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Abstract

In this work, a multi-echo parallel echo planar imaging (EPI) acquisition strategy is introduced as
a way to improve the acquisition efficiency in parallel diffusion tensor imaging (DTI). With the
use of an appropriate echo combination strategy, the sequence can provide a signal-to-noise ratio
(SNR) enhancement while maintaining the advantages of parallel EPI. Simulations and in vivo
experiments demonstrate that a weighted summation of multi-echo images provides a significant
gain in SNR over the first echo image. It is experimentally demonstrated that this SNR gain can be
utilized to reduce the number of measurements often required to ensure adequate SNR for accurate
DTI measures. Furthermore, the multiple echoes can be used to derive a T2 map, providing
additional information that might be useful in some applications.
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INTRODUCTION

Diffusion tensor imaging (DTI) (1) permits noninvasive characterization of water self-
motion in tissue and thereby provides information regarding the architecture and
microstructure of a tissue. DTI has been proven to be an invaluable tool for the diagnosis of
pathologies that modify tissue integrity (2). Characterization of water diffusion requires a set
of diffusion-weighted (DW) images (3), acquired with diffusion gradients applied in at least
six non-collinear directions, plus an image with negligible diffusion weighting (b0 image).
The greatest technical difficulty in acquiring DW images is to overcome the effects of
macroscopic tissue motion, while retaining sensitivity to microscopic water motion. Owing
to its insensitivity to mation, single-shot EPI (4) is the most widely used sequence for
diffusion-weighted imaging (DWI1). However, limited spatial resolution, sensitivity to field
inhomogeneity, and low signal-to-noise ratio (SNR) are well-recognized limitations of EPI

).

Multi-shot EPI has been used to circumvent the shortcomings of single-shot EPI (6). Multi-
shot EPI reduces the off-resonance induced distortions proportionally to the number of
interleaves and leads to an SNR improvement as compared to single-shot EPI. However,
ghosting artifacts due to variations between shots limit its use in DWI. Due to the
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complexity of brain motion and DTI’s high sensitivity to motion, navigator correction (7)
does not always lead to ghosting free images. In addition, DWI using multi-shot EPI has a
relatively low temporal resolution and throughput, limiting its use for clinical applications.

Parallel imaging (8,9) has been demonstrated to mitigate the shortcomings of single-shot
EPI effectively in general (10), as well as for DTI (11). Parallel imaging exploits the
sensitivity variations of coils in a coil array to reduce the number of encoding steps
necessary for gradient-based spatial encoding. Combining parallel imaging with EPI
provides the advantages of a multi-shot EPI without the need of multi-shot but potentially
compromises the SNR due to shortened readout and g-factor (8). Any compromise in SNR is
detrimental for DTI since SNR is often limited in DTI. Therefore, it is highly desirable to
improve the SNR in parallel diffusion-weighted EPI.

Multiple spin-echo or gradient-echo non-EPI acquisition strategies have been previously
applied to improve the SNR (12,13) in DTI; these are, however, limited to ex-vivo studies
due to the sensitivity to motion of non-EPI acquisition schemes. Parallel imaging reduces
the EPI acquisition window, permitting the acquisition of multiple images with multiple
echoes after a single excitation. In addition to the expected gains of reduced distortion
artifacts and increased spatial resolution, the multi-echo approach is expected to improve
SNR, increasing data acquisition efficiency, and provide a T2 map. The present work
investigates the benefits of acquiring multi-echo images using single-shot parallel EP1 for
DTI. For the combination of multi-echo images, weighted averaging in which the weights
for each image are determined pixel-wise as the relative attenuation of its intensity to that of
the first echo image is used. The improvement in SNR of this approach is characterized both
by simulation and experimentally. Its practical utility is demonstrated by fractional
anisotropy (FA) maps. Furthermore, high-quality T2 maps are also derived.

Data Acquisition and Processing

Starting from a standard diffusion-weighted EPI sequence (14), a multi-echo pulse sequence
was constructed by the addition of refocusing RF pulses and EPI acquisition of the resultant
spin-echoes. Phase encoding gradients are rewound after each echo so that the k-space
trajectories are identical for all echoes.

All in vivo data were collected with participants’ written consent in accordance with our
institutional review board policy. The experiments were performed on a 3T Siemens Tim™
whole-body MR scanner (Siemens Medical Solutions, Malvern, PA) using a 12-channel
head coil for reception and the body coil for transmission. Data were acquired on six healthy
subjects (average age of 28 + 4) with an imaging resolution of 2 x 2 mm?, a matrix size of
128 x 128, and a slice thickness of 2 mm. Imaging protocols with an acceleration factor (R)
of 2, 3, and 4, respectively, were used. The following imaging parameters were used: 5
echoes with minimum possible echo spacing, TR = 3 s, bandwidth = 1954 Hz/pixel, FOV =
256 mm, 10 axial slices, b = 1000 s/mm?, and 12 diffusion weighting directions (plus b = 0).
The echo parameters used for each imaging protocol are given in Table 1. GRAPPA (9) was
used for image reconstruction. Additionally, standard spin echo (SE) images with five
echoes were acquired on the same slices and at the same resolution for generating T2 maps
for comparison. The SE echo times corresponded to 30, 60, 90, 120, and 150 ms.

Echo combination was performed offline. FA maps were generated after distortion
correction with FSL (FMRIB, Oxford, UK) which computes the apparent diffusion
coefficient for each diffusion direction using only images acquired at b = 0 and at the
desired b value. T2 maps were calculated by mono-exponential fitting of b0 images or the
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multi-echo SE images. All custom computer programs were implemented in Matlab (The
MathWorks, Inc., Natick, MA, USA).

Echo Combination Strategies and relative SNR Analysis

When multiple echo images are acquired where signals from successive images are coherent
and the noises are incoherent, several strategies can be used to obtain a composite image.
For the single-shot multi-echo parallel DT acquisition, the signal strengths of later echoes
are significantly attenuated as compared to the one of the first echo due to T2 decay. In this
case, weighted averaged combination of echoes would achieve higher gain in SNR than
simple average and is therefore considered in this study. For simulating the SNR gain, a
theoretical model of the ratio of the SNR of the combined echo to the first echo is derived as
follows.

The measured signal in any pixel, X, can be represented as
Xi=xwi+&;, [11

where x is its true signal, i represents the echo number, & is the noise in echo image i
assumed to have mean zero, w; is the attenuation factor of the signal intensity of echo i with
respect to that of the first echo (i = 1), implying that wy = 1. If N echoes are acquired, the
weighted average of the measured signal, with weights given by the attenuation factors, is
given by

N N

~ X o5 1
.V:—g 'i"+—E iWi,
Ni:l(" : Ni:lfM [2]

Let the SNR be the ratio of the mean value to the standard deviation of the noise, the ratio of
the SNR of the combined echo to that of the first echo is given by

SNR; i(““)z
SNR(‘CIIO 1 i1 [3]

In implementing the weighted averaging, a pixel-wise mono-exponential decay of the signal
intensity between echoes was assumed and T2 map was first calculated. The pixel weight
was then derived according to

_ATE;
w,-(x, y):e o) [4]

where ATE; is the echo spacing between echo i and echo 1, x and y are pixel coordinates.
The weights were determined on b0 images and used for all DW images.

SNR was measured in 18 different ROIs (per subject) categorized as major white matter
(WM) tracts, deep gray matter (GM) regions, cortical WM (refers to peripheral WM within
the gyri), and cortical GM. These regions were identified based on FA maps and cross-
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referenced with b0 images to avoid inclusion of CSF-filled spaces as described by others
(15). Deep GM regions comprised of bilateral sections of the globus pallidus (GP),
thalamus, and putamen. Deep WM ROlIs included the genu and splenium of the corpus
callosum, the anterior limb of the internal capsule (AIC), the posterior limb of the internal
capsule (PIC), and the external capsule (EC). Five regions of cortical WM, consisting of the
superior frontal gyrus (SFG), supra marginal gyrus (SMG), superior temporal gyrus (STG),
middle occipital gyrus (MOG), and postcentral gyrus (PG), were considered. The cortical
GM ROls resided in gray matter of SFG, SMG, STG, MOG, and PG. The SNR was
determined according to a previously described procedure (16,17) to account for the number
of receivers and the noise distribution in magnitude images obtained by sum-of-squares
images. The ratio of the SNR of the combined image to that of the first echo image was
computed for each ROI.

It is evident from visual inspection that the distortions present in diffusion-weighted images
acquired using a conventional DTI sequence without acceleration in the acquisition (Fig. 1a)
are significantly reduced in the ones obtained using the single-shot multi-echo parallel DTI
sequence with an acceleration factor of 4 (the first echo is shown)(Fig. 1b). This
improvement is in good agreement with previous observations that parallel imaging reduces
distortion artifacts in EPI-DTI (10,11).

The simulated (according to equation [3]) ratios of the SNR of the combined image to that
of the first echo for cerebro-spinal fluid (CSF), gray matter (GM), and white matter (WM)
with assumed T2 values of 2200 ms, 100 ms, and 80 ms, respectively, are shown in Fig. 2a.
In generating the plots, a constant echo spacing of 24 ms (which corresponds to the
experimental value used for R = 4, see Table 1) was assumed and the respective weights
(attenuation factors) were determined using Eq. [1.4]. The CSF shows nearly no attenuation
and its relative SNR contribution is approximately the square root of the number of
combined echoes. The relative SNR of the combined image tapers off after 5 echoes for both
GM and WM, with SNR gain plateaus at 54% and 45%, respectively.

The results of the experimental relative SNR are shown in Fig. 2b for three imaging
protocols corresponding to an acceleration factor of 2, 3, and 4, respectively. Each plot
reflects the average of the relative SNR across the ROIs and the subjects. These results
indicate that the gain in relative SNR tapers off after about 2, 3, and 4 echoes forR=2,R =
3, and R = 4, respectively. At the plateau, the relative SNR gain was (15 + 2)% for R = 2,
(25 + 3)% for R = 3, and (36 £ 5)% for R = 4.

Figure 3 presents FA maps of three slices (displayed in three different rows) generated (a)
from a single-shot single-echo acquisition without averaging (corresponding to a scan time
of 57 s), (b) a single-shot single-echo acquisition with two averages (corresponding to an
acquisition time of 1 min 36 s), and (c) a single-shot 4-echo acquisition without averaging
(corresponding to a scan time of 57 s). While the FA maps generated from the first echo
without averaging exhibit significant noise level (Fig. 3a), the noise level in the FA maps
generated from the 4 echo combination is significantly reduced (Fig. 3c), on par with that in
the FA maps generated with 2 averages (Fig. 3b). Table 2 lists the mean FA values in the
ROls used for the SNR analysis. Note that for the cortical WM and cortical GM,
respectively, values of individual ROIs were pooled together because they were very
similar. The combination of 4 echoes led to FA values that are higher than those obtained
with echo 1 without averaging and in good agreement with those obtained with echo 1 with
2 averages.
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T2-weighted images (a) and the corresponding T2 maps (b) of two slices generated from 4
echoes of an R = 4 multi-echo dataset are shown in Fig. 4. For comparison, images of the
same slices obtained using a standard multi-echo SE sequence and corresponding T2-maps
are shown in panels (c) and (d), respectively. Table 3 lists the T2 values of selected ROIls
compared to those obtained using the standard multi-echo SE sequence.

DISCUSSION

The numerical calculations allowed us to investigate theoretically the performance of
combined image using multi-echo parallel EPI, assuming representative T2 values and
practical echo spacing. The latter mainly depends on the acquired matrix size and the
bandwidth per pixel. The numerical results indicate that combining multiple echoes could
result in SNR improvement and that considerably larger gains are expected in regions of
longer T2 or for acquisitions with short echo spacing. The experimental SNR ratio between
the combined image and the first echo image (Fig. 2b) largely follow the numerical
prediction (Fig. 2a). However, the height and the location of the SNR plateaus are slightly
different from those of the simulations Note that at R = 4, the experimental echo-spacing
(ATE = 24 ms) corresponds to that used for simulations. These discrepancies are likely due
to errors in determining the attenuation factors (w;) and the imperfection of the refocusing
RF pulses. Overall, the experimental results support the prediction that echo combination
leads to a SNR gain or at least maintains the SNR for all the number of echo combinations
examined in this study.

The fact that the SNR tapers off after the combination of two echoes for the acceleration
factor of 2 and more echoes at higher reduction factors is understandable because the shorter
echo spacing at higher R allows the inclusion of more echoes before the signal drops out due
to T2 decay. The 36% SNR increase in the combined image relative to the first echo image
at R =4 is close to the increase of 41% that would be expected from two averages of the first
echo; this gain in SNR can be used to reduce the number of measurements and thereby
leading to reduced scan time. This point is supported by the FA maps shown in Fig. 3. The
FA maps obtained from the first echo without averaging exhibits a significant noise level
whereas the noise level of the FA maps generated from the weighted average of 4 echoes
with the same acquisition time is significantly reduced, to a level comparable to that in the
FA maps generated from 2 averages of the first echo. These noise level differences led to a
significant difference in the FA values reported in Table 2. The first echo without averaging
resulted in a decrease in anisotropy as its signal is close to the noise level (18). On the other
hand, averaging the first echo with two averages or combining 4 echoes led to a better
estimate of the anisotropy.

Sum of squares (SOS) is widely used to combine images from array coils and provides a
near optimal combination when the SNR is high but is less than optimal at low SNR (19,20).
Because multi-echo DTI images have low SNR, weighted average instead of SOS is used in
this work. This choice is supported by our comparison (data not shown here) of the two
methods when applied to our experimental data, which showed that weighted average
performs better.

In a previous paper, Matiello et al. (21) reported that the contributions of EPI readout and
phase-encoding gradients to the b-matrix in DTI-EPI sequence were negligible. We have
performed a similar analysis, taking into account the crusher and slice selection gradients
associated with refocusing RF pulses for additional echoes. With the imaging parameters
used in this work, the difference in b-values between adjacent echoes ranges from 0.19 to
0.27 s/mm2. This difference is negligible, even when multiplied by 4 for the 5t echo,
compared to the nominal b-value of 1000 s/mm?2. For pixels containing multiple
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compartments with different T2s, compartment-dependent T2 decay between the echoes
may complicate the combination of the echoes. This was not found to be a significant factor
as there is no statistically significant difference between the FA values of the echo
combination and the first echo with approximately similar SNR (see Table 3).

The quality of the T2 maps derived using the single-shot multi-echo parallel EPI data (Fig.
4b) is as good as the ones obtained using the standard multi-echo SE data (Fig. 4d).
Furthermore, as is illustrated in Table 3, no statistical significant differences between the
corresponding T2 values probed from selected ROIs were found, consistent with the results
reported in the literature (22,23). This demonstrates the potential of the single-shot multi-
echo parallel diffusion weighted EPI sequence for providing additional information that
might be useful in some applications.

The multi-echo approach provides more gain at high parallel imaging acceleration factors. In
the past, an acceleration factor of 2 is often used for parallel imaging to avoid image
degradation at high accelerations. With the availability of array coils with a large number of
channels, it is now common to use higher acceleration factors, such as 3, 4, and even higher
(24,25). In fact, with the 12-channel commercial array coil used in this study, images
obtained using an acceleration factor of 4 are of good quality.

While the multi-echo approach can enhance SNR per excitation, it could compromise the
efficiency in multi-slice acquisitions. Specifically, with a given number of slices, the
minimum TR may be lengthened. In applications where a large number slices are acquired, a
good approach may be to acquire 2 echoes, achieving most of the SNR gain while avoiding
significantly increasing the TR.

CONCLUSION

We have implemented and demonstrated a single-shot multi-echo parallel diffusion-
weighted EPI sequence in improving the SNR while retaining the advantages of reduced
distortion. The SNR gain can be used to reduce the number of measurements needed or
improve the image resolution. Furthermore, these additional echoes can be used to calculate
the T2 map, providing complementary information that might be useful in some
applications.
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Slice 1

Slice 2

Figure 1.

Diffusion-weighted Images acquired using (a) a standard diffusion sequence without parallel
imaging with TE = 132 ms and (b) single-shot multi-echo parallel DTI sequence with
acceleration factor of 4 (only the first echo image acquired at TE = 80 ms is shown). In both
cases, b = 1000 s/mm?2. The distortion artifacts present in the images of column (a) are
significantly reduced in those of column (b).
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Figure 2.

(@) Numerically derived ratio of the SNR of the echo combination to that of the first echo
alone plotted as a function of the number of echoes combined, assuming a constant echo
spacing of 24 ms and a T2 of 2200 ms, 100 ms, and 80 ms for cerebro-spinal fluid (CSF),
gray matter (GM), and white matter (WM), respectively. (b) Experimental plots of the
relative SNR change between the echo combination and the first echo as a function of the
number of echoes for three different parallel imaging protocols correspondingto R =2, R =
3, and R = 4, respectively. Each plot reflects the average of the relative SNR across the ROIs
and the subjects.

Magn Reson Med. Author manuscript; available in PMC 2009 December 1.



1dussnuein Joyny vd-HIN 1duosnueln Joyny vd-HIN

1duosnuey JoyIny vd-HIN

Nana et al.

Page 10

Slice 1

Slice 2

Slice 3

Figure 3.
Comparison between FA maps generated from multi-echo DTI datasets (R = 4) of 3 slices of

a healthy subject from: (a) first echo without averaging; (b) first echo with 2 averages; (c)
combination of four echoes of a single excitation without averaging.
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Slice 1

Slice 2

Figure 4.

b0 images (column a) and corresponding T2 maps (Column b) generated from 4 echoes of a
single excitation multi-echo DTI dataset (R = 4). SE images obtained on the same slices and
corresponding T2 maps are shown in columns c and d, respectively.
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Comparison between FA values of 18 selected ROIs obtained from the same datasets as in Fig. 3.

FA values
Region 1%t echo image without Weighted average combination of
averaging 15t echo image with 2 averages 4 echoes
Combined cortical white matter 0.38+0.05 0.46 + 0.04 0.43+0.03
Combined cortical gray matter 0.17 £ 0.06 0.21+0.02 0.20 £ 0.05
Major white matter
Genu of Corpus callosum 0.60 £ 0.04 0.65 +0.03 0.66 £ 0.04
Splenium of Corpus callosum 0.64 £0.07 0.70 £0.03 0.68 £ 0.03
Anterior limb-internal capsule 0.55 +0.05 0.60 + 0.03 0.62 + 0.05
Posterior limb-internal capsule 0.56 + 0.06 0.62 £ 0.04 0.61+£0.04
External capsule 0.40 £ 0.05 0.47 £0.02 0.45+0.03
Deep gray matter
Thalamus 0.33+0.05 0.37 £0.03 0.35+0.03
Putamen 0.18 +0.03 0.21+0.03 0.23+0.03
Globus pallidus 0.26 + 0.06 0.31+0.02 0.33+0.04
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Comparison between T2 values obtained using the multi-echo parallel EPI and standard SE sequences

Table 3

Region

T2 Values, msec

Single-shot multi-echo parallel EP1 ~ Standard SE

Cortical gray matter
White matter
Caudate Nucleus
Putamen

CSF

70.42 +5.89 73.01+4.53
54.71+4.22 55.23+3.64
61.95+11.73 63.37£9.15
56.16 +9.12 57.65+9.63
843 + 206 871+ 225
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