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Abstract

In high-field NMR microscopy rapid single-shot imaging methods, for example, echo planar imaging, cannot be used for determina-
tion of the apparent diffusion tensor (ADT) due to large magnetic susceptibility effects. We propose a pulse sequence in which a diffusion-
weighted spin-echo is followed by multiple gradient-echoes with additional diffusion weighting. These additional echoes can be used to
calculate the ADT and T �

2 maps. We show here that this results in modest but consistent improvements in the accuracy of ADT deter-
mination within a given total data acquisition time. The method is tested on excised, chemically fixed rat spinal cords.
� 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Apparent diffusion tensor (ADT) mapping requires the
acquisition of at least seven images with diffusion weighting
in different directions [1,2]. However, accurate calculation
of various anisotropy indices [3] and signal-to-noise (S/N)
considerations often require a larger number of images to
be acquired, a constraint that can result in long data acqui-
sition times. In clinical/human applications, this potential
problem of long experiments is in large part offset by appli-
cation of rapid imaging techniques; in particular echo pla-
nar imaging (EPI). In very high-field magnetic resonance
microscopy, however, EPI generally cannot be used due
to large magnetic susceptibility effects. For this reason,
and because microscopy experiments are often conducted
on excised and fixed samples, rather long imaging times
are typically encountered in ADT microscopy [4–10].

To reduce imaging time, several groups have taken
advantage of the inherent cylindrical symmetry of many
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samples (such as white matter tracts and muscle fibers) to
reduce the number of directions along which diffusion-
weighted images must be obtained to characterize the tensor
[5,11,12]. However, while such methods are extremely use-
ful when applied to appropriate samples, they cannot be
used in many cases where the sample geometry is not
known, or when multiple fiber orientations are encountered
within a voxel. Multiple-echo acquisition has been a well-
studied method for reducing imaging time in MRI [13,14].
Reduced-encoding techniques, in which the high spatial fre-
quency information from reference images are combined
with images acquired with reduced k-space coverage, have
also been shown to be an effective way to reduce the total
data acquisition time [15]. Multiple spin-echoes have previ-
ously been applied to diffusion NMR to collect multiple
spectra and calculate the ADC and T2 [16] and to reduce
the time required for diffusion tensor microimaging [5].
However, perhaps due to difficulties in implementation of
this sequence stemming from creation of spurious echoes
[13,14,17] and odd and even echo signal oscillations caused
by imperfect 180� pulses [18], this route has not found wide-
spread use in diffusion tensor microimaging. A fast spin-
echo sequence has been proposed for in vivo microimaging
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[19] and was extended to enable bulk motion correction
during post-processing [20]. This method has proven to be
efficient for in vivo applications, though just as the sequence
in reference [5], complications stemming from B1 inhomoge-
neities and generation of spurious echoes must be consid-
ered in the analysis and application.

Here, we propose an alternative sequence which is much
easier to implement than the spin-echo based methods, and
consists of a diffusion-weighted spin-echo, followed by a
train of gradient-echoes with additional diffusion weighting
provided by bipolar gradient pulses (Fig. 1). All of the
images are used to reconstruct an ADT and a T �

2 map.
We demonstrate the feasibility of this method on excised,
fixed rat spinal cords.

2. Methods

Experiments were conducted on cervical spinal cords ex-
cised from 12-week-old female Dark Agouti (DA) rats, and
fixed with 4% paraformaldehyde. Post-fixation, the cords
were immersed in phosphate-buffered saline (PBS—800 g
H2O, 0.4732 g H2PO4, and 0.4734 g Na2HPO4, pH 7.4)
and placed in a 5 mm NMR tube. The procedure is in com-
pliance with the Institutional Review Board (IRB) of the
University Hospital of Regensburg, where the cords were
excised. The imaging sequence in Fig. 1 was implemented
on a Bruker 750 MHz spectrometer (Bruker Biospin, Ett-
lingen, Germany), equipped with imaging gradients (1 T/
m maximum gradient strength), and a home-built 5 mm
diameter Alderman–Grant resonator. The sample tempera-
ture was 20 �C.

Imaging parameters include TR 1.1 s, TE 13.7 ms (spin-
echo), 23.1 ms (first gradient-echo) and 32.9 ms (second gra-
dient-echo), 400 lm slice thickness, 5 mm · 5 mm FOV,
128 · 128 data matrix (39 lm in-plane resolution, 0.61 nL
voxel volume), and 8 signal averages. For diffusion weight-
ing, d = 2 ms and D = 6 ms were used for the first echo
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Fig. 1. Imaging sequence employing a spin-echo followed by two gradient-ech
diffusion encoding gradients.
(i.e., the spin-echo) and d = D = 2.2 ms for all the following
echoes. Maximal diffusion gradient strengths were 0.7 T/m.
Seven and 13 gradient configurations were chosen for the
spin-echo experiments, and additional diffusion weighting
was provided along the same orientation for the gradient-
echoes. The configurations of the diffusion gradients and
also the calculated b-factors are summarized in Table 1. Im-
age numbers 1–7 summarize the settings for the single-echo 7
image experiment, 1–13 for the single-echo 13 image experi-
ment, and 1–39 for the 39 image experiments. The gradient
configurations and the b-factors for the 21 image experi-
ments are contained in image numbers 1–7, 14–20, and 27–
33. As can be seen, themaximum calculated absolute b-value
was approximately 1380 s/mm2 for the first echo images,
with additional maximal diffusion weighting of approxi-
mately 310 s/mm2 for each of the subsequent echoes.

The data were processed using Matlab (The Mathworks,
Natick, MA, USA). The diffusion and T �

2 signal decay was
modeled as follows:

I ¼ I0 exp �
X
i;j;k

bij;kDij � ðTE � TE1Þ=T �
2

 !
; ð1Þ

bij;k ¼ c2
Z Z tk

0

Gi dt0
Z tk

0

Gj dt0
� �

dt; ð2Þ

where k represents the echo number, and i and j the various
diffusion gradient directions. For each image, the b-matrix
was calculated by numerically integrating the gradient
shapes used according to Eq. (2). Substituting this b-matrix
and echo time (relative to the echo time, TE1, of the spin-
echo) for each image into Eq. (1) is followed by a least
squares fit for Dij, the six independent components of the
apparent diffusion tensor. Two rotational invariants were
obtained. The trace (Tr) and fractional anisotropy (FA)
were calculated from the eigenvalues (ki) of the ADT
according to Eqs. (3) and (4) given below.
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Table 1
The gradient configurations and calculated b-matrix for each image

Image number Gradient configuration (gxx,gyy,gzz) bxx (s/mm2) bxy (s/mm2) bxz (s/mm2) byy (s/mm2) byz (s/mm2) bzz (s/mm2)

1 (0,0,0) 0 0 0 0 0 61
2 (1,0,0) 1080 0 143 0 0 61
3 (0,1,0) 0 0 0 1080 143 61
4 (0,0,1) 0 0 0 0 0 1380
5 ð

ffiffiffi
2

p
=2;

ffiffiffi
2

p
=2; 0Þ 540 540 101 540 101 61

6 ð
ffiffiffi
2

p
=2; 0;

ffiffiffi
2

p
=2Þ 540 0 641 0 0 802

7 ð0;
ffiffiffi
2

p
=2;

ffiffiffi
2

p
=2Þ 0 0 0 540 641 802

8 ð
ffiffiffi
2

p
=2;�

ffiffiffi
2

p
=2; 0Þ 540 �540 101 540 �101 61

9 ð
ffiffiffi
2

p
=2; 0;�

ffiffiffi
2

p
=2Þ 540 0 �439 0 0 399

10 ð0;�
ffiffiffi
2

p
=2;

ffiffiffi
2

p
=2Þ 0 0 0 540 �641 802

11 ð
ffiffiffi
3

p
=3;

ffiffiffi
3

p
=3;�

ffiffiffi
3

p
=3Þ 360 360 �278 360 �278 256

12 ð�
ffiffiffi
3

p
=3;

ffiffiffi
3

p
=3;

ffiffiffi
3

p
=3Þ 360 �360 �442 360 442 585

13 ð
ffiffiffi
3

p
=3;�

ffiffiffi
3

p
=3;

ffiffiffi
3

p
=3Þ 360 �360 442 360 �442 585

14 (0,0,0) 0 0 0 0 0 61
15 (1,0,0) 1388 0 143 0 0 61
16 (0,1,0) 0 0 0 1388 143 61
17 (0,0,1) 0 0 0 0 0 1687
18 ð

ffiffiffi
2

p
=2;

ffiffiffi
2

p
=2; 0Þ 694 694 101 694 101 61

19 ð
ffiffiffi
2

p
=2; 0;

ffiffiffi
2

p
=2Þ 694 0 795 0 0 956

20 ð0;
ffiffiffi
2

p
=2;

ffiffiffi
2

p
=2Þ 0 0 0 694 795 956

21 ð
ffiffiffi
2

p
=2;�

ffiffiffi
2

p
=2; 0Þ 694 �694 101 694 �101 61

22 ð
ffiffiffi
2

p
=2; 0;�

ffiffiffi
2

p
=2Þ 694 0 �593 0 0 553

23 ð0;�
ffiffiffi
2

p
=2;

ffiffiffi
2

p
=2Þ 0 0 0 694 �795 956

24 ð
ffiffiffi
3

p
=3;

ffiffiffi
3

p
=3;�

ffiffiffi
3

p
=3Þ 463 463 �380 463 �380 358

25 ð�
ffiffiffi
3

p
=3;

ffiffiffi
3

p
=3;

ffiffiffi
3

p
=3Þ 463 �463 �545 463 545 688

26 ð
ffiffiffi
3

p
=3;�

ffiffiffi
3

p
=3;

ffiffiffi
3

p
=3Þ 463 �463 545 463 �545 688

27 (0,0,0) 0 0 0 0 0 61
28 (1,0,0) 1695 0 143 0 0 61
29 (0,1,0) 0 0 0 1695 143 61
30 (0,0,1) 0 0 0 0 0 1995
31 ð

ffiffiffi
2

p
=2;

ffiffiffi
2

p
=2; 0Þ 848 848 101 848 101 61

32 ð
ffiffiffi
2

p
=2; 0;

ffiffiffi
2

p
=2Þ 848 0 949 0 0 1110

33 ð0;
ffiffiffi
2

p
=2;

ffiffiffi
2

p
=2Þ 0 0 0 848 949 1110

34 ð
ffiffiffi
2

p
=2;�

ffiffiffi
2

p
=2; 0Þ 848 �848 101 848 �101 61

35 ð
ffiffiffi
2

p
=2; 0;�

ffiffiffi
2

p
=2Þ 848 0 �747 0 0 707

36 ð0;�
ffiffiffi
2

p
=2;

ffiffiffi
2

p
=2Þ 0 0 0 848 �949 1110

37 ð
ffiffiffi
3

p
=3;

ffiffiffi
3

p
=3;�

ffiffiffi
3

p
=3Þ 565 565 �483 565 �483 461

38 ð�
ffiffiffi
3

p
=3;

ffiffiffi
3

p
=3;

ffiffiffi
3

p
=3Þ 565 �565 �648 565 648 790

39 ð
ffiffiffi
3

p
=3;�

ffiffiffi
3

p
=3;

ffiffiffi
3

p
=3Þ 565 �565 648 565 �648 790

The configuration for image numbers 1–7 were used for the single-echo, 7 image experiments; 1–13 for the single-echo, 13 image experiments; 1–7, 14–20,
and 27–33, for the multiple-echo, 21 image experiments, and 1–39 for the multiple-echo, 39 image experiments.
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Tr ¼ k1 þ k2 þ k3; ð3Þ

FA ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3

2

P
iðki � �kÞ2P

ik
2
i

s
. ð4Þ

The above analysis was first performed for the spin-echo
signals only, using either 7 or 13 diffusion-encoding direc-
tions. Comparison was then made to results obtained by
incorporating the signals from the additional two gradi-
ent-echoes, corresponding to either 21 (7 · 3) or 39
(13 · 3) images. T �

2 maps were also obtained for the multi-
ple-echo data sets. Imaging times were 2.2 h to obtain 7/21
images, and 4.1 h for 13/39 images.

For each data set, regions of interest (ROIs) in the cord
were selected, and the Tr/3 and FA for these regions com-
pared for the data from the simple spin-echo and the new
sequence. Uncertainties were estimated by calculating the
standard deviation within the ROIs. For gray matter
(GM) an ROI was drawn in the central GM, and for white
matter (WM) in the dorsal or ventral WM. ROIs were cho-
sen anatomically and sizes range from 48 (central gray mat-
ter) to 78 pixels (lateral column white matter).

A data set with higher spatial resolution was also ac-
quired with 13/39 images, TR 1.1 s, TE values 15.9, 28.4,
and 40.9 ms, respectively, FOV 6 · 6 mm, 256 · 256 matrix
(23 lm in-plane resolution with a slice thickness of 600 lm
and 0.32 nL voxel volume), d = 2 ms and D = 6 ms for the
first echo and d = D = 2.2 ms for the following echoes. To-
tal data acquisition time was 8.1 h. This high resolution
data set was acquired using a linear birdcage resonator
(Bruker Biospin, Ettlingen, Germany).

3. Results

Fig. 2 depicts FA maps obtained from (A) 7 images, (B)
13 images, (C) 21 images, and (D) 39 images, respectively.



1.2

0

A B C D

Fig. 2. FA maps constructed from (A) 7 spin-echo images, (B) 13 spin-echo images, (C) 21 images (7 spin-echo and 14 gradient-echo) from the new
sequence, and (D) 39 images (13 spin-echo and 26 gradient-echo) from the new sequence. Resolution is 39 lm · 39 lm · 400 lm, voxel volume 0.61 nL.
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FA values from gray and white matter regions in the cord
are shown in Table 2 and Tr values are summarized in Ta-
ble 3. Calibration experiments were also performed using
pure water: in these cases smaller b-values were used due
to water�s larger diffusion coefficient, and the results are
also shown in Tables 2 and 3. Table 4 summarizes FA val-
ues for the ventral cord region of the cord for three differ-
ent spinal cords. The FA maps from the high resolution
data sets are shown in Fig. 3, reconstructed from (A) 13
images and (B) 39 images. Finally, a sample T �

2 map from
a 39 image experiment is illustrated in Fig. 4. As a reference
for future work, the obtained S/N in the b = 0 spin-echo
image from the high resolution data set was 28 and 47
for the dorsal columns white matter and central gray mat-
ter, respectively.

4. Discussion

As can be seen from Fig. 2, particularly in the white
matter regions, the FA maps reconstructed from 7 and
13 spin-echo images are noisier than those obtained from
21 and 39 images from the combined spin- and gradient-
echoes. This is also illustrated by the smaller error bars
Table 3
Tr values for gray and white matter regions of the spinal cord and for water, c
experiment (21 and 39 images)

Tr/3 from 2.2 h experiment (·10�3 mm2/

Number of
images used:

7 images
(single-echo experiment)

21 images
(multiple-ech

Water (control) 2.00 ± 0.20 1.97 ± 0.13
Dorsal columns
white matter

0.39 ± 0.15 0.42 ± 0.08

Gray matter 0.36 ± 0.08 0.37 ± 0.04

The water data come from a separate experiment.

Table 2
FA values for gray and white matter regions of the spinal cord and for water, c
experiment (21 and 39 images)

FA from 2.2 h experiment, ±SD

Number of
images used:

7 images
(single-echo experiment)

21 images
(multiple-ech

Water (control) 0.17 ± 0.07 0.11 ± 0.04
Dorsal columns
white matter

0.84 ± 0.19 0.84 ± 0.15

Gray matter 0.33 ± 0.10 0.24 ± 0.08

The water data come from a separate experiment.
for the FA and Tr values in Tables 2 and 3 for the multi-
ple-echo acquisitions as compared to the single spin-echo
experiments. The effects, while relatively small, are consis-
tent across all areas. Additionally, the FA values in the iso-
tropic medium (PBS) become smaller and closer to zero
when calculated with a larger number of images, as predict-
ed previously by Pierpaoli and Basser [3]. Their simulations
have shown that FA values calculated with high S/N data
should be extremely accurate for anisotropic media, but in
the case of isotropic diffusion, FA approaches its true value
of 0 very slowly even when a large number of very high S/N
images are used. This is because FA cannot have a negative
value, and thus any variation due to noise is reflected in a
non-zero FA. These predictions are consistent with the
data presented in Table 2.

The diffusion coefficient values are in close agreement
with previously published data [21,22] and also the FA val-
ues calculated from these data [22]. It is worth noting that
the error bars and quality of calculated maps are improved
using 21 images from the multi-echo acquisition in compar-
ison with the 13 images obtained using the standard
acquisition. The results thus represent both improved
quality and increased time efficiency since the 21 combined
ollected from single-echo experiment (7 and 13 images) and multiple-echo

s ± SD) Tr/3 from 4.1 h experiment (·10�3 mm2/s ± SD)

o experiment)
13 images
(single-echo experiment)

39 images
(multiple-echo experiment)

1.95 ± 0.15 2.00 ± 0.11
0.41 ± 0.11 0.40 ± 0.07

0.37 ± 0.07 0.40 ± 0.03

ollected from single-echo experiment (7 and 13 images) and multiple-echo

FA from 4.1 h experiment, ±SD

o experiment)
13 images
(single-echo experiment)

39 images
(multiple-echo experiment)

0.15 ± 0.05 0.09 ± 0.03
0.83 ± 0.17 0.89 ± 0.15

0.30 ± 0.09 0.23 ± 0.07
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Fig. 3. High resolution (23 lm · 23 lm · 500 lm, voxel volume 0.32 nL) FA maps constructed from (A) 13 spin-echo images and (B) 39 images (13 spin-
echo and 26 gradient-echo).

Table 4
FA values for ventral cord white matter, from experiments on three spinal cords

Experiment 1 2 3

Single-echo, 7 image experiment 0.74 ± 0.16 0.74 ± 0.15 0.74 ± 0.16
Single-echo, 13 image experiment 0.80 ± 0.14 0.75 ± 0.15 0.75 ± 0.15
Multiple-echo, 21 image experiment 0.84 ± 0.13 0.75 ± 0.09 0.76 ± 0.14
Multiple-echo, 39 image experiment 0.84 ± 0.11 0.79 ± 0.08 0.78 ± 0.12

0 s

0.03 s

Fig. 4. T �
2 map (23 lm · 23 lm · 500 lm, voxel volume 0.32 nL).
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gradient- and spin-echo images are obtained in close to half
the data acquisition time of the 13 spin-echo image exper-
iment. This method therefore offers significant advantages
for ADT microimaging.

The efficiency of the multiple-echo method is also illus-
trated in Fig. 3, depicting FA maps for the higher resolu-
tion data set with an in-plane resolution of 23 lm and
voxel volume of 0.32 nL. At this higher resolution, the
quality-of-fit for the 39 image data set is superior to that
from 13 images, resulting in the improved appearance of
the FA map at no extra time cost. A quantitative compar-
ison of the standard deviations of the measurements con-
firms the appearance; the FA in this experiment in the
ventral columns measured with 13 diffusion weighted
spin-echo images is 0.79 ± 0.13, while with 39 spin/gradient
echo images it is 0.84 ± 0.09. Similarly for gray matter, the
spin-echo experiment yields an FA of 0.27 ± 0.13 as com-
pared to 0.23 ± 0.08 for the spin/gradient echo sequence.
Finally, the T �

2 map obtained from the multiple-echo meth-
od is an added benefit of the multiple-echo acquisition and
may also prove useful in tissue characterization by MRI
microscopy, as recent work on myocardial architecture
indicates [23].

As noted previously, multiple spin-echo manipulation
has also been employed to reduce imaging time in
ADT microimaging [5]. In our experience, the method
presented here is more robust and easier to implement
than the sequence in [5], and can be easily implemented
on a system that is already equipped with a standard
ADT spin-echo sequence. The multiple spin-echo method
[5] requires precise calibration of the flip angles used in
the sequence for accurate ADT determination. In addi-
tion to problems from spurious echoes and odd/even
echo signal oscillations, for inhomogeneous B1 fields that
can be caused at high magnetic field strengths by samples
with high dielectric constants, or for transmit-receive sur-
face coil applications, the multiple spin-echo methods
provide accurate measurements only from a very spatially
limited region.

Clearly, this new sequence proposed here is more sen-
sitive to B0 inhomogeneities than are purely spin-echo
based methods. The dependence of the gradient-echo
intensity on the tissue T �

2 value means that the gain in
efficiency is not as high as with multiple spin-echoes, par-
ticularly in cases where T �

2 � T 2. The length of the echo
train acquired is determined both by S/N considerations
and the need to provide sufficient diffusion weighting in
each echo. In our case, we were consistently able to col-
lect two additional gradient-echoes, but not a third one
with significant additional diffusion weighting. For tissues
or voxels with extremely short T �

2, the acquisition of
higher echoes might be of no additional benefit or could
even potentially worsen the measurement uncertainties as
compared to a single spin-echo. In such a case, an itera-
tive fitting procedure could be employed where the first
step is a voxelwise check performed to determine how
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many echoes are above the noise level and can therefore
be included in the fit. Unlike EPI, the sensitivity of this
sequence to B0 inhomogeneities does not contribute to
significant image distortion. This is because distortion
artifacts in EPI stem from the fact that each echo has
a different phase encoding, leading to a rotation of the
acquisition plane in k–t space versus the Cartesian grid
[24].

A possible complication in the application of this
method would be in the presence of restricted diffusion,
i.e., where the mean free path of the protons is on the or-
der of the length of time between diffusion pulses. This is
because D is larger for the first echo than for the second
and third echoes. Thus, the effective diffusion time is
greater in the spin-echo than the later gradient-echoes,
potentially introducing differential behavior with respect
to restricted diffusion in the first echo, as the dephasing
in the later echoes could be unaffected by this restriction.
The potential for this problem cannot be completely elim-
inated, unless diffusion times are made equal for all ech-
oes. However, in practice, this possibility can be
minimized by judicious choice of diffusion times. For
example, in the case of a healthy rat spinal cord, the dif-
fusion coefficient perpendicular to the long axis of the
cord in white matter is approximately 0.2 · 10�3 mm2/s.
After a diffusion time D of 6 ms as employed in our exper-
iment for the first echo, the root mean squared (rms) uni-
directional displacement in one dimension is 1.5 lm,
smaller than the compartment size of 2–3 lm estimated
using q-space imaging [25], suggesting that any differences
with respect to restricted diffusion are negligible. More-
over, when the spin-echo diffusion time is chosen careful-
ly, this method potentially can be used to partially
alleviate restricted diffusion effects. As pointed out by
LeBihan [26], trains of alternating bipolar gradient pulses
can be used as an alternative to separating diffusion gra-
dients by long D times, in order to minimize from the ef-
fects from restricted diffusion. This is effectively the
situation encountered in our sequence, where additional
diffusion weighting after the first echo is achieved using
bipolar gradient pairs. Since the longest diffusion time
encountered is the D during the first echo, the effective
maximal rms displacement encountered with this sequence
will be typically smaller for a given b-factor, as compared
to a conventional spin-echo diffusion sequence where D is
often purposefully extended in order to achieve extra dif-
fusion weighting.

Future considerations for improvement to the work pre-
sented here include optimization of the diffusion weighting
so that the directions of the b-vectors cover ‘‘b-space’’ even-
ly, and acquisition of multiple spin-echoes surrounded by
gradient-echoes as employed, for example, with GRASE
(gradient- and spin-echo) sequences [27], potentially allow-
ing a significant further reduction in acquisition time. Also,
combination of multiple-echo acquisition with reduced-en-
coding methods [15] may help to further improve imaging
efficiency for microscopy.
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