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Abstract

A theoretical description and experimental validation of the enhanced diffusion weighting generated by selective adiabatic full passage
(AFP) pulse trains is provided. Six phantoms (Ph-1–Ph-6) were studied on a 4 T Varian/Siemens whole body MRI system. Phantoms
consisted of 2.8 cm diameter plastic tubes containing a mixture of 10 lm ORGASOL polymer beads and 2 mM Gd-DTPA dissolved
in 5% agar (Ph-1) or nickel(II) ammonium sulphate hexahydrate doped (56.3–0.8 mM) water solutions (Ph-2–Ph-6). A customized local-
ization by adiabatic selective refocusing (LASER) sequence containing slice selective AFP pulse trains and pulsed diffusion gradients
applied in the phase encoding direction was used to measure 1H2O diffusion. The b-value associated with the LASER sequence was
derived using the Bloch–Torrey equation. The apparent diffusion coefficients measured by LASER were comparable to those measured
by a conventional pulsed gradient spin-echo (PGSE) sequence for all phantoms. Image signal intensity increased in Ph-1 and decreased in
Ph-2–Ph-6 as AFP pulse train length increased while maintaining a constant echo-time. These experimental results suggest that such AFP
pulse trains can enhance contrast between regions containing microscopic magnetic susceptibility variations and homogeneous regions in
which dynamic dephasing relaxation mechanisms are dominant.
� 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Frequency modulated adiabatic full passage pulses can
generate a high degree of magnetic spin coherence that is
immune to B1 inhomogeneity [1–4]. The localization by adi-
abatic selective refocusing (LASER) pulse sequence devel-
oped by Garwood and DelaBarre [3] exploits this property
to achieve sharply defined excitation profiles in single voxel
magnetic resonance spectroscopy (MRS) and imaging pulse
sequences [5]. However, following excitation, and in the pres-
ence of spatial encoding gradients, selective hyperbolic
secant (HS) adiabatic full passage (AFP) pulses generate spin
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phase that is approximately quadratically related to the pulse
frequency [6,7] and therefore approximately quadratically
proportional to the spatial coordinate of the spins [8]. This
nonlinear phase variation across the selected slice can be
compensated [4,8] to produce robust slice selective AFP p
pulses that are immune to RF field inhomogeneity. Con-
versely, the nonlinear phase dispersion could also be
exploited to measure signal loss due to diffusion. However,
a preliminary study [9] using the LASER sequence demon-
strated that the apparent diffusion coefficient (D) could not
be measured accurately in paramagnetic ion doped water
phantoms with short T2, due to the small b-value produced
by the selective AFP pulses alone. To increase diffusion
weighting, a further increase in phase dispersion could be
realized by using trains of AFP pulses in which individual
pulses alternate frequency sweep (AFS) direction in the pres-
ence of spatial encoding gradients.
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In the current study, a pair of pulsed gradients was
incorporated into the LASER pulse sequence to increase
the associated b-value. To date, no experimental results
have been reported using selective adiabatic pulses to
enhance diffusion weighting. The purpose of this study
was to determine whether selective adiabatic pulse trains
could produce enhanced diffusion weighting and be used
in combination with pulsed gradients to measure 1H2O dif-
fusion in phantoms spanning of a wide range of T2 values.
An expression for the b-value generated by the LASER
sequence was derived using the Bloch–Torrey equation fol-
lowing the method previously described [10,11]. A conven-
tional pulsed gradient spin-echo (PGSE) sequence was
employed as the gold standard for diffusion measurements
in all phantoms.
2. b-Value calculation using the Bloch–Torrey equation

For the LASER sequence shown in Fig. 1, the Bloch–
Torrey equation [12,13] was used to describe the magneti-
zation (M) change with time (Eq. (1)) when the self-diffu-
sion (D) of 1H2O is considered (see Appendix for detailed
parameter definitions):
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Fig. 1. The LASER sequence used for diffusion-weighted imaging measurem
frequency encoding and readout gradients, respectively, Gp is the phase encodin
width of Gy

d, X is the time delay between two phase encoding gradients, a is the
delays between pulsed gradients, s is the time interval between the first AFP
contained in a pulse train, and g is the half-width of the readout gradient (Gr
Although the full derivation of the associated b-value is de-
scribed in Appendix, the assumptions made are briefly out-
lined. First to simplify the calculations, the effective
magnetic field in the slice selective direction was expressed
as the linear combination of the static magnetic field and
the local gradient field [12,13]. Second, to model the effect
of an AFP pulse on the time-dependent magnetization, the
nonlinear phase dispersion across a slice generated by the
HS (HS1, R10) pulse [3] was expressed as a quadratic phase
offset [6,7] to the linear phase dispersion. The derived total
b-value contained a cross-term from the interaction be-
tween the pulsed diffusion gradients applied in the phase
encoding direction and the phase encoding gradients.

For the LASER sequence shown in Fig. 1, the derived
average diffusion weighting is as follows,

ln
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ents. Gy
d is the pulsed gradient applied in the y-direction, Gr and Gro are

g gradient, Gs is the slice selection gradient, D is the diffusion time, d is the
half-width of an AFP pulse, b is the width of Gp and Gr, t1–4, are the time
pulses of the two AFP-AFS pulse trains, n is the number of AFP pulses
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where A(2s) is the echo amplitude, A(0) is the magnetiza-
tion amplitude immediately following the adiabatic half
passage (AHP) pulse, bx, by, and bz are the b-values in
the frequency encoding, phase encoding, and slice selection
directions, respectively, bct

y is the b-value cross-term in the
y-direction, D is the apparent diffusion coefficient, c is the
gyromagnetic ratio, Gy

d is the pulsed gradient amplitude
for diffusion weighting applied in the phase encoding direc-
tion (i.e., y-direction), Gr, Gro, Gp, and Gs are pulsed gradi-
ent amplitudes for frequency encoding, readout, phase
encoding, and slice selection, respectively, D is the diffusion
time, d is the width of Gy

d, X is the time delay between two
frequency encoding gradients (Gr), which is also the time
delay between two phase encoding gradients (Gp), a is the
half-width of the AFP pulse, b is the width of Gr, which
is also the width of Gp and the width of crusher gradients
on both sides of the slice selection gradient (Gs), s is the
time delay between the two AFP pulse trains, n is the
number of AFP pulses contained in the pulse train, g is
the half-width of the readout gradient (Gro), and b is the
total b-value.

The b-value for the PGSE sequence was calculated using
the Stejskal–Tanner equation [10,11] with the b-value
cross-term between the diffusion gradient (Gx

dÞ applied in
the frequency encoding direction (i.e., x-direction) and
the readout gradient (Gro) included.

bST ¼ ðcGx
ddÞ

2 D� 1

3
d
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dGroð2gÞdD; ð8Þ

bct
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where 2g is the readout gradient length, and bct
ST is b-value

cross-term, other parameters have been defined after Eq.
(7). The b-value terms generated by the imaging gradients
alone in the PGSE sequence are constant terms in the
pulsed diffusion gradient varying experiments, and thus
are ignored in Eq. (8).
3. Experimental

Selective adiabatic pulse trains were used in the LASER
sequence (Fig. 1). Pulse trains consisted of 1, 3, 5, or 7
hyperbolic secant (HS1, R10, (3)) AFP pulses, alternating
the frequency sweep direction in each subsequent pulse to
increase the cumulative phase dispersion. The pulse width
for a single AFP pulse was 2.5 ms. The AFP pulse was cal-
ibrated for each experiment to assure sufficient power was
used to achieve the adiabatic condition. For the AFP pulse
used in the experiments, xmax

1 /2p � 1.75 kHz for A/2p =
2000 Hz and Tp = 2.5 ms, where A is the amplitude of
the frequency modulation, and Tp is the pulse width.

Pulsed gradients (Gy
dÞ were added symmetrically on both

sides of the refocusing selective adiabatic pulse train in the
phase encoding direction (y-direction) for diffusion weight-
ing separated by a diffusion time (D) (Fig. 1). The average
amplitudes of frequency encoding, readout, and phase
encoding gradients Gr, Gro, and Gp in the LASER sequence
were �3.04 G/cm, 1.22 G/cm, and 3.61 G/cm, respectively.
The corresponding widths of Gr, Gro, and Gp were
b = 3.6 ms, 2g = 2 ms, and b = 3.6 ms, respectively
(Fig. 1). The crusher gradients on both sides of the slice selec-
tion gradient (Gs) were 3.6 ms (Fig. 1). Six phantoms (Ph-1–
Ph-6) were studied on a 4 T Varian whole body MRI with a
Siemens Sonata gradient coil using a hybrid birdcage trans-
mit/receive radio frequency coil (7.7 cm ID). Phantoms con-
sisted of 2.8 cm diameter (50 ml) plastic tubes containing a
mixture of 10 lm ORGASOL polymer beads and 2 mM
Gd-DTPA dissolved in 5% agar (Ph-1), and nickel(II)
ammonium sulphate hexahydrate doped (56.3–0.8 mM)
water solutions (Ph-2–Ph-6). The longitudinal relaxation
time constant T1 was measured from a single 5 mm trans-
verse slice in each phantom using a fast low angle shot
(FLASH) sequence (TR = 4 s, TE = 3.5 ms) preceded by
an AFP inversion pulse (20 inversion times (TI) ranging from
0.01 to 0.8 s for Ph-1 and TI ranging from 0.01 to 6.0 s for Ph-
2–Ph-6). The transverse relaxation time constant T2 was
measured from a single 5 mm transverse slice in each phan-
tom using a spin-echo (SE) sequence (TE = 40–60 ms in
steps of 5 ms). The repetition time (TR) was varied (2–4 s)
for each phantom to minimize T1 saturation.

The diffusion coefficient (D) of each phantom was mea-
sured with a conventional PGSE sequence with the pulsed
diffusion gradients (Gx

d) applied in the frequency encoding
direction (x-direction) (FOV = 4 cm, matrix size = 64 · 64,
Gx

d = 1–3.5 G/cm in step of 0.5 G/cm, Gro = 1.27 G/cm,
2g = 2.95 ms, TE = 62–72 ms, TR = 2–4 s, d = 10 ms,
D = 35–40 ms, slice thickness = 5 mm) as the gold standard.
The 90� excitation and the 180� refocusing RF pulses used in
the PGSE sequence are sinc pulses of 4 ms pulse width at the
calibrated powers. To measure D with the LASER sequence
(Gs = 1.876 G/cm, d = 10 ms, D = 35–40 ms, X = 6.1–
21.1 ms, FOV = 4 cm, matrix size = 64 · 64, slice thick-
ness = 5 mm) shown in Fig. 1, Gy

d was varied (0–3.5 G/cm
in step of 0.5 G/cm) while fixing D and TE for a particular
phantom. Some sequence parameters (TR = 2–4 s,
TE = 62–72 ms, D = 35–40 ms, X = 6.1–21.1 ms, s = 31–
36 ms) were varied between phantoms with different T2 to
maximize image signal to noise ratio. These parameters were
the same for both PGSE and LASER sequences.

The effect of the number of AFP pulses (n) on the diffu-
sion coefficient (D) measurement was also determined. The
number of pulses (n) in the AFP-AFS pulse train was var-
ied (n = 1, 3, 5, and 7 AFP pulses of alternate frequency
sweep direction) in an effort to increase the nonlinear phase
dispersion generated and thus enhance diffusion sensitivity
(image contrast). For each phantom, the minimum TE for
the nAFP-AFS-LASER sequence was chosen to be less
than five times the T2 for that phantom. Two phantoms
(Ph-1 and Ph-4) were measured using 1, 3, 5, and 7 AFP
pulses in the AFP-AFS pulse train, while other phantoms
were measured with n = 1 and 5 only.

T1 time constants were calculated by nonlinear regres-
sion of image signal intensity (SI) with TI using the stan-
dard inversion-recovery equation. T2 time constants were
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calculated from the linear regression of the natural loga-
rithm (ln) of the image SI of the SE images with TE. The
D-value for each phantom was calculated by the linear
regression of ln(SI) (PGSE or LASER image signal inten-
sity) with the b-value, following correction of the image sig-
nal intensity for T2 signal loss using the T2 time constants
measured for each phantom. The b-values for the PGSE
and LASER sequences were calculated using Eqs. (7) and
(8), respectively. The b-value terms that were independent
of Gy

d in Eq. (7) were constants in the Gy
d varying diffusion

measurements. Therefore such terms cancel out and can be
ignored in the D-value calculation.
PGSE and nAFP-AFS-LASER sequences with n = 1, 3, 5, and 7.
4. Results

Typical diffusion-weighted images are shown in Fig. 2.
Increased image intensity was observed in the bead phan-
tom (Ph-1) while decreased image intensity was observed
in the nickel(II) doped water phantom (Ph-4) as the num-
ber of pulses in the AFP-AFS pulse train increased (while
maintaining a constant TE). Fig. 3 shows the ln(SI) as a
function of b-value for Ph-1 (bottom points) and Ph-4
(top points). In the bead phantom (Ph-1), there is a clear
increase in signal intensity associated with the use of more
refocusing pulses in the AFP-AFS pulse train (i.e., 7AFP
line is above the 1AFP line), while the converse is true
for Ph-4. These results are in agreement with the results dis-
played in Fig. 2. The linear regression of these curves was
used to calculate the diffusion coefficients listed in Table 1.

The T1 and T2 time constants, and D-coefficients mea-
sured for each phantom using the standard inversion-
recovery (IR), SE, and PGSE sequences, respectively, are
summarized in Table 1. The D-coefficients measured using
the nAFP-AFS-LASER sequences are also listed in Table 1
when using the b-value described in Eq. (7). The diffusion
Fig. 2. Sample images acquired using the PGSE and nAFP-AFS-LASER sequ
the nickel(II) doped water phantom. Echo-time (TE) and Gy

d are constant for e
to the heterogeneous bead-packed materials in the phantom.
coefficients measured by the nAFP-AFS-LASER sequence
are in agreement with those measured independently by
PGSE. Table 2 shows the diffusion coefficients for PGSE
and nAFP-AFS-LASER sequences when bct

ST and bct
y

cross-terms were not incorporated in the respective b-value
calculation. Notable discrepancies are observed for nearly
all nAFP-AFS-LASER acquisitions compared to PGSE
(Table 2).

5. Discussion

A diffusion-weighted imaging sequence incorporating
localization by adiabatic selective refocusing (LASER)
was successfully implemented and used to measure the
apparent diffusion coefficient in phantoms exhibiting a
wide range of T2 relaxation time constants. In comparison
to the conventional PGSE sequence, the diffusion-weighted
LASER sequence can generate unique diffusion contrast at
the same pulsed gradient amplitude and TE due to the
enhanced nonlinear phase dispersion and the spin refocus-
ences with n = 1, 3, 5, and 7 for (a) Ph-1, the bead phantom, and (b) Ph-4,
ach series of images. The non-uniform image signal intensity in Ph-1 is due



Table 1
The measured D-coefficients, T1, and T2 time constantsa

Phantomb T1 (ms) T2 (ms) PGSE 1AFP 3AFP 5AFP 7AFP

Ph-1 36.1 ± 1.1 16.7 ± 0.2 0.68 ± 0.03 0.70 ± 0.02 0.73 ± 0.02 0.78 ± 0.02 0.87 ± 0.02c

Ph-2 22.8 ± 0.8 21.2 ± 0.1 2.02 ± 0.01 2.01 ± 0.01 2.04 ± 0.01
Ph-3 54.6 ± 1.3 43.3 ± 0.1 2.08 ± 0.01 2.04 ± 0.01 2.17 ± 0.02
Ph-4 80.3 ± 1.5 61.2 ± 0.4 2.11 ± 0.01 2.10 ± 0.02 2.12 ± 0.01 2.12 ± 0.01 2.10 ± 0.00
Ph-5 188.6 ± 1.6 131.1 ± 0.7 2.16 ± 0.01 2.10 ± 0.00 2.12 ± 0.02
Ph-6 934.6 ± 9.6 555.6 ± 3.1 2.08 ± 0.01 2.02 ± 0.01 2.10 ± 0.02

a D-coefficients are in units of (10�3 mm2/s), bct
ST and bct

y cross-terms were applied for the D-coefficient calculations of PGSE and LASER sequences,
respectively; the error represents the average standard deviation of two or three repeated measurements.

b Phantoms were measured using the nAFP-AFS-LASER sequence, where n = 1, 3, 5, and 7 for Ph-1 and Ph-4, and n = 1, 5 for Ph-2, Ph-3, Ph-5, and
Ph-6.

c Significantly different from the PGSE (t-test, p < 0.05).

Table 2
D-coefficients calculated without the cross-term correctiona

Phantomb PGSE 1AFP 3AFP 5AFP 7AFP

Ph-1 0.75 ± 0.04 0.74 ± 0.01 0.86 ± 0.03 0.98 ± 0.03c 1.15 ± 0.04c

Ph-2 2.24 ± 0.03 2.27 ± 0.04 2.75 ± 0.10c

Ph-3 2.32 ± 0.02 2.31 ± 0.04 2.93 ± 0.10c

Ph-4 2.30 ± 0.02 2.30 ± 0.02 2.48 ± 0.03c 2.65 ± 0.06c 2.78 ± 0.06c

Ph-5 2.40 ± 0.04 2.38 ± 0.04 2.86 ± 0.10c

Ph-6 2.28 ± 0.02 2.23 ± 0.03 2.70 ± 0.08c

a D-coefficients are in units of (10�3 mm2/s), bct
ST and bct

y cross-terms were not applied for the D-coefficient calculations of PGSE and LASER sequences,
respectively; the error represents the average standard deviation of two to three repeated measurements.

b Phantoms were measured using the nAFP-AFS-LASER sequence, where n = 1, 3, 5, and 7 for Ph-1 and Ph-4, and n = 1, 5 for Ph-2, Ph-3, Ph-5, and
Ph-6.

c Significantly different from the PGSE (t-test, p < 0.05).

Z. Sun, R. Bartha / Journal of Magnetic Resonance 188 (2007) 35–40 39
ing effect associated with the AFP-AFS pulse train. The
Bloch–Torrey equations were used to derive an expression
for the associated b-value for this sequence, which included
a cross-term bct

y due to the interaction between the diffusion
pulsed gradient (Gy

d) and the phase encoding gradient (Gp).
Including the cross-term in the b-value evaluation to
account for such interaction was essential for accurate dif-
fusion measurements.

The AFP-AFS-LASER sequence produced images with
increasing signal intensity in Ph-1 and decreasing signal
intensity in Ph-2 (Fig. 2) as the number of pulses (n) in
the AFP-AFS pulse train increased (while maintaining a
constant echo-time). These results suggest that different
relaxation mechanisms dominate the observed signal for
each type of phantom. In Ph-1, local field variations
induced by microscopic magnetic susceptibility differences
between the polystyrene beads and the surrounding gado-
linium–agarose mixture are notable; in addition, the diffu-
sion coefficient (D) is smaller than those of the Ni(II) doped
solution phantoms (Table 1). Therefore, image signal
intensity was dominated by the loss of phase coherence
induced by the microscopic magnetic field gradients. In
the series of images shown in Fig. 2a, the dephasing
induced by the microscopic magnetic field gradients was
more effectively refocused as the AFP-AFS pulse train
length increased, resulting in an increase in image signal
intensity. The enhanced spin-refocusing effect demon-
strated by the AFP-AFS pulse train is ascribed to the
greater contribution of R2q (the transverse relaxation rate
in the rotating frame during the execution of AFP pulses,
R2q 6 R2, where R2 is the transverse relaxation rate during
the free precession of the spins) to the apparent relaxation
rate (Ry2) as the AFP-AFS pulse train length increased
[14,15]. That is, the apparent transverse relaxation rate
(Ry2) decreased as the number of AFP pulses (n) increased
in the pulse train, resulting in greater echo amplitude.

For solution phantoms, such as Ph-4, the magnetic sus-
ceptibility was homogeneous within the phantom. There-
fore image signal loss due to diffusion was dominated by
the macroscopic phase dispersion generated by the pulsed
gradients and the AFS-AFP pulse trains. In the series of
images shown in Fig. 2b, the macroscopic phase dispersion
increased as the pulse train length increased (Eq. (A21)),
resulting in a decrease in image signal intensity. T1 satura-
tion can be ruled out as a confounding factor due to suffi-
ciently long TR values relative to the T1 time constants for
all phantoms. The experimental results (Figs. 2 and 3) sug-
gest that the contribution of R2q to the Ry2 of the nickel(II)
doped phantoms was less significant than that for the bead
phantom, possibly due to the difference in the microscopic
magnetic susceptibility gradients within the two kinds of
phantoms.
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6. Conclusions

The nAFP-AFS-LASER pulse sequence can be used to
measure apparent self-diffusion with an accuracy that is
comparable to that of the conventional PGSE sequence
for a wide range of T2 time constants and diffusion rates.
However the b-value cross-term must be incorporated in
the evaluation to account for the phase encoding gradients
contribution to diffusion weighting. The AFP-AFS-
LASER sequence has demonstrated opposite effects on
image signal intensity depending on the microscopic sus-
ceptibility characteristics and the magnitude of the diffu-
sion coefficients. Therefore, this sequence could be
beneficial for susceptibility based contrast enhancement.
This important feature of the nAFP-AFS-LASER
sequence in comparison to the conventional PGSE
sequence may be used to identify the presence of magnetic
perturbers that have different magnetic susceptibility com-
pared to surrounding material (i.e., tissue). Superparamag-
netic nanoparticles (SNPs) [16] are a particular class of
magnetic perturber that generate significant local magnetic
susceptibility gradients in tissue or cells. The nAFP-AFS-
LASER sequence may reveal not only the distribution of
SNPs but also the anatomical structure of the tissue or cells
of interest by producing positive susceptibility contrast.
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