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Abstract

Distortions of magnetic resonance images near solid-liquid interface appear as the result of the restriction to spin self-diffusion in
the proximity of impermeable boundary as well as of a susceptibility difference. The spectral analysis of spin echo enables to resolve,
in a simple way, how various RF-gradient pulse sequences reduce the effect of the internal magnetic field induced by the suscep-
tibility difference at interfaces. The 1D diffusion-weighted imaging of water in the narrow notch tested efficiency of some sequence.
The notch was milled in a piece of Plexiglas. The method can be used to distinguish the susceptibility effect from the effects of applied
gradients when investigating the transport of fluid through a porous structure.
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1. Introduction

Magnetic resonance imaging (MRI) relies on the
application of magnetic field gradients to encode spatial
information in the precession frequency of local spins.
The contrast of an extreme spatial resolution MR mi-
cro-image tends to be diffusion weighted. Edge en-
hancement near a solid-liquid interface appears as the
result of restricted diffusive motion in the proximity of
impermeable walls [1-3]. In the high magnetic field, the
non-uniform magnetic field, caused by the susceptibility
difference at the solid—fluid interface, affects the signal in
the same way as a steady external magnetic field gradi-
ent [4-7]. Therefore, micro-imaging artifacts at inter-
faces come from the restriction to motion as well as
from the attenuation induced by internal susceptibility
magnetic field gradient Gg(r). This gradient can be
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treated as a contribution to the applied magnetic field
gradient G, yielding the total magnetic field gradient [8]

G(r) = G, + G(r). (1)

At the echo time 7, spin motion through a non-uniform
magnetic field perturbs the phase of an individual spin
by 0(t) =7y [, G(r)-x(r) dr = — [{F(s) - v(¢) dt, where
F() =y J, G(¢) d is a factor of spin dephasing, r(¢) is
the spin displacement and v(¢) is the spin velocity.

For the PGSE sequence of two short gradient pulses,
each of duration 6 and separated by A, F = yJG, the
mean of the spin phase random fluctuation can be an-
alyzed with the probability distribution (the diffusion
propagator) [8—10]. However, in cases of finite gradient
pulses, multi-pulse gradients combined with RF pulses
or gradients of a general waveform, the short gradient
pulse approximation fails, and stochastic properties of
the spin location have to be transformed to the sto-
chastic properties of the spin velocity. In this case, a
method of the statistical physics, called the cumulant
expansion of the characteristic functional, can be used
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to treat the spin phase average [11]. This expansion,
truncated in the Gaussian approximation, gives the spin
echo as

E(x) = / E(r)e#-0e) g, )
14

where E(r) is the normalized echo of the spin suben-
semble at the location r. The phase shift

o(r,7) = — /OTF(Lt) (v(r,?)) dt (3)

results from the spin scattering on boundaries and de-
pends on the mean local velocity. Its distribution within
the pore yields the so-called diffusive diffraction of the
total spin echo signal [12], when the wavelength of the
phase grating created by the applied gradient 2m/F
equals the mean spin displacement. The spin echo at-
tenuation depends on the local velocity correlation
function (VCF)
) dedr.

*%/OT /OTF(r,t) ~(v(r
(4)

Micro-imaging of the signal magnitude discards the
phase shifts yielding the diffusion-weighted distribution
dependent only on the attenuation Eq. (4), though the
effect of the phase shift remains in the last term of the
effective velocity correlation as

(v, (e, 1)) = (v(r,0)v(r, 1)) = (v(e, 1)) (v(r, ). (5)
In the case of restricted diffusion near an impermeable

flat boundary lying in yz plane, the average of transverse
velocity component at position x is given by

6,0 = |/ et (©)

and the velocity correlation function is
2 2
x(2Dt —x%) o (7)
4v/nDi5
Clearly, only the diffusive motion of the spins within the
distance v/ Dt from boundary is restricted, while VCF of
bulk spins can be approximated by a delta function d(¢).
The Fourier transforms of the VCF tensor D( )=
fo ¢’ dr and spin dephasing, F(w,t)= [;

t, convert g. (4) in a more compact form
“‘” d Eq. @) i f [13],
Wthh is for the isotropic diffusion [11]

Blr,7) =1 /0 " IB(r, 0, 7)D(r, ) do. 8)

T

L OV(r, 1)), - F(r,

(v:(x,1)ve(x,0)) = 2Dd(¢) +

The signal attenuation depends on the spectra of the
spin dephasing. The power spectrum of the sum of ap-
plied (index a) and internal (index s) gradients is
[F(r,0,7))> = |Fa(o,7)|* + 2Re[Fy (o, 1)

F(r, 0,7)] + [Fy(r, 0, 7). 9)

We can shift the spectrum peak of the susceptibility
dephasing F; away from the spectrum peak of the ap-
plied gradient F, with an adequate combination of RF
and applied gradient pulses and therefore diminish the
influence of the mixed term on the echo attenuation. If
G, > G,(r) the mixed term Re[F,(w)F(w)] is much
larger then |F,(w)|* and represents the dominant effect of
susceptibility. For instance, spectra F,(w) and F;(w) of a
PGSE sequence applied in a steady internal suscepti-
bility gradient (Fig. 1A)

4yG, sin sin 22 ei?/2¢ioA/2

F'd = (,()2 (10)
and

122wt Aot
FS:4))Gssm t gio/2 (an

o2
are shown in Fig. 1B.

Both spectra have a distinct peak at the zero fre-
quency, while in the CPMG RF pulse train interspersed
with the pulsed gradient sequence (Fig. 2A), the peaks of
Fi(w) and F,(w) overlap only partially (Fig. 2B). The
F, () term is the same as in the PGSE sequence, but the
peak of the Fi(w) spectra is shifted toward the fre-
quency, defined by the delay between the successive 7
pulses, and is given by
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Fig. 1. (A) The combination of RF and applied gradient pulses G, in a
PGSE experiment; J is the length of the gradient pulse, A is the time
between two successive gradient pulses. The spin echo is formed at a
time 7 after the m/2 pulse. The internal magnetic field gradient G is
time-independent. Corresponding factors of spin dephasing are de-
noted by F, and F;. (B) Frequency spectra of spin dephasing factors
have distinct peaks at the zero frequency. The width of the peak is
defined with 1/A for F,(w) and 1/ for Fy(w).
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Fig. 2. (A) The CPMG REF pulse train interspersed with a pulsed field
gradient sequence; 0 is the length of the gradient pulse, A is the time
between the two successive gradient pulses. The spin echo is formed at
a time 7 after the 7t/2 pulse. The internal magnetic field gradient G; is
time-independent. m pulses follow the excitation /2 pulse at times 7/6,
7/2, and 5t/6. The corresponding factors of spin dephasing are de-
noted by F, and F,. (B) The frequency spectra of spin dephasing
factors. The spectrum of the applied gradient dephasing is identical
to the one in Fig. 1. The zero-frequency peak of the internal spin
dephasing factor is shifted to a higher frequency 3rt/7. The peaks of the
spectra do not overlap which significantly reduce the effect of suscep-
tibility gradient.

N i 2 iwt/2
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F, = (12)

2
The mixed term (2Re[F,(w)F(w)]) of the PGSE se-
quence is substantially higher then the same term of a
CPMG sequence, as can be seen in Fig. 3. Hence, results

2Re(Fy (0)F ()
12 G,Ggt#
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Fig. 3. Mixed terms of Eq. (9) for PGSE and CPMG sequences in a
steady susceptibility gradient. The CPMG term is substantially lower
(approx. 9 times lower than PGSE term) because the peak of the
susceptibility gradient dephasing spectrum F;(w) does not overlap with

the peak of the applied gradient dephasing spectrum F, (w).

of measurements by the CPMG sequence are far less
influenced by the susceptibility gradient. In addition to
that, the mixed term can have a negative sign, if the
applied gradient and the susceptibility gradient oppose
each other, and the diffusion-weighted signal can actu-
ally be stronger in the proximity of boundaries.

2. Results and discussion

The method of reducing the susceptibility effect by
applying extra m pulses is demonstrated by a series of
diffusion-weighted images of water contained in a nar-
row notch milled in a cylindrical piece of Plexiglas that
has large susceptibility as shown in Table 1. The width
of 10mm long and 9 mm deep notch was 2.8 mm, while
the diameter of the Plexiglas cylinder was 10 mm. The
experiment was carried out using a TecMag NMR
spectrometer with a horizontal bore 2.35-T supercon-
ductive magnet equipped with microimaging accessories.
The gradient system can produce magnetic field gradient
up to 400 mT/m at the slew rate 3000 (mT/m)/ms. After
the notch was filled with distilled water the sample was
inserted horizontally with the notch walls being vertical
into a 10mm saddle-shaped RF coil. The notch was
carefully aligned with respect to the direction of the
applied gradient G, and the static magnetic field By; the
notch walls were normal to the applied gradient direc-
tion and were with their long side parallel to the static
magnetic field (Fig. 4). 1D signal intensity profiles in the
normal direction to the walls were measured by the se-
quences of two gradient pulses: the compensation and
the readout gradient with a different number and order
of m RF pulses in between is used. To improve the sig-
nal-to-noise ratio, each 1D profile was obtained as an
average of 50 signal acquisitions with the 3s recovery
time. The imaging field of view was 20 mm, which yields
at a 50kHz acquisition frequency bandwidth the read-
out gradient of strength 120mT/m. As the signal was
acquired in 1024 points, the image resolution was 20 um
per pixel and the signal readout time was 10.24 ms.
Readout gradient was slightly longer due to a 1 ms long
crusher/stabilization gradient applied before the signal
acquisition. Another 6.12ms long gradient of the same
polarity and strength was applied immediately after the
excitation pulse and before the m pulses to compensate
the first half of the readout gradient and hence align the
center of the acquisition with the k-space center. Both

Table 1

Susceptibility
Substance % (1079)
Water -0.72
SiO, -1.14
Plexiglas -3.24
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Fig. 4. The sketch of the sample geometry. A narrow notch was milled
in a cylindrical piece of Plexiglas that has large susceptibility and
carefully filled with water. The width of 10 mm long and 9 mm deep
notch is 2.8 mm, while the diameter of the Plexiglas cylinder is 10 mm.
The notch was carefully aligned with respect to the direction of the
applied gradient G, and the static magnetic field By; the notch walls
were normal to the applied gradient direction and were with their long
side parallel to the static magnetic field.
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gradients, the readout gradient and the compensation
gradient, were also used for signal diffusion weighting.
All pulses used in the sequence were hard; the duration
of the excitation ©t/2 pulse was 4 us, while the © pulse
was 8 us long.

Fig. 5 shows images, taken with a sequence of two
gradient pulses with a single m pulse in between (Fig.
1A), for two different values of A =84ms and
A = 114ms. In both cases the narrow peaks near the
boundaries indicate the effect of the diffusive edge en-
hancement. The edge enhancement is accompanied with
a distortion that extends along the width of the notch.
The images in Fig. 6 are the result of the CPMG se-
quence from Fig. 2. The images were acquired at the
same intergradient delay A and the same gradient
strength as images in Fig. 5. The images correspond to
the images predicted by the theory and computer sim-
ulation in the case of G5 = 0 [14]. For the comparison,
the difference between PGSE and CPMG measurements
is plotted in Fig. 7. The plot of signal difference suggests
what is the internal magnetic field induced by the sus-
ceptibility difference. The observed spatial variation of
the internal magnetic field is the result of the finite notch
size and therefore becomes significant near the bound-
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Fig. 5. The diffusion-weighted 1D MR micro images obtained by the PGSE in which the second gradient pulse was prolonged to acquire the signal.
The edge enhancement is accompanied with a distortion that extends along the width of the notch because internal magnetic field reduces the effect of
the external magnetic field gradient. The imaging parameters were D = 2 x 10~°m?/s, G, = 120mT/m, § = 6.12ms, A = 84ms for image A and

A = 114 ms for image B.
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Fig. 6. The diffusion-weighted 1D MR micro images obtained by the modified PGSE with a CPMG RF pulse train designed to reduce susceptibility
effects. The second gradient pulse was prolonged to acquire the signal. The signal in the centre of the profile is attenuated as expected for the free self-
diffusion, while the edges are enhanced because molecular motion in proximity of impermeable walls is restricted. The imaging parameters were
D =2x10""m?/s, G, = 120mT/m, 6 = 6.12ms, A = 84ms for image A and A = 114ms for image B.
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Fig. 7. The difference between diffusion-weighted 1D MR micro images obtained by the CPMG measurement (£;) and PGSE measurement (£3). It
suggests what is the internal magnetic field induced by the susceptibility difference. The observed spatial variation of the internal magnetic field is the
result of the finite notch width and therefore becomes significant near the boundaries. The imaging parameters were the same as for Figs. 5 and 6.

aries. The order of magnitude of the internal magnetic
field gradient can be estimated [8] from
_ (tw = 2p)Bo

Gy~ -2 = 2.0mT/m, (13)

where y,, is the susceptibility of Plexiglas, y,, is the sus-
ceptibility of water, By is 2.35T, and d is the width of the
notch (2.8 mm). Better estimation can be obtained from
the plot of the signal difference (Fig. 7). The difference
between diffusion-weighted 1D MR micro images
acquired by the CPMG sequence (E;) and the PGSE
sequence (E,) can be approximated by

AE =E, — E,

—2G25* DA ( —12GaG0DA? /18 e—yzGaGS(SDAZ/Z)

~ Eye e’

~ E, gyzGaGsDéAz, (14)

where G, > G; is assumed. Note that according to Fig.
3 the CPMG mixed term can have different sign than the
PGSE mixed term. From Eq. (14) the following ap-
proximation of the internal magnetic field magnitude
can be derived

AE 9

~ 5 —4y2GaD5A2 = 0.8mT/m. (15)

3. Conclusion

The spectral analysis of spin echo enables to resolve,
in a simple way, how various RF-gradient pulse se-
quences reduce the effect of the internal magnetic field
induced by the susceptibility difference at interfaces. The
method helps in designing a proper RF-gradient pulse
sequence. The proper sequence amplifies effects of ap-
plied gradient and reduces the spin echo attenuation due

to the magnetic susceptibility differences. The method
is demonstrated by the 1D diffusion-weighted MR im-
aging of water in the narrow notch milled in piece of
Plexiglas. The method is useful to distinguish the sus-
ceptibility effect from the effects of applied gradients
when investigating the transport of fluid through a
porous structure.
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