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Radial fast spin-echo (radial-FSE) methods enable multishot
diffusion-weighted MRI (DWMRI) to be carried out without sig-
nificant artifacts due to motion and/or susceptibility and can be
used to generate DWMRI images with high spatial resolution. In
this work, a novel method that allows isotropic diffusion
weighting to be obtained in a single radial k-space data set is
presented. This is accomplished by altering the direction of
diffusion weighting gradients between groups of TR periods,
which yield sets of radial lines that possess diffusion weighting
sensitive to motion in different directions. By altering the diffu-
sion weighting directions and controlling the view ordering ap-
propriately within the sequence, an effectively isotropic diffu-
sion-weighted image can be obtained within one radial-FSE
scan. The order in which radial lines are acquired can also be
controlled to yield data sets without significant artifacts due to
motion, T2 decay, and/or diffusion anisotropy. Magn Reson
Med 53:1347–1354, 2005. © 2005 Wiley-Liss, Inc.
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Diffusion-weighted MRI (DWMRI) has become a powerful
tool for investigating the translational motion of water
within the human body. Because this motion is sensitive
to the cellular architecture and integrity of the tissue,
DWMRI has been used to investigate a number of diseases
including stroke, cancer, and many other neurologic dis-
orders (1–5). Many tissues, particularly in the brain, ex-
hibit long-range structural order, which imparts anisot-
ropy to the translational motion of water. This feature has
been exploited in diffusion tensor imaging to investigate
the integrity of white matter structures in the brain and to
map out fiber orientations (6). In some applications, how-
ever, it is desirable to measure only the mean or average
diffusivity, without the effects of anisotropy. This is the
case in DWMRI of acute stroke where change in the appar-
ent diffusion coefficient (ADC) of water is indicative of
ischemic tissue. In such situations, anisotropy from orga-
nized structures can cause errors in calculations of ADC if
diffusion is only measured in a single direction. To accu-

rately measure ADCs of water in anisotropic environ-
ments, a minimum of four individual DWMRI exams are
typically carried out: one without diffusion weighting and
three with diffusion weighting in orthogonal directions.
The diffusion-weighted images can then be geometrically
averaged to yield a “trace” image with average diffusion
weighting (2). Because the trace of the diffusion tensor is
invariant to rotation, the intensity in the resulting trace
image is invariant to tissue orientation (7). A number of
schemes for imparting isotropic diffusion weighting in
individual DWMRI scans have been proposed (8). In the
present paper we demonstrate a method that takes advan-
tage of unique features of radial MRI data acquisition to
achieve this purpose.

In radial MRI, Fourier data are collected along radial
lines that all pass through the center of Fourier space. Each
line, therefore, contributes more or less equally to the
contrast in the final reconstructed image (9,10). If individ-
ual radial lines, or views, have different weightings, then
images reconstructed from such data will have contrast
determined by the average signal intensity from the differ-
ent weightings. In radial fast spin-echo (radial-FSE) and
radial gradient and spin-echo, for example, individual ra-
dial lines are collected at different TE times within spin
echoes or gradient echoes and therefore have different T2

and/or T2* weighting (11). While this variation can intro-
duce artifacts in reconstructed images, it can also be ex-
ploited to produce multiple images with variable contrast
from single radial data sets (11–13). In a diffusion-
weighted radial-FSE sequence, this feature can be ex-
ploited to achieve effectively isotropic diffusion weighting
within a single radial k-space data set, thereby increasing
the imaging speed of multishot diffusion-weighted radial
MRI.

In previous work, we have demonstrated a diffusion-
weighted radial-FSE sequence for obtaining diffusion-
weighted images with high spatial resolution and without
significant artifacts due to motion and/or susceptibility (14–
16). In this method, diffusion weighting is achieved in a
preparation period where diffusion gradients are typically
turned on in a constant direction while acquiring a full radial
data set. This multishot method can yield higher spatial
resolution than conventional single-shot techniques; how-
ever, it requires more imaging time. In the present work, we
demonstrate a diffusion-weighted radial-FSE method for pro-
ducing isotropic diffusion-weighted images from a single
radial k-space data set by altering the direction of diffusion
weighting gradients between TR periods. By selecting the
appropriate diffusion weighting directions and view order-
ing, images can be generated that have effectively isotropic
diffusion weighting without significant artifacts due to T2

decay, motion, and/or diffusion anisotropy.
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METHODS

An eddy current compensated diffusion-weighted radial-
FSE sequence is shown in Fig. 1. The preparation period
consists of CHESS presaturation of off-resonance fat, fol-
lowed by a dual spin-echo (TE1) in which eddy-current
compensated diffusion gradients are played out (17). We
have found that this preparation works well for suppress-
ing artifacts due to eddy currents without sacrificing sig-
nificant signal from the small increase in time needed to
accommodate the second 180° RF pulse. Alternatively,
simple Stejskal–Tanner diffusion weighting can be incor-
porated within a single spin echo preparation. Following
this preparation, multiple views of Fourier data are ac-
quired within a single TR period using a train of 180° RF
refocusing pulses with an echo spacing of TE2. Within
each data acquisition period, a full radial line is acquired
by moving out to the end of a half radial line, collecting
data while scanning back along a full radial line to the
opposite side of k-space, and returning to the origin. The
view ordering within the sequence is completely flexible
for this trajectory and is chosen to minimize the effects of
T2 decay and motion artifacts (16). In general, the full 2�
radians of Fourier space should be coarsely sampled
within each echo train, i.e., each TR period, while differ-
ences in TE times for adjacent views are maximized. Arti-
facts due to motion are minimized by distributing motion
errors about the full 2� radians of Fourier space instead of
restricting them to sequential angular sections. This view
ordering also reduces artifacts due to T2 decay by spread-
ing signal decay azimuthally with high angular frequency.
The general expression for determining view angles, �i,j,
within an optimal view ordering is

�i,j � [(i � ��echo � mi � ��) � j � ETL � ��] mod �

where i is the echo index, j is the echo train index, echo
train length (ETL) is the number of radial lines acquired
each excitation, ��echo � �/ETL, and the angular separa-
tion between consecutive radial lines, �� � �/N, where N
is the total number of views collected. The i ���echo term
forces the full 2� radians of Fourier space to be coarsely
sampled every TR period. The mi � �� term is responsible
for mixing the TE times for adjacent views.

In isotropic diffusion-weighted radial-FSE, the diffusion
weighting direction is varied during the acquisition of a

full radial k-space data set such that images reconstructed
from the data have effectively isotropic weighting. One
practical approach steps through the set of directions
[1,1,1], [�1,1,1], [1,�1,1], [�1,�1,1] (indicating full posi-
tive or negative gradient strength along the [X, Y, Z] axes)
during the scan. When arithmetically summed, this varia-
tion yields effectively isotropic weighting. By using full-
strength gradients on each of the three gradient coils si-
multaneously, a desired diffusion weighting (b-value) can
be obtained in the shortest amount of time (shortest TE).
To reduce artifacts that could arise from anisotropic diffu-
sion, adjacent views must be collected with different dif-
fusion directions. Therefore, to reduce artifacts due to
motion, T2 decay, and diffusion anisotropy, view ordering
must be carried out that (i) spreads radial lines acquired
within a given TR period about the full 2� radians of
Fourier space, (ii) maintains a high frequency variation of
TE with view angle, (iii) maintains a high frequency vari-
ation of diffusion weighting direction with view angle, and
(iv) does not correlate diffusion direction with TE. By
using the view ordering described previously (16) and
turning on diffusion weighting in each of the four direc-
tions for one-fourth the total TR periods consecutively, the
data acquisition satisfies conditions i, ii, and iii. To satisfy
condition iv, one more step had to be added to the view
order calculation. After calculating the array of view an-
gles, �i,j, the views within a TR period undergo a circular
left shift with respect to the echo index i. The view angles
used in data acquisition �i�,j are then defined by

�i�, j � �CSL(i, j mod ETL), j

where CSL(i,j) defines a circular shift to the left of index i
by an amount j mod ETL. This view ordering results in the
relationships described graphically in Figs. 2 and 3. In Fig.
2, the views obtained in the first two TR periods of a 256
view, ETL � 4 acquisition are shown. Within each TR

FIG. 1. Diagram of the isotropic diffusion-weighted radial-FSE
pulse sequence with diffusion weighting in the XYZ direction and an
ETL � 4.

FIG. 2. View orientation for the first two TR periods of isotropic
diffusion-weighted radial-FSE for a 256 view, ETL � 4 exam. The
view labels are (echo train number, echo number).
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period, the entire range of view angles is coarsely sampled.
The relationship among TE, diffusion weighting direction,
and view angle is shown in Fig. 3. As can be seen, there is
a high frequency variation of both TE and diffusion
weighting direction with view angle and each diffusion
weighting direction is collected at a variety of uncorrelated
echo positions.

The isotropic diffusion-weighted radial-FSE sequence
was implemented on GE Signa 1.5 T LX echospeed and GE
Signa 3T MRI scanners (General Electric Medical Systems,
Milwaukee, WI, USA) with actively shielded gradients
capable of 33 and 40 mT/m, respectively. Image recon-
struction of radial data sets was carried out offline using a
magnitude filtered backprojection reconstruction (FBPR)
implemented in IDL (Research Systems, Inc.) as described
previously (18,19).

RESULTS

Diffusion-weighted images from the brain of healthy vol-
unteers were obtained using the conventional and isotro-

pic diffusion-weighted radial-FSE methods. Representa-
tive images are shown in Fig. 4. Images collected with
constant diffusion weighting in four individual directions
within four individual exams are shown in Fig. 4a–d. The
variation in signal intensity of white matter structures in
the individual images indicates the anisotropic nature of
the tissue. A trace image obtained from the geometric
mean of these four images is shown in Fig. 4e and repre-
sents true isotropic diffusion weighting. An image of the
same slice obtained with isotropic diffusion weighting in a
single k-space data set is shown in Fig. 4f. Four identical
isotropic scans were averaged to obtain an equivalent sig-
nal-to-noise ratio (SNR) for comparison to the trace image.
The trace and isotropic diffusion-weighted radial-FSE im-
ages are qualitatively similar, indicating an effective aver-
aging of anisotropic structures within the isotropic diffu-
sion-weighted radial-FSE exam. The mean signal intensity
from a region of interest (ROI) in the left splenium of the
corpus callosum from each of the images in Fig. 4 is
plotted in Fig. 5. While the signal intensity in 4 a–d varies
significantly, the trace image and isotropic image have
comparable mean signal intensity: 245.1 (� 23.9) and
250.8 (� 18.8) in the trace and isotropic images, respec-
tively. Other anisotropic structures in the brain exhibit
similar properties.

Conventional and isotropic diffusion-weighted radial-
FSE was also carried out in patients undergoing DWMRI
for acute stroke. Diffusion-weighted images of a stroke
patient obtained using conventional and isotropic diffu-
sion-weighted radial-FSE methods are shown in Fig. 6.
Images obtained with constant diffusion weighting in four
individual directions in four individual exams are shown
in Fig. 6a–d. Figure 6e is the trace image produced from
the geometric mean of these four images. The correspond-
ing isotropic diffusion-weighted radial-FSE image is
shown in Fig. 6f; this is from a single data set (no signal
averaging) and thus it has approximately half the SNR of
Fig. 6e, but required one-quarter of the time to acquire. The
region of stroke can be clearly seen in both images without
confounding hyperintensity from normal anisotropic
white matter. The tissue affected by the stroke appears
bright due to the reduced ADC associated with acute isch-
emia. The values of ADC in the region of the stroke ob-
tained from ADC maps produced from the trace and iso-
tropic images are 0.82 	 10�3 and 0.89 	 10�3 mm2/s,
respectively. This can be compared to the ADC in normal
white mater (1.28 	 10�3 and 1.31 	 10�3 mm2/s for the
trace and isotropic exams, respectively), indicating a drop
in ADC of approximately 34%, consistent with acute
stroke. The isotropic radial-FSE method not only yields
qualitatively equivalent images as the conventional
method, but also quantitatively maintains all aspects of the
areas of ischemia, regardless of the lower SNR.

DISCUSSION

A unique feature of all radial MRI methodologies is that
the center of Fourier space is sampled by each radial line
acquired. In the present paper, we have demonstrated that
this feature enables high-resolution isotropic diffusion-
weighted images to be obtained from a single radial k-
space data set. While isotropic diffusion-weighted radial-

FIG. 3. Echo number versus view number for each of the four
diffusion directions implemented in a 256 view, ETL � 4 isotropic
diffusion-weighted radial-FSE exam. The diffusion weighting direc-
tion is given in each panel. Note the high frequency variation of both
the echo position and the diffusion direction with view angle.
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FSE produces images that have effectively isotropic diffu-
sion weighting, they are not identical to true trace images
produced from the average of individual data sets. When a
trace image is produced from the geometric mean of n
individual scans obtained with individual diffusion
weighting, the resulting signal Strace has the average diffu-
sion weighting of the individual scans (S1,2. . . n) and can be
expressed as

Strace � �nS1 	 S2. . . 	 Sn

� �nS0e�bD1 	 S0e�bD2. . . 	 S0e�bDn

� S0�ne�b
D1 �D2. . .�Dn� � S0�ne�nbDave � S0e�bDave,

where it is assumed that k appropriate diffusion directions
were selected such that

Dave �
1
n �

k � 1

n

Dk.

The FBPR process used in reconstruction of radial data
sets, however, is a linear operation and results in an arith-
metic averaging of the signal obtained from the set of
diffusion directions chosen. Additionally, there is an in-
dividual point-spread function (PSF) associated with the
angular undersampling of each diffusion direction. The
signal in an isotropic diffusion-weighted radial-FSE im-
age, Siso, can be written as

Siso �
S1 � S2 . . . � Sn

n

�
S0e�bD1 * psf1 � S0e�bD2 * psf2 . . . � S0e�bDn * psfn

n

�
S0

n
(e�bD1 * psf1 � e�bD2 * psf2 . . . � e�bDn * psfn).

If diffusion in the tissue is isotropic, then D1 � D2 � Dn �
Dave and psf1 � psf2 . . . � psfn � � (delta function), leaving

Siso �
S0

n
(ne�bDave) � S0e�bDave.

FIG. 4. Diffusion-weighted radi-
al-FSE images of a normal volun-
teer at 1.5 T. Parameters for all
images: b � 1000 s/mm2, TE1 �
70 ms, TE2 � 13 ms, TR �
1500 ms, ETL � 4, FOV � 26 	
26 cm2, with slice thickness � 5
mm. Images obtained with diffu-
sion weighting in the XYZ, �XYZ,
X�YZ, and �X�YZ directions are
shown in a, b, c, and d, respec-
tively. A trace image produced
from the geometric mean of these
images is shown in e. An isotropic
diffusion-weighted radial-FSE im-
age is shown in f. This image was
produced from the average of
four identical exams so that signal
to noise is comparable to that in
e.

FIG. 5. The mean signal intensity for identical ROIs in the left
splenium of the corpus callosum from images in Fig. 4; the black bar
indicates the noise level in each image.
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If the tissue is anisotropic, however, the true average dif-
fusion-weighted signal will be multiplied by a small fac-
tor, which is always positive, making the signal in the
isotropic diffusion-weighted radial-FSE image slightly
higher than that of the trace image. This relationship is
shown graphically in Fig. 7. Calculated signal intensity
from three diffusion-weighted data sets, with a b-value �
1000 s/mm2, using arithmetic (dashed line) and geometric
(solid line) averaging, are plotted versus fractional anisot-
ropy (FA). The mean diffusivity was chosen to be 1.0 	
10�3 mm2/s to represent white matter. The relationship
between the diffusion coefficient for the three orthogonal
directions range from equal values (FA � 0) to diffusion in
only one direction (FA � 1.0). The error produced from the

arithmetic averaging is shown in Fig. 7 as a percentage of
the geometric mean. For isotropic structures, the two cal-
culations are identical. At FA � 0.8, an appropriate value
for highly anisotropic white matter, the error is approxi-
mately 6.6%. Such small error is consistent with the ex-
perimental results shown in Figs. 4 and 5.

Due to the motion insensitivity of radial MRI, recon-
structed radial-FSE images are free from significant motion
artifacts and due to the fast spin-echo refocusing utilized
in the sequence, images have no susceptibility artifacts as
in conventional DWMRI methodology. Figure 8a is a dif-
fusion-weighted trace image obtained with single-shot
echo planar imaging (SSEPI). Three images obtained with
diffusion weighting in three orthogonal directions were
averaged to obtain the trace image. An isotropic diffusion-
weighted radial-FSE image of the same patient is shown in
Fig. 8b. In both images, areas of ischemia are clearly visible
as regions of hyperintensity, there is no obscuring bright
signal due to diffusion anisotropy in white matter, and
there are no artifacts due to motion. However, the lower
resolution SSEPI method is unable to resolve the two
smaller anterior areas of ischemia, seen in the higher res-
olution radial-FSE image. The lack of image distortion in
the radial-FSE image also allows for a more direct compar-
ison of diffusion-weighted images to conventional T2-
weighted and T1-weighted images. Similar results have
been obtained consistently in our clinical evaluations.

Because radial-FSE is insensitive to magnetic field inho-
mogeneity, it works well at higher field strengths. A com-
parison of isotropic diffusion-weighted radial-FSE with
SSEPI at 3 T is shown in Fig. 9. These images are from a
patient with a renal cell carcinoma metastasis within the
right hemisphere and were obtained after the injection of a
contrast agent, Omniscan, which has been shown to have
insignificant effects on DWMRI (20). DWMRI is being used
to evaluate the cellularity of cancerous tissues (21) and to
predict tumor response to chemotherapy (3,22–24). The
SSEPI images in Fig. 9 have 3.75 	 3.75 mm2 in plane
resolution and show typical susceptibility artifacts in the
frontal and temporal lobe regions due to air-tissue inter-

FIG. 6. Diffusion-weighted ra-
dial-FSE images of a stroke pa-
tient acquired at 1.5 T. Parame-
ters for all images: b � 1000
s/mm2, TE1 � 70 ms, TE2 �
13 ms, TR � 1000 ms, ETL � 4,
FOV � 26 	 26 cm2, with slice
thickness � 5 mm. Images ob-
tained with diffusion weighting in
the XYZ, �XYZ, X�YZ, and
�X�YZ directions are shown in
a, b, c, and d, respectively. A
trace image produced from the
geometric mean of these images
is shown in e. The corresponding
isotropic diffusion-weighted radi-
al-FSE image is shown in f.

FIG. 7. Signal intensity versus fractional anisotropy expected from
three orthogonal diffusion-weighted data sets using arithmetic
(black dashed line) or geometric (black solid line) averaging. The
data were produced assuming b � 1000 s/mm2 and mean diffusivity
of 1.0 	 10�3 mm2/s. The relationship between the diffusion coef-
ficients for the three orthogonal directions ranges from equal values
(FA � 0) to diffusion in only one direction (FA � 1.0). The error
produced from the arithmetic averaging is shown as a percentage of
the geometric mean (gray solid line).
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faces. No detail is visible within or adjacent to the tumor.
The isotropic diffusion-weighted radial-FSE images
shown in Fig. 9c and d have 0.94 	 0.94 mm2 in-plane
resolution and are free of motion and susceptibility arti-
facts. Due to the high resolution of the radial-FSE images
and insensitivity to susceptibility changes, heterogeneity
within and around the tumor can be clearly visualized
(Fig. 9c). Because this metastasis was hemorrhagic, it con-
tains blood products that yield regions of local suscepti-
bility gradients that cause problems for SSEPI methods.

A unique feature of isotropic diffusion-weighted radial-
FSE is that both ADC maps and T2 maps can be generated
from only two data sets. A high-resolution ADC map,
obtained from two individual exams (b � 5 s/mm2 and b �
1000 s/mm2 in Fig. 10a and b, respectively) is shown in
Fig. 10c. ADC values in the brain unaffected by the stroke
are similar to those given in literature (1.17 	 10�3 and
1.32 	 10�3 mm2/s for white matter and gray matter,
respectively) and there is a decrease in the ADC in the
region of ischemia (0.72 	 10�3 mm2/s versus 0.96 	 10�3

mm2/s in homologous tissue on the contralateral side)
(25,26). It is important to note that measured ADC values
are dependent on the amount of diffusion weighting ap-
plied, the diffusion time, and the TE of the sequence (26).
ADC values in regions of ischemia are also dependent on
the time elapsed between stroke onset and the DWMRI
exam. Maps of T2 can be calculated from any individual
isotropic radial-FSE data set. An example of this is shown
in Fig. 10d where a T2 map was generated from the non-
diffusion-weighted (b � 5 s/mm2) isotropic radial-FSE
data set (Fig. 10a), with a postprocessing technique de-
scribed previously (12,13). Briefly, multiple images at dif-
ferent effective TE values are produced from one radial-
FSE data set. For reconstruction of an image at a particular
effective TE, only views acquired at that TE provide data
near the center of k-space (within the Nyquist radius). At
higher spatial frequencies, data from views with other TEs
are included (13). A T2 map is then calculated from the TE
images using a single exponential decay fit. There is an
increase of T2 in the region of ischemia (139.8 ms versus

FIG. 8. Diffusion-weighted images acquired on
the 1.5 T scanner of a stroke patient (b �
1000 s/mm2) using SSEPI (a) and isotropic diffu-
sion-weighted radial-FSE (b). For the SSEPI exam
TE � 81 ms, TR � 10 s, FOV � 30 	 20 cm2, with
slice thickness � 5 mm. For the radial-FSE exam,
TE1 � 70 ms, TE2 � 13 ms, TR � 1500 ms, ETL �
4, FOV � 26 	 26 cm2, with slice thickness �
5 mm.

FIG. 9. Diffusion-weighted images (b � 1000 s/mm2)
of a cancer patient acquired at 3 T using SSEPI
(a,b) and isotropic diffusion-weighted radial-FSE
(c,d). Imaging parameters for the SSEPI exam were
TE � 72 ms, TR � 10 s, FOV � 30 	 20 cm2, and
slice thickness � 5 mm. Imaging parameters for
the radial-FSE exam were TE1 � 60 ms, TE2 �
15 ms, TR � 3000 ms, ETL � 4, FOV � 26 	
26 cm2, with slice thickness � 5 mm.
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110.2 ms in the contralateral side). This region of ischemia
shows a decreased ADC with an elevated T2, consistent
with acute stroke imaged between 6 and 48 hr (1,27). The
ability to quantitatively determine both ADC and T2 in
ischemic tissue may help determine the age of the stroke,
which plays an important role in therapeutic decisions
(28).

Other methods have been developed to obtain effec-
tively isotropic diffusion weighting within the preparation
period of a sequence (8). A common feature of these meth-
ods is that they require an increased amount of time to
achieve a given diffusion weighting (compared to Stejskal–
Tanner type weighting). Because the diffusion-preparation
periods are then required to be longer, the minimum TE
time increases, resulting in a loss of SNR. Also, it is not
always possible to make such sequences eddy current
compensated, which we have found to be very helpful in
both radial and Cartesian DWMRI. Because subsets of the
radial data are acquired with diffusion weighting in differ-
ent directions, it may be possible to obtain information on
diffusion anisotropy within a single radial data set (29).
This is similar to producing T2 maps from individual
radial-FSE data sets as described previously (12,13) and is
currently being investigated.

CONCLUSIONS

The present paper demonstrates a simple method for ob-
taining isotropic diffusion weighting in a single radial MRI

exam. Using the appropriate view ordering and diffusion
weighting, radial-FSE images can be acquired with high
spatial resolution that are insensitive to bulk motion, sus-
ceptibility changes, T2 decay, and diffusion anisotropy.
Radial-FSE also allows for T2 maps to be generated from
individual exams such that both ADC and T2 maps can be
obtained from only two radial-FSE exams.
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