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Abstract

BACKGROUND—Diffusion-weighted MRI (DW-MRI) of the kidneys is a technique that
provides information about microstructure of renal tissue without requiring exogenous contrasts
such as Gadolinium, and it can be used for diagnosis in cases of renal disease and assessing
response-to-therapy. However, physiological motion and large geometric distortions due to main
By field inhomogeneities degrade the image quality, reduce the accuracy of quantitative imaging
markers and impede their subsequent clinical applicability.

PURPOSE—To retrospectively correct for geometric distortion for free-breathing DW-MRI of
the kidneys at 3T, in the presence of non-static distortion field due to breathing and bulk motion.

STUDY TYPE—Prospective.
SUBJECTS—10 Healthy volunteers (ages 29-38, 4 females)

FIELD STRENGTH/SEQUENCE—3T; DW-MR dual-echo EPI sequence (10 b-values and 17
directions) and a T, volume.

ASSESSMENT—The distortion correction was evaluated subjectively (Likert scale 0-5) and
numerically with the cross-correlation between the diffusion weighted images at b=0 s/mm2 and a
T2 volume. The intravoxel incoherent motion (IVIM) and diffusion tensor (DTI) model fitting
performance was evaluated using their root-mean-squared error ("(RMSE) and the coefficient of
variation (CV%) of their parameters.

STATISTICAL TESTS—Statistical comparisons were done using Wilcoxon tests.
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RESULTS—The proposed method improved the Likert scores by 1.1+/-0.8 (p<0.05), the cross-
correlation with the T, reference image by 0.13+/-0.05 (p<0.05) and reduced the nRMSE by
0.13+/-0.03 (p<0.05) and 0.23+/-0.06 (p<0.05) for IVIM and DTI, respectively. The CV% of the
IVIM parameters (slow and fast diffusion, and diffusion fraction for IVIM and mean diffusivity
and fractional anisotropy for DTI) was reduced by 2.26+/-3.98% (p= 6.971x1072), 11.24+/
-26.26% (p= 6.971 x1072), 4.12+/-12.91% (p=0.101), 3.22+/—0.55% (p<0.05) and 2.42+/-1.15%

(p<0.05).

DATA CONCLUSION—The results indicate that the proposed Di+MoCo method can effectively
correct for time varying geometric distortions and for misalignments due to breathing motion.
Consequently, the image quality and precision of the DW-MRI model parameters improved.

Keywords

Diffusion weighted imaging (DWI); distortion compensation; motion compensation; free-
breathing; kidney imaging

INTRODUCTION

Diffusion-weighted MRI (DW-MRI) of kidneys has been increasingly used to evaluate renal
disease and will be potentially useful in pediatric populations because it is free of any
exogenous contrast agent such as Gadolinium and ionizing radiation, eliminating the
associated risks (1-5). DW-MR images are usually acquired at multiple b-values and
directions and quantitative parameters are estimated by fitting a signal decay model such as
an apparent diffusion coefficient (ADC) model, diffusion tensor (DTI) model or intravoxel
incoherent motion (IVIM) model among others (6—-8). The parameters of these models
provide markers of change in the microstructure of the renal tissue for both the cortex and
medulla and can be used for diagnosis in cases of renal disease and assessing response-to-
therapy (9-12). However, physiological motion (such as respiration, bowel motility) and
large geometric distortions due to inhomogeneities in the main By field during Echo Planar
Imaging (EPI) acquisitions degrade the image quality, reduce the accuracy of quantitative
imaging markers and impede the clinical applicability of the technique (13, 14).

By field inhomogeneities result in large geometric distortions due to the long EPI readout
times (14). Even though geometric distortions are not specific to imaging of the kidneys,
these sources of error are particularly challenging to correct in abdominal imaging mainly
due to two factors: 1) there are sharp changes in susceptibility close to the tissue of interest
(e.g. pockets of air in the bowel, stomach and lungs); 2) the local field inhomogeneities are
affected by motion (e.g. respiration, bowel motility and bulk motion when patient moves)
and change across images acquired at different positions of the organs. Moreover, since
physicians prefer to acquire the images of the kidneys along the oblique coronal orientation,
it is not possible to reduce the field of view, and, in consequence, the number of k-space
lines to reduce the effects of distortion (15).

Distortion in DW-MR images is often corrected retrospectively by estimating the distortion
field after registering a single pair of images acquired with opposite phase encoding
direction and, hence, have opposite distortion effects (16),(17). This approach then uses the
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estimated field from the image pair to correct for distortion in the rest of DW-MR images.
However, an essential assumption of this approach is that there is no motion throughout the
scan and the By field inhomogeneities are constant over time (18, 19). This assumption does
not hold when there is motion. In the case of abdominal DW-MR imaging the motion can be
produced by unavoidable physiological motion of the organs such as the kidneys, bulk
motion of the subject (children) and motility of the bowel. In order to compensate for
geometric distortion in the presence of motion, a method was recently proposed for DW-
MRI of the brain. In this work, the method was extended and evaluated for application to
geometric distortion correction in abdominal DW-MRI (21, 22).

Another challenge in DW-MRI of the kidneys is the misalignment of volumes due to motion,
which is challenging to correct due to the 3D nature of motion and different motion patterns
of left and right kidneys (4, 15). Currently used 2D registration methods are limited due to
out of plane motion. Moreover, the differences in contrast observed across DW-MR images
acquired at different diffusion weightings (e.g. the low signal in images acquired at high b-
values), which introduces further ill-posedness into the motion correction. To overcome this
problem, a model-based 3D registration approach for abdominal DW-MR imaging was
previously proposed by Kurugol et al. (24, 25). This approach registers each volume to a
template volume generated from the signal decay model at the same b-value, and therefore
have the same contrast. Here we use similar idea of registering each slice to a 3D template
volume generated from the previous b-value.

This paper presents a method for distortion correction in the presence of motion and a
method for motion compensation using a 3D slice to volume registration technique for free-
breathing DW-MR imaging of the kidneys at 3T.

METHODS

Distortion Correction in the Presence of Motion

A novel dual-echo sequence has been implemented to acquire two EPI readouts with
opposite phase encoding directions for each slice and diffusion weighting. The two EPI
readouts are introduced to estimate distortion field at each position and therefore account for
the change in distortion field due to motion, e.g. when organs are placed at different
locations (21, 22, 27). Due to short time between the first and second readout (~30-50
msec), the motion of the kidneys between these two images is negligible. Consequently,
these images are affected by the same distortion field and distortion can be corrected for
each pair. The sequence is composed of a standard echo and EPI readout followed by a
second echo that reverses the phase encoding in the second EPI readout. The resulting two
images have opposite phase encodings and maintain the same DW encoding and distortion
field. Despite negligible difference between distortion fields between the two echoes, the
time between images is sufficient for T, attenuation to be considerable in some tissues
within the field of view. As seen in the example acquisitions of Figure 1, there are notable
variations in signal intensity in the muscle and liver tissues between the first and second
echo images (middle-left and left columns respectively) and a corresponding reduction in
SNR, which make further pre-processing necessary. To that objective, histogram
equalization and a median filter steps are applied to the first and second echo images to
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balance the signal intensity between them and to improve SNR. Afterwards, TOPUP is
applied to estimate the distortion field of each image pair. The resulting field is finally used
to correct for the distortion of the original images (before histogram normalization) and the
sum-of-squares of the two images is calculated to generate a single distortion-corrected DW-
MR image.

Slice to Volume Registration for Motion Correction
The motion between slices is corrected using a 3D slice to volume registration algorithm,
which registers a static 3D volume to each slice, at similar b-values. The registration
parameters for consecutively acquired slices are regularized with a dynamic model of
motion. This model assumes that the motion of each kidney is rigid, changes smoothly over
time and, in consequence, the rigid motion parameters can be regularized with a Kalman
filter (28). Hence, the rigid transformation parameters for each slice zx = [8y, 6, 6, Ly, 1,
t;] —~where ‘K’ is the slice number, and &and tare rotation and translation parameters in the
X, y, Zcoordinates— can be characterized by the function zx = z4-1 + vy Where v is a
random variable drawn from a 0-mean Gaussian distribution (v ~ #7(0, Sy) . At each
iteration, the algorithm registers the 3D template volume to each slice using rigid
registration with the mutual information metric —implemented in ITK (29)- and then filters
the registration parameters {zk},lf= 1 with the Kalman filter. The estimated transformations
are then applied to each slice to obtain a point cloud of the data points positioned at their
correct anatomical locations. Finally, to go back to a regular 3D grid from the point cloud,
the intensity values of each voxel in the 3D volume are interpolated with a weighted average
of the points in the cloud within a spherical neighborhood around each voxel, and weighted
with a Gaussian kernel applied to the distances between the voxel of interest and the points
in the neighborhood.

Full Pipeline

The overall processing pipeline to do distortion (Di) and motion compensation (MoCo)
consists of the steps described in algorithm 1.

Algorithm 1: Di+MoCo Pipeline

. Image acquisition with dual-echo sequence

. Crop images to the desired FOV

. Di step:
- Apply histogram normalization to each image
- Apply median filter to improve SNR

- Estimate distortion field given each pair of histogram normalized
images from dual echo acquisition

- Apply the estimated distortion field to the original images

- Generate DW images with sum-of-squares of every distortion corrected
pair
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. MoCo step:

- Crop a rectangular region of interest for each organ in each slice (e.g.
each kidney)

- Until maximum iterations do:

¢ Generate an average 3D volume template using registered
slices at previous b-value

* 3D Slice-to-volume registration: Register 3D template volume
to each slice in the next b-value image.

¢ Smooth estimated rigid registration parameters with Kalman
filter

¢ Apply inverse of estimated transform to each slice and
interpolate the voxel intensities to the original grid after
registration

. Fit DW-MRI signal decay model to the mation and distortion corrected data

EXPERIMENTS

The data was acquired after obtaining consent with the appropriate IRB approval. DW-MR
images were acquired from 10 healthy subjects (ages 29-38, 4 females) in oblique coronal
orientation along the kidneys. The subjects were imaged with a dual-echo EPI sequence and
acquired 168 DW-MR volumes (10 b-values and 17 directions) on a 3T Siemens Prisma
scanner with echo times (TE1/TE2) 72ms/108ms, repetition time (TR) 2600ms, 18 coronal
slices, pixel bandwidth (BW) 1775Hz/pixel, matrix size 128x128, voxel size 2.81x2.81x4
mm, b-values 0, 10, 30, 50, 80,120, 200, 400, 600 and 800 s/mm?2). The two EPI readouts in
the dual-echo sequence were acquired with phase encodings along the right-left (R->L) and
left->right (L->R) directions. A T, Half-Fourier Single Shot Turbo Spin Echo (T,-HASTE)
volume was acquired as reference using the same FOV as the diffusion sequence. Its
parameters were (TE/TR) 96ms/1600ms, (BW) 710Hz/pixel, matrix size 320x288 and voxel
size 1.125x1.125 mm.

After reconstructing each pair of R->L/L->R dual-echo DW images, the distortion
correction step was applied to estimate the distortion field. Every pair of distortion corrected
R->L/L->R images was then combined with sum-of-squares and the collection of 168 DW
images for the study was compiled.

Afterwards, each kidney was cropped separately and the consecutively acquired slices were
registered with the slice-to-volume registration as described in the methods section. Finally,
a spatially regularized IVIM and DTI models were fitted to the DW-MRI volumes using a
fusion bootstrap moves algorithm and a weighted least squares method, respectively (30). In
order to avoid the effects of fast diffusion due to microcapillary perfusion in the DTI model,
its fitting was restricted to the volumes with b-value range of 4= 200 s/mm?2. To provide
estimates of the estimation uncertainty, a permutation bootstrap technique was applied. It
randomly selected the images encoded along 15 gradient directions and 12 non-directional
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b=0 images from the DW-MR data and fitted the diffusion models to those subsets of
images.

The DW images were first evaluated qualitatively by three radiologists. Each radiologist was
independently shown a DW image at b=0 with and without distortion correction alongside
the corresponding T2-HASTE image as reference. The radiologists were asked to evaluate
the image quality for each kidney using a 5-point Likert scale corresponding to 1-
Completely distorted, 2-Mostly distorted, 3-Neutral, 4-Mostly undistorted and 5-
Undistorted. The larger the score, the better the image quality.

The improvement in geometry of the DW image with the distortion correction step was then
evaluated quantitatively by computing the correlation of all R->L DW-MR volumes at b=0 s/
mmz2, before and after distortion correction against the reference T2-HASTE image.
Specifically, the normalized cross-correlation (NCC) between the DW-MR image and T»-
HASTE reference, resampled to the image space of the DW-MR images, was computed
following the formulation defined in equation (1). Given two input images (X,y) with means
X,y and standard deviations ooy, NCC was given by

1 T -
NCC—EﬁzLj(Xz -%)"(i-7)

Afterwards, the improvement in diffusion model fit using both IVIM and DTI was
quantified. We report on the goodness of fit as the normalized root-mean-squared error
(nRMSE) between the original data and the model prediction, as well as the precision,
measured by the coefficient of variation (CV) of the model parameters: the diffusivity (D),
perfusion (D*) and perfusion fraction (f) for IVIM and the mean diffusivity (MD) and
fractional anisotropy (FA) for DTI. For each comparison, Wilcoxon tests were computed and
statistical significance was determined for p<0.05.

To evaluate the specific improvements in the previously described metrics provided by each
step, the distortion and motion correction (Di+MoCo) results were compared against
alternative combinations of the steps in the processing pipeline. All metrics were computed
on the data without any processing (no correction), processing limited to the distortion
correction (Di) as well as to slice-to-volume registration of the acquired data (MoCo).

Software implementation and data processing:

All DW images were reconstructed with in-house software developed in MATLAB.
Distortion and motion compensation were done automatically with a pipeline implemented
in python. The pipeline included the distortion correction step using TOPUP (C++) available
in https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FslInstallation), an in-house implementation of the
slice-to-volume registration (C++) and the model fitting. The latter was done using in-house
software for the IVIM fit with spatial regularization (C++) and the open-source software in
DIPY for DTI (30, 31). The analysis of the results was done in python and the statistical
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tests performed with the Wilcoxon test implementation in the SCIPY package (https://
WWW.scipy.org/).

Two sets of masks were generated to analyze the data. The first set, shown in Figure 2, was
done using the b=0 s/mm?2 images before and after distortion correction and was used to
compute the statistics in NCC, nRMSE and CV of the results. The second consisted of the
delineation of the cortex and medulla for each subject and was used to compute the
parameters reported in Table 1. These were generated using By maps as well as the FA and
MD parameter maps computed from the DWI-MR data. The masks used for analysis were
generated with ITK-SNAP. Masks were segmented by JCF once and reviewed by SK
afterwards. JCF and SK have 2 and 5 years of experience in MR imaging of the kidneys,
respectively.

Figures 1 and 2 compare the reference To-HASTE image against the original R->L, L->R
images, and the distortion corrected R->L image. Figure 1 shows the T,-HASTE compared
to the acquired DW-MR images and their combination after distortion correction. Figure 2
shows the T,-HASTE image with the contours of the kidneys segmented using the R->L, L-
>R and distortion corrected DW-MR images. The original R->L and L->R images present
large geometric distortions in the direction of the phase encoding (left to right) that warp the
kidneys, particularly the upper half, near the lungs, and the edges close to the bowel. On the
other hand, the kidneys in the distortion corrected images are better aligned with the
reference T, image and their distortion is reduced. The results of evaluation by three
radiologists showed that, the distortion corrected DW-MR images resulted in increased
subjective Likert scores compared to the non-distortion corrected images, indicating
improved quality for each subject. The average Likert score of image quality was increased
from 2.6+/-1.0 to 3.7+/-1.0 (p<0.05) after distortion. The NCC results for each subject are
reported in Figure 3. The distortion corrected images aligned significantly better and had
significantly higher correlation with the T, HASTE reference image (NCC=0.53+0.08)
compared to the DW-MRI images without distortion correction (NCC= 0.40+0.10) (p<0.05).

We illustrate the motion of the kidneys over the 168 DW-MR images in Figure 4a. Since
each DW-MR image was acquired sequentially, the plot shows the motion of the kidneys
over time. A line of voxels (indicated by the red line in the left panel) was plotted across all
DW-MR images before and after motion correction. Before correction, the kidneys showed
oscillatory motion due to breathing while, after motion compensation the oscillations were
reduced, and the kidneys were better aligned over the entire sequence. The registration
parameters estimated for this subject, shown in Figure 4b, present a similar oscillatory
pattern, which is more pronounced in translation along the vertical (z) direction.
Numerically, motion compensation improved the NCC with the T,-HASTE reference image.
The motion-compensated DW-MR volumes without distortion correction increased the NCC
by 0.04 (p<0.05) and those with distortion correction further increased the NCC by 0.1
(p<0.05). The volumes with both distortion and motion compensation had the highest NCC.
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Figure 5 compares the parameter maps estimated from the distortion and motion corrected
data against the data without any correction for a representative subject. From left to right,
each column shows the 1VIM parameters --diffusivity, perfusion and perfusion fraction --
and the parameters of the DTI model -- mean diffusivity and fractional anisotropy. The maps
obtained from the “no correction” data present a large number of outliers in the diffusion and
perfusion parameters and the medulla and cortex structures are not well defined. In contrast,
after Di+MoCo, the structures of the kidney, medulla and cortex can be differentiated,
particularly in the f and FA maps. The estimated parameters for both IVIM and DTI model
on the medulla and cortex regions are summarized in Table 1. These results were generated
by using the cortex and medulla masks shown in Figure 6.

To illustrate the behavior of the data over b-value, Figure 6 also shows the signal intensity of
two voxels (one on the cortex and another on the medulla) before and after applying the Di
+MoCo processing. The original signal presents large variability, which is reduced after
applying Di+MoCo. Before correction, the values in the cortex present two distinct decays,
one with fast decay that is consistent with the background voxels and another with slower
decay, consistent with the cortex. On the other hand, the signal on the medulla does not
present a multi-modal behavior, although before correction it is more consistent with the
values observed in the cortex with Di+MoCo.

The goodness of fit for both the DTI and IVIM models was improved after applying the
proposed Di+MoCo technique (Table 2). On average, the IVIM and DTI residuals were
reduced by 0.13+/-0.03 (p<0.05) and 0.23+/-0.06 (p<0.05) over the original data (no
correction). However, as seen in Figures 7 and 8, the reduction in nRMSE introduced by the
MoCo step was larger compared to just applying the distortion correction step and there was
no significant difference between MoCo and the joint Di+MoCo in the residuals of the IVIM
fit (p=0.439), although the residual difference was significant for the DTI fit (p<0.05).
Similarly, as reported in Table 2, the coefficient of variation decreased for all parameters
although the reduction was statistically significant only for the DTI parameters. The
differences in coefficient of variation between the original data (no correction) and the Di
+MoCo data were 2.26+/-3.98% for the diffusivity (p<0.05), 11.24+/-26.26% for the
perfusion (p<0.05), 4.12+/-12.91% for the fraction (p=0.101), 3.22+/-0.55% for the mean
diffusivity (p<0.05) and 2.42+/-1.15% for the fractional anisotropy (p<0.05).

DISCUSSION

The results indicate that the proposed Di+MoCo DW-MRI technique, combining a dual-echo
EPI acquisition with the steps for distortion and motion correction using the regularized
slice-to-volume registration technique improve the precision of the estimated parameters of
the diffusion models in both cortex and medulla compartments of the kidney. The dual echo
acquisition enables correction of distortion when there is no motion between two echoes,
which is followed by correction of motion between consecutively acquired slices.

Our method does not require breath-holds and allows for distortion and motion correction of
kidney DW-MR images acquired during free-breathing and can therefore be used in
uncooperative patients such as children. An alternative approach would be to acquire DW-
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MR images with opposite phase encodings during breath-holds or with respiratory gating
and estimate a static susceptibility-induced field (13). However, respiratory gating
techniques increase the scan time >5 times, when compared to our free breathing dual-echo
sequence according to previous reports (26). Moreover, respiratory gating cannot account for
the irregular motion of the bowel, which introduces large distortion inconsistent with
respiration (e.g. subject 2 in Figure 1). Incorporating simultaneous-multi-slice acquisition
could further reduce the acquisition time-and would also improve the accuracy of the slice-
to-volume registration as shown in previous work applied to brain imaging (26, 32).

Due to the change in contrast introduced by fast T, attenuation in the abdominal tissue, we
needed to equalize the histograms of the opposing phase encoding images (i.e. Right (R) -
>Left (L) and L->R images and we applied median filter to compensate for the loss in SNR.
However, this step may be avoided in future work using an improved registration framework.
Currently, we applied TOPUP, which uses the least-squares difference between the two
images to align them and to correct for the effects of distortion. Incorporating alternative
registration metrics such as mutual information, normalized cross correlation or metrics
based on the DW models (33-35), might improve the reliability of the matches between the
two images. Alternatively, the T, attenuation could be estimated and accounted for in the
second echo images of the dual echo acquisition in order to correct for the change of
intensity of the second echo images (36).

Here, we compensated for motion using a method that regularized over time with a Kalman
filter. However, it would be possible to use alternative models, such as the discrete cosine
transform to regularize over the registration parameters estimated for consecutively acquired
DW-MRI slices (20). Further improvements to this method could include incorporating a
diffusion signal decay model into the cost function, when registering the DW-MR images to
the 3D template volume (20, 25).

The IVIM and DTI parameters estimated on the healthy volunteers agreed with those
reported in the literature for healthy kidneys (5, 15). However, an advantage with respect to
previous reports is that the parameter maps obtained are free of distortion and can be
combined with those obtained with other sequences not affected by distortion (e.g. T or T,
maps).

The presented method could be beneficial for the standardization efforts in kidney DW
imaging, as it addresses challenges that affect two major questions for which there is no
current consensus (15, 37). First, with an effective distortion correction approach, the SNR
benefits of 3.0 T imaging might outweigh the benefits of 1.5 T, and, second, free-breathing
with motion compensation might be preferred over respiratory gating given the reduction of
scan time offered when motion can be accurately compensated.

The main limitation of the present study is the lack of a reference standard for the estimated
DW-MRI model parameters beyond comparison to current literature. We therefore report the
precision of the estimated parameters by computing the coefficient of variation. We report
reduced coefficient of variation, indicating improved precision of the parameters with the
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proposed method. Similarly, another limitation of the current analysis is the choice of a
single registration method for estimating the distortion field from dual echo images acquired
with opposite phase encoding directions. Future work should compare the performance of
alternative registration approaches to estimate the distortion field. (35, 38). Finally, this
study is limited to only 10 healthy volunteers. Further work should include patient data to
evaluate the benefits of this method in clinical practice.

Conclusion

We have presented a method for simultaneous geometric distortion (Di) and motion
compensation (MoCo) for DW-MR imaging of the kidneys during free-breathing. Our
results indicate that the proposed method can effectively correct for the By field
inhomogeneity related geometric distortions and the misalignments due to breathing motion.
Consequently, the image quality and precision of the DW model parameters improved with
the Di+MoCo DW-MRI technique.
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The comparison of the reference To-HASTE image of two subjects and DW-MR images (for
two b-values) before and after distortion correction for two representative subjects. The To-
HASTE reference (left column), the original L->R image (middle left), original R->L image
(right) and distortion corrected image (middle right) are shown. Red arrows indicate areas
where distortion is present. The original images present large distortion, particularly in the
upper part of the kidneys and near the bowel, indicated with red arrows. After distortion
correction, the distortion is reduced in most of the kidney, although there are some
remaining errors in the right kidney of subject 2 near the bowel, also indicated by the red

arrows.
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Figure 2.
Reference To-HASTE image and the segmented kidney masks from the DW images are

shown for the L->R and R->L images without correction on the left and for the distortion
corrected image on the right. Each row corresponds to one representative subject. The
kidneys are severely distorted in the original DW images. After distortion correction, the
kidneys are in good alignment with the reference image, which resulted in an increase in
Likert score from 2.6+/-1.0 to 3.7+/-1.0 (p<0.05).
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Figure 3.

Box plots of the normalized cross-correlation between the DW-MR and the To-HASTE
volumes for 9 subjects. The box plots for each subject correspond to different processing
approaches: no processing (green), motion correction only (orange), distortion correction
only (green) and distortion plus motion correction (red). Distortion correction produces the
largest increase in cross correlation, while motion compensation adds further improvements

that are relatively smaller.
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Figure 4.
Temporal evolution of a line of voxels from one kidney over different DW acquisitions and

the registration parameters of the consecutively acquired slices during the first 1.8 min for a
representative subject. The leftmost column in (a) shows the images of the cropped kidneys
with a red line indicating the selected line of voxels plotted on the right. The middle panel
shows the line plot for the volume with distortion correction, but no motion compensation
and right panel shows the line plot for the Di+MoCo volume. Panel (b) shows the rotation
and translation parameters (top and bottom). The time to acquire each volume (2.6 sec) is
indicated with vertical lines.Before motion compensation, the line plot shows large
oscillations due to breathing. On the other hand, motion compensation corrects those
oscillations and aligns the DW-MR volumes in the acquired sequence.
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Figure 5.
IVIM and DTI parameters estimated on the original data without processing (no correction)

and after distortion and motion compensation (Di+MoCo) for a representative subject. The
columns correspond to the slow diffusion (D), fast diffusion (D*), perfusion fraction (f) of
the IVIM model and the mean diffusivity (MD) and fractional anisotropy (FA) parameters of
the DTI model. The parameter maps obtained after Di+MoCo processing have fewer outliers
and discontinuities. Moreover, the medulla and cortex can be better identified in the
perfusion fraction (f) and fractional anisotropy (FA) maps of Di+MoCo.
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Figure 6.
Left image shows an example of the cortex and medulla masks (red and green) overlaid over

a B image. The middle and right panels show the IVIM fit to the data in one voxel of the

cortex and medulla (indicated with the yellow stars) before corrections and after distortion
and motion compensation. The dots correspond to the data in the voxel and the lines to the
fitted IVIM model. Distortion and motion compensation reduce the variability of the voxel
intensity over multiple acquisitions.
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Figure 7.
IVIM goodness for every subject reported as NRMSE. The box plots for each subject

correspond to different processing approaches: no processing (blue), distortion correction
only (orange), motion correction only (green) and distortion plus motion correction (red).
Motion compensation provides the highest improvement in IVIM model fit, while the
improvement provided by distortion correction is relatively smaller.
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Figure 8.
DTI goodness for every subject reported as NRMSE. The box plots for each subject

correspond to different processing approaches: no processing (blue), distortion correction
only (orange), motion correction only (green) and distortion plus motion correction (red).
Motion compensation provides the highest improvement in DTI model fit, while the
improvement provided by distortion correction is small.
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Page 21

IVIM parameters estimated on the cortex and medulla for all subjects. The values were computed from
manually segmented masks of the medulla and cortex of the kidneys. Both the IVIM and DTI parameters of
the subjects are in concordance with the values reported in the literature for healthy subjects.

Param / Subject

IVIM

DTI

Slow diff. (D) Fast diff. (D*) Perf. Frac, (f) Mean Diffusivity Fractional

[x103 mm2/s] [x103 mma2/s] [%0] (MD) [x103 mma2/s] Anisotropy (FA) [%]
cortex 1.7+/-0.12 17+/-7.76 17+/-3.18 1.6+/-0.36 13+/-5.22
o medulla 1.70+/-0.09 25+/-11.35 16+/-4.04 1.6+/-0.12 25+/-6.15
cortex 2.4+/-0.17 T+/-4.14 16+/-8.07 1.9+/-0.30 11+/-2.41
%2 medulla 2.2+/-0.15 10+/-3.94 13+/-6.08 1.7+/-0.20 25+/-3.48
cortex 1.4+/-0.28 13+/-6.01 22+/-6.20 1.1+/-0.67 12+/-8.43
= medulla 1.6+/-0.18 29+/-12.80 21+/-6.45 1.4+/-0.28 23+/-4.91
cortex 1.6+/-0.20 22+/-8.28 18+/-4.30 1.2+/-0.72 9+/-6.03
. medulla 1.6+/-0.13 17+/-10.97 20+/-4.99 1.5+/-0.20 24+/-5.64
cortex 1.90+/-0.08 12+/-3.31 18+/-3.63 1.5+/-0.74 10+/-5.56
* medulla 1.7+/-0.22 14+/-5.85 16+/-5.43 1.7+/-0.26 18+/-5.33
cortex 1.8+/-0.18 8+/-7.66 25+/-7.55 1.6+/-0.19 16+/-3.72
. medulla 1.7+/-0.17 29+/-17.81 24+/-10.43 1.4+/-0.21 33+/-6.15
cortex 1.7+/-0.21 7+/-6.31 23+/-10.28 1.8+/-0.28 13+/-4.92
! medulla 1.75+/-0.09 24+/-12.30 20+/-5.11 1.5+/-0.13 27+/-5.80
cortex 1.7+/-0.15 9+/-5.65 19+/-3.69 1.8+/-0.20 16+/-4.85
8 medulla 1.7+/-0.17 14+/-7.08 18+/-3.94 1.7+/-0.22 29+/-4.74
cortex 1.6+/-0.17 15+/-8.85 16+/-6.04 1.7+/-0.19 13+/-3.70
i medulla 1.6+/-0.12 18+/-12.03 21+/-6.42 1.5+/-0.22 26+/-4.91
cortex 2.1+/-0.28 12+/-7.59 15+/-7.19 1.7+/-0.27 15+/-4.75
10 medulla 2.0+/-0.40 16+/-6.47 14+/-3.93 1.5+/-0.19 34+/-6.68
Subject cortex 1.8+/-0.27 12+/-4.39 19+/-3.12 1.6+/-0.25 13+/-2.33
average medulla 1.7+/-0.21 20+/-6.39 18+/-3.42 15+/-0.12 26+/-4.67
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Table 2.

Precision of the parameters are compared using coefficient of variation (CV), reported as percentage and the
normalized RMSE (nRMSE). Each row reports on model fitting results obtained from data before applying
any correction (no correction) and after applying both distortion and motion correction (Di+MoCo). The
coefficient of variation for all parameters and residuals were smallest after applying Di+MoCo.

Model param CV (%) / method | No correction Di+MoCo

CV Slow diff. (D) [%] | 16.98+/-4.63 | 14.72+/-5.52
CV Fast diff. (D*) [%] | 58.15+/~28.19 | 46.91+/-9.79
VIM CV Perf. Frac, (f) [%] | 34.62+/-15.25 | 30.49+/-7.34
NRMSE 0.30+/-0.05 | 0.17+/-0.05
CV MD [%] 6.50+/-1.25 | 3.28+/-1.17
DTI | CVFA [%] 14.51+/-1.67 | 12.09+/-2.31
NRMSE 0.35+/-0.06 | 0.12+/-0.02
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