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A modified correlated spectroscopy (COSY) revamped with asymmetric Z-gradient echo detection sequence was

designed to investigate the influence of diffusion behaviour on intermolecular double-quantum coherence signal at-

tenuation during the pre-acquisition period. Theoretical formulas were deduced and experimental measurements and

simulations were performed. It is found that the diffusion behaviour of intermolecular double-quantum coherence in the

pre-acquisition period may be different from that of conventional single-quantum coherence, depending on the relative

orientation of diffusion weighting gradients to coherence selection gradients. When the orientation of the diffusion

weighting gradients is parallel or anti-parallel to the orientation of the coherence selection gradients, the diffusion is

modulated by the distant dipolar field. This study is helpful for understanding the signal properties in intermolecular

double-quantum coherence magnetic resonance imaging.
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1. Introduction

In solution nuclear magnetic resonance (NMR),
when a two-pulse sequence separated by a time inter-
val is applied to a highly polarized spin system, mul-
tiple spin echoes (MSEs) or intermolecular multiple-
quantum coherences (iIMQCs) can be observed in the
presence of magnetic field gradients.[''?] Nowadays,
the pulse sequences for creating MSEs or iMQCs are
mostly based on the correlated spectroscopy (COSY)
revamped with asymmetric Z-gradient echo detection
(CRAZED) sequence. MSEs and iMQCs can be de-
scribed by using either the quantum mechanical den-
sity matrix treatment or the classical dipolar field
treatment.?3] Both treatments have led to the same
quantitative predictions for all the NMR signals de-
rived from the CRAZED and similar sequences.[*~6
Since iMQCs have intrinsic properties different from
conventional single-quantum coherences (SQCs) or in-
tramolecular MQCs,["=1 they have found wide ap-

plications in NMR spectroscopy and magnetic reso-

nance imaging (MRI).['2=17] For example, the unique
diffusion behaviours of iMQCs have been utilized in
diffusion-weighted MRI to provide new information
and novel contrast for improving the detection of wa-
ter molecules associated with ordered structures in
soft tissues.['518=21 Since diffusion-weighted gradi-
ents (DWGs) applied during the evolution period or
the pre-acquisition period in iMQC pulse sequences re-
sult in different physical processes, the corresponding
apparent diffusion coefficients may be different. To the
best of our knowledge, no quantitative or even quali-
tative discussion on the diffusion properties of iMQCs
during the pre-acquisition period has been presented
to date.[6:7:22—28]

In this work, we will report our investigation on
the intermolecular double-quantum coherence (iDQC)
diffusion behaviour during the pre-acquisition period.
A modified two-pulse CRAZED sequence was pro-
posed for this investigation, where the signal attenu-
ation was weighted by diffusion in the pre-acquisition
period. Theoretical expressions were deduced, and
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experiments and simulations based on the nonlinear
Bloch equations were performed.[??) Theoretical, ex-
perimental and simulated results show that the appar-
ent diffusion coefficient is correlated with the spatial
modulation of the distant dipolar field (DDF), and dif-
ferent orientation of DWGs relative to the coherence
selection gradients (CSGs) results in different appar-

ent diffusion rates.

2. Theoretical formalism

The iMQC
CRAZED experiments is influenced by molecular

signal  intensity in  the
diffusion, 2l dipolar correlation distance,' radia-
tion damping,*® background field inhomogeneity,3"!
spin relaxation,®? and so on. All these factors may
directly impose effects on the precision and accuracy
of diffusion measurement. Although a quantitative
description of the signal attenuation caused by all
these factors is difficult, it is possible to design some
pulse sequences where the relative signal attenuation
is only dominated by the diffusion effect. In this pa-
per, to quantitatively investigate the iDQC apparent
diffusion behaviour during the pre-acquisition period,
a modified CRAZED pulse sequence shown in Fig.1
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Fig.1. Modified CRAZED pulse sequence for studying
iDQC diffusion behaviour in the pre-acquisition period.

is proposed. The first pair of gradient pulses with du-
ration ¢’ and magnitude G’ or 2G’ are used for the
iDQC selection. The second pair of gradient pulses
with duration §, magnitude G and interval A are used
for diffusion weighting during the pre-acquisition pe-
riod. They are along the z or x direction, depending
on the ¢ and 6 angles respectively, where ¢ is the an-
gle between the first CSG and x direction and 6 is the
angle between the first DWG and x direction. The
radiation damping effect during the short evolution

period 7 is suppressed by the first CSG before the

second RF pulse. The bipolar pulse field gradients
(PFGs) in the pre-acquisition period not only act as
DWGs, but also help to suppress the radiation damp-
ing effect. For all experiments performed in this study,
the radiation damping effects are further suppressed
by deliberately detuning the probe.

An isolated spin —1/2 system with unrestricted
isotropic diffusion has been considered. The CSGs are
applied along the z direction, i.e. ¢ = 7/2. For the
pulse sequence shown in Fig.1, the variation of mag-
netization with time can be described by the Bloch
equations. When radiation damping and background

field inhomogeneity are ignored, we havel':22

dM.(z,t)  M.(z,t) — My
. T
0? 0?
+ DT (8$2 + 822> MZ(Z,t) s (1a)
and

DED o (M, (o0) % [Bolz) + Bale)])

_ M+(Z,t)

1

02 0?

+ DT (8562 + 822) M_,.(Z,t),

(1b)
where 7 is the gyromagnetic ratio of the investigated
nuclei. M, is the equilibrium magnetization, and
M.(z,t) and M, (2,t) = M, +iM, are local longi-
tudinal and transverse magnetization components, re-
spectively. 77 and 75 represent the longitudinal and
transverse relaxation times, respectively, and Dt is
the conventional molecular translational diffusion co-
efficient. By(z) is the external static magnetic field,
and Bq(z) is the DDF. In order to simplify the calcu-
lations, the durations of RF pulses are assumed to be
short enough to permit the neglect of relaxation and

diffusion effects during their actions.

2.1.iMQC model

In Fig.1, all the RF pulses are not selective and
are applied along the y axis of the rotating frame.
The gradient pulses can be made much stronger than
the background field gradients, so the latter will be
Before the first
(71'/2)y RF pulse, the equilibrium magnetization M

neglected in the following analysis.

is aligned along the z direction. Just after the first
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gradient pulse, i.e. after the time 7 following the ini-
tial RF pulse, the magnetization becomes

My (2,77) = Moe ™/ T2ei 021601 D1

M, (z, T+) = Mo(l — e_T/Tl). (2)
The superscript + (or — in the following text) indi-
cates the moment immediately after (or before) cer-

tain event (e.g. after an evolution time 7). The phase
shift is ¢., = kz, with k = ¥G’6’. The e 1 PT rep-

resents diffusion attenuation caused by the first CSG

pulse before the second RF pulse, where
by =~+2G"*5"° /3

is the diffusion weighting factor generated by the first
CSG pulse.[??l Immediately after the second RF pulse
the transverse and longitudinal magnetization compo-

nents turn into

_ 1, . .
M, (277'7 5 ) = My {(1 — e_T/T1> + 3 (e”’z1 — e_“"“) e T/Tag=b1Dr
_ 1 . .
M, (Z,T, 5 ) — _5 M, (el¢z1 + e—l¢z1) e—T/T2e—b1DT_ (3)

From Eq.(1), it is obvious that the evolution of the local longitudinal magnetization component is only affected
by the longitudinal relaxation and molecular diffusion. Therefore, it is independent of the evolution of the
transverse magnetization component from now on.

Mz (277_7 tg) — 7%Mg (ei@zl +efig921) ef-r/TgefleTef(k?'DTJrl/Tl)m + MO (1 o eftg/Tl) ) (4)

As a consequence, a spatially modulated DDF, By, is given by[32l

Ba(z,7,12) = —po Mo cos pare” T/ Tre b1 D= (KD 1/ Th)ta (5)
where g is vacuum magnetic permeability. The DDF contributes a rotation of the transverse magnetization
around z at the angular velocity —yBq which depends on z and ¢5. It will be convenient for further calculations
to express the rotation angle accumulated from t5 = 0 in the form of £ (t2) cos ¢.1, where & (t2) is easily evaluated
from Eq.(5),

Yo Moe™ ™/ T2e=01 DT |1 — e_(kzDTJrl/Tl)tz}
ty) = . 6
§(t2) k*Dr + 1/Ty (©)
The dipolar field gradient (DFG) generated by the DDF is then given by
B
Ga(z,7,t2) = 0 adz(z) = AG'8 oMo sin 10~/ Toe~ 01D o= (K Dr+1/Th )tz (7)

After integration over the sample, the effective DFG can be obtained from Eq.(7),
L
Gy (1,12) = / vG'§ Aopo Mo sin p,1dz = Agpo My [1 — cos (vG'6'L)], (8)
0

where L is the effective length of the sample, Ag = e~/ Tag=b1Dro=(FDr+1/T1)t2 g the amplitude factor. As
shown in Eq.(5), the DDF will remain stable for a long period since it dissipates slowly under the combined

influence of nuclear spin lattice relaxation and molecular diffusion. !

Therefore, for simplicity, we will neglect
the dissipation of the DFG during the pre-acquisition period and detection period in the following discussion.
After the second RF pulse, the transverse magnetization evolves under the combined effects of transverse

relaxation, the second CSG pulse, DWGs, and DDF, hence

1, . .
M+(Z,T, t2> = M, |:(1 _ e—T/Tl) 4 5 (elSDzl _ e—1<Pz1) e—T/Tze—b1DT

~ einwzleiﬁ(tz)cos @zle—t2/T2e—(b2+b3)DTf(G/, (5/7 n), (9)
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where f(G',¢',n) = e’kgtzDTe7(mGI‘S/f(‘S//H“)DT is a complex function representing the diffusion attenuation
caused by the CSGs located immediately before and after the second RF pulse, by and b3 are the diffusion
weighting factors caused by the DWGs and the DFG respectively. Detailed expressions for these factors will be
given in the next subsection.

Equation (9) can be transformed to the following expression by using the Bessel function expansion,

M+(Z, T tg) = M, |:(1 _ e—T/Tl) + % (eitpzl _ e—itpm) e—T/Tze—leT e—tz/T2ei7L<,0z1e—(bz+b3)DT

(oo}

X f(G0n) Y iy (€) el (10)

where J,, is the m-order Bessel function. Since 7 < T7, the first term in Eq.(10) can be negelected and Eq.(10)
can be changed into
M, (z,7,t3) = %e*(T“?)/TQe*(bl+b2+b3)DTf(G/,5’,n) i i3, (€) [(ei(n+m+1)¢>zl _ ei(n+m*1)¢zl)i| .
T (1)
Since ¢, is much larger than 27, averaging over the sample causes the signal to vanish unless m = —n £ 1. So
Eq.(11) can be simplified to

Mi(7,ta) = %i—n—le—(T-&-tz)/Tze—(b1+b2+b3)DTf(G/’5/’n)

X [Jon1(€) +J-nt1 (E)] (12)

According to the properties of the Bessel function, the resulting signal can then be written as

M (7,t3) = in1M0n‘]"(€_5>e<T+t2>/T2e<b1+b2+b3>DT (G, 8 n). (13)

In order to make the formalism tractable, we limit it to the cases with £ < 1, i.e. with weak DDF effects. This
requirement is safely fulfilled under ordinary experimental conditions. In such cases, all the terms except the
first-order one in the Taylor series expansion for the Bessel function can be neglected. For n = 2, Eq.(13) can
be written as

iypioM2e—T/ T2 o1 D [1 _ o (KDr+1/Ty)ts

4 (k2Dr +1/T1)
~(t27) /T2 = (b1-+b2+3) D1 o=kt D1 o = (29G'8) " (8" /3+12) D (14)

MIPRC(7, ) =

X e

Here the diffusion effects contribute in two ways. On  quency domain:
one hand, the molecular displacements during the

mixing period attenuate the signal amplitude in the B fOT Mi_DQC (1,t2)cdts (16)
conventional way. On the other hand, additional dif- N foT MerQC(T, t2) G dty

fusion attenuation is expected due to the presence of

DFG. After Fourier transformation, the signal inten-
sity in the frequency domain for acquisition time 77 2.2. The diffusion effect in the pre-

can be represented as follows: acquisition period

T
7 :/ MerQC(ﬂ to)dts. (15) In this subsection, we will discuss the diffusion
0 attenuation due to the DFG and DWGs in the pre-
Substituting Eq.(14) into Eq.(15), we obtain the rela-  acquisition period. For unrestricted isotropic diffu-

tive signal attenuation factor F for iDQCs in the fre-  sion, the diffusion weighting factor b in this period
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34,35]

can be defined as! where b;, b, and b, are z, y and z components of

s L ALS Y 2 b, respectively. Let F' (') be the time integration of
b= by + by =77 / (/ G(tz)dt2> dt’ gradient
T 0

by + by + b, a7 F(t) = [ Gl (18)

For simplicity, we only studied two special cases: G is perpendicular to the z direction, and G is parallel
(0 = w/2) or anti-parallel (§ = —7/2) to the z direction. In the following calculations, G4 is the amplitude of
the effective DFG generated by the DDF and is defined by Eq.(8).

When 6 = /2, all the gradients are along the z direction, so the integral of gradient function is

Gdt/a T<tl §T+6/,
F(#) = Gat' + Gt —7-19"), T+ <t <717+ +9, 19)
Gat' + G, TS S <t <TH 4 A,

Gait' +Go -Gt —7—=8 —-A), 7+d+A<t/ <7+ +A+0.

When 6§ = —7/2,

Gat', T<t <1+,
Gat' —G{Ht' —17-0"), 0 <t < o'+ 0,

F(t) = d ( T ) T+ <T+0+ (20)
Gqat' — G9, T+ +o<t <7+ + A,

Gatl —GS+G (' —7—8 —A), T+0+A<t/ <7+8+A+0.

Both F(t') are along the z direction. So the b value can be calculated as follows:

b 72G(21(6’+A+5)3/3+72G262 (A—6/3) +72GaGAS (8 + A+0), (0=m7/2), (21)
V2GE(6 + A+ 6)3/3 +42G25% (A —6/3) —y2GaGAS (8 + A+6), (0 =—7/2).
The b values caused by the DWGs and DFG can then be expressed as
by = 2G?6% (A - 6/3),
2 =7 ( /3) (22)

by = VG20 + A+6)°/3+72GaGAS (5 + A+6),

in which bt = £72GGAS (6’ + A+ 0) is a term aris-  So the total b value is
ing from the coupling between DWGs and DFG. P o 3

When the direction of gradient G is along the z b=7"G"0"(A—0/3) +7°Ga(0" + A+0)°/3. (25)
direction (8 = 0 or 7), the diffusion weighting factor Therefore, we have
can be deduced

by = v2G25% (A —§/3),
by = /2G252 (A — 6/3) (23) 22 3 (26)
=" : by =v°G5(8' + A+ 6)°/3.
Since the DFG is along the z direction, we have According to the above deduction, the diffusion
weighting factor b in the pre-acquisition period can be
b, =v2G3(8' + A+6)%/3. (24)  summarized as follows:
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b=2G2(8 + A+06)° /3 +~2G%02 (A —6/3) +12GaGAS (8 + A+6), (0=7/2),
b=2G2(8 + A+08)*/3+72G28% (A — §/3) — 2GaGAS (0 + A+35), (0=—n/2), (27)

b=72G20% (A —6/3) +7*G3(5' + A +6)°/3,

(=0orm).

It is shown that coupling between the DWGs and the DFG occurs when the DWGs are along the +z
direction, i.e. parallel or anti-parallel to the direction of DFG. In such cases the diffusion attenuation due to
the DFG varies with G. On the other hand, when the DWG is along the x direction, i.e. perpendicular to
the DFG, the diffusion attenuation due to the DFG is independent of G. If all parameters in Eq.(27) are held
constant except G, substituting Eqs.(14) and (27) into Eq.(16), we have

E — o7 [8°(A4-6/3)G*+GaA5(8'+A+5) G| Dr

F— 8—72 [62(A—6/3)G2—GaAs(8'+A+8)G|Dr

—~252(A—6/3)G?*D
E=e 70 /3) T

For Eq.(28¢), the natural logarithm of the signal
intensity is linearly related to G2. The slope of the line
of InE versus G? is proportional to the conventional
molecular translational diffusion coefficient Dt. How-
ever, in Egs.(28a) and (28b), the natural logarithm of
the signal intensity is nonlinear versus G? since the dif-
fusion is modulated by the coupling between the DFG
and DWGs. Using Eq.(28), we can gain the diffusion
coefficient D by fitting the result to the experimental
curve of InFE versus G.

According to the literature, the relationship be-
tween In E and G? for conventional SQCs is F =
e_7252(A_5/3)G2DT,[7] the same as Eq.(28¢). So we can
obtain the diffusion modulation factor for iDQCs from
Eq.(28)

GaA (8 + A+ 4)
Tmod = 1 + ) (927/2)a
5(A—06/3)C 200
A + A+ 4)
Tlmod = 1- s (9 = —7'&'/2) s
5(A—0/3)G oo
Nmod = 1, (0 =0or ). (29¢)

From the above equations, the apparent diffusion co-
efficients of iDQCs during pre-acquisition can then be
given as
DBdc = DTmod. (30)
Equations (29) and (30) show that apparent dif-
fusion coefficient of iDQCs during the pre-acquistion
period is a function of DFG (determined by CSG) and
DWG when the directions of these gradients are paral-
lel or anti-parallel to each other, and it will approach
the conventional SQC diffusion coefficient when the
CSG is close to zero.

(0 =m/2), (28a)
0 =—n/2), (28b)
=0orm). (28¢)

3. Materials and methods

All experiments were carried out on a Varian
NMR System 500 MHz spectrometer equipped with
a 5 mm actively shielded z, y, z axis gradient indi-
rect detect probe. Gradient strengths were calibrated
with gradient profile experiments. The pulse sequence
shown in Fig.1 was used to measure the iDQC signals.
The diffusion weighted module is a pair of gradients
with opposite polarity. For conventional SQC signals,
the pulse sequence was a 7/2 RF pulse followed by a
diffusion weighting module along the z direction be-
fore acquisition. The sample was a mixture of 80%
All '"H NMR spectra
were recorded at 298 K. To suppress the effects of

acetone and 20% acetone-dg.

radiation damping, the width of the /2 RF pulse
was extended to 95.5 us by deliberately detuning the
probe. A typical set of experimental parameters were
as follows: a relaxation delay (RD) of 30 s, to recover
the magnetization to its full equilibrium state and pre-
vent any possible stimulated echoes; acquisition time
2.0 s; G’ was varied in order to obtain different DFG
and the duration 0’ =2 ms; 7 = 2.5 ms; A = 14 ms.
G was varied along the z (6 =7/2), —z (0 = —7/2)
and x (6 = 0) directions to produce a series of diffusion
weighting, and § = 4 ms. Theoretical simulations were
performed to verify the experimental observations. 2]
The simulation parameters were set to the same as
the experimental ones and the relaxation times were
Ty =5 s and To = 2 s. The effects of radiation damp-

ing were neglected.



No.11

Apparent diffusion behaviour of intermolecular double-quantum coherence modulated ...

4803

To demonstrate that the observed signals are really from iDQCs and insensitive to the DWG direction,

magic angle experiments were carried out with the DWG direction parallel (§ = w/2 or —7/2) or perpendicular

(6 = 0) to the z direction.

4. Experimental results and discussion

The results of the magic angle experiments are presented in Fig.2. It shows that the signal intensity of the
left (¢ = 90°) is about twice that of the right (¢ = 0°), but is very weak when the CSG direction is along the
magic angle (¢ = 35.3°), indicating that the signal really comes from iDQCs, as expected theoretically.

_

1

(a)

-

(b)

Fig.2. (a) Signals from the pulse sequence shown in Fig.1 with the DWGs parallel or anti-parallel
to the z direction (f = w/2 or —7/2), and CSGs along ¢ = 90° (left), ¢ = 35.3° (middle), and
¢ = 0° (right). (b) Signals corresponding to (a) with the DWGs perpendicular to the z direction

(6 =0).

To determine the diffusion coefficients under different DDF modulation, a series of 'H iDQC and SQC
spectra were measured with different amplitudes of CSGs and different amplitudes and directions of DWGs.

For the diffusion coefficients under a specific DDF modulation, all experimental parameters were set to the same

as above except the G value.
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Fig.3. Experimental (left) and simulated (right) results of signal attenuation due to the diffusion of acetone
molecules in the mixture of acetone and acetone-dg during the pre-acquisition period of the CRAZED sequence
with ¢ = 7/2. (a) G’ =20 mT/m; (b) G’ = 40 mT/m; (¢) G’ = 100 mT/m; (d) G = 150 mT/m. The symbols
indicate the experimental or simulated data points, and the lines are fitting curves according to Eq.(28).

Plots of natural logarithms of the relative peak areas InE versus G2 with G’ set to 20, 40, 100 and 150 mT /m,
respectively, are shown in Fig.3. For conventional SQCs and iDQCs with the DWGs along the x direction (8 = 0),
since In E = =262 (A — §/3) DrG? and 7262 (A — §/3) Dr is constant, the relationship between In E and G?
is linear and the slope of In E — G? line is proportional to Dr.

When the DWGs are parallel or anti-parallel to the z direction (§ = 7/2 or —7/2), the In E — G? curves
are nonlinear for iDQCs. They deviate from the line of 8 = 0 to different directions. As shown in Egs.(28)-
(30), an additional diffusion modulation exists due to the coupling between the DFG and DWGs, and the
signal attenuation is not constant when the DWG changes. When 0 = 7/2, b°* is positive, and the diffusion
modulation factor 779;;1/ ? increases with the increase of G’ strength. In contrast, b* is negative when 0 = —7 /2,
thus nz:)gﬂ/ ? decreases when the G’ strength increases. This is the reason why the In £ —G? curves are nonlinear
and deviate from the line of § = 0 to different directions, as shown in Fig.3. The stronger the G’, the more
serious the nonlinear effects. The diffusion coefficients D obtained by fitting the In E — G2 curves with Eq.(27)
are summarized in Table 1.

Table 1. Diffusion coefficients Dt (x1079 m?2/s) of acetone obtained under different conditions.

O=m/2 O=—m/2 0=0 SQC
D D, D D
G'/(mT/m) T T T T
experiment  simulation experiment simulation experiment simulation experiment simulation
20 4.4740.08 4.6010.02 4.4540.10 4.5940.03 4.6140.03 4.63+0.01
40 4.48+0.11 4.59£0.04 4.44+0.11 4.57£0.05 4.60£0.05 4.63£0.01

4.6440.05 4.6340.02
100 4.484+0.19 4.584+0.09 4.434+0.07 4.56+0.08 4.56+0.07 4.6240.02

150 4.46+0.26 4.56£0.10 4.41+£0.08 4.56£0.12 4.49£0.08 4.6240.02
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When 68 = 0 or m, the directions of DWGs and
DFG are perpendicular to each other.
coupling term in Eq.(28¢c). Therefore, the influence of
DDF on signal attenuation is kept constant at various
diffusion weightings, resulting in a linear relationship
of InE — G%. According to the theoretical formula,
under this situation the apparent diffusion coefficient

There is no

D4=0 should be invariable and equal to D%QC even if
the amplitude of CSGs is changed. This is the case for
simulation results. However, as shown in Table 1, the
experimental DJ=0 varies slightly with the increase of
CSG strength. This may be due to the spatial distri-
bution of the gradients in the practical experiments.
Since DWGs and DFG are along the z and z direc-
tions respectively, the effective DWG amplitude in Eq.
(30) should be Geg = /G2 + G2, where G, = G,
G, = G4q. When G’ is small, G4 is much smaller than
G. So Geg =~ \/GTg = @G, and the effective DWG is
along the +z direction. In other words, the diffusion
in the x direction is hardly affected by G4. However,
with the increase of G’, G4 increases too, thus the
effective DWG is no longer strictly along the +z di-
rection, but has a slight deviation. Consequently, the
experimental curve of § = 0 in Fig.3 deviates from the
SQC one and is close to the curve of § = /2. The
diffusion coefficient D%:O changes accordingly and be-
comes closer to the values of D%:ﬁ/ 2
of G’ strength. Since the largest deviation of exper-
imental D=0 from Dy is only about 3%, the effect
of G4 can be neglected, and the diffusion of iDQCs
when 6 = 0 or 7 can be taken to be still governed by
Eq.(28c). In simulations, such an effect was not taken
into account, thus the resulting D= values at various
G’ are very close to each other.

When 6 = 7/2 or —7/2, the experimental results
of D?}Ziﬂ/ 2 agree well with each other, as do the sim-

ulated ngziﬂ/ 2

with the increase

values. Both experimental and simu-

lated DO=*7/?

ing D3?C.
DFSFQC. The largest deviations are smaller than 5% and

deviate slightly from their correspond-
The simulated results are much closer to

2% for the experimental and simulation results respec-
tively. The deviations from D%QC may be mainly due
to the complex coupling effect between the DFG and
DWGs. Since the errors in nonlinear fittings are gen-
erally greater than those in linear fittings, these devi-
ations are acceptable. On the other hand, the devia-
tions between experimental and simulated results may
come from overlooking some influencial factors during
simulation. In simulation, we only considered ideal
unrestricted isotropic diffusion and factors like sam-
ple shape and radiation damping; background field
inhomogeneity was completely ignored. However, in
practical CRAZED experiments, these factors might
have an influence on the signal intensity.

5. Conclusion

In this paper, a modified CRAZED sequence was
designed to study the apparent diffusion behaviour
of iDQCs in the pre-acquisition period. Theoretical
formulas were derived from the dipolar field model.
Experiments and simulations were performed to ver-
ify the theoretical predictions. The results show that
the iDQC apparent diffusion behaviour in the pre-
acquisition period is related to the orientation of
DWGs relative to that of CSGs. When these two di-
rections are parallel or anti-parallel to each other, the
diffusion can be modulated by the DDF and the ap-
parent diffusion coefficient increases or decreases with
the change of the direction of DWGs relative to that
of CSGs; when the orientation of DWGs is perpendic-
ular to that of CSGs, the diffusion is not affected by
the DDF.
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