walls and causes a shift of the
k ~ F, that belongs to spins in the bulk experiences usuahhanced line peaks away from the wall edges. The line shift
Torrey’s diffusion attenuation, while those in the vicinity ofis accompanied by line broadening, which is proportional to a
k ~ 0 represent almost unspoiled signal induced by spinsraean diffusion length af®, ~ 2D7. Thus at longer time
the proximity of compartment walls. This asymmetric atterintervals the intensity reduction of the enhanced line should
uation of spin phase structure components brings about fatiow a linear dependence on time.
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EXPERIMENT AND DISCUSSION line broadening, it can be obtained by following the change of
line intensities as they decrease in proportional to line broad-

In order to test theoretical features of the diffusion edgening, Fig. 3. Figure 6 shows the experimental results of edge
enhancement, Eq. [9], presented in Figs. 2 and 3, we hamhancement. The intensities of enhanced lines from the right-
prepared a sample of water contained in a narrow notch milleend side of MR images and the intensity of the middle part of
in a piece of plastic. The notch was 29 mm long and shapedthe image are shown on a log—log plot as a function of time.
the milling knife in the transverse section, Fig. 5a. There afecording to the slopes, the attenuation of bulk signal de-
two different widths of the notch: the 4.5-mm-deep lower padreases ta”®, while, after reaching the maximum at about 70
had a width of 2.8 mm while the 2.5-mm-long neck had a widtims, the lines of enhanced edges follow almost a linear depen-
of 2.6 mm. The bottom of the notch had a 1.5-mm-deep codence on the diffusion time. This agrees with the calculations
shape of the milling knife. from Eq. [9], where the intensity of enhanced lines is lower due

The experiment was carried out using an NMR imager witlo the line broadening, which is proportional to the mean
a 3-T superconductive magnet with probe incorporating sguare of particle displacemenD2.
qguadrupolar coil able to produce a magnetic field gradient of
0.03 T/m. Images were taken by sampling 512 points at inter- CONCLUSION
vals of 60 us with total duration about 31 ms; see Fig. 3.

One-dimensional NMR imaging was carried out with the slit Equation [8] describes the artifact of NMR microscopic

carefully aligned so that the magnetic field gradient directidmaging known as an intensity enhancement due to the restraint
was as nearly normal as possible to the wall of the slit. A#f molecular motion in the proximity of boundaries. We de-

ordinary spin echo sequence with two long gradient pulse wiged it by averaging the spin phase and expanding a nonuni-
used, Fig. 4, in which the second gradient pulse was prolong‘@ﬂﬂ spin phase distribution into a series of plane waves. Their
to sample the signal for one-dimensional MRI. In order to g@#tave vectors represent feasible momentum states of particles
the MRI at different diffusion times, we changed the duratiowithin confinement and, thus, characterize the geometry and
of the first gradient pulse. Thus, the sampling interval thApundaries of confinement. Random motion brings about a
remained unchanged was moving from 30 to 100 ms. discord of structure waves and disrupts the initial phase struc-

The transverse section of the MR images, Fig. 5, cleadyre. The spatially nonuniform intensity distribution of the
shows distinct two-edge enhancement of two different width$VR signal is due to weaker spin echo attenuation at the
of the notch. The enhancement is more pronounced on ggnhfinement boundaries.
right-hand side of the one-dimensional MR images. Although The result of a new approach is the analytic description of
the edges were only 0.1 mm apart, the resolution seems tothe effect, Eq. [8], that can be used to image sequences with
better than 0.05 mm. The enhancement on the left-hand sideggtdient pulses of finite width and general waveform. But in
the image is less distinctive and two-edge enhancementoigler to anticipate the exact form of edge enhancement, one
blurred into one line. By turning the sample in the probe fanust know the position dependence of mean squared parti-
180°, the lines on the left side remained mingled while thge displacement within the pore. Nevertheless the problem
enhancements on the right-hand side appeared distinc@n be turned upside down: With the use of the high-
again. We believe that the line blurring, which appears only ¢asolution NMR imager we can implement the method to
one side of the images, is due to the gradient nonlinearity alobgng to light the information about mean squared displace-
the length of the notch. Therefore we have limited furthénent and thus about molecular motional correlation in con-
analysis only to the lines of well-distinguished edges. fined geometry.

For sampling at times 60 and 70 ms, two distinct and It seems that good agreement between the experimental
well-separated narrow lines clearly indicate the proper distan@&sults and the evaluation can serve as a confirmation of the
between two edges. The lines partly overlap when the samplip@sic assumptions of the new approach.
interval is moved to the times between 81 and 100 ms. Ac-
cording to the theoretical prediction shown in Fig. 3, a prolon- REFERENCES
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