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Inhomogeneous Static Magnetic Field-Induced
Distortion Correction Applied to Diffusion Weighted

MRI of the Breast at 3T

Jose R. Teruel,"?* Hans E. Fjosne,”* Agnes @stlie,” Dominic Holland,®
Anders M. Dale,>®” Tone F. Bathen,' and Pal E. Goa®®

Purpose: To evaluate the performance of an advanced
method for correction of inhomogeneous static magnetic field
induced distortion in echo-planar imaging (EPI), applied to
diffusion-weighted MRI (DWI) of the breast.

Methods: An algorithm for distortion correction based on the
symmetry of the distortion induced by static field inhomogene-
ity when the phase encoding polarity is reversed was eval-
uated in 36 data sets of patients who received an MRI
examination that included DWI (b=0 and 700 s/mm?) and an
extra b=0 s/mm? sequence with opposite phase encoding
polarity. The decrease of the L,-square norm after correction
between opposed phase encoding b=0 images was calcu-
lated. Mattes mutual information between b=0 images and
fat-suppressed T,-weighted images was calculated before and
after correction.

Results: The Ly-square norm between different phase encod-
ing polarities for b =0 images was reduced 94.3% on average
after distortion correction. Furthermore, Mattes mutual infor-
mation between b =0 images and fat-suppressed T,-weighted
images increased significantly after correction for all cases
(P <0.001).

Conclusion: Geometric distortion correction in DWI of the
breast results in higher similarity of DWI to anatomical non-EPI
To-weighted images and would potentially allow for a more
reliable lesion segmentation mapping among different MRI
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INTRODUCTION

Diffusion-weighted MRI (DWI) probes the mobility of
water molecules in biological tissues, allowing the char-
acterization of tissue structure based on the extent and
directionality of microscopic random water diffusion
(1). To perform DWI within a time frame that is tolera-
ble for the patient, the majority of studies have adopted
echo-planar imaging (EPI) for k-space sampling. The
benefits of using EPI are widely known, including
reduced imaging time and decreased motion artifacts.
However, DWI using EPI is subject to pronounced arti-
facts due to chemical shift in the phase encoding direc-
tion and geometric distortion arising from subject-
specific inhomogeneous magnetic susceptibility and
gradient field eddy currents (2,3).

DWI is becoming an important imaging modality for
breast applications. Several studies have confirmed that
apparent diffusion coefficient (ADC) values are lower in
malignant lesions compared with benign lesions and
healthy fibroglandular tissue due to their increased cel-
lularity (4-8). ADC values have also been reported for
prediction and monitoring of breast cancer response to
treatment (9—12). More recently, diffusion tensor imaging
has been applied for breast tissue characterization and
lesion detection (13-15). An additional use of DWI for
breast applications employs intravoxel incoherent
motion to obtain the contribution from perfusion in dif-
fusion measurements (16,17).

The rapid increase in the use of DWI for breast appli-
cations calls for proper management of EPI-related arti-
facts, because these artifacts will significantly affect the
quality and utility of the images. However, correction for
spatial and intensity distortion due to inhomogeneous
subject magnetization currently is not implemented for
breast examinations in clinical routine. This distortion
occurs in areas where susceptibility changes are present
(e.g., air—tissue boundaries or interfaces between differ-
ent tissues with different magnetic susceptibilities), pro-
ducing an artifactual warping of the image.
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Distortion Correction in DWI of the Breast

Distortion correction in EPI has been explored widely
since the first and most known approach described by
Jezzard and Balaban (18), and advanced methods have
shown high accuracy to correct geometric distortion in
EPI of the brain (19,20). The aim of this study was to
evaluate the performance of an advanced method for cor-
rection of inhomogeneous static magnetic field-induced
distortion in DWI of the breast, using images acquired
with opposite phase encoding polarities.

METHODS
Patient Cohort

As part of an ongoing study in our institution, 37 patients
with a known lesion in at least one breast underwent an
MR examination including DWI using EPI. Patients for
this study were included regardless to lesion characteris-
tics, breast density, or any other clinical factor.

All participating subjects provided signed informed
consent, and the study was approved by the Regional
Committee for Medical and Health Research Ethics, Cen-
tral Norway, reference number 2011/568.

Image Acquisition

All patients were imaged on a 3T scanner (Siemens Skyra,
Erlangen, Germany) equipped with a dedicated 16-channel
bilateral breast coil. The imaging protocol collected fat-
suppressed unilateral sagittal images using a twice-
refocused spin echo sequence with EPI (repetition time/
echo time =9300/85 ms; matrix: 90 x 90; in-plane res: 2 x
2 mm; slice thickness: 2.5mm; 60 slices; NEX=1; Spectral
fat saturation; GRAPPA parallel imaging acceleration factor
2 with autocalibration using 24 phase encoding reference
lines) including two or three b-values (b= 0, 200[for n = 26
cases], and 700 s/mm?), with Anterior-Posterior (AP) phase
encoding polarity, and 30 unique diffusion directions for
each non-zero b-value. Total acquisition time for this
sequence was 5:35 minutes (10 min when including
b=200). Immediately after this acquisition an extra image
with b=0 s/mm? was acquired with the same parameters,
but reverse phase encoding polarity i.e., Posterior-Anterior
(PA) for implementation of distortion correction. The scan
time for this extra acquisition was 56 seconds. The b=0
image with AP encoding direction will be referred as ‘b,
forward’ image, while the b=0 image acquired with PA
encoding polarity will be referred as ‘b, reverse’ image
from now on.

Unilateral sagittal two-dimensional T,-weighted turbo
spin-echo images, with and without fat suppression, were
acquired with the same slice thickness and field of view
to allow for a perfect matching slice-by-slice with the dif-
fusion images (in-plane resolution=0.7 x 0.7 mm).

T1-weighted dynamic contrast-enhanced MRI (DCE-
MRI), with the same slice thickness and field of view as
the DWI and T,-weighted images, was acquired with a
3D radiofrequency spoiled gradient-echo sequence with-
out fat suppression (flip angle =15°; repetition time/echo
time =5.82/2.18 ms; in-plane resolution =0.7 x 0.7 mm).
After the acquisition of one baseline image, a bolus injec-
tion of 0.1 mmol/kg body weight gadolinium-based con-
trast agent Dotarem (Guerbert LLC, Bloomington, Indiana,
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USA) was given automatically at a rate of 2 mL/s
followed by a 20 mL saline flush. At the time of injec-
tion, the acquisition of seven post-contrast images started
with a temporal resolution of 1 min.

Distortion Correction

The algorithm for distortion correction implemented in
this study was described and evaluated in brain EPI
images by Holland et al. (20). The method makes use of
the symmetry of the distortion induced by static field
inhomogeneity when the phase encoding polarity is
reversed; the deformation field is calculated iteratively
for different Gaussian smoothing kernels applied to the
pair of opposing phase encoding b, images (reducing the
standard deviation of the kernel and updating the distor-
tion field at each step). Subsequently, the calculated
deformation field is applied to correct the entire set of
diffusion images. The distortion correction was per-
formed using the preprocessing algorithm provided in
the Computational Morphometry Toolkit (CMTK; SRI
International, Menlo Park, California, USA) available at
http://nitrc.org/projects/cmtk/.

Quantitative Analysis

For each patient, a single sagittal image slice was
selected. The slice was selected proximal to the middle
part of the breast (nipple/areolar region) to maximize the
amount of anatomy presented within the field of view.
To evaluate the performance of the proposed solution for
distortion correction, two similarity metrics were calcu-
lated for each subject using MATLAB (MathWorks,
Natick, Massachusetts, USA).

The L,-square norm between both b, images (forward
and reverse) was calculated before and after distortion
correction as

L= (Fy—Ry)", (1

where Fj; represents the value of the (1, j)th voxel of the b,
forward image and Rj represents the value of the (i,j)th
voxel of the b, reverse image. The percentage change of
the L,-square norm after correction was calculated as

100(L3u — L3c)/Lu, [2]

where L3u is the Ly-square norm between the original b,
forward and reverse images and Lic is the L,-square norm
between the corrected by forward and reverse images.

To determine whether the b, image represents the true
anatomy with an improved fidelity after distortion cor-
rection, the similarity of the b, forward image before and
after correction with respect to the fat-suppressed
T,-weighted image was determined using the Mattes
mutual information (MMI) similarity metric (21). First,
the T,-weighted image was resampled using bicubic
interpolation to match the in-plane resolution of the by
diffusion image. Second, a two-dimensional rigid regis-
tration of the b, image to the T,-weighted image was per-
formed by employing the MMI similarity metric for both
the original and corrected b, images. The MMI metric
values after the registration in both situations (i.e., with
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FIG. 1. a: Percentage decrease
of the L,-square norm between
both by images (forward and
reverse) after applying distortion
correction for every case.
b: Mattes mutual information
similarity metric between the bg
forward image and the corre-

sponding fat-suppressed T,
weighted image when using
both the original by forward

image and the corrected by for-
ward image.
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and without applying distortion correction) were com-
pared by the Wilcoxon signed ranks test using SPSS ver-
sion 20 (IBM, Chicago, Illinois, USA).

RESULTS

Analysis was performed for 36 patients, as severe motion
in one case was reported and did not allow for reliable
distortion correction between the misaligned b, forward
and reverse images.

b, forward

original

corrected

b, reverse

T
Corrected bo

The L,-square norm between both b, diffusion images
acquired with opposite phase encoding polarities was
significantly reduced after distortion correction, with a
mean decrease of 94.3 =2.4% (Fig. 1a). In Figure 2, an
example of the overlap of both b, diffusion images before
and after applying the distortion correction is shown.
The right column in Figure 2 shows the overlap between
the original b, images with opposed polarity, and after
correction. In this representation, matching intensities
would produce a grayscale tone, whereas unmatched

overlay

FIG. 2. Visual comparison between the by forward and reverse images before and after correction. Overlay images present a grayscale
value for closely matched signal intensities and a color value (green for by forward and purple for bg reversal) for dissimilar signal inten-
sities. The percentage decrease of the Lo-square norm obtained after correction for this case was 94.6%.
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b, forward

original

corrected

T2-weighted
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overlay

FIG. 3. Visual comparison between the b, forward image and the fat-suppressed T,-weighted image before and after correction. Color
overlay interpretation follows the same pattern explained for Figure 1. Mattes mutual information between by forward and T,-weighted
images was increased to 0.81 after correction from an original value of 0.66.

overlay would produce a color intensity value (green for
the AP direction and purple for the PA direction). The
almost complete absence of color in the bottom right
image in Figure 2 demonstrates a practically perfect
matching after correction.

The similarity between the fat-suppressed T,-
weighted images and the b, images measured by the
MMI metric was, for all cases, higher after correction
(Fig. 1b), indicating that b, images were always more
similar to their corresponding T,-weighted images after
applying distortion correction. Furthermore, a statisti-
cally highly significant difference (P <0.001) was found
when comparing MMI pairwise (MMI of the original and
corrected by with respect to T, weighting). Figure 3
presents an overlay of the by forward images, before and
after correction, on the corresponding T,-weighted
image for one case.

To show the importance of distortion correction in order
to obtain reliable direct mapping from different MRI modal-
ities such as DCE-MRI to DWI, a selected case presenting a
malignant lesion clearly visible in the b, image due to sur-
rounding suppressed fatty tissue is shown in Figure 4. This
figure shows how the lesion was manually segmented using
DCE-MRI (after resampling and rigid registration, using
MMI, to DWI), how it was manually segmented directly in
the b, diffusion images, and the overlay of both segmenta-
tions over the b, diffusion images. Our analysis revealed
how the lesion was compressed due to distortion in the by
original image, where the total area covered by the segmen-
tation was 0.84 cm?®, whereas it was 1.20 cm?® for the DCE-
MRI and 1.12 cm? for the b, corrected image. Furthermore,
when the ROI of the lesion obtained from DCE-MRI was
mapped on the b, images, the deviation observed with
regard to the ROI directly obtained using the b, images was

higher in the original b, image, while for the b, corrected
image, the DCE-MRI mapped ROI over the b, image was
similar to the direct segmentation (Figure 4).

DISCUSSION

Our results show how geometric distortion affects DWI
of the breast when using EPI for k-space filling. This is
clearly illustrated in the top row of Figure 2, where the
nipple appears completely wrapped into the breast when
applying AP polarity for the phase encoding gradient (b,
forward), and conversely it is stretched far outside its
real location when using a PA phase encoding polarity
(by reverse). Without distortion-induced artifacts, both
images should theoretically be identical. In the breast,
the nipple area is the most obvious region to observe this
effect visually due to its high deformation and known
anatomy. However, the mismatch observed in the right
top panel in Figure 2 suggests that the distortion affected
the majority of the image.

After applying distortion correction (Fig. 2) both bg
images became practically identical. For all of the cases
under study, a mean decrease of the L,-square metric of
94.3% (where 100% means that the images would have
become exactly the same) was obtained (Fig. 1a). Neverthe-
less, that both b, images became practically identical for
all cases does not directly imply that the corrected images
better represent the true anatomy. To evaluate this, the
similarity between the b, forward image, before and after
correction, and the fat-suppressed T,-weighted image was
quantified using a mutual information metric described by
Mattes et al. (21). The results presented in Figure 1b show
how the similarity between the T,-weighted anatomical
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DCE-MRI ROI b, forward ROI ROIs overlay on b,

FIG. 4. Tumor delineation for a specific
case. The top row presents the segmenta-
tion obtained directly over the 2-min DCE-
MRI post-contrast subtracted image (left),
the segmentation obtained directly over
the original by forward image (center), and
the mapping of both segmentations (DCE-
MRI segmentation in white, original bg
segmentation in blue) overlaid on the origi-
nal by image (right). The bottom row
shows the same workflow when using the
distortion corrected by image.

original

corrected

image and the b, forward image was significantly shown to demonstrate how distortion correction leads to
increased for all cases after distortion correction, demon- an image that better represents the true anatomy. Our anal-
strating that the corrected diffusion images represent the ysis focused on areas clearly affected by distortion, i.e., sli-
true anatomy more reliably. In Figure 3, a particular case is  ces with large anatomy including the nipple or lesions. In

b, forward b, reverse overlay

original

corrected

FIG. 5. Example case of the performance of the distortion correction method in a slice apart from the nipple or any pathology. The per-
centage decrease of the Lp-square norm obtained after correction for this case was 94.5%.
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Figure 5, we have included one case of a lateral slice far
from the nipple or any pathology to illustrate that the
results hold for different areas. The performance of the dis-
tortion correction algorithm for different cases is shown in
Supporting Figures S1-S4.

DWI is widely used for several applications in breast
imaging. The effect of geometric distortion would pro-
duce mainly two problems with regard to lesion evalua-
tion. First, there would be an artifactually higher partial
volume effect, as different regions could be partially
overlapped: one voxel not affected by distortion would
be correctly localized, while one voxel close to an inter-
face between tissues could be misaligned (completely or
partially) and contribute to the signal of a different
voxel. In this manner, as shown in Figure 4, lesions may
appear compressed due to geometric distortion. In the
same way, a lesion could also appear expanded, leading
to a loss of signal and to a larger region with increased
partial volume effects. Second, EPI-induced distortion in
diffusion images would not allow for a highly accurate
mapping of ROIs obtained from other modalities, as
DCE-MRI directly on DWI, as shown in Figure 4.

The aim of this study was to evaluate whether distor-
tion correction would improve image quality of DWI,
and how this could influence lesion detection and regis-
tration between different series. We demonstrated that
inhomogeneous susceptibility-induced geometric distor-
tion affects DWI of the breast. Nevertheless, because
most previous breast studies using DWI employ the
median ADC value of the segmented lesions, and ROIs
are placed directly in diffusion images or derived para-
metric maps, the fact that some voxels present an artifac-
tually higher partial volume effect or a slight
compression of the lesion is not expected to affect analy-
sis using the median ADC value. This statement is in
agreement with the findings presented by Arlinghaus
et al. (22), where it was reported that an affine image
registration for motion and eddy current—induced distor-
tion correction, even though improving the alignment of
individual DWIs of the breast, did not noticeably affect
the median ADC value of the lesions. Further studies are
warranted to evaluate how different DWI-derived param-
eters are affected when applying distortion correction.

To the best of our knowledge, correction for inhomoge-
neous static field induced geometric distortion has not
been implemented or evaluated in breast DWI using EPI.
The main contribution of our study relies on the poten-
tial of improvement of three known challenges when
analyzing diffusion images. First, accurate diffusion anal-
ysis is complicated for very small lesions. Low resolu-
tion of DWI imposes a limitation for detection of lesions
directly in DWI. Distortion correction could provide a
benefit for these cases, as it would reduce artifactual par-
tial volume effects and lesion compression. Second, if a
lesion is artificially expanded due to distortion, this
would lead to a loss of signal voxel by voxel. Low
signal-to-noise ratio is already known to be a generic
limitation of DWI, and too low signal intensity would
limit reliable exponential fitting (for a high b wvalue
closer to the noise floor when losing signal). Finally, for
lesions not visible directly in diffusion images, distortion
correction would allow for a more reliable ROI mapping,
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as well as more reliable voxel by voxel comparison
between different MRI modalities.

When implementing EPI in a DWI sequence, the eddy
current originating from the different diffusion gradients
induces an additional geometric distortion that is
dependent on the direction and strength of the applied
diffusion gradient. Our DWI sequence employs a twice-
refocused spin echo technique to reduce the eddy cur-
rent—induced distortion (23). In this way, the computed
correction for the b, images can subsequently be applied
to the rest of the diffusion images independently of their
diffusion weight and diffusion gradient direction. If a
twice-refocused spin echo is not used, it would still be
possible to use the distortion correction method in com-
bination with eddy current correction (24).

Limitations of the application of the distortion correc-
tion method to breast studies include the variable breast
morphology, as well as the algorithm parameters selec-
tion. Even though the method proved to be successful
for all cases, there is variability in the performance for
different cases. We presume that this variability may be
due to the variable anatomy of the breast (dense/fatty,
small/big). In addition, the algorithm (see CMTK epiun-
warp documentation for a description of the input
parameters) were kept fixed for all cases, while better
individual performance might be attained if tuning them
separately for each case. Regarding the protocol setup
and implementation, it is important to note that we
acquired both by images as the first and last image of the
DWI acquisition, making them more susceptible to
patient motion. However, the fixed placement and pad-
ding of the breasts, as well as the tolerable scanning
time, did not lead to severe motion of the patient, and
only one patient had to be excluded for this reason. In
any case, the acquisition can also be implemented to
acquire both by images consecutively to reduce the possi-
bility of patient motion corrupting the distortion-
correction field. Finally, our study was implemented
using a unilateral sagittal acquisition due to the require-
ments imposed by different lines of investigation at our
institution. Nevertheless, the application of distortion
correction is independent of in-plane orientation being
directly applicable to the most common bilateral axial
orientation.

CONCLUSION

We have demonstrated that breast DWI would benefit
from the use of advanced distortion correction methods
such as the one we have explored in our study (20). To
apply this processing method successfully, only a small
additional acquisition time is required, without any nec-
essary adaptations or technical implementations on the
scanner, so it easily can be implemented in any protocol.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online
version of this article.

Supporting Figure S1. Example case of the performance of the
distortion correction method in a slice presenting only a lesion
(fatty breast case). The percentage decrease of the L,-square
norm obtained after correction for this case was 96.6%.

Supporting Figure S2. Example case of the performance of the
distortion correction method in a slice presenting only healthy
tissue (dense breast case). The percentage decrease of the L,-
square norm obtained after correction for this case was 82.5%.

Supporting Figure S3. Example case of the performance of the
distortion correction method in a slice placed within the nipple
region and including healthy tissue and a lesion. The percent-
age decrease of the L,-square norm obtained after correction for
this case was 95.6%.

Supporting Figure S4. Example case of the performance of the
distortion correction method in a slice presenting only healthy
tissue (fatty breast case). The percentage decrease of the L,-
square norm obtained after correction for this case was 90.1%.
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