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Multi-slice Multi-echo Pulsed-gradient Spin-echo (MePGSE) Sequence
for Diffusion Tensor Imaging MRI: A Preliminary Resuit
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An echo planar imaging (EP1}-based spin—echo sequence is often used to obtain diffusion tensor imaging (DTI)
data on most of the clinical MRI systems. However, this sequence is confounded with the susceptibility artifacts,
especially on the temporal lobe in the human brain. Therefore, the objective of this study was to design a pulse
sequence that relatively immunizes the susceptibility artifacts, but can map diffusion tensor components in a
single-shot mode. A multi-slice multi-echo pulsed—gradient spin-echo (MePGSE) sequence with eight echoes
wasdeveloped with selective refocusing pulses for all slices to map the full tensor. The first seven echoes in
the train were diffusion—weighted allowing for the observation of diffusion in several different directions in a single
experiment and the last echo was for crusher of the residual magnetization. All components of diffusion tensor
were measured by a single shot experiment. The sequence was applied in diffusive phantoms. The preliminary
experimental verification of the sequence was illustrated by measuring the apparent diffusion coefficient (ADC)
for tap water and by measuring diffusion tensor components for watermelon. The ADC values in the series of
the water phantom were reliable. The MePGSE sequence, therefore, may be useful in human brain studies.
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INTRODUCTION

Changes in self-diffusion have already proven to be
significant with respect to pathology and have provided a new
contrast mechanism in a medical imaging. Diffusion imaging
techniques have found several applications in the studies of

) neurological disease,”” and tumor.*” The cell

nerve tissue,’
walls in living tissues represent semi-permeable barriers to
water diffusion. Many tissues, therefore, exhibit diffusion

" and

anisotropy. Examples include white matter,6) nerves,l’
muscle® in which water diffusion is more rapid along the

tissue fibers. The development of quantitative magnetic resonance
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imaging (MRI) measures of diffusion anisotropy could have
important biological and clinical applications.

The accurate measurement of the full diffusion tensor is
difficult to achieve in-vivo due to irregular bulk tissue motion.
The bulk motion can easily overwhelm the microscopic
incoherent molecular motions, leading to additional signal loss
and an overestimation of the apparent diffusion coefficient
(ADC), which is an only partial explanation of molecular
motions. It is therefore desirable to acquire all data as rapidly
as possible. The most commonly employed approach to
minimization of errors due to motion is to apply the
pulsed-gradient spin-echo (PGSE) sequence as a preparation of
a fast imaging sequence.” In most cases, an echo planar
imaging (EPI) sequence is used for image acquisitions.'®"
However, the PGSE-EPI technique does have several limi-
tations. For examples,the EPI technique suffers from a low
signal-to-noise ratio, susceptibility artifacts, and low
resolution.'”'? Utilization of alternative imaging techniques
that have reduced the limitations has been proposed for

diffusion applications such as the projection reconstruction,”

- 65 -



Geon-Ho Jahng, Stephen Pickup : MePGSE Sequence for DTI-MRI

the BURST imaging,”) and the line selective scan tech-
niques.”'® The methods, however, require a specialized image
processing and have unacceptably long acquisition times ina
clinical study.

Multi-echo PGSE imaging sequences havebeen previously
described for measuring diffusion.””"” Those methods made
use of hard pulses or composite pulses for refocusing making
the sequence suitable only for a single slice acquisition and
significantly reducing the efficiency of the imaging acquisition.
Hard pulses or composite pulses were used in the previous
reports in order to minimize the artifacts due to incomplete
refocusing of the magnetization.

The objective of this paper, therefore, was to develop a
multi-slice multi-echo pulsed-gradient spin-echo (MePGSE)
sequence for a diffusion tensor imaging. Each echo in the train
wasdiffusion-weighted allowing for the observation of diffusion
in several different directions in a single experiment. The
exam time was thus reduced by a factor equal to the number
of echoes in the train. Successful implementation of such a
technique required considerations of all the artifacts due to the
limitations of the frequency selective refocusing pulses. We
implemented rewinding gradients on the phase encode, crusher
gradients around the refocusing pulses, and a two-step phase
cycling scheme with the half Fourier acquisition to minimize
the artifacts. In addition, an additional refocusing pulsé was
implemented to minimize the residual magnetizations at the
end of the pulse train. Images generated by the new sequences

are presented and the resulting image quality is discussed.

1T ADC T ADC T ADC # ADC T ADC T ADC & ADC # ADC

MATERIALS AND METHODS

1. Muiti-echo pulsed-gradient spin-echo (MePGSE)
sequence

We developed a multi-echo PGSE (MePGSE) imaging

sequence with diffusion-weighted gradients in a different
direction on each echo. We used slice selective refocusing
pulses with a single shot experiment for measurements of the
whole diffusion tensor. The resulting sequence can therefore be
run in multi-slice acquisition mode. We modified a con-
ventional single-echo spin-echo sequence by adding the
refocusing pulses, phase-encoding gradients, and the readout-
encoding gradients. A schematic of the sequence was depicted
in the Fig. 1. The pulse sequence was symmetric around the
refocusing pulses with respect to all gradients in order to
minimize artifacts. The delay between echoes was constant and
as short as possible in order to minimize signal losses due to
T, relaxation decay. Slice selective refocusing pulses of 2.56
msec duration were used throughout the sequence. The slice
selective refocusing pulses were caused to generate unwanted
signals. In order to minimize the unwanted signal, we
implemented the following methods.
CA rewinding gradient on the phase encode axis was used to
suppress coherence artifacts (the mirror imaging ghost). In the
Fig. 1, the arrows on the phase encode axis indicated the
direction of phase encoding and rewinding gradients for each
echo. The pattern of the encoding and rewinding gradients
indicated in the figure was corrected for the phase inversion
generated by the refocusing pulses and was required to
produce images that had a consistent orientation.

Crusher gradients around the refocusing pulses were also

Fig. 1. A schematic drawing of the
slice selective multi-echo pulsed-
gradient spin-echo (MePGSE) se-

G g M bt [ b2 M1 b3 [ b4 [ bS5 [ b6 [ b7 M

quence developed in the current
study. Only the imaging gradients

G, +—t -+ +—+ +— ++ +—+ +—+ +—+ are shown in the figure. The
K7 K6 K5 K1 K4 K.2 K-3 G, labt'els in the fi.gure indic?ted.of
G [ ] I ] [ 1 I 1 [ i i — | 1 which the different diffusion

gradients was used for each echo.



employed to further suppress coherence artifacts with the
amplitude of 2.0 mT/m, —2.0 mT/m, and 4.0 mT/m for the 1st,
2nd, and 3rd echoes, respectively. Crusher gradients were also
applied at the end of the sequence in order to suppress
residual magnetization artifacts. A two-step phase cycling
scheme with the half Fourier acquisition was implemented for
further suppression of artifacts.

The diffusion gradients were symmetric about the refocusing
pulses and the diffusion time, 4, was the same for all echoes.
All diffusion gradients were used in trapezoidal envelopes with
0.72 msec of the ramp time. The amplitudes of all diffusion
gradients in the sequence were identical. Such gradients may
be applied on any of the three gradient axes simultaneously to
achieve a maximum net gradient. The orientation of the
diffusion gradient axis and its net magnitude was thus
determined by which gradients were turned on for the given

echo. Seven different gradient orientations”

generated by
combinations of the physical gradients were identified using
the index k listed in the Table 1 and shown in the Fig. 1 to
indicate the orientation of the diffusion-weighted index for
each echo in the pulse train. Echoes with k=1, 2, 3, and 4
were used in all three gradients simultaneously, while echoes
with k=5, 6, and 7 were used only a single gradient axis. The
order of diffusion-weighted echoes was selected to reduce
artifacts and to provide the best signal-to-noise ratio (SNR).
In this sequence it was necessary to minimize the echo time

(TE) because of significant reductions of signal intensities in

Table 1. The gradient orientations used in the current
study. The k is the number of echoes and a., a,. and a; are
the polarities of diffusion encoding gradients. ADC stands
for the apparent diffusion coefficient. D,, is the average
diffusion coefficient. Dy, D.., and D,, are the three off-
diagonal diffusion coefficients and Dy, Dyy, and D;; are the
three diagonal diffusion coefficients of the diffusion tensor.

kK a  a 4z Goa ADC (DY

1 +1 o+ +1 V3 Go  Dat(2/3)(DxytDxstDys)
2 4+ A -1 V3 Gy Da+(2/3)(-DiyDsstDys)
3 -1 1 1 v/3 Go  Dayt(2/3)(Duy-Dxz-Dy2)
4 +1 -1 +1 /3 Go  Dat(2/3)(-Dyy*Dxz-Dys)
5 + 0 0 Go D

6 +1 0 Go Dy

7 0 0 +1 Go D
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the later echoes. This minimization of the TE was conducted
by increasing in the amplitude of the imaging gradients that
ultimately limited the minimum field-of-view (FOV) and the
slice thickness (TH). The best tradeoff between these con-
flicting requirements yielded the sequence with the minimum
FOV=150 mm and TH=2 mm which was reasonable to scan
the human brain. This sequence was run several times while
the amplitude of the diffusion gradients was increased linearly
on each measurement, but other parameters were held constant

between consecutive runs of the sequence.

2. Experiments and data processing

Experiments were carried out using a 1.5 T whole body MR
system (Magnetom Vision, Siemens, AG, Erlangen) with a
head circular polarization coil. The gradient system was
capable of producing the gradient amplitude of up to 25 mT/m
with the rise time as short as 25 microseconds per mT/m. The
gradient vectors to obtain full diffusion tensor were listed in
Table 1. The relationship between the ADC and the tensor
elements was also listed in the table for each gradient vector.

The MePGSE experiments were conducted on a water
phantom and a watermelon to verify the sequence with
measuring apparent diffusion coefficients. The waterphantom
was constructed out of a plastic container containing tap water.
The experiments were conducted at the room temperature of
21.5°C. The measurement parameters were the repetition time
(TR)=2.0 sec, TE,=50*n msec where n was the number of
echo, the matrix size=128x128 with half Fourier (HF),
FOV=180 mm, the number of acquisition (NA)=2 per phase
encoding step, and TH=10 mm. Total scan time was 4 min 34
sec for each run of the sequence. Seven measurements were
performed with gradient amplitudes ranging from 3 to 21
mT/m. An evaluation of the gradients in the MePGSE
sequence revealed that the contribution of the gradient ramps
was less than 0.1%. Therefore, the gradient ramps were
ignored in the b-value calculations. The duration of diffusion
gradientand the diffusion time were 6=10.70 msec and 4=
30.42 msec, respectively. The b values were evaluated with
considering effects of diffusion and imaging gradients derived
by Li and Sotak."™ Maps of the elements of diffusion tensor
were calculated for each slice on a pixel-by-pixel basis from

the slop of a linear least-mean-squares fit of the natural

_67_



Geon—Ho Jahng, Stephen Pickup : MePGSE Sequence for DTI-MRI

logarithm of the signal intensity ratio to the b-values. The
MATLAB program (The MathWorks, Inc., Natick, Massa-
chusetts) was used for evaluating b-values, elements of the

diffusion tensor, and eigenvalues of the diffusion tensor.
RESULTS

The result of the water phantom study was summarized in
the Table 2. The calculated b-values were between 300 and
800 sec/cm’ for the smallest diffusion gradient (3.0 mT/m) and
were between 1,000 and 30,100 sec/cm2 for the largest
diffusion gradient (21.0 mT/m). The contributions of imaging
gradients to the b-values were also listed in the table presented
as the percentage of the lowest amplitude of the diffusion
gradient. The cross-talk in the slice direction wasfound to be
much smaller than in the readout direction because the
duration and amplitudes of the slice selection gradients were
considerably smaller. This contribution was significant at low

gradient amplitudes and leaded to inaccuracies in measured

ADC if not included in the analysis.

The average signal intensity in a region near the center of
the images was measured for each image. The logarithm of
the ratio of the intensity of images generated on consecutive
echoes was then plotted as a function of the b-values shown
in the Fig. 2. In the figure the vertical axis was the ratio of
signal intensities and the horizontal axis was the b-values. The
solid lines in the figure were the result of the least square
linear fit of experimental data.

The ADCs andthe residuals generated by the least square
analysis were listed in the last two rows of the Table 2. With
the exception of the third echo, the fits were quite good as
indicated by the residuals. In an isotropic medium, the ADC
should be independent of direction. However, measured ADC
shows substantial variability between the echoes. This study
was repeated several times in order to determine if this was
due to a systematic error. The values listed in the table were
found to be highly reproducible.

We also tested a watermelon which has some internal

Table 2. Summaries of the measured and caiculated parameters used for measurements of apparent diffusion coefficients on

the water phantom.

Echo # 1 2 3 4 5 6 7
4b (;%;)a 42 12 11 20 19 =20 19

ADC 221 1.96 1.89 2.02 210 212 2.30
R? 0.99 0.99 0.97 0.99 0.99 0.99 0.99

°Contributions of imaging gradients in the percentage to the b-value calculated with the gradient amplitude of 3.0 mT/m. "ADC:
apparent diffusion coefficient with units of 10° em’/sec. R® is the result of the least square linear fit of experimental data.
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Fig. 2. Semi-logarithmic plots of the ratio of the average intensity from consecutive echoes versus the b-value for two
representativeechoes (the first echo of Fig. 2a and the fifth echo of Fig. 2b) obtained from the water phantom study. The solid line
represents the result of the least square linear fit of experimental data.
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structures. The TE in the present study was reduced to 40
msec to provide improved signal-to-noise ratios in the later
echo images. It was necessary to increase the amplitudes of
diffusion gradients in order to achieve this reduction in TE.
The diffusion gradient parameters were 6=10.7 msec and 4
=20.42 msec. All other parameters were identical to the
previous study. The b-values were between 150 and 500
sec/em’ for 3.0 mT/m of the diffusion gradient. The b-values
for 21.0 mT/m of the diffusion gradient were between 6,200
and 19,000 sec/cm’. The average signal intensity of a
homogeneous area in the watermelon was measured in each of
the images. These data were then evalvated in the same

manner as was done for the water phantom. The resulting

ojsigel - M183A M2s 2007

average ADCs were between 1.16x107 and 1.94x10° cm’/sec.
The surface ADC value of the watermelon, however, could
differ to the center ADC value because the temperature
distributes through the watermelon.

The targeted application for the MePGSE sequence was to
generate images of components of the diffusion tensor. The
elements of the diffusion tensor were then calculated for each
pixel. Images of some of the diffusion tensor elements were
depicted in Fig. 3. Similar images were generated for the
remaining elements of the diffusion tensor. Note that the
intensity of the image for the off-diagonal term has relatively

the low signal intensity. This suggests the diffusion in the

watermelon is nearly isotropy.

Fig. 3. Representative maps of the two diffusion tensor components obtained from the watermelon study. Dyy (a) and Dy, (b) are
diffusion tensor maps represented on a diagonal component and an off-diagonal component, respectively and the structure image

(c) of the same slice is also shown for the reference.

D,, (average)

Major anisotropy

Fig. 4. Images of the isotropic (a)
and major anisotropic (b) com-
ponents of diffusion in water-
melon.
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Images of the principle components of the diffusion tensor
were also generated by diagonalization of the diffusion tensor
for each pixel. These results were then used to calculate the
isotropic and major anisotropic components of diffusion shown
in Fig. 4. Note that the signal-to-noise ratio in the image of
the major component of the diffusion anisotropy is very poor

since the watermelon is again nearly isotropic diffusivity.
DISCUSSION AND CONCLUSION

A multiple echo sequence was implemented in which the
diffusion tensor can be collected in a single-shot manner. The
multiple echo technique provideda significant reduction in the
acquisition time compared to a single echo technique. The
sequence developed in the present study was utilized in slice
selective refocusing pulses thereby allowing it to operate in
multi-slice mode.

Coherence artifacts are particularly problematic in a
multi-echo imaging sequence such as the one proposed here.
Several approaches to suppression of unwanted echoes were
incorporated into the proposed sequence. Numerically optimized
excitation and refocusing pulses were used throughout the
sequence. The response profiles of the excitation/refocusing
pulse pair were matched in order to reduce the amount of
magnetization that did not see the optimum flip angle. Crusher
gradients were also implemented around each of the refocusing
pulses in the sequence.”” A phase rewinding technique was
used to eliminate mirror image ghosts generated by stimulated
echoes.”” A two-step phase cycling technique was also used to
further suppress coherence artifacts.”

On the water phantom study, most of the fits were quite
good. However some divergences from linearity at low
b-values were apparent in some of the plots. This was
attributed to the contributions of unwanted echoes to the
measured signal intensity. The first echo hadno interference
from unwanted echoes and therefore provided the most
accurate measurement of the ADC. The ADC generated by the
first echo in the series was very reliable and was in close
agreement: with the literature,””

In addition, data obtained the first four echoes which were
utilized all three gradient axes simultaneously were also

appeared to be quite reliable. The larger diffusion gradients

applied on all three axes may suppress the spurious echoes.
Use of all three gradients simultaneously gave a v 3 increase
in the gradient strength. However, significant systematic errors
in the measured ADC were apparent in the remaining echoes.
These errors may be attributed to contributions from spurious
echoes. The contribution of spurious echoes was increased
with increasing the echo number until a dynamic equilibrium
was formed. These unwanted echoes added to the measured
signal intensity thereby resulting in a slower echo decay rate
and an under-estimation of the ADC.

Nowadays, an EPI acquisition with a phase-array coil is
popularly used to obtain DTI-MRI data. This technique
with

minimizing motion artifacts and reducing some susceptibility

provides anisotropic indexes of diffusion tensor
artifacts. However, some regions in the human brain such as
the temporal lobe may still have a difficulty to apply this
technique because of high susceptibility artifacts. To minimize
the susceptibility artifacts, a non-EPI type technique such as a
turbo spin-echo sequence may be another option to obtain the
diffusion tensor. However, there are limitations in applications
on a high magnetic field MRI system which is currently
is high

depositions of heat. Therefore, the proposed method may be

developing fast. One of the major limitations

inapplicable to a high field MRI system.

In conclusion, we developed a multi-slice multi-echo
sequence that could be useful to apply on regions that have a
lot of susceptibility artifactsto measure the diffusion tensor. All
tensor components can be obtained with a single shot mode

and the measured ADC was reliable.
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