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The enhancement of magnetic resonance image intensity near
mpermeable boundaries can be nicely described by a new ap-
roach where the diffusional spin echo attenuation is linked to the
orrelation function of molecular motion. In this method the spin
hase structure created by the applied gradient is considered to be
composition of plane waves with the wave vectors representing

easible momentum states of a particle in confinement. The en-
ancement of edges on the magnetic resonance images (MRI)
omes out as a discord of plane waves due to particle motion. It
esults from the average of the wave phase by using the cumulant
xpansion in the Gaussian approximation. The acquired analytical
xpression describes the MRI signal space distribution where the
nhancement of edges depends on the intensity and the duration
f gradient sequence as well as on the length of the mean squared
article displacement in restricted geometry. This new method
orks well with gradients of general waveform and is, therefore,

uitable for imaging sequences where finite or even modulated
radients are usually used. © 1999 Academic Press

Key Words: NMR; nuclear magnetic resonance; spin echo; mag-
etic resonance imaging; edge enhancement; gradient; nonuni-
orm field; diffusion; restricted diffusion; velocity correlation; ran-
om motion; stochastic; cumulant expansion; Gaussian process;
orous system.

INTRODUCTION

The molecular self-diffusion that tends to attenuate the N
ignal at gradient spin echo is responsible for an edge enh
ent effect that may limit the resolution achievable in N
icroscopy. While it is known that motional narrowing due
olecular self-diffusion could cause image blurring at mi

copic resolution, the intensity enhancement of MRI is ca
y diffusive attenuation (3–5) rather than by diffusive line
hape distortion (6, 7) or enhancement of magnetization n
arriers (8). Namely, the spin echo signal exhibits wea
iffusion attenuation at boundaries since the motion is
tricted by walls. Thus, in certain circumstances, the edg
region may be enhanced in MR images. This was ex
entally confirmed by Callaghanet al. (5) and others. In
ttempts to provide an extensive quantitative theory Hysloet
l. (3) and de Swietet al. (4, 9) have used the Torrey–Blo
154090-7807/99 $30.00
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10) equation to define characteristic regimes of observa
hese are regimes of the slow and fast exchange of
ompared to the time of signal acquisition. Callaghan
odd (11) employed an impulse-propagator method with

rix multiplication to calculate edge effects on the NMR ima
Generally, the calculation of image contrast and other

ortion effects arising from these phenomena is not at all q
imple. As yet there is no general analytic expression
ould describe thoroughly the effect and work for an imag
ulse sequence with gradient pulses of general form.
aper is an attempt to tackle diffusive MRI edge distortion

he recently developed theory of gradient spin echo attenu
f restricted diffusion (2, 12). Preliminary results (13, 14) in-
icate this could solve the problem of providing the M
iffusion edge enhancement in analytic form for a gen

maging sequence.
In this theory we consider the spin phase distribution cre

y an applied gradient within the enclosed volume of a p

u i~t! 5 F~t! z r i~t! 2 E
0

t

F~t! z v i~t!dt, [1]

hereF(t) 5 g* 0
t G(t)dt andv i(t) is particle velocity. Owing

o molecular confinement in the pore, the spin phase facto
e described as a composition of a series of plane wave

eiFr 5 O
k

Sk~F!eikr , [2]

ith the wave vectorsk related to feasible momentum states
articles in confinement.
Random motion of spin-bearing particles in the magn

eld gradient causes a variation of spin precession frequ
y NMR one cannot detect the magnetization of an individ
olecule undergoing Brownian motion but rather the induc

ignal created by innumerable spins. The spin echo is
umulative effect of a large number of small perturbation
pin precession frequency caused by molecular motion i
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155MRI EDGE ENHANCEMENT
agnetic field gradient. Consequently, it is possible to a
he central limit theorem and consider detected frequ
uctuation to be a Gaussian random process (15), even assum

ng that the frequency variation of an individual spin mi
ehave as a non-Gaussian process. Thus the ensemble a
ith the cumulant expansion (1, 2) gives the signal at the pe
f spin echo as

E~Fa, t! 5 E
V

Eo~r !eiFa~t!r O
k

Sk~Fa!e
2ikzre2~1/ 2!k 2zRg

2~t,r !dr .

[3]

he acquired expression comprises the components of
tructure,Sk(Fa), attenuated by factors depending on the

FIG. 1. Structure components and the attenuation factor in plan-pa
onfinement.

FIG. 2. Calculated one-dimensional MR image of spins enclosed
nchanged in a broad range ofF a variation.
ly
y

t
rage

se
-

usion length of the particle at the locationr in the restricted
eometryRg

2(t, r ). We have introduced two new quantities2)
aving the following meanings:

1. A sequence of gradient pulses creates an average
ephasing of moving spin particles as

Fa~t! 5
f

Rgi~t! ÎE
0

t E
0

t

F~t1!^v i~t1! z v i~t2!&cF~t2!dt1dt2,

[4]

here the unit vectorf is aligned along the direction dete
ined by the cumulative effect of applied gradients and w

gi denotes the velocity of thei th particle along the direction
f applied gradients. Namely, due to a finite (or modula
radient waveform (which may change direction), the
hase structure is not created in a step, as in the case o
ulse gradients, but is built up during an extended interv
radient persistence. Clearly, the formation of nonuniform
hase structure is accompanied by particle motion tendin
estroy its buildup. Thus the gradient/velocity correlation fu

ion in the phase integral, Eq. [4], hides two processes
pposite tendencies. In the case of a spin echo sequenc
short enough duration so that most of the particles do

each the boundaries,Fa can be approximated as a spin deph
ng in an unbounded medium. For an isotropic liquid and s
orrelation timest c ! t it is equal to

Fa~t! 5
f
t ÎE

0

t

F~t! 2dt. [5]

n the special case when two gradient pulses of duratid
eparated by timeD are applied,

el

lan-parallel walls. Edge enhancement at constant diffusion time rem
by p
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156 STEPIŠNIK ET AL.
uFa~t!u 5 gGd ÎD 2 d/3

2D
.

Fa(t) in the general form of Eq. [4] includes all regimes

FIG. 3. (a) Calculated one-dimensional MR image of spins enclosed
b) The mean-square particle displacement,Rg( x), dependence on the initial l
unction from Fick’s law.

FIG. 4. MRI pulse sequence.
otion including the transition from the regime of slow to f
xchange of spins, as defined in Refs. (3) and (9). However
q. [4] shows that knowledge of a diffusion constant/grad
mplitude ratio is not enough to reveal all features in th
egimes. Whenever the signal sampling is accompanie
ubstantial diffusion shifts of molecules in the restricted
ion, details of molecular motional correlation,^vgi(t 1) z

gi(t 2)& c, must be known.
2. The mean squared particle displacement along the

lied gradient,Rg
2(t, r ), depends on duration and directions

pplied gradients as well as on the averaged location o
article in the pore,r . For an infinite system the veloci
orrelation is positive and falls off quickly with time. Thus
imes longer than the correlation time,t @ tc, the diffusion
ength is

Rg~t! 2 5 2Dgt, [6]

plan-parallel walls for different diffusion timest at the constant spin dephasingF a.
tion of particle in the cell which is approximated with the help of joint prob
by
oca
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157MRI EDGE ENHANCEMENT
hereD g is an average diffusion rate along the direction
pin dephasing. In the case of confined diffusion the velo
orrelation function cannot be approximated as ad function but
s a function depending on the size of the pore and
cattering mechanism of molecules at the walls (16–18).
herefore, in the regime of fast spin exchange, when par

requently collide with walls, a more generalized form
iffusion length has to be taken into account,

Rgi
2 ~t! 5 E

0

t E
0

t

^vgi~t1! z vgi~t2!&c dt1dt2, [7]

here the velocity correlation function holds details of
olecular motion and the scattering process.
As yet we based the arguments for usage of Gaussia

roximation on the central limit theorem, but it is importan

FIG. 5. (a) MRI of water in the notch in the transverse cross-sec
ne-dimensional projections at the acquisition times varying from 35 to
f
ty

e

es

p-

ote that evidence follows from the estimate of cumulant s
onvergence (19) as well. When assuming that the correlat
ime, tc, corresponding to the average collision time of m
ules, is much shorter than the spin echo pulse sequencet, the
valuation of higher order velocity correlation givesn-term of
umulant series roughly linear in time. Its magnitude app
o be proportional tonth power of spin phase fluctuation
F al ) n, wherel is a molecular mean free path. It provides,
nstance in the case of the two gradient pulse sequences
ulse widthd, that all cumulants higher than the second o
an be omitted (and fluctuations considered Gaussian ra
rocess) whengG z d ! 1/l .

MRI EDGE ENHANCEMENT BY
MOLECULAR DIFFUSION

The main advantage of this theory over other approach
ts ability to incorporate very general pulse sequences wh

. Image is extended along thex axis to amplify view of edges. (b)–(i) The
0 ms.
tion
10
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158 STEPIŠNIK ET AL.
nite-width or even modulated gradient pulses are used.
e expect it could adequately describe the MRI diffus
rtifact that appears at edged structures or other diffu
henomena arising at NMR microscopy of a porous struc
If we assume that the data acquisition interval,Dt, is short

nough compare to the inverse rate of diffusion attenuatioDt
1/F a

2D, then the magnitude of NMR signal induced
nsemble spins can be written as

ue~r , Fa, t!u 5 ue~r !0 O
k

Sk~Fa!e
ikre2~1/ 2!k 2Rg

2~t, r !u. [8]

ere we neglect the spin relaxation andr denotes the mea
ocation of a spin-bearing particle. Figure 1 exposes term
his equation presented in the reciprocal space. The co
ents of the phase structureSk(Fa) are symmetrically distrib
ted around the pointk ' Fa. In the sum [8], each term
educed for an attenuation factore2~1/ 2!k 2Rg

2 ~t,r !
. In Eq. [8] the

redominating structure componentSk'Fa(Fa), experiencing
he attenuation ofe 2 ~1/ 2!F a

2Rg
2 ~t,r !

, appertains to the sp
ephasing in the bulk. The attenuation strengthens for
onents withk . Fa and lessens when loweringk. Thus

here is almost no attenuation for components close tok 5
. Along this line follows the basic understanding of
RI contrast enhancement at edges. The component
' Fa that belongs to spins in the bulk experiences u

orrey’s diffusion attenuation, while those in the vicinity
' 0 represent almost unspoiled signal induced by spi

he proximity of compartment walls. This asymmetric att
ation of spin phase structure components brings abo

FIG. 6. Intensities of various sections of one-dimensional MR image
function of signal acquisition time.
us

n
e.

of
o-

-

ith
al

at
-
an

pparent increase of MRI signal at the edges while redu
he intensity of the bulk-spin signal.

In the following we will restrain our consideration to
imple sequence where the magnetic field gradient is ali
nly in one direction, although the method is very general
apable of explaining the effect when very sophisticated
ging sequences are applied. One-dimensional images of
pins closed between parallel walls will reveal interes
etails of phenomena relevant for images obtained from
pins in the confinement of more general geometry. The
itude of the MRI signal induced by spins in a pixel ax

ollows from Eq. [8] as

ue~ x, Fa, t!u 5 ue~ x!0 O
n52`

`

Sn~Fa!e
i ~np/d! x e2~1/ 2!~np/d! 2R g

2
~t,r !u

[9]

ith

Sn~F! 5 i
~Fd 1 np!eiFd 2 ~21! n2Fd 1 ~Fd 2 np!eiFd

~21! n2~n2p 2 2 F 2d2!
,

[10]

here Rg
2 is a mean-square displacement along the gra

ligned in the direction ofx axes perpendicular to the pla
oundaries. Figure 2 shows one-dimensional NMR imag
pins in a slit calculated according to Eq. [9]. The increas
pin dephasingF a intensifies the image contrast in proximity
ompartment walls (x 5 0 andx 5 d). It appears as broa
ned lines truncated at the edges (x 5 0 andd) and with the
eaks shifted from the proximity of the edges. The width

ines and position of peaks do not change with increasingF a.
By changing the time ofp RF pulse application we can al

he time of molecular diffusion at unchangedF a. Resulting
ariations of the edge enhancement are shown in Fig. 3. I
hort-time approximation the exact calculation of a mean
ocity correlation function for diffusion between plan-para
lanes (20) gives the same result as that obtained accordin
ick’s law (21). Therefore, we adopt position-dependenc
ean squared displacement as calculated with the condi
robability according to the diffusion law, Fig. 3b. Doing
emonstrates that for molecules in proximity to walls,
ean squared displacement of molecules is shorter than
ulk. Prolonging the diffusion time moves the shortest
lacement away from the walls and causes a shift of
nhanced line peaks away from the wall edges. The line

s accompanied by line broadening, which is proportional
ean diffusion length asRg ' 2Dt. Thus at longer tim

ntervals the intensity reduction of the enhanced line sh
ollow a linear dependence on time.

s
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EXPERIMENT AND DISCUSSION

In order to test theoretical features of the diffusion e
nhancement, Eq. [9], presented in Figs. 2 and 3, we
repared a sample of water contained in a narrow notch m

n a piece of plastic. The notch was 29 mm long and shap
he milling knife in the transverse section, Fig. 5a. There
wo different widths of the notch: the 4.5-mm-deep lower
ad a width of 2.8 mm while the 2.5-mm-long neck had a w
f 2.6 mm. The bottom of the notch had a 1.5-mm-deep
hape of the milling knife.
The experiment was carried out using an NMR imager
3-T superconductive magnet with probe incorporatin

uadrupolar coil able to produce a magnetic field gradie
.03 T/m. Images were taken by sampling 512 points at i
als of 60 ms with total duration about 31 ms; see Fig.
ne-dimensional NMR imaging was carried out with the

arefully aligned so that the magnetic field gradient direc
as as nearly normal as possible to the wall of the slit.
rdinary spin echo sequence with two long gradient pulse
sed, Fig. 4, in which the second gradient pulse was prolo

o sample the signal for one-dimensional MRI. In order to
he MRI at different diffusion times, we changed the dura
f the first gradient pulse. Thus, the sampling interval
emained unchanged was moving from 30 to 100 ms.

The transverse section of the MR images, Fig. 5, cle
hows distinct two-edge enhancement of two different wi
f the notch. The enhancement is more pronounced o
ight-hand side of the one-dimensional MR images. Altho
he edges were only 0.1 mm apart, the resolution seems
etter than 0.05 mm. The enhancement on the left-hand s

he image is less distinctive and two-edge enhanceme
lurred into one line. By turning the sample in the probe
80°, the lines on the left side remained mingled while
nhancements on the right-hand side appeared distin
gain. We believe that the line blurring, which appears onl
ne side of the images, is due to the gradient nonlinearity a

he length of the notch. Therefore we have limited fur
nalysis only to the lines of well-distinguished edges.
For sampling at times 60 and 70 ms, two distinct
ell-separated narrow lines clearly indicate the proper dist
etween two edges. The lines partly overlap when the sam

nterval is moved to the times between 81 and 100 ms.
ording to the theoretical prediction shown in Fig. 3, a pro
ation of the diffusion lengthRg broadens the line of enhanc
ent. This is proven by the experiment where e
nhancement was observed in MRI of hyperpolarized3He (22).
here rapid gas diffusion extends the range of edge enh
ent far away from the boundaries. In our experiments
olecular diffusion time changes from 30 to 100 ms, wh
ives mean particle displacements,=2Dt, ranging from abou
.012 to 0.022 mm. This brings about partial overlappin

wo-edge lines; Figs. 5d, 5e, and 5f. Although the resolutio
ur imager limits accurate quantitative determination of
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ine broadening, it can be obtained by following the chang
ine intensities as they decrease in proportional to line br
ning, Fig. 3. Figure 6 shows the experimental results of
nhancement. The intensities of enhanced lines from the
and side of MR images and the intensity of the middle pa

he image are shown on a log–log plot as a function of t
ccording to the slopes, the attenuation of bulk signal
reases tot3, while, after reaching the maximum at about
s, the lines of enhanced edges follow almost a linear de
ence on the diffusion time. This agrees with the calculat

rom Eq. [9], where the intensity of enhanced lines is lower
o the line broadening, which is proportional to the m
quare of particle displacement 2Dt.

CONCLUSION

Equation [8] describes the artifact of NMR microsco
maging known as an intensity enhancement due to the res
f molecular motion in the proximity of boundaries. We
ived it by averaging the spin phase and expanding a no
orm spin phase distribution into a series of plane waves. T
ave vectors represent feasible momentum states of pa
ithin confinement and, thus, characterize the geometry
oundaries of confinement. Random motion brings abo
iscord of structure waves and disrupts the initial phase s

ure. The spatially nonuniform intensity distribution of
MR signal is due to weaker spin echo attenuation at
onfinement boundaries.
The result of a new approach is the analytic descriptio

he effect, Eq. [8], that can be used to image sequences
radient pulses of finite width and general waveform. Bu
rder to anticipate the exact form of edge enhancement
ust know the position dependence of mean squared

le displacement within the pore. Nevertheless the prob
an be turned upside down: With the use of the h
esolution NMR imager we can implement the method
ring to light the information about mean squared displ
ent and thus about molecular motional correlation in c

ned geometry.
It seems that good agreement between the experim

esults and the evaluation can serve as a confirmation o
asic assumptions of the new approach.

REFERENCES
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