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ARTICLE INFO ABSTRACT

Purpose: To assess the feasibility of a respiratory-gated implementation of readout-segmented SE-EPI
(RESOLVE) for renal diffusion-weighted imaging (DWI) by comparison with single-shot SE-EPI (ss-EPI) in a
phantom, healthy volunteers and chronic kidney disease (CKD) patients.

Materials and Methods: A fluid-filled phantom, 20 healthy volunteers and 10 CKD patients were scanned with the
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Keywords: same parameters and coils on a 3 T MR system with 3 DW sequences (b-values = 0, 300, 500, 900 s/mm?): a
ﬁ;;g(]);tl;segmented EPI standard ss-EPI (Reference EPI), a ss-EPI with higher resolution, bandwidth and acceleration factor (HR-EPI) and
Renal RESOLVE with the same spatial resolution as HR-EPI but a segmentation of the readout into 5 shots. Geometric
Diffusion-weighted MRI distortions, image blurring using a ‘Canny’ edge detection based measure, cortico-medullary differentiation
Artifacts measured on by images and ADC quantification were compared between the 3 sequences using one-way analysis

of variance (ANOVA) with post-hoc Bonferroni (p < 0.05 was taken as statistically significant).
Results: RESOLVE reduced significantly geometric distortions and blurring and improved, in the volunteers and
patients, the sharpness score by 56% on average in comparison to ss-EPI (p = 0.02). In healthy volunteers, the
cortico-medullary differentiation with RESOLVE was also possible on a wider range of b-values (p < 0.02) with
ADC values (in 10~ mm?/s) of 1994 & 246 in the cortex and 1762 & 238 in the medulla (p < 0.001). In CKD
patients, ADC values (in 10~° mm?/s) from the RESOLVE sequence were not different between the cortex
(1755 £ 145) and the medulla (1799 + 163, p = 0.49).
Conclusion: Despite a longer scan time, RESOLVE enhanced significantly the quality of renal diffusion-weighted
images by improving the difference in Sl and ADC between the renal cortex and medulla in healthy volunteers. In
CKD patients, RESOLVE showed a disappearance of this cortico-medullary ADC difference. These improvements
justify further clinical studies.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction EPI readout time. The sequence becomes more sensitive to in-plane

geometric distortions caused by the off-resonance water protons in

Diffusion-Weighted MR Imaging (DWI) has shown promising
results to differentiate pathological from healthy tissues in renal
tumors [1], transplant rejection [2], pyelonephritis [3], ureteral stone
obstruction [4] and renal artery stenosis [5]. DWI techniques used in
the abdomen rely on single-shot diffusion-weighted echo-planar
imaging (ss-EPI) which is sensitive to image artifacts [6]. The trade-off
between resolution and signal-to-noise ratio for the large FOV used in
the abdomen imposes an increased matrix size and therefore a longer
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areas where a significant difference in susceptibility exists. In renal DW
applications, severe distortions are present at the bowel (filled with
air) and tissue interface.

One solution to improve the distortions in diffusion MRI is to use
a ‘Readout Segmentation Of Long Variable Echo-trains’ (RESOLVE)
MR sequence in combination with parallel imaging technique, such
as GRAPPA, GeneRalized Autocalibrating Partially Parallel Acquisi-
tions. The RESOLVE strategy is based on a segmentation of k-space
into several shots along the readout direction in order to shorten the
echo spacing. RESOLVE combined with parallel imaging was
previously introduced by Porter et al. for acquiring high-resolution
DW images with low susceptibility based image distortion and T
blurring in the brain [7]. This strategy has been validated in
non-triggered applications, such as in head and breast imaging to
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reduce sensitivity to susceptibility artifacts [8-10]. RESOLVE out-
performed ss-EPI for analysis of the pediatric brain in regions prone to
geometric distortions, such as the orbit, the skull base, and the posterior
fossa[11]. By comparison with a conventional ss-EPI sequence, RESOLVE
has improved the lesion-to-background contrast and the categorization
between benign and malignant breast lesions [12]. For these reasons, we
hypothesized that RESOLVE could improve the robustness against
artifacts that are a consequence of the long k-space sampling in renal
DWI. We proposed in this study an implementation of a respiratory-
gated RESOLVE protocol for kidney DWI as well as a comparison of
image quality with a different implementation of ss-EPI in a phantom,
healthy volunteers and chronic kidney disease (CKD) patients.

2. Materials and methods
2.1. Subjects

Twenty healthy volunteers, comprising 11 females and 9 males, with
a mean age of 28.8 4 4.7 years (range, 23-39 years) and ten patients,
comprising 4 females and 6 males, with a mean age of 55 + 16 (ranges
26-78 years), were recruited after informed consent. Healthy volun-
teers enrolled in this study had no known kidney disease. All patients
were chronic kidney disease (CKD) patients, comprising 1 native kidney
and 9 allograft patients. The patients’ characteristics are summarized in
Table 1. The study protocol was approved by the local ethics committee
(reference no. CER-1-160).

2.2. Phantom study

A standard cylindrical phantom filled with deionized water
doped with phenol, sodium chloride and copper sulphate (Picker
International, model No 374486, diameter 18.7 cm) was used in the
experimental comparison.

2.3. MRI technique

The phantom, healthy volunteers and patients were scanned with
the same imaging parameters and coils on a MAGNETOM Trio ‘Tim
system’ clinical 3 T MR (Siemens AG, Erlangen, Germany) with a
200 T/m/s slew rate capability. In all cases, the images were acquired
using the 6 element phased-array abdominal coil and the spine coil
integrated into the scanner table. The protocol included two
navigator-triggered ss-EPI MR scans using PACE (prospective acquisi-
tion correction technique) and the RESOLVE diffusion-weighted SE-EPI
(Spin Echo based EPI) acquisition synchronized to the patient
respiration using a respiratory belt. The use of a navigator to trigger
ss-EPI DWI was chosen as it improves image quality and enables a
more precise ADC quantification in the liver, compared to free
breathing [13]. The first navigator-triggered ss-EPI was implemented
with the parameters recommended for clinical practice [14,15]
hereafter called ‘reference EPI', and the second MR sequence was
optimized for a higher resolution with an increased matrix, bandwidth
and acceleration factor, called hereafter ‘HR-EPI'. In all the 3 diffusion
MR sequences (ss-EPI and RESOLVE), a bipolar diffusion scheme was
used instead of a monopolar approach to decrease eddy current effects
resulting from the diffusion-encoding gradient pulses [16]. The
diffusion-encoding gradients were applied in 3 orthogonal directions

Table 1
Patients' characteristics.

Study population 9 allograft patients + 1 native kidney
Gender of participant 4 females and 6 males

Age 55 4 16 (range, 26-78 years)

eGFR ml/min/1.73m? 49 4 16 (range, 10-66)

with 4 b-values (0, 300, 500 and 900 seconds/mm?). All DWI sequences
were performed using the parallel imaging GRAPPA technique (accele-
ration factor = 2 for reference EPI and 3 for HR-EPI and RESOLVE) with
the acquisition of 6 coronal-oblique slices of 5 mm each covering the
kidney. Shim settings and image positioning were strictly identical for all
DW imaging sequences. The different DW sequence parameters used for
the study for both phantom and in vivo (healthy subjects and patients)
scans are summarized in Table 2. A gradient echo (GRE) sequence with
parameters TR/TE = 711/1.09 ms, flip angle 35°, FOV 379 x 328 mm,
matrix size 192 x 133 mm, slice thickness 5 mm, acceleration factor 2,
bandwidth 930 Hz/pixel was also performed to give reference anatomic
images for the comparison of edge geometric distortions and region of
interest (ROI) positioning in volunteers and patients.

2.4. Analysis of phantom studies

2.4.1. Geometric distortions

The level of geometric distortions was quantified with the use of the
phantom to benefit from stable and reproducible conditions without
the disadvantages of physiological noise or motion that could occur
during the MR acquisition in a volunteer. For quantitative evaluation of
geometric distortions, the DW images were resampled to have an
identical matrix to the GRE images. Then, the diffusion images and GRE
images used as reference were fused with the OsiriX fusion tool plugin
(OsiriX Open source http://www.osirix-viewer.com/). Geometric
distortions were measured as the maximum distance in the phase-
encoding direction between the phantom edges of the diffusion image
and of the GRE image on the fused image.

2.5. Analysis of in vivo images

2.5.1. Geometric distortions

Geometric distortions due to susceptibility artifacts were quali-
tatively evaluated on the by images. The contours of the kidney were
drawn manually on the GRE images of healthy volunteers and patients
and copied to all DW images with the OsiriX ROI tool.

2.5.2. Blurring

The T3 blurring effect due to the peak broadening of the
point-spread function (PSF) [17] was evaluated on the RESOLVE
and HR-EPI images only, as they had comparable resolution.
Reference EPI was not included in this evaluation, as the lower
resolution would not give comparable results. To compare the image
degradation, an algorithm based on a ‘Canny’ edge detector [18] was
developed with MATLAB® (R2012b, MathWorks, USA) to detect the
renal edges and quantitatively evaluate the sharpness of the kidney.

Table 2
DWI MR parameters.
Reference EPI HR-EPI RESOLVE
FOV [mm)] 400 x 400 400 x 336 397 x 342
Matrix size 128 x 128 200 x 168 196 x 167
TE [ms] 71 68.4 68
TR minimumy/slice [ms] 120 130 140
Echo spacing [ms] 0.73 0.69 0.32
Section thickness [mm] 5 5 5
Intersection gap [mm] 1 1 1
GRAPPA factor 2 3 3
Bandwidth [Hz/pixel] 1500 2272 981
Number of 1 1 5
readout segments
Number of 1 1 1
signal acquisition
Respiratory gating PACE PACE Belt
b-values [s/mm?] 0, 300, 500, 900 0, 300, 500, 900 0, 300, 500, 900
Mean scan time 17" 711" 563"
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After image normalization, the same ROI was manually defined
around the kidney on the images of both sequences. The selected
region encompassed the entire kidney as closely as possible to avoid
confounding pixels from other organs. The image was smoothened
by a Gaussian filter (L = 0.1, 0 = 1) to reduce the noise, and then
the gradient of the image was computed. After getting gradient
images, non-maximum suppression was done to find edges in the
gray-scale image by looking for local maxima in the direction
of gradient with pixels checked for a local maximum in their
neighborhood. After the full scan of the image to remove any
unwanted pixels that were not classified as a real edge, a hysteresis
thresholding discarded non-edge pixels based on their connectivity.
Two thresholds were used to perform the hysteresis thresholding in
order to track the remaining pixels that had not already been
suppressed. The sensitivity threshold was set empirically to 0.4 for
the upper threshold (UT) and to 0.16 for the lower threshold (LT)
(automatically calculated as 40% of the UT). If the gradient intensity
of the pixel was higher than UT, the pixel was accepted as forming an
edge and was set to a white pixel in a binary image. Otherwise, if the
gradient intensity of the pixel was lower than LT, the pixel was
rejected, classified as a non-edge pixel and set to a black pixel on the
binary image. If the pixel intensity was between the two thresholds
(UT and LT), the pixel was classified as an edge only if it was
connected to an existing edge pixel. The filter returned binary
images in which the white pixels identified as edges were used as an
approximation for the real edges of the original images. We defined
the sharpness score as the sum of white pixels in the binary image.

2.5.3. Cortico-medullary difference

To evaluate the difference in signal intensity (SI) between the
cortex and medulla, ROIs were drawn in a minimum of 3 slices of the
anatomic GRE of the healthy volunteers and copied onto the diffusion-
weighted images. On each b-value image, regions of interest were placed
in the cortex and medulla of the upper, mid and lower poles. In case of
severe geometric distortion, some of the ROIs were manually corrected.
For each b-value, the cortex and medulla were analyzed separately, and
the mean SI was calculated as the mean of all voxels included in ROIs.

2.54. ADC

The apparent diffusion coefficient (ADC) was measured on
quantitative ADC maps generated using a monoexponential model
on a voxel-by-voxel basis according to the following formula:

1 Svoxel(b:O)
ADC =+ lo (7) 1
b ¢ Svoxel ( )

The ADC values were then averaged in each cortical and medullary
ROI as defined above and expressed as mean + standard deviation.

2.5.5. Qualitative assessment

Finally, all anonymized DW images were presented to a
radiologist specialized in uro-radiology (20 years experience) in a
blinded and random order for a qualitative visual assessment with
regard to the ability to detect small structures, geometric distortions
due to susceptibility, cortico-medullary difference and image
blurring. A scale ranging from O (unacceptable image quality
severely deteriorated by artifact) to 4 (artifact-free image without
geometric distortions and with high anatomic details) was used to
evaluate the overall preference of the radiologist.

2.5.6. Patient images

To further demonstrate the feasibility of the RESOLVE sequence in
a clinical setting, the same acquisition protocol was repeated on 10
CKD patients. Selected examples were provided as an illustration of
the image quality obtained in a clinical exam. Distortions, sharpness

of images and ADC were analyzed as for healthy volunteers.
However, the patients' ADC was compared to the values obtained
in volunteers and not correlated with their own clinical data, as this
will be the subject of an ongoing clinical study.

2.5.7. Statistical method

Statistical analysis, except for the qualitative assessment, was carried
out using one-way analysis of variance (ANOVA) with post-hoc
Bonferroni (SPSS software, version 21.0; Chicago, Illinois, USA). The
qualitative assessment was analysis using non-parametric Wilcoxon
signed-rank test. A value of p < 0.05 was taken as statistically significant.

3. Results
3.1. Phantom studies

3.1.1. Geometric distortions

The level of geometric distortions in the phantom is shown in
Fig. 1a. The strongest deformation of the phantom borders was
observed with the reference EPI, followed by the HR-EPI as
quantified by the deviation from the corner of the phantom on the
undistorted GRE reference image. The RESOLVE images were
characterized by the smallest geometrical deformation among all
the sequences. The maximum distance in the phase-encoding direction
between the phantom edges of the GRE image and the reference EPI,
HR-EPI, RESOLVE images was 1.34 cm, 0.95 cm and 0.47 cm respec-
tively. The geometric distortion was therefore less pronounced for
RESOLVE (35% of the reference EPI geometric distortion) than for the
HR-EPI (71% of the reference EPI geometric distortion).

3.2. In vivo study

3.2.1. Geometric distortions

Representative in-vivo DW images performed in healthy volun-
teers, and patients are provided in Fig. 1 (b and c), 2 and 3. Reference
EPI images suffered from severe deformations of the kidney border,
especially in proximity of the air filled colon. Local deformation of
the contours can easily be seen in reference and HR-EPI images.
HR-EPI images were less distorted compared to the reference EPI.
However, some significant geometric distortions were still visible
with this sequence. In all case, the RESOLVE strategy drastically
reduced the geometric distortion and the associated heterogeneity of
the SI even in regions in close contact to air filled bowel. The whole
parenchyma, especially the lower pole of the cortex, was much
better delineated on the RESOLVE images than on the two ss-EPI
images. As well as these geometric distortions Fig. 3 also illustrates
the by images of reference EPI, HR-EPI and RESOLVE MR images of a
renal allograft in direct contact with the bladder and a renal allograft
with visible scar following recurrent episodes of pyelonephritis
(eGFR = 57 ml/min/1.73m?) which is more distinct with RESOLVE.
Stronger geometric distortions and blurring are clearly visible on both ss-EPI
(reference and HR) images compared to RESOLVE images. (See Fig. 2.)

3.2.2. Blurring

The improvement of images resulting in reduced EPI blurring by
application of the RESOLVE strategy could also be quantified with the
‘Canny’ filter. The RESOLVE strategy significantly improved the
quantitative sharpness score (corresponding to the number of white
“edge” pixels, as illustrated in Fig. 4 of RESOLVE images compared to
HR-EPL On average the sharpness score was 348 4 150 pixels for
RESOLVE, against 263 4 133 pixels for HR-EPI (p = 0.007) and
taking the average of the individual improvements, a 56% + 86%
higher score was obtained after applying the hysteresis threshold of
the ‘Canny’ filter. The bar graph showing the sharpness value of all
kidney images (healthy volunteers and patients) is shown in Fig. 5.
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HR- EPI

GRE Reference EPI

RESOLVE

Fig. 1. Geometric distortions. a: Images of a phantom acquired with the same sequences (reference EPI, HR-EPI, RESOLVE and GRE) and imaging parameters as in volunteers and
patients' experiments. GRE images used as reference. Strong geometric distortions and blurring are clearly more visible on single-shot EPI (reference and HR) compared to
RESOLVE. b: by images of left kidney of a healthy 24 year-old male. c: by images of allograft in a 59 year-old male patient with 20% of fibrosis on biopsy. Contours of the GRE of b
and ¢, considered to represent the true renal contours were drawn manually around kidney (dark line) and copied to the 3 diffusion MR images to show the reduced distortion of
the RESOLVE images by comparison with the other sequences. White arrows point to areas of geometric distortions that are drastically reduced in the RESOLVE images.

In 38/43 cases the sharpness value was higher in RESOLVE compared
to HR-EPI (with an average improvement of a 65% 4+ 89% higher
score), indicating a better definition of the renal edges acquired with
the RESOLVE sequence. In the 5 volunteers where the sharpness
score was higher for HR-EPI than RESOLVE, the difference was
always very small (9% 4+ 9%).

3.2.3. Cortico-medullary difference

The difference in mean SI between the cortex and medulla was
improved on the RESOLVE images of the volunteers. This was significant
(on by images (p = 0.0025) and b = 300 seconds/mm? images (p =
0.019) with a ratio of mean SI between the cortex and medulla of 1.3
(bo) and 1.2 (bsgp). On the HR-EPI, only the by images showed a
difference (p = 0.0028) for HR-EPI with a ratio of mean SI between the
cortex and medulla of 1.1 (bg). No significant cortico-medullary
difference was observed in reference EPI, even on the b, images.

3.24. ADC

Separate ADC values for the cortex and medulla were calculated.
Both HR-EPI and RESOLVE, but not reference EPI, had significant
ADC difference between the cortex and medulla of healthy
volunteers, as shown in Fig. 6. In healthy volunteers, the mean
ADC values (in 10~% mm?/s) was for reference EPI 2141 + 244 in
the cortex and 2092 + 173 in the medulla (p = 0.51), for HR-EPI
2008 + 254 in the cortex and 1817 + 224 in the medulla (p < 0.001)
and for RESOLVE 1994 + 246 in the cortex and 1762 4 238 for
RESOLVE in the medulla (p < 0.001). The ADC difference between the
cortex and medulla was not statistically different comparing RESOLVE

and HR-EPI (p = 0.63 for cortex, p = 0.19 for medulla) and RESOLVE
and reference EPI (p = 0.80 for cortex, p = 0.09 for medulla).
In patients, the mean ADC values (in 10~ mm?/s) measured from
the RESOLVE sequence were not different between the cortex
(1755 + 145) and the medulla (1799 + 163, p = 0.49). Significant
statistical ADC difference between healthy volunteers and patients was
found in the cortex (p < 0.001) but not in the medulla (p = 0.90).

3.2.5. Qualitative assessment

RESOLVE showed the preferred image quality for all the parameters
studied. The mean scores across 20 healthy volunteers for RESOLVE,
HR-EPI and reference EPI in terms of geometric distortions, sharpness,
and the cortico-medullary difference are shown in Fig. 7. Qualitatively,
there was less geometric distortion of the kidney edges in every case
(20/20) with RESOLVE vs. HR-EPI (p = 0.02) and vs. reference EPI
(p <10~ 8). RESOLVE was considered sharper than reference EPI
in all the cases (p <1078) and, in 12/20 cases when comparing
RESOLVE and HR-EPI (with an overall significant difference, p =
0.001). RESOLVE was considered just as sharp as HR-EPI in 7/20
cases. For the cortico-medullary contrast, RESOLVE performed
better than HR-EPI in 7/20 cases (p = 0.342). Bringing together
all qualitative parameters, the RESOLVE score was significantly
higher than single-shot EPI score (p < 0.05).

4. Discussion
Our goal was to study the potential of readout-segmented

echo-planar imaging with a fivefold segmented k-space acquisition
for renal DWI. An improved image quality from the RESOLVE sequence
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Reference EPI RESOLVE

Fig. 2. Comparison of in vivo sequences in healthy volunteers. Coronal MR images of the kidneys in a 26-year-old female. Upper row: by images of reference EPI, HR-EPI and
RESOLVE. White arrows point to areas of geometric distortions and high signal intensity artifact at the bowel interface. Stronger geometric distortions and blurring are clearly
visible on both single-shot SE-EPI (reference and HR) images compared to RESOLVE images. Furthermore, the difference between the cortex and medulla is sharper and better
delineated on the RESOLVE images. Lower row shows the respective 4 b-value ADC maps with improved border definition on the RESOLVE image.

over ss-EPI sequences was observed in both healthy volunteers and RESOLVE in the abdominal cavity, which is strongly influenced by
CKD patients. The respiratory-gated RESOLVE significantly reduced susceptibility artifacts resulting from the air/tissue interface in the
diffusion artifacts and the other hurdles encountered with the use of bowel. In our study, we were able to show an almost complete absence
ss-EPI. Whereas such improvements have already been demonstrated of deformations of the kidney border at proximity of the bowel with
in the brain and breast [8-10,19-21], this is the first report of the use of the RESOLVE sequence by comparison of the ss-EPI sequence. A

Reference EPI HR-EPI RESOLVE

Fig. 3. Selective examples of the improvement of RESOLVE in two transplant patients. Coronal by images of reference EPI, HR-EPI and RESOLVE MR images of a renal allograft in
direct contact with the bladder in a 46-year-old male (upper row) and a renal allograft in 43-year-old female with visible scar following recurrent episodes of pyelonephritis
(eGFR = 57 ml/min/1.73m?). Stronger geometric distortions and blurring are clearly visible on both single-shot SE-EPI (reference and HR) images compared to RESOLVE images.
Note also the improved visualization of the scars by the RESOLVE sequence in the lower row.



706 I. Friedli et al. / Magnetic Resonance Imaging 33 (2015) 701-708

a) b, images (HR-EPI)

d) b, images (RESOLVE)

b) Gradient images (HR-EPI)

€) Gradient images(RESOLVE)

C)Binary images (HR-EPI)

f) Binary images (RESOLVE)

Fig. 4. Sharpness evaluation. The first column (a) and (d) shows the by images of a healthy kidney using HR-EPI and RESOLVE sequences. (b) and (e) show the gradient images
associated to the images (a) and (d). The kidney was better delineated with the RESOLVE strategy, as shown in the gradient images. On these images, a 'Canny’ filter with a
threshold of 0.4 was applied to evaluate the quality of the edges. The filter returned binary images (c) and (f) representative of the total number of “edge pixels” (white pixels)
remaining after the application of the ‘Canny’ filter. The quantitative sharpness score was calculated as the number of white pixels (identifying an edge location). Analyzed regions
were selected close around the kidney to avoid artifactual pixels from other organs. The sharpness scores calculated with the binary images were respectively 109 and 421 white

pixels for HR-EPI and RESOLVE.

noteworthy achievement of our work was the high spatial resolution
obtained with the RESOLVE sequence that outperformed previous
published results at 3 T [22,23]. To compare RESOLVE with ss-EPI with
the same spatial resolution, a standard ss-EPI (reference EPI) was set-up
with optimized parameters (HR-EPI). Although some significant
improvement was obtained with the shorter EPI echo-train length
than the reference EPI as a result of the increased bandwidth and
acceleration factor, HR-EPI was still less efficient at reducing the

700

600 |

Sharpness score (number of white pixels)

T

susceptibility artifacts than RESOLVE. This could be easily explained by
the reduced effective echo-train resulting for the segmented acquisition.

Diffusion measurements are sensitive to differences in hardware
(scanner performance) and acquisition parameters such as signal-
to-noise and acquisition resolution. Additionally, positioning, align-
ment, warping, analysis software (segmentation and resectioning),
data processing strategies (fit routine), and the absence of consensus
in the b-values choice all play a role in the variability of ADC

DO HR-EPI
ERESOLVE

7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43

Kidneys

Fig. 5. Sharpness results of all kidneys: healthy and allograft. Bar graph showing the sharpness scores for each individual kidney (n = 43) calculated as the sum of white pixels
remaining after the use of the ‘Canny filter’. The hysteresis thresholding for the ‘Canny filter’ was 0.16 and 0.4. In 38/43 kidneys, the sharpness score was higher in RESOLVE
compared to HR-EPI (on average 56% higher, p = 0.007 between the two sequences) demonstrating the improved sharpness of the RESOLVE images.
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Fig. 6. ADC in healthy volunteers. Box plot illustrating the difference in mean ADC
(10~° mm?/s) between the cortex and medulla with the 3 sequences: reference EPI,
HR-EPI and RESOLVE. Data were obtained in both kidneys in 20 volunteers. A significant
difference in ADC with p < 0.001 (**) is revealed between the cortex and medulla for
RESOLVE and HR-EPI but not for reference EPI.

measurements especially for the cortico-medullary ADC difference
[24,25]. In the present study, optimized protocol and hardware on a
3 T MR system allowed observation of the difference in ADC between
the cortex and the medulla in healthy volunteers. This difference in
ADC between the cortex and medulla was in agreement with recent
studies on healthy volunteers [26,27]. In transplanted kidneys, the ADC
was almost identical in the cortex and the medulla. The lack of a
difference between these tissues could be explained by the denerva-
tion of the transplanted kidneys as well as the effects of immunosup-
pressive drugs [14]. An individual analysis of cortico-medullary ADC
differentiation was not performed for each patient. Such an analysis
would be worthwhile in future work, but is beyond the scope of the

current study aiming to compare the image quality of the RESOLVE and
ss-EPI protocols. However, we demonstrated that RESOLVE could
really be applicable in clinical exams and enhanced significantly the
image quality of patients by reducing the blurring and improving
the robustness against distortions-related susceptibility artifacts.
These results justified further study to evaluate the benefit of RESOLVE
in patients.

In the present study, we introduced a new method to quantify
and compare the sharpness between MR images based on the
“Canny” edge detection algorithm. Such assessment was not
performed in the previous published studies comparing RESOLVE
and ss-EPI. We highlighted the significant higher sharpness of
RESOLVE compared to HR-EPI, which has a similar nominal spatial
resolution. Derivation methods developed to detect local intensity
variation have been widely used in image processing for
edge detection [28]. In cephalometric analysis, an algorithm based
on the ‘Canny’ filter has been developed for automatic localization of
craniofacial structures [29]. As such, the “Canny” method is often
used in image processing, but not specifically for MR image analysis.
Normally, MR studies have used sharpness based on profile through
organ [30] or qualitative score [31]. The advantage of the ‘Canny’
filter is the quantification of the image sharpness based on the image
edge detection method. In addition to a qualitative assessment of the
MR images, we were, in this way, able to give a relevant quantitative
score for the sharpness that is operator independent. As an
additional advantage, our “Canny” edge methodology can easily be
transferred to any other type of images comparison.

The main limitation of the RESOLVE sequence is the longer scan
time. The increased acquisition time was directly proportional to the
number of segments in the acquisition scheme. Although 5 times
longer than a single-shot MR diffusion sequence acquisition, the scan
time of the RESOLVE sequence (5'63” + 1'53” measuring on healthy
volunteers, against 1'07” 4 32" for Reference EPI and 1'11” 4 40”
for HR-EPI) remained in the range of clinically acceptable MR
sequences compared to, for example, respiratory gated coronary MR
angiography [32]. In addition, the use of improved acceleration
techniques such as compressed sensing could also provide a solution
to reduce the acquisition time. Due to the relatively long imaging
time of diffusion sequences, displacement of kidneys in the imaging
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Fig. 7. Qualitative assessment in healthy volunteers. Bar graph showing mean scores of the overall imaging quality for visualizing both healthy kidneys separately. The following
imaging parameters were under investigation: geometric distortion at susceptibility sites (e.g. proximity of air filled bowel), sharpness and the cortico-medullary contrast. The
radiologist defined 0 as unacceptable image quality, severely deteriorated by artifact, and 4 as excellent for an artifact-free image without geometric distortions and with high
anatomic details. Reference EPI, HR-EPI and RESOLVE were evaluated for 20 volunteers. p < 0.05 was taken as statistically significant.
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plane during the scan is possible. Motion effects can be reduced
by means of navigators or respiratory triggers as well as image
registration techniques. Several registration techniques have sprung
up over recent years to address this artifact in body applications
subject to long acquisition time [33-35]. In liver diffusion, registration
was applied to increase the robustness in multi-b-value acquisition
[36]. A technique similar to the navigator-based RESOLVE reacquisition
developed by Porter et al. [7] in head imaging for small motions could
also have a potential for extension to renal diffusion.

As a limitation of our study, hydration status, which was
not controlled, may explain some the variability between volun-
teers [37]. However, this should not compromise the comparison
between sequences acquired during the same MR session and
hydration status.

Although RESOLVE was superior in terms of image quality to the
much shorter HR-EPI, we did not demonstrate in this study a clinical
advantage of RESOLVE over HR-EPI in terms of patient's diagnosis or
monitoring. This remains to be investigated by clinical studies.
However, from our present result, RESOLVE can already be
considered as the first choice of diffusion MR sequences in cases of
severe susceptibility artifacts in the abdominal cavity.

5. Conclusions

In conclusion, despite a longer scan time, RESOLVE enhanced
significantly the quality of renal diffusion-weighted images by
reducing the image distortion and blurring and by improving the
difference in SI and ADC between the renal cortex and medulla in
healthy volunteers. The performance of the RESOLVE was also
demonstrated in CKD patients with a disappearance of the
cortico-medullary ADC difference. These improvements justify
further clinical studies of the potential of RESOLVE for diffusion MRI.
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