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a b s t r a c t  

In vivo MRI data can be corrupted by motion. Motion artifacts are particularly troublesome in Diffusion 
Weighted MRI (DWI), since the MR signal attenuation due to Brownian motion can be much less than the 
signal loss due to dephasing from other types of complex tissue motion, which can significantly degrade 
the estimation of self-diffusion coefficients, diffusion tensors, etc. This paper describes a snapshot DWI 
sequence, which utilizes a novel single-sided bipolar diffusion sensitizing gradient pulse within a spin 
echo sequence. The proposed method shortens the diffusion time by applying a single refocused bipolar 
diffusion gradient on one side of a refocusing RF pulse, instead of a set of diffusion sensitizing gradients, 
separated by a refocusing RF pulse, while reducing the impact of magnetic field inhomogeneity by using a 
spin echo sequence. A novel MRI phantom that can exhibit a range of complex motions was designed to 
demonstrate the robustness of the proposed DWI sequence. 

Published by Elsevier Inc. 
1. Introduction 

Motion artifacts are a serious confound for in vivo phase contrast 
and amplitude MRI studies. In phase contrast MRI motion causes 
phase offsets and ghosting in phase maps, distorting measured dis
placement profiles, and velocity maps. In amplitude MRI, intravoxel 
motion velocity distributions and shearing motion lead to signal 
loss. For example, in diffusion MRI, velocity shear within a voxel 
causes signal attenuation that appears like diffusion (pseudo-diffu
sion) but is not caused by Brownian motion [1]. The brainstem and 
spinal cord move significantly during the cardiac cycle, and are 
particularly troublesome to image. Although DTI data has been 
collected in human and animal hearts [2–8], reproducible DTI in 
the beating heart still remains an illusive goal. Whole body diffusion 
MRI is becoming increasingly important with the recognition that 
one can detect and possibly stage tumors using diffusion MRI [9]. 
However, significant motion in the abdomen and gut can hamper 
the interpretation of DWI data in these soft tissues. 

Moreover, there are a number of promising High Angular Reso
lution Diffusion Imaging (HARDI) [10] sequences that can provide 
additional information about tissue microstructure and microar
chitecture, which are also based on acquiring a large number of 
DWIs. In these methods, the tissue occupying each voxel is pre
 Inc. 


 
sumed to be the same in each DWI. However, this assumption 
can seldom be satisfied with existing DWI methods. This is one rea
son why HARDI-based methods have been applied largely to rela
tively slowly moving organs and tissue, like the brain, and not 
more generally, particularly to the beating heart. A snapshot DWI 
sequence would address these and other important needs within 
the imaging community. 

We have also developed an MR phantom capable of controlling 
the motion of a specimen that can be used to test a DWI sequence’s 
sensitivity to complex motion. Generally, it has been difficult to 
compare and contrast different motion control strategies in MRI 
and to reliably produce and reproduce different motion artifacts 
and assess their relative severity. An important development 
would be a controllable MRI phantom that can exhibit a range of 
complex motions to test the susceptibility of MRI sequences to var
ious motion artifacts and evaluate the efficacy of different correc
tion strategies to mitigate them. 
2. Background 

2.1. Conventional Stejskal–Tanner DWI sequences 

The most common method for sensitizing magnitude MRI data to 
the effects of water diffusion is by incorporating the Stejskal–Tanner 
pulsed gradient NMR sequence into a spin-echo (PGSE) MRI se
quence [11–14]. Specifically, the spin echo is formed by applying a 
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90° RF pulse followed by a 180° RF pulse. Diffusion weighting is ob
tained by applying a pair of identical unipolar gradient pulses 
around the slice selective 180° RF pulse (Fig. 1a). These unipolar dif
fusion-sensitizing gradients induce diffusion-related signal attenu
ation in tissues as described in Eq. (1). Signal attenuation caused by 
phase dispersion from diffusion or the random motion of incoher
ently moving spins enables one to estimate the water diffusivity in 
each voxel, using: 

-bDSðbÞ ¼ Sð0Þe ð1

where S(b) is the observed signal, S(0) is a signal in the absence of 
the diffusion-sensitizing gradients, D is the apparent diffusion coef
ficient (ADC), and b is given by: t ]

2G2d2 d
b ¼ c D - ð2Þ

3 

where G is the magnitude of the diffusion gradient pulse with dura
tion d, and diffusion time D [15]. 

Meanwhile, coherently moving spins (bulk motion in which 
there is a uniform velocity) produce a constant phase shift [16] 
in the Stejskal–Tanner pulsed field gradient (PFG) SE sequence: 
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Fig. 1. (a) Stejskal–Tanner, (b) conventional bipolar gradient echo, (c) conventional bipo
refocusing 180° RF pulse DWI sequences. 
-i2prSðrÞ ¼ SðrÞe ð3Þt 

where r is a function of the gradient strength, G, the diffusion tim
ing parameters, d and D; velocity, t, and is calculated according to: 

r ¼ cGdDt ð4

It can be seen from Eq. (4) that in the presence of motion as the dif
fusion time, D, gets longer, it is less likely for the family of spins 
tagged by the first diffusion-sensitizing gradient, which corre
sponds to a particular anatomical location, to be refocused by the 
second one, since the tissue has moved, thus introducing a constant 
phase shift. 

2.2. Motion correction strategies for obtaining DWIs in moving media 

A number of techniques have been proposed to minimize signal 
attenuation due to bulk motion during DWI acquisition. 

A gradient echo MRI sequence, a special case of the Stejskal– 
Tanner pulse sequence, consists of a single bipolar gradient block 
played out after the 90° RF pulse, where the interval between dif
fusion-sensitizing gradients, D, is set to d (Fig. 1b). Since the dura-
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Fig. 2. Schematic drawing of the experimental setup. 
tion of the diffusion-sensitizing gradients, in general, is shorter 
than the diffusion time (d < D), the effect of coherently moving 
spins is reduced, compared to the conventional PGSE sequence. 
The b-value for a single bipolar gradient is given in Eq. (5) [17]: 

2 2 G2d3b c ð5Þ
3 

and the velocity sensitive phase variable in Eq. (3) reduces to: 

r cGd2t ð6

However, despite a shorter echo time and the reduced effect of the 
diffusion time, this technique is highly sensitive to magnetic field 
inhomogeneity, and suffers from a significant signal loss due to a 
shorter T;2 relaxation time. 

In their work, Hong and Dixon [18] demonstrated how replac
ing the unipolar diffusion-sensitizing gradients in the conventional 
Stejskal–Tanner with two bipolar diffusion-sensitizing gradient 
blocks (Fig. 1c) decreases spin dephasing due to magnetic field 
inhomogeneity, as well as reducing sensitivity to bulk motion. 
The b-value for the two consecutive bipolar diffusion-sensitizing 
gradient blocks is: 

4 2 G2d3b c ð7Þ
3 

Although, the bipolar diffusion-sensitizing (BP) sequence appears to 
be useful for compensating for the coherently moving spins and is 
cross-term free in regards to the imaging gradients, in real experi
ments it is impossible to reduce the times between two consecutive 
bipolar gradients to d, due to the duration of the 180° RF pulse, as 
well as the duration of the crushers on both sides of the slice selec
tive refocusing RF pulse. Once again, this sequence suffers from a 
prolonged time between two consecutive bipolar gradients and 
the possibility that the medium has moved between the application 
of the two diffusion gradient pulse blocks. 

It is important to note that the effect of the reversed bipolar-
sensitizing gradients [18] is similar to the PGSE sequence, since it 
is not free of cross-term caused by imaging gradients. Hong and 
Dixon [18] showed that in the presence of such cross-terms the er
ror in the diffusion coefficient calculations is increased. 

Another interesting approach to shorten the diffusion time is 
the oscillating gradient spin echo sequence [19] (OGSE). As shown 
in Fig. 1d, OGSE is similar to a conventional BP sequence, where the 
bipolar diffusion-sensitizing gradients are replaced by sinusoidally 
oscillating gradients with number of cycles, n, with period T (each 
cycle behaves like a bipolar gradient). The b-value for an oscillating 
gradient is calculated according to Eq. (8): 

3 d3 
2 G2b c ð8Þ

4 p2n2 

where d is a duration of the gradient pulse and n is a number of cy
cles. As the conventional BP sequence, OGSE has the same short
coming, i.e., a prolonged time between two consecutive oscillating 
gradients. Thus, it is not suitable in the presence of complex motion. 

Cardiac and respiratory triggering techniques [20,21] are rela
tively successful for suppressing artifacts arising from such qua
si-periodic bulk motion as cardiac and cerebrospinal fluid 
pulsation, and respiratory motion. However, triggering is not as 
effective for remedying motion artifacts in DWIs of cardiac tissue 
itself and/or spinal cord, due to uncertainty of the organ’s position 
after each cardiac cycle. 

Other motion-remediation approaches are based on navigator 
echo correction [22,23], where phase correction is performed dur
ing post-processing. Once again, such approaches are not efficient 
for cardiac and spinal imaging due to a number of assumptions 
about tissue location during acquisition. Thus, the most efficient 
and logical time to reduce the influence of coherently moving spins 
is during the acquisition itself. 
3. Theory 

3.1. Single-sided bipolar gradient spin echo DWI sequences 

In this work we propose a novel idea of applying only one bipo
lar diffusion-sensitizing gradient (Fig. 1e), rather than two on both 
sides of the slice selective 180° RF pulse in the spin echo DWI se
quence. This approach minimizes the effect of the magnetic field 
inhomogeneity one observes in the gradient echo DWI sequence, 
and reduces the influence of the coherently moving spins by short
ening the time between consecutive diffusion-sensitizing gradi
ents. Although commonly used bipolar DW sequences have a 
diffusion time, D, set to the duration of the diffusion-sensitizing 
pulse, d, the time between consecutive bipolar diffusion-sensitiz
ing gradients in the moving media causes motion artifacts. Since 
the diffusion-sensitizing gradients are the leading source of phase 
dispersion, it is extremely important to minimize the impact of 
dephasing due to bulk motion not just during, but especially in 
between these gradients. These new single-sided bipolar spin echo 
(SS-BPSE) DWI sequences utilize minimum diffusion gradient sep
aration, while reducing signal attenuation due to T;2 relaxation. 

As in the case of the gradient echo sequence, b-values are calcu
lated according to Eq. (5). For other than the rectangular shaped 
diffusion-sensitizing gradients, the calculations of b-values or b-
matrices [24] have to be modified according to the shape of the 
pulses [25]. 

Although applying a single bipolar gradient block significantly 
reduces the diffusion weighting as compared to the conventional 
‘‘two-sided’’ bipolar or unipolar diffusion-sensitizing sequences, 
it is still possible using current clinical gradient hardware to gen
erate b-values adequate for cardiac tissue (b � 400 s/mm2) [7] 
and spinal cord DWI (b � 500 s/mm2) [26]. 

Another major advantage of the bipolar diffusion-sensitizing 
waveform is elimination of the residual eddy currents [17]. Since 
the lobes of this gradient are of opposite polarity, eddy currents 
are largely refocussed. 
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Fig. 3. A (0) (GM – gray matter, WM – white matter), FA, and Tr x 10-3 mm2/s maps of the stationary excised pig spinal cord sample obtained with (a) PGSE, (b) conventional 
BP, and (c) SS-BPSE sequences. 
4. Materials and methods 

4.1. Rotating MRI phantom 

A Bruker Rheo-NMR [27] unit consists of an MR compatible 
rotating shaft driven by an integrated stepper motor/controller 
unit that imparts a continuous angular motion to a ‘‘cone and 
plate’’ or Couette flow cell within a Micro2.5 microscopy probe 
(25 mm solenoid coil). We cannibalized this apparatus, replacing 
the motor and controller unit so that the shaft and fixture can ex
hibit arbitrarily rotational complex, jerky motions. A custom mod
ule allows the user to prescribe arbitrary shaft rotation waveforms 
based on a trigger input, including motionless periods. A combina
tion of rotational acceleration and motionless periods (pause in 
rotation) during each cycle simulates jerky motions in the heart. 
Another important feature of this apparatus is that this complex 
motion can be triggered to the acquisition of the MRI sequence. 
We also developed specialized fixtures to hold different tissues 
to be scanned, see Fig. 2. The specimen holder allows for a tissue 
plug to be inserted. Susceptibility effects can be minimized by pot
ting the specimen in perfluoropolyether oil (‘‘Fomblin’’). The fix
ture itself is constructed from ULTEM, a susceptibility matched 
plastic. 

4.2. Excised pig spinal cord DTI experiments 

To test whether the proposed SS-BPSE PFG MRI sequence re
duces motion artifacts in moving media as compared to the PGSE 
and BP sequences, we obtained different DWI data from the same 
excised pig spinal cord fixed with 4% paraformaldehyde solution. 
Prior to DWI data collection, the spinal cord was washed in phos
phate-buffered saline (PBS) doped with Gd-DTPA. Gadolinium was 
used to decrease the T1 relaxation time of the spinal cord tissue. 
The sample was imaged in the modified ‘‘cone and place’’ cell from 
the RheoNMR cell kit filled with Fomblin, within a vertical-bore 7T 
Bruker (Germany) scanner fitted with Micro2.5 microscopy probe 
(25 mm solenoid coil) with 1450 mT/m 3-axis gradients (Fig. 2). 
The common parameters for PGSE, conventional BP, and SS-BPSE 
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Fig. 4. A (0) (GM - gray matter, WM - white matter), FA, and Tr 10-3 mm2/s maps of the rotating excised pig spinal cord sample obtained with (a) PGSE, (b) conventional BP, 
and (c) SS-BPSE sequences (GM – gray matter, WM – white matter). 
sequences include repetition time (TR) = 800 ms, bandwidth = 
100 kHz, field-of-view (FOV) = 20 20 mm, matrix = 64 64 with 
a 1-mm thick axial slice. PGSE echo time (TE) was set to 26 ms, 
while both BP and SS-BPSE had TE set to 37 ms. One DWI per slice 
was acquired with b 0 s/mm2, followed by 21 DWIs with 
b = 1200 s/mm2. DWIs were acquired: (1) without rotation and 
(2) with rotation at 1 Hz and 15 ms motor pause. The diffusion gra
dient duration, d, was 8 ms and the gradient separation, D, was 
10.2 ms for PGSE and d = 8 ms and D = 8 ms for conventional BP 
and SS-BPSE, respectively. The same diffusion-sensitizing gradient 
duration was chosen in order to show the impact of separation 
(duration of 180° RF pulse and spoilers around it) between unipo
lar and bipolar gradients in PGSE and BP sequences, respectively. 
Although reducing a diffusion gradient duration for PGSE and BP 
sequence decreases the diffusion time, this separation remains 
constant. 

At each voxel location in the raw image, the apparent diffusion 
tensor, D, was estimated from the acquired DWIs and tensor-de
rived parameters, such as the eigenvectors or principal directions, 
E1,E2, and E3, and the corresponding eigenvalues or principal diffu
sivities, k1, k2, and k3, were estimated [28]. These were passed to 
parsimonious model selection [29] and multivariate hypothesis 
testing clustering [30] algorithms. 
5. Results 

5.1. Comparison of SS-BPSE with PGSE and conventional BP 

As can be seen in Fig. 3, the results were highly consistent for all 
three evaluated sequences for the stationary sample of the excised 
pig spinal cord, although the SNR was better for PGSE sequences 
due to a shorter echo time. For this particular sample, the average 
fractional anisotropy, FA, in white matter was around 0.48, while 
trace of the diffusion tensor, Tr, was approximately 1.3 10-  3

mm2/s. However, for the rotating sample, results obtained with 
the BP sequence (Fig. 4b) were quite different from the results ob
tained with PGSE and SS-BPSE (Fig. 4a and c, respectively), i.e., 
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Fig. 5. Diffusion-weighted images along one direction of the stationary excised pig spinal cord sample obtained with (a) PGSE, (b) conventional BP, and (c) SS-BPSE 
sequences; and of the rotating excised pig spinal cord sample obtained with (d) PGSE, (e) conventional BP, and (f) SS-BPSE sequences. 

Fig. 6. Direction encoded color maps of the stationary excised pig spinal cord sample obtained with (a) PGSE, (b) conventional BP, and (c) SS-BPSE sequences; and of the 
rotating excised pig spinal cord sample obtained with (d) PGSE, (e) conventional BP, and (f) SS-BPSE sequences. Color hue represent directions as: green is left–right, red is up– 
down, and blue is through the plane. 
FA 0.71 and Tr 4.5 10-3 mm2/s for the BP sequence, while for 
both PGSE and SS-BPSE FA 0.49 and Tr 1.3 10-3 mm2/s. 

Although results for the rotating sample obtained with PGSE 
and SS-BPSE sequences appear to be similar, after further examina-
tion of the individual DWIs (the examples of the DWIs for one 
direction are given in Fig. 5a–c for stationary, and d, e, and f for 
rotating samples, respectively), it becomes clear that motion arti
facts are more pronounced in PGSE images (Fig. 5d) compared to 
SS-BPSE images (Fig. 5f). 

Furthermore, evaluation of the Direction Encoded Color maps 
[31] shows that the result obtained with PGSE (Fig. 6a and d) 
and BP sequences (Fig. 6b and e) are not consistent between 
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stationary and rotating experiments. Alternatively, the SS-BPSE se
quence produces compatible results for both stationary and rotat
ing experiments (Fig. 6c and f, respectively). 

Fig. 7a and b show clusters of homogeneous tissue obtained 
from the measured DTI field maps obtained with PGSE and SS-BPSE 
sequences for the stationary sample. As can be seen, both se
quences produced consistent results in white matter. However, in 
the rotating experiment, due to averaging caused by motion, the 
clustering algorithm fails to distinguish white and gray matter in 
the spinal cord (Fig. 7c). The SS-BPSE sequence successfully sepa
rates white and gray matter (Fig. 7d); however, there are slight 
variations in the degree of homogeneity in white matter (the differ
ent colors within the white matter identify three separate clusters). 
6. Discussion 

In this work we show that in the presence of complex motion, 
the SS-BPSE sequence outperforms both PGSE and the conventional 
BP sequences. Especially poor performance of the conventional BP 
sequence in the presence of jerky motion can be explained by the 
fact that this sequence is flow compensating only. In other words, if 
tissue experiences different types of motion (stopping and start
ing) during the bipolar gradients applied before and after the 
180° RF pulse, dephasing can lead to a significant signal loss along 
some diffusion-sensitizing directions (Fig. 5e). As has been men
tioned before, the same b-value for all three sequences was 
achieved by varying the strength of the diffusion gradient, rather 
than its duration. In the presence of jerky motion, varying the 
duration of the diffusion gradients instead of their amplitudes 
did not achieve a significant improvement for the PGSE and the 
conventional BP sequences compared to SS-BPSE. This can be 
attributed to an insufficient duration reduction, since for the PGSE 
and the conventional BP sequences the durations could be reduced 
Fig. 7. Clusters, which identified homogeneity of the measured DTI field maps of 
the stationary excised pig spinal cord sample obtained with (a) PGSE and (b) SS
BPSE sequences; and the rotating excised pig spinal cord sample obtained with (c) 
PGSE and (d) SS-BPSE sequences. The discrete colors within white matter 
correspond to separate clusters with a different degree of homogeneity. 
only by �14% and �20% compared to SS-BPSE, respectively. Such 
reduction is not sufficient for minimizing jerky motion artifacts 
when the two diffusion-sensitizing gradients, either unipolar or 
bipolar, are separated by the refocusing 180° RF pulse with spoilers 
around it. The advantages of SS-BPSE are especially pronounced as 
resolution is reduced since velocity shear within a voxel is more 
pronounced as the voxel size increases [1]. It is important to note 
that PGSE has better SNR due to shorter TE and requires less diffu
sion gradient strength to achieve diffusion weighting comparable 
to SS-BPSE and conventional BP. 

This new DWI sequence is potentially useful in many applica
tion areas. Clearly, there is a need to perform diffusion MRI studies 
in the beating heart; this goal has been illusive since the invention 
of diffusion MRI. DTI in the beating heart will enable the assess
ment of muscle fiber structure and architectural organization in 
the heart wall as well as the acquisition of mean ADC estimates 
in cardiac muscle tissue. The mean ADC could be calculated from 
the estimated diffusion tensor itself, from several ADCs obtained 
in an isotropically organized DWI acquisition, or by using an iso
tropically weighted DWI sequence. This information should be use
ful in identifying abnormal or ischemic areas of the heart. 

Increasingly, there are reports of intravoxel incoherent motion 
(IVIM) [32] in living tissues, particularly in highly perfused tissues 
like kidney [33] and liver [34]. IVIM effects have been reported in 
b-value ranges of 0 to approximately 100 s/mm2. Some of the ob
served IVIM effect may be due to complex organ and tissue motion 
and deformations in addition to the presumed capillary and extra
cellular fluid flow assumed in the IVIM theory. This new DWI 
acquisition framework may reduce this artifactual contribution to 
the IVIM effect, and allow a closer examination of the IVIM perfu
sion effects if they exist. 

Another area of intense interest in the neuroimaging commu
nity is the assessment of spinal cord and the brainstem. It is extre
mely challenging to obtain DWIs in these structures owing to the 
significant side-to-side ‘‘whip’’ of the spinal cord and the plunging 
motion of the brainstem. We expect that the ability to measure of 
diffusion rapidly will improve the assessment of these important 
structures. 

There are clearly several potential embodiments of this DWI se
quence that have advantages for particular applications. The diffu
sion spectroscopic SE sequence could be used as an NMR prefilter 
prior to the application of an MRI block. The diffusion gradient 
pulse could be used within a conventional SE sequence with slice 
select and phase encode gradients applied. For isotropically 
weighted DWIs the same principle holds. The isotropically 
weighted spectroscopic SE sequence can be applied as a filter to 
an MRI block or incorporated within an MRI block. 

In general, there is a large and growing family of DWI methods 
that do not use the ADC or DTI models to obtain useful information 
about tissue microstructure and architecture. High Angular Resolu
tion Diffusion Imaging (HARDI) [10] acquisitions arise in many 
higher order diffusion MRI applications. Examples include Q-ball 
MRI [35], PAS MRI [36], DOT [37], Generalized DTI [38,39], etc. 
Other methods of analyzing DWI data that are not model specific, 
such as k- and q-space MRIs [40], Diffusion Spectrum MRI (DSI) 
[41], and SHORE 3D [42], which attempt to measure the average 
propagator directly from the DWI data, also can employ these 
new DWIs to improve data fidelity. Such applications should be
come more feasible particularly as gradient hardware improves, 
i.e., gradient strength and slew-rate increases. 

A possible extension of this method for obtaining DWIs is to use 
the bipolar gradient acquisition scheme above in multiple wave-
vector or multiple pulsed gradient field (mPFG) NMR and MRI mea
surements . Research indicates the measurements may be very 
useful in identifying features of microstructure within tissues 
and other media without requiring strong diffusion gradients

 []
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[43]. In these mPFG applications at least two Stejskal and Tanner 
single PFG blocks are concatenated to produce a multiple PFG 
MR sequence. The single sided bipolar PFG sequence can replace 
the two Stejskal–Tanner gradient pulses to obtain this novel type 
of diffusion weighting. 
7. Conclusion 

This new DW sequence is designed to fill a critical need for mea
suring diffusion parameters over short time periods in presence of 
tissue motion, both accurately and robustly. Our intent is to con
tinue to develop and apply this snapshot DWI sequence in a variety 
of in vivo applications where motion makes conventional DWI 
acquisitions problematic. 
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