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Abstract
Purpose—To investigate the feasibility of combining the inner-volume-imaging (IVI) technique
with single-shot diffusion-weighted (DW) spin-echo echo-planar imaging (SE-EPI) and DW-
SPLICE (split acquisition of fast spin-echo) sequences for renal DW imaging.

Materials and Methods—Renal DW imaging was performed in 10 healthy volunteers using
single-shot DW-SE-EPI, DW-SPLICE, targeted-DW-SE-EPI and targeted-DW-SPLICE. We
compared the quantitative diffusion measurement accuracy and image quality of these targeted-
DW-SE-EPI and targeted DW-SPLICE methods with conventional full FOV DW-SE-EPI and
DW-SPLICE measurements in phantoms and normal volunteers.

Results—Compared with full FOV DW-SE-EPI and DW-SPLICE methods, targeted-DW-SE-
EPI and targeted-DW-SPLICE approaches produced images of superior overall quality with fewer
artifacts, less distortion and reduced spatial blurring in both phantom and volunteer studies. The
ADC values measured with each of the four methods were similar and in agreement with
previously published data. There were no statistically significant differences between the ADC
values and intra-voxel incoherent motion (IVIM) measurements in the kidney cortex and medulla
using single-shot DW-SE-EPI, targeted-DW-EPI and targeted-DW-SPLICE (p > 0.05).

Conclusion—Compared with full-FOV DW imaging methods, targeted-DW-SE-EPI and
targeted-DW-SPLICE techniques reduced image distortion and artifacts observed in the single-
shot DW-SE-EPI images, reduced blurring in DW-SPLICE images and produced comparable
quantitative DW and IVIM measurements to those produced with conventional full-FOV
approaches.
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INTRODUCTION
In vivo diffusion-weighted imaging (DWI) measurements are typically reflective of both the
translational motion of water arising from molecular diffusion and microcirculation within
capillary networks (perfusion) 1,2. DWI techniques may prove particularly useful for non-
invasive assessment of renal disease processes given the water transport function of the
kidneys as well as the typically large blood flow rates through the kidneys. Several studies
have recently used DWI methods to evaluate renal function in both native 3–5 and
transplanted kidneys 6; these DWI methods have also been useful for characterizing renal
masses 7.

The single-shot DW spin-echo echo-planar imaging (DW-SE-EPI) approach is commonly
employed during abdominal DWI studies because this sequence is generally insensitive to
artifacts arising from bulk and physiologic motions. However, this technique can suffer from
severe geometric distortion and artifacts due to susceptibility gradients and/or poor static
field shimming 8. The magnitude of these distortions and artifacts depends upon the field-of-
view (FOV) and echo-train length (ETL). Alternative DW spin-echo based HASTE
techniques, such as split acquisition of fast spin-echo signals for DWI (DW-SPLICE) 9, have
been proposed. These techniques are resistant to field inhomogeneities, however, T2-
filtering effects can commonly lead to image blurring in the phase-encoding (PE) direction,
particularly when a long ETL is used. Hence, for both single-shot DW-SE-EPI and DW-
SPLICE sequences, supplemental methods to reduce the ETL while preserving image
resolution could be particularly helpful to improve overall image quality. Those methods
include: parallel imaging (PI) 10,11, multi-shot image acquisition 12–14 and inner volume
imaging (IVI) techniques 15,16.

PI acquisition, based on the combination of data acquired using a multi-element coil system,
can be used to shorten ETL. However, the possible reduction in ETL depends on the coil
geometry. Multi-shot image acquisitions, such as DW-PROPELLER17 and multi-shot DW-
SE-EPI 18, will increase image acquisition time significantly over conventional single-shot
approaches. The inner volume image (IVI) technique, first proposed by Feinberg et al 19,
involves selectively exciting a small region-of-interest (ROI) within the overall field-of-
view (FOV) to limit requisite ETL while avoiding aliasing artifacts from tissues located
outside the ROI. Shortening the ETL reduces distortion and artifacts within single-shot SE-
EPI images and diminishes the T2-filtering effects that can lead to spatial blurring within
HASTE images (compared to an equivalent full-FOV acquisition). IVI techniques have been
applied during single-shot DW-EPI for diffusion tensor imaging (DTI) of localized brain
structure and DTI of the cervical spinal cord 20. IVI techniques have also been combined
with HASTE sequences for real-time abdomino-pelvic imaging 21 and MRI-guided
percutaneous biopsy procedures 16,22.

The purpose of our study was to investigate the feasibility of combining the IVI technique
with single-shot DW-EPI and DW-SPLICE sequences for renal DWI. To demonstrate the
feasibility of the proposed targeted-DWI methods, we compared DWI measurements
performed using single-shot DW-SE-EPI, DW-SPLICE, targeted-DW-SE-EPI and targeted-
DW-SPLICE methods in both phantoms and normal volunteers.

METHODS
Sequences

The DW-SPLICE pulse sequence was implemented as depicted in Fig. 1A (modified from
an existing DW-HASTE sequence). The strong amplitudes and rapid slew rates used for
diffusion weighting gradients can produce strong eddy-currents that may cause significant

Jin et al. Page 2

J Magn Reson Imaging. Author manuscript; available in PMC 2011 August 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



image distortion. To mitigate these potential eddy-current effects, diffusion sensitivity was
obtained with the twice-refocused spin-echo preparation scheme 23. A HASTE readout
strategy was used to for k-space acquisition. To avoid the formation of non Carr-Purcell-
Meiboom-Gill (CPMG) artifacts, the split acquisition of fast spin-echo acquisition (SPLICE)
technique was used to separate spin-echo and stimulated-echo families in each readout
direction by doubling the acquisition period using imbalanced readout gradients.
Magnetization, in the transverse plane will thus experience an odd or even number of inter-
refocusing pulse periods, added coherently to form odd-parity (E1) echoes and even-parity
echoes (E2). Magnitude images were reconstructed using E1 and E2 dataset respectively and
averaged to form the final image.

The IVI approach was integrated with both the standard DW-SE-EPI sequence and DW-
SPLICE sequence (described above) to permit targeted reduced-FOV acquisitions (Fig. 1B)
and subsequent comparisons between these methods. For both sequences, the slice-selective
gradient for spatially selective RF excitation was applied along the PE direction for the 90o
excitation RF pulse and along the slice-selective direction for the 180o refocusing RF
pulses. The perpendicular orientation of the slice-selective gradients limited the FOV along
the PE direction with signal generated only within the overlapping central region. The PE
FOV was controlled by adjusting the amplitude of the slice-selective gradient for the 90o RF
pulse while keeping the bandwidth of the 90o RF pulse and the slice thickness of the
refocusing RF pulse unchanged. The IVI technique allowed for a reduction of the field of
view (FOV) along the PE direction, hence reducing requisite PE steps and shortening the
echo train length for both DW-SE-EPI and DW-SPLICE sequences.

All phantom and volunteer studies were performed using a 1.5T clinical MRI scanner
(Magnetom Espree, Siemens Medical Solutions, Erlangen, Germany). The imaging
parameters for single-shot DW-SE-EPI, DW-SPLICE, targeted-DW-SE-EPI and targeted-
DW-SPLICE are shown in Table 1.

Phantom Studies
To demonstrate the efficacy of the IVI technique, we performed a study using a quality
control phantom that included resolution grids oriented along both anterior-posterior and
left-right directions (marker spacings of 5, 3, 2, 1 and 0.5 mm). A 4-channel head coil with 4
active coil elements was used for signal reception. Images were acquired using single-shot
DW-SE-EPI, DW-SPLICE, targeted-DW-SE-EPI and targeted-DW-SPLICE with PE
applied along anterior-posterior direction at b = 0 sec/mm2. The FOV for full-FOV and
targeted acquisition were 200×200 mm2 and 125×75 mm2 respectively.

Next, another phantom study was performed using two bottles containing distilled water and
ethanol to compare the ADC values measured using single-shot DW-SE-EPI, DW-SPLICE,
targeted-DW-SE-EPI and targeted-DW-SPLICE. Separate images were acquired with 5 b-
values: 0, 100, 200, 300 and 500 sec/mm2. ADC maps were reconstructed off-line based
upon the slope of the least-square fit line to function: ADC·b = -ln(S(b)/S(0)), where S(b) is
the signal intensity measured for images acquired at specific b-values. The mean and
standard deviation of the ADC values were measured within ROI drawn in each ADC map.

Volunteer Studies
Ten healthy volunteers were enrolled. The study was approved by our Institutional Review
Board and informed consent was obtained from all volunteers. A body matrix array coil and
spinal array with 5 active coil elements were used for signal reception. Axial and coronal
TSE images were acquired for kidney localization. Renal DWI was performed using single-
shot DW-SE-EPI, DW-SPLICE, targeted-DW-SE-EPI and targeted-DW-SPLICE sequences,

Jin et al. Page 3

J Magn Reson Imaging. Author manuscript; available in PMC 2011 August 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



respectively, with the following b-values used for each acquisition: 0, 50, 100, 150, 200,
250, 300, 400, and 500 sec/mm2. The diffusion gradients were applied in three orthogonal
directions and subsequently averaged to minimize the effects of diffusion anisotropy.
Nonselective fat saturation pulse was applied before all the sequences to suppress fat signal.
Respiratory triggering was used for image acquisition to reduce respiratory motion artifacts.
We first acquired a single-slice coronal single-shot DW-SE-EPI image encompassing both
kidneys. Next, DW-SPLICE images were acquired at the same imaging position. The FOVs
for full-FOV acquisitions were 400×400 mm2. Reduced-FOV DW images for the left and
right kidneys were then separately acquired using the targeted-DW-SE-EPI and targeted-
DW-SPLICE sequences with 220 × 130 mm2 FOV (identical spatial resolution to full FOV
acquisition).

In an additional healthy volunteer, we compared the targeted-DWI methods with single-shot
DW-SE-EPI technique with PI acquisition. A PI acceleration factor (iPAT) of 3 was used to
produce the similar ETL used in the targeted-DWI techniques. TE was optimized for PI
acquisition (TE = 79 ms). All other imaging parameters were the same as single-shot DW-
SE-EPI without PI acquisition (Table 1).

Qualitative comparisons were made between images obtained with single-shot DW-SE-EPI,
DW-SPLICE, targeted-DW-SE-EPI and targeted-DW-SPLICE to evaluate efficacy of the
targeted acquisition techniques for reducing artifacts and spatial blurring. Two experienced
radiologists (with >10 years combined experience reading abdominal MRI scans) scored
DW images with b = 0 sec/mm2 by consensus, blinded to the particular acquisition strategy.
Images were scored based on both the artifact level and image sharpness using a 4-point
scoring system with 4 as excellent, 3 as good, 2 as acceptable and 1 as poor. Specifically, for
artifact level scores, “4” indicated no apparent artifacts; “3” indicated artifacts present but
limited bearing upon interpretation; “2” indicated many artifacts limiting interpretation; “1”
indicated severe artifacts obstructing visualization of organs and precluding interpretation.
For image sharpness level scores, “4” indicated excellent definition of all fine anatomic
structures; “3” indicated good overall definition of anatomic structures; “2” indicated
adequate definition of most anatomic structures sufficient for interpretation; “1” indicated
poor definition of structures, blurring precluding visualization of structures for
interpretation. The scores for full-FOV single-shot DW-SE-EPI, full-FOV DW-SPLICE,
targeted-DW-SE-EPI and targeted-DW-SPLICE were compared using pair-wise Wilcoxon
signed rank tests with a significance level of 0.05.

For all methods, voxel-wise ADC maps were reconstructed using the aforementioned
method in the phantom study. Next, an intra-voxel incoherent motion (IVIM) model was
used to separate signal decay contributions arising from diffusion and microcirculation: S(b)
= S(0)·[(1-f)·exp(-b·D)+f·exp(-b·D*)], where f is the perfusion fraction, D is the diffusion
parameter representing the pure diffusion and D* is the diffusion parameter arising from
microcirculation and perfusion. Voxel-wise signal measurements were fit to the latter model
using the Levenberg-Marquardt algorithm.

For images acquired using single-shot DW-SE-EPI, targeted-DW-SE-EPI and targeted-DW-
SPLICE, ROIs were placed in the renal cortex and medulla according to DW images
acquired with b = 0 sec/mm2. ROIs were then transferred to ADC, D and f parametric maps
and mean ADC, f and D measured in the renal cortex and medulla for both kidneys. A
paired Student’s t-test was used to compare the mean ADC, D and f calculated for DW
images acquired using the three methods with significance level of 0.05.

Jin et al. Page 4

J Magn Reson Imaging. Author manuscript; available in PMC 2011 August 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



RESULTS
Phantom studies

Full-FOV images for the resolution phantom acquired using single-shot DW-SE-EPI and
DW-SPLICE sequences are shown in Fig. 1c(1) and 1c(2). Both targeted-DW-SE-EPI and
targeted-DW-SPLICE were able to limit the FOV to a small region encompassing the
resolution markers within the lower left quadrant of the phantom; no clearly evident
wrapping artifacts were observed. The targeted-DW-SE-EPI sequence (Fig. 1c(3))
effectively reduced spatial distortion at the edge of the phantom (arrow). The full-FOV DW-
SPLICE image (Fig. 1c(2)) showed strong spatial blurring along the PE direction; this
blurring was dramatically reduced in the targeted-DW-SPLICE image (Fig. 1c(4)) due to
shorter ETL.

The ADC values of water and ethanol measured by single-shot DW-SE-EPI, DW-SPLICE,
targeted-DW-SE-EPI and targeted-DW-SPLICE were shown in Table 2. The ADC values
measured with each of the four methods were similar and in agreement with previously
published data 24–26.

Volunteer studies
For DW images acquired using the single-shot DW-SE-EPI sequence, susceptibility artifacts
and image distortion was observed in 4 of 10 cases in the left kidney and 2 of 10 cases in the
right kidney. The targeted-DW-SE-EPI sequence with reduced ETL was less sensitive to the
susceptibility gradients caused by field inhomogeneities and poor shimming. Artifacts and
distortions were observed in only 2 left and 1 right kidney examples. Although DW-SPLICE
effectively removed field inhomogeneity-induced artifacts and distortions, images were
generally blurred in the phase-encoding (PE) direction due to the T2-filtering effects with
the long ETL. Overall, no artifacts or blurring were observed for images acquired with the
targeted-DW-SPLICE sequence. Fig. 2 and Fig. 3 show two representative cases with
suboptimal shimming. The shim values were automatically calculated from pre-scan and
were not deliberately changed. DW-images with b = 0 sec/mm2 and their corresponded
ADC, D and f maps are displayed. In both cases, full-FOV images encompassing both
kidneys were acquired using single-shot DW-SE-EPI (Fig. 2c(1) and Fig 3c(1)) and DW-
SPLICE (Fig. 2b and Fig 3b) sequences. Targeted DW images for left and right kidneys
were acquired separately using targeted-DW-SE-EPI (Fig. 2c(2) and Fig. 3c(2)) and
targeted-DW-SPLICE (Fig. 2c(3) and Fig. 3c(3)) sequences. Severe artifacts can be
observed on both DW images and ADC maps using single-shot DW-SE-EPI. In the first
case (Fig 2), the susceptibility differences between liver tissue and air-filled gastrointestinal
(GI) tract induced field gradients and caused image distortion at the edge of the left kidney.
Strong chemical-shift artifacts were observed in the second case (Fig. 3) on the left liver due
to the poor static field shimming. There were fewer artifacts in the targeted-DW-SE-EPI
images, while targeted-DW-SPLICE produced images with no obvious artifacts or
distortions.

Qualitative image scores for DW images at b = 0 sec/mm2 acquired with single-shot DW-
SE-EPI, DW-SPLICE, targeted-SE-EPI and targeted-DW-SPLICE are shown in Table 3.
The targeted-DW-SE-EPI technique significantly reduced image artifacts compared with the
conventional single-shot DW-SE-EPI technique. Significant improvements for both artifact
level and image sharpness were observed in the DW images acquired with targeted-DW-
SPLICE technique.

In one healthy volunteer, DW-images at b = 0 sec/mm2 (Fig. 4a) and the corresponding
ADC maps (Fig. 4b) acquired with single-shot DW-SE-EPI without PI (Group 1), single-
shot DW-SE-EPI using PI with an iPAT of 3 (Group 2), DW-SPLICE (Group 3), targeted-
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DW-SE-EPI (Group 4) and targeted-DW-SPLICE are shown in Fig. 4. Severe distortions
and chemical shift artifacts (arrows in Fig. 4b(1)) were observed in the DW image acquired
with single-shot DW-SE-EPI without PI. Single-shot DW-SE-EPI with iPAT of 3, targeted-
DW-SE-EPI and targeted-DW-SPLICE effectively reduced artifacts and distortions and
produced DW-images and ADC maps with of similar quality.

The mean ADC, D and f in the renal cortex and medulla measured using single-shot DW-
SE-EPI, targeted-DW-SE-EPI and targeted-DW-SPLICE sequences are shown in Table 2–4.
For both kidneys, there were no statistically significant differences between the diffusion
parameters measured using the three methods (p > 0.05). Also, for each method, ADC, D
and f measurements were each significantly higher in the cortex than in the medulla (p <
0.05 for each comparison). These results were consistent with previously reported literature
values 3,6.

DISCUSSION
With phantom and volunteer studies we demonstrated the feasibility of combining targeted
acquisition techniques with both DW-SE-EPI and DW-SPLICE sequences to either reduce
artifacts and distortion caused by susceptibility differences and poor field shimming or limit
spatial blurring due to T2-decay. Compared with conventional single-shot DW-SE-EPI
techniques, targeted-DWI methods generally produced images of superior quality. Targeted-
DWI sequences produced comparable parametric diffusion measurements to those produced
using conventional full FOV single-shot DW-SE-EPI methods.

For these normal volunteer studies, we found that the measured ADC values, largely
dependent upon the glomerular filtration rate 6, were significantly higher in the renal cortex
than in the medulla. Perfusion fraction f measurements, representing the contribution of
microcirculation of blood to the signal decay in the voxel, could potentially serve as a
biomarker for perfusion but these do not directly correspond to absolution perfusion
measurements. The perfusion fraction was significantly higher in the renal cortex than the
value obtained in the renal medulla, likely corresponding to the substantially higher regional
blood flow in the renal cortex, which hence may make more contributions to the signal
decay. These findings were in accordance with previous studies. 3,6,27

Single-shot DW-SE-EPI is the most commonly used technique for abdominal DWI due to its
relative immunity to bulk motion artifacts. However, severe image artifacts and distortion
caused by susceptibility differences and poor static field shimming can limit its application
for abdominal imaging. Artifacts and distortion can significantly degrade image quality
during renal DWI, particularly for the left kidney adjacent to the GI tract. Alternative fast
spin-echo based acquisition techniques, such as DW-PROPELLER17, DIFRAD-FSE (DW
radial acquisition of data with fast spin-echo) 13 or DW-HASTE, can be useful to improve
image quality for DWI in kidneys. However, both DW-PROPELLLER and DIFRAD-FSE
are multiple-shot approaches requiring longer scan times; increased acquisition duration can
be problematic for clinical translation particularly for IVIM or diffusion tensor
measurements that require repeated acquisition of DW images (across a potentially wide
range of b-values or DW orientations). DW-HASTE is single-shot approach that has been
applied for DWI in the brain 28–30; DW-HASTE methods are relatively insensitive to bulk
motion, chemical shift artifacts and susceptibility gradients. However, the CPMG condition,
which requires the initial transverse magnetization to align with the axis of the refocusing
pulses, is violated due to the random phase error accumulated during the diffusion
preparation. In order to address this problem, we can ensure that the refocusing flip angle is
exactly 180o 31, eliminate the non-CPMG component with additional gradients and RF
pulses 29,32, split the acquisition into two components by doubling the receiver bandwidth
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(SPLICE) 9 or use quadratic phase modulation for the refocusing RF pulses 30,33. The first
method is not practical due to the non-uniform slice profile across the excitation slice. The
second and third methods reduce the SNR by factors of 2 and compared to standard fast
spin-echo acquisitions. Although quadratic phase modulation of the refocusing RF pulses
can preserve the full signal without attenuation, the same PE line has to be acquired twice in
order to separate real and imaginary components of the transverse magnetization for image
reconstruction thus doubling ETL leading to spatial blurring due to T2-decay. To achieve
the compromises between SNR and ETL, SPLICE was chosen to avoid the CPMG artifacts
for DW-HASTE acquisitions during this current study.

We have demonstrated that artifact levels in the single-shot DW-SE-EPI images and spatial
blurring in the DW-SPLICE images can be reduced by shortening the ETL. In this work, we
applied the targeted acquisition approach with single-shot DW-SE-EPI as well as DW-
SPLICE to reduce ETL (roughly 40% of original ETL) and limit the PE FOV in both
phantom and volunteer studies. As expected, compared with full-FOV image acquisitions,
targeted-DW-SE-EPI successfully reduced distortion in the areas with large susceptibility
differences, while targeted-DW-SPLICE effectively reduced spatial blurring and increased
the observable spatial resolution. When comparing between targeted-DW-SE-EPI and
targeted-DW-SPLICE techniques, qualitative evaluations in volunteer studies demonstrated
that the targeted-DW-SPLICE method produced superior image quality based on artifact
level and image sharpness scores. Targeted-DW-SPLICE images displayed superior
definition of anatomical structures and fewer artifacts, particularly in regions with large
susceptibility differences or suboptimal shimming where DW-EPI techniques tended to fail;
targeted-DW-SPLICE is a TSE-based imaging sequence and hence intrinsically less
sensitive to field inhomogeneities and chemical shift artifacts. PI acquisition techniques,
such as SENSE 34 and GRAPPA 35, can be applied during single-shot DW-SE-EPI for ETL
reduction. In our study, targeted-DWI techniques were compared with single-shot DW-SE-
EPI using PI with an iPAT = 3 in a healthy volunteer. We found that single-shot DW-SE-
EPI, targeted-SE-EPI and targeted-DW-SPLICE techniques effectively reduced artifacts and
distortions observed in the DW images acquired with single-shot DW-SE-EPI without PI
acquisition. In contrast to PI methods, which reduce ETL depending on the coil geometry,
targeted image acquisition techniques reduce ETL with a dependence only upon the ratio of
the desired FOV to the full FOV. PI methods could potentially also be utilized during these
targeted-DWI acquisitions to further reduce ETL. 2D spatially selective echo-planar RF
excitation15,36 and outer volume suppression 20,37 techniques have been used for targeted
reduced FOV DWI in the spinal cord and brain. However, to achieve a sharp slice excitation
profile the requisite duration of 2DRF pulses is relatively long typically leading to increases
in echo times and thus T2-related signal losses. OVS techniques are typically quite sensitive
to B1 inhomogeneities and resulting images can suffer from aliasing artifacts due to T1
recovery within OV regions.

Targeted-DWI approaches have several limitations. For these studies targeted acquisition
provided superior overall image quality at the expense of in-plane spatial coverage.
Targeted-DW images for the left and right kidneys were acquired separately due to the
limited FOV, which doubled the imaging time. Furthermore, the perpendicular direction of
the slice-selective gradients for the 90o excitation RF pulses and 180o refocusing RF pulses
will complicate multiple slice image acquisition. Depending upon the excitation RF flip
angle and tissue T1 relaxation, interleaved slice acquisition to accelerate volumetric
coverage may be difficult due to insufficient longitudinal magnetization recovery between
excitations. The value of the presented single-slice DWI techniques for clinical application
may be minimal if the limitation of requiring a single slice acquisition cannot be overcome.
Wheeler-Kingshott et al. 38 developed a modified IVI technique: the zonal oblique multi-
slice (ZOOM) method that involves applying an oblique 180o refocusing pulse, rather than
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an orthogonal pulse. This approach makes interleaved multiple slice acquisition possible by
setting a suitable gap between slices. Future studies could incorporate ZOOM techniques to
improve multi-slice imaging efficiency for targeted single-shot DW-SE-EPI and DW-
SPLICE sequences. Another limitation of this study was that the SNR characteristics for
these different acquisition strategies were not rigorously compared. For the targeted
acquisitions with a majority of the FOV containing tissue signals, conventionally calculated
SNR values (i.e. those based upon noise estimates from peripheral regions of air void of
tissue) were not readily obtainable; however, we would anticipate a theoretical SNR
reduction of roughly 44% compared to a full k-space, given that SNR is proportional to the
square root of the product of the number of readout samples and the number of phase-
encoding samples for a given slice. Moreover, for each acquisition, the shim values were
calculated only once for each slice position based upon automated pre-scan adjustment and
tuning procedures; peristalsis within the GI tract could lead to changes in local field
inhomogeneities that may not have been optimally compensated due to the use of only the
initially calculated pre-scan shim values. The latter conditions could have differentially
impacted image quality during the separate full FOV and targeted acquisitions.

In conclusion, we have demonstrated the feasibility of combining the targeted acquisition
IVI technique with single-shot DW-SE-EPI and DW-SPLICE for renal DW and IVIM
measurements. Compared with full-FOV DW imaging, targeted-DW-SE-EPI and targeted-
DW-SPLICE techniques reduced image distortion and artifacts observed in the single-shot
DW-SE-EPI images, reduced blurring in DW-SPLICE images and produced comparable
quantitative DW and IVIM measurements to those produced with conventional full-FOV
approaches.
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Figure 1.
(a) Targeted-DW-SPLICE pulse sequence diagram, (b) IVI scheme. To avoid non-CPMG
artifacts, the spin echoes (solid lines) and stimulated echoes (dash lines) were separated by
doubling the readout gradient durations. Odd (E1) and even (E2) echoes were formed
alternatively into spin and stimulated echoes. Magnitude images were reconstructed using
E1 and E2 datasets respectively; these were subsequently averaged to form the final image.
The slice-selective gradient for the 90o excitation pulse is applied along the PE direction,
while the slice-selective gradient for the180o refocusing pulses are applied along the slice-
selective direction to provide a limited FOV along the PE direction. Signal formation is
limited to the overlapping region between the two selective excitation pulses (gray region in
b). (c) Images of the resolution phantom acquired using full FOV single-shot DW-SE-EPI
(c(1)) and full FOV DW-SPLICE (c(2)) sequences; reduced FOV images covering the
resolution markers within the lower left quadrant of the phantom (dash boxes in c(1) and
c(2)) acquired using targeted-DW-SE-EPI (c(3)) and targeted-DW-SPLICE (c(4)). Less
image distortion (arrow in c(1)) was observed in targeted-DW-SE-EPI image. The targeted-
DW-SPLICE sequence effectively reduced blurring in the PE direction compared to full-
FOV DW-SPLICE.
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Figure 2.
First representative in vivo example: (a) coronal TSE localization image, (b) full-FOV DW-
SPLICE image at b = 0 sec/mm2, (c-d) DW images at b = 0 sec/mm2 (c) and their
corresponding ADC (d) maps acquired using single-shot DW-SE-EPI (Group 1), targeted-
DW-SE-EPI (Group 2) and targeted-DW-SPLICE (Group 3). Spatial distortion is observed
at the edge of the left kidney in both single-shot DW-SE-EPI and targeted-DW-SE-EPI
images due to susceptibility-induced field gradient adjacent to air-filled GI tract (arrows
within c and d).
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Figure 3.
Second representative in vivo example: (a) coronal TSE localization image, (b) full-FOV
DW-SPLICE image at b = 0 sec/mm2, (c–d) DW images at b = 0 sec/mm2 (c) and their
corresponding ADC (d) maps acquired using single-shot DW-SE-EPI (Group 1), targeted-
DW-SE-EPI (Group 2) and targeted-DW-SPLICE (Group 3). Chemical-shift artifacts are
observed within the left kidney for both single-shot DW-SE-EPI and targeted-DW-SE-EPI
images (arrows in c and d).
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Figure 4.
Comparisons between targeted-DWI and single-shot DW-SE-EPI with PI acquisition in a
healthy volunteer: (a) DW images at b = 0 sec/mm2 and (b) the corresponding ADC maps
acquired using single-shot DW-SE-EPI without PI (Group 1), single-shot DW-SE-EPI
using PI with an iPAT of 3 (Group 2), DW-SPLICE (Group 3), targeted-DW-SE-EPI
(Group 4) and targeted-DW-SPLICE (Group 5). Distortion and artifacts are clearly
observed within the single-shot DW-SE-EPI image (arrows in a(1)).
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Table 1

Imaging parameters for single-shot DW-SE-EPI, DW-SPLICE, targeted-DW-SE-EPI and targeted-DW-
SPLICE sequences

Single-shot DW-SE-EPI DW-SPLICE Targeted DW-SE-EPI Targeted DW-SPLICE

TR/TE (ms) 97/3000 57/3000 81/3000 57/3000

TH (mm) 5 5 5 5

Matrix 128×128 128×128 80×48 80×48

BW (Hz/Pixel) 1500 800 1500 800

Echo Spacing for phantom Studies(ms) 1.02 4.02 1.01 4.04

Echo Spacing for Volunteer Studies(ms) 0.73 3.86 0.74 3.88

ETL 84 72 32 32

Signal Averages 3 3 3 3

Fat Saturation Yes Yes Yes Yes
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Table 3

Qualitative image scores for DW-images at b = 0 sec/mm2 acquired with single-shot DW-SE-EPI, DW-
SPLICE, targeted-DW-SE-EPI and targeted-DW-SPLICE techniques

Image Score Single-shot DW-SE-EPI DW-SPLICE Targeted-DW-SE-EPI Targeted-DW-SPLICE

Artifacts 1.56 ± 0.53†*‡ 2.89 ± 0.6† 2.89 ± 0.78† 3.67 ± 0.5

Sharpness 2.89 ± 0.33†‡ 2.22 ± 0.33† 2.89 ± 0.33†‡ 3.67 ± 0.5

†
p < 0.05 for comparisons with qualitative image score for DW-images acquired by targeted-DW-SPLICE

*
p < 0.05 for comparisons with qualitative image score for DW-images acquired by targeted-DW-SE-EPI

‡
p < 0.05 for comparisons with qualitative image score for DW-images acquired by DW-SPLICE
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