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Abstract: Deep learning has demonstrated superior performance in image reconstruction compared
to most conventional iterative algorithms. However, their effectiveness and generalization capability
are highly dependent on the sample size and diversity of the training data. Deep learning-based
reconstruction requires multi-coil raw k-space data, which are not collected by routine scans. On
the other hand, large amounts of magnitude images are readily available in hospitals. Hence, we
proposed the MAGnitude Images to Complex K-space (MAGIC-K) Net to generate multi-coil k-
space data from existing magnitude images and a limited number of required raw k-space data to
facilitate the reconstruction. Compared to some basic data augmentation methods applying global
intensity and displacement transformations to the source images, the MAGIC-K Net can generate
more realistic intensity variations and displacements from pairs of anatomical Digital Imaging and
Communications in Medicine (DICOM) images. The reconstruction performance was validated
in 30 healthy volunteers and 6 patients with different types of tumors. The experimental results
demonstrated that the high-resolution Diffusion Weighted Image (DWI) reconstruction benefited
from the proposed augmentation method. The MAGIC-K Net enabled the deep learning network
to reconstruct images with superior performance in both healthy and tumor patients, qualitatively
and quantitatively.

Keywords: deep learning; data augmentation; DICOM; raw data

1. Introduction

Magnetic resonance imaging (MRI) is considered an important modality for clinical
diagnosis, due to its strong capability in revealing the anatomy with different soft-tissue
contrasts [1]. However, MRI is a slow acquisition process due to physical and physiological
constraints. Raw MRI data are acquired sequentially to traverse the whole k-space. The
prolonged scan time causes discomfort to the patients and results in severe motion artifacts
in the reconstrued images.

A variety of accelerating techniques have been therefore proposed to shorten the scan
time, among which Parallel Imaging (PI) [2,3] reduces the number of k-space samples
acquired and recovers the images from aliasing artifacts. Historically, PI methods were put
into two categories: approaches that operate in the image domain, inspired by SENSitivity
Encoding (SENSE), and approaches that operate in k-space, inspired by GeneRalized Auto-
calibrating Partial Parallel Acquisition (GRAPPA) [4]. SENSE [2] uses spatial information
from the coil sensitivity maps to solve the inverse problem recovering the images from
aliasing artifacts. GRAPPA [3] uses linear shift-variant convolutional kernels to interpolate
missing k-space lines using neighbouring acquired k-space lines. However, Pl is limited
to acceleration factors of two to three since a higher undersampling factor increases the
noise level and residual aliasing artifacts [5]. Recently, deep learning has demonstrated
great capability in accelerating MRI scans with higher undersampling factors. Zhu et al. [6]
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proposed an AUTOmated transform by Manifold APproximation (AUTOMAP) attempts to
estimate the Fourier transform operation using fully connected layers, directly recovering
the image without ever interpolating the missing k-space data. Wang et al. [7] trained a
deep neural network to reconstruct aliasing-free images from undersampled ones in an
end-to-end way. Hwan et al. [8] introduced a shift-invariant operator into the U-net [9], and
obtained a mapping from under-sampled k-space to fully-sampled images. Lee et al. [10] ap-
plied prior knowledge from the phase-channel outcome into the reconstruction framework,
achieving superior performance for magnitude-channel reconstruction. Yang et al. [11]
incorporated k-space loss, content loss with adversarial loss, into a pix2pix [12] network
to enforce similarity in both the frequency and image domains for reconstruction. Ham-
mernik et al. [13] proposed a Variational Network (VN) to package image reconstruction
into a regularization framework. Salman et al. [14] combined deep learned priors with
SmooThness Regularization on Manifolds (SToORM) to capitalize local and population gen-
eralizable redundancies together with respiratory patterns. Aggarwal et al. [15] combined
the power of data-driven learning with the Model-based framework using a Deep Learned
prior (MoDL). Duan et al. [16] formulated the generalized PI reconstruction as an energy
minimization problem and derived a variable splitting optimization method. Lv et al. [17]
combined PI reconstruction with GAN to recover aliasing artifacts from undersampled
k-space data, with an acceleration factor as high as six.

Although deep learning has proven potential in the field of medical image recon-
struction beyond conventional methods, the effectiveness and generalization capability
of deep learning-based reconstruction are highly dependent on the sample size and di-
versity of the training data. Severe overfitting problems may occur in cases of limited
training samples or insufficient sampling [18]. Several data augmentation techniques have
been proposed in the area of medical imaging. The most basic augmentation methods
include shifting, rotation, shearing, and intensity perturbations [19]. Certain improvements
were observed by introducing such variability in the training sets during lesion classifica-
tion [20,21] and segmentation [19,22]. More advanced techniques have also been proposed.
Using pix2pix translation GAN [19], Shin et al. [23] produced synthetic abnormal multi-
parametric MRIs for tumor segmentation. Rusak et al. [24] used partial volume maps to
guide a 3D GAN towards the generation of novel MRI volumes with more accurate tissue
borders. Registration-based augmentation [25] benefits from subtle displacement and
tissue characteristics captured in the existing dataset. Through modeling and applying de-
formation fields and additive intensity mask on existing labelled data, Chaitanya et al. [26]
succeeded in generating more cases for the cardiac segmentation task. Abolvardi et al. [27]
applied registration in a tumor case with a target from a healthy subject, thus generating
new tumor cases with smoothly added lesions. Deriving displacement and appearance
fields from pairs of brain images, Zhao et al. [22] developed a supervised deep learning
model for image segmentation using one source case with a label.

Although the abovementioned augmentation algorithms are considered to have posi-
tive impacts on deep learning tasks thereafter, the reconstruction requires multi-coil raw k-
space data. Existing studies mainly focused on magnitude image augmentations. However,
the above data are not suitable for k-space augmentation, which is “parallelly” acquired
with multiple coils and stored in a complex format. Collecting multi-coil complex data is
not performed in clinical routine exams, which limits the reconstruction performance in
most circumstances. On one hand, with the rapid development and popularization of MRI
scanners, magnitude Digital Imaging and Communications in Medicine (DICOM) images
are easily collected in hospitals.

Hence, we proposed the MAGnitude Images to Complex K-space (MAGIC-K) Net to
generate multi-coil raw k-space data from existing magnitude images and a limited number
of real k-space data to facilitate deep learning reconstructions. Taking reconstruction on
DWI as an example, we succeeded in generating diversity with a larger k-space dataset.
The MAGIC-K Net enabled the deep learning network for reconstruction to have superior
performance in both healthy and tumor patients, qualitatively and quantitatively.
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2. Materials and Methods
2.1. Data Acquisition

The current study was approved by the Institutional Ethics Review Board of our
local institution. Informed consent was obtained from all subjects. A total of 30 healthy
volunteers and 6 patients with different types of tumors, including lymphatic metastasis,
diffused glioma, adenocarcinoma metastasis, temporal-lobe glioma, lymphatic metastasis,
and benign acoustic nerve tumor, were recruited. All images as well as raw k-space data
were acquired on a 3.0 T MRI scanner (Ingenia CX, Philips Healthcare; Best, the Nether-
lands), equipped with a 32-coil head coil. Multi-Shot DWI (MSDWI) was performed with
a four-shot interleaved Echo Planar Imaging (EPI) sequence using the following parame-
ters: Echo Time (TE), 75 ms; Repetition Time (TR), 2800 ms; matrix size, 228 x 228; FOV,
228 x 228 mm?; slice number, 16; slice thickness, 4 mm; slice gap, 1 mm; partial Fourier
factor, 0.702; voxel size, 1.0 x 1.0 mm2. The MSDWI sequences consisted of b-values
of 0 s/mm? and 1000 s/mm?2. The MSDWI data were reconstructed using MUSE [28]
to eliminate phase aliasing. The Coil Sensitivity Maps (CSM) were estimated from the
central k-space regions of each slice using ESPIRIT [29]. For the purpose of data augmenta-
tion, the T1-weighted (T1w) three-dimensional, Fourier-transformed acquisitions require
Magnetization-Prepared 180 degrees radio-frequency pulses and RApid Gradient-Echo
(MPRAGE) sequence was scanned with the following parameters: TE, 3.58 ms, TR, 8.05 ms;
matrix size: 228 x 228; slice thickness, 1 mm; voxel size, 0.89 x 0.89 mm?.

Magnitude Digital Imaging and COmmunications in Medicine (DICOM) images from
26 healthy subjects were exported from the database of Fudan University. The MPRAGE
images were obtained using identical scan parameters, as mentioned above.

2.2. MAGIC-K Net Architecture

The architecture of the proposed MAGIC-K Net is shown in Figure 1, which con-
tains three parts: (a) training of a geometrical model from source images to target ones,
(b) training of an intensity model from source images to target ones, and (c) application of
the pre-trained displacement and intensity flow fields to multi-coil complex images, for
generating N x N raw images for reconstruction.

(a) Learning Displacement Flow (b) Learning Intensity Flow
Source Same T1 Source Same T1

|sp|acement Flow
Inversely

D
Deformed
Target

Train to Allgn

Train to Match

.
dyvm

S e el e 92

N :
________ 1
|.HH. CSM: Coil Sensitivity Map
_________________ Mag: Magnitude
NXN Deformed with Different Contrasts and Displacements N Deformed with Different Contrasts Pha: Phase

Figure 1. The architecture of the proposed MAGIC-K Net. The displacement and intensity flow
fields were learned from pairs of T1w images. Then, the intensity and displacement flow fields were
applied to the magnitude and phase of DWI with b = 1000 s/mm?, generating data sets with different
contrasts and anatomical structures.
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2.2.1. MAGIC-K Net Training

Let (St, Tr) be two DICOM Tlw data, defined over a 3D displacement domain
S, Tr C R3.

The displacement flow is in the form of a voxel-wise displacement field [30] of
@ = I + u, where u, the nonlinear misalignment between the volumes, can be learned, and
® C R*. To generate different brain structures, we warped St to the ith target image T}

using the following function: ‘ 4
@' = Cy(St, Tr) )

where Cq4 represents the CNN to learn the displacement. After training the displacement
network, it can be applied to the source images with the displacement flow field:

Ti(St) = Sp o0 @ )

where thl stands for the displacement transformation from the source to the target.

Then, the inverse displacement flow of C;l was trained to transform the target to
St, with the same anatomical structure but a different intensity. The pixel-wised intensity
variation can be then trained using:

¥ = Ci(St,C; (ST, TY)) 3)
After training the intensity network, it can be applied to the source images as follows:
T (Sr) =St + ¥ (4)

In this study, the architecture of the CNN was selected to be 3D-Unet [22]. The loss
functions were defined as the Mean Squared Error (MSE) between the target and the
outcome of the network: ‘ ' ’

Ly(St, T}) = | T — Sp o @/ ®)

Li(S7, Th) = ||Th o @~ — Sp + ¥/ (6)

where @~ is the inverse displacement flow to transform the target to the source, Ly stands
for loss of the displacement network, and L; is the intensity loss.

2.2.2. MAGIC-K Net Application

During the application of the MAGIC-K Net, DICOM Tlw images were used for
training. Since raw DWI images to be reconstructed are scanned in the same exam with
T1w images, once the MAGIC-K Net has been trained, it can be directly applied to DWI
images as well as CSMs. The intensity flow ¥/ and displacement flow &' were applied
to raw DWI source data Sp and CSMs S¢, where Sp, Sc C C3. The data in the complex
format were separated into magnitude and phase components:

SC = SCM : ei-SCp (7)

Sp = Spm - PP (8)

where Scar, Scp, Spm, Spp C R3. Only the displacement flow was applied on Sca, Scp, Spp
to keep the original intensities unchanged:

7)(Scp) = Scpo @' )
Ty(Scm) = Scm o @' (10)
74(Spp) = Spp o @' (11)

For the magnitude components of DWI, ¥/ and &' were applied on Spy; subsequently:

(1 (Spm) = (Spm + m-¥/) o @' (12)
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where i and j stand for the ith and jth targets, m C R stands for different scales of the
intensity flows. In this study, m = 0.9, 1.1, 1.2, and 1.3, respectively, were used. Finally, the
raw DWI sample size could be enlarged by N x N x m through this framework.

2.3. Training Data Augmentation

To better illustrate the value of the proposed MAGIC-K Net, only one case from a
healthy volunteer was used as source images, including DICOM T1w images and the
corresponding complex multi-coil DWIs. Another dataset containing DICOM T1w images
from 26 subjects were used to train the MAGIC-K Net. For comparison, we applied basic
and MAGIC-K Net augmentations as follows:

A. shearing by 5%, 10%, —5%, and —10%;
B. rotations of 20°, 40°, 60°, 80°, 100°, 120°, 140°, and 160°;
C. translations along the x and y axes with 12, —12, 24, and —24 pixels;
D.  brightness with 5scales (i.e., 0.8,0.9,1, 1.1, and 1.2 times of the average image intensity);
E.  MAGIC-K Net with displacement deformations (26 geometries) only;
E MAGIC-K Net with intensity variations (26 contrasts) and 4 scales (0.8, 0.9, 1.1,
and 1.2).
Hence, we obtained 6 different augmentation types, as follows:
1. (s) BASIC:4 (A) x 5 (D) =20;
2. (r) BASIC: 8 (B) x 5 (D) =40;
3. (t) BASIC:16 (C) x 5 (D) = 80;
4. (s+r+t)BASIC:4(A) x 8(B) x 16 (C) x 5 (D) = 2560;
5.  (d) MAGIC-K: 26 (E) x 5 (D) x16 (C) = 2080;
6. (d+1) MAGIC-K: 26 (E) x 26 x 4 (F) = 2730.

For each group, the training dataset contained 43,680 slices (16 slices for each case in
the original dataset) after data augmentation for reconstruction. It is worth noting that no
patients were included in the training dataset.

2.4. Deep Learning Reconstruction

MSDWIs from 30 healthy subjects and 6 patients with different tumor types were
tested. The state-of-art VS-Net [16] was used for image reconstruction. Briefly, the VS-
Net contained three blocks, including a denoiser block, a data consistency block, and a
weighted average block, based on the multi-variable energy minimization process. Based
on the notion of compressed sensing, VS-Net introduced auxiliary splitting variables to
help enhance the fidelity of multi-coil data and simplify matrix inversion calculation.

We applied both uniform and variable density sampling trajectories with different un-
dersampling rates (i.e., R = 4 and 6) for validation. The conventional iterative reconstruction
SENSE [29] was also performed for comparison.

2.5. Performance Assessments
2.5.1. Evaluation Metrics

The reconstruction performance was evaluated by the Peak Signal-to-Noise Ratio
(PSNR) and Structure SIMilarity index (SSIM) [31].

2.5.2. Apparent Diffusion Coefficient (ADC) Fitting

The ADC map [32] was obtained by fitting a pixel-wise mono-exponential function
using DWI with different b-values:

Sb/SO _ e*hXADC (13)

where S;, is the magnitude signal of the high b-value DWI and Sy is the magnitude signal
with b-value = 0 s/mm?. The Brain Extraction Tool (BET) [33] was applied on DWI images
and CSMs to strip the skull.
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dTrans-4 dTrans-3 dTrans-2 dTrans-1

dTrans-5

iTrans-1

2.6. Model Implementation

We implemented the affine alignments between the paired data using SPM Co-
registration and the DARTEL Toolbox [34].

Training and testing were implemented with Tensorflow [35] using 4 GPUs (4 cores
P100, each with 16 GB memory). The network parameters were updated using the ADAM
optimizer [36] with a fixed learning rate of 1073 and a batch size of 40. The training
iterations were set to 2000 for the (s) BASIC, (r) BASIC, and (t) BASIC groups, and to
10,000 for the (s + r + t) BASIC, (d) MAGIC-K, and (d + i) MAGIC-K groups. The training
time was around 10 hours for the proposed (s + r + t) BASIC, (d) MAGIC-K and (d + i)
MAGIC-K groups.

3. Results

Cross-augmented high resolution DWIs with b = 1000 s/mm? and the corresponding
CSMs are provided in Figure 2. The size of the training samples was increased, as well as the
diversity of image distribution, which are crucial for the subsequent deep learning-based
reconstruction network.

iTrans-2 iTrans-3 iTrans-4 iTrans-5 CSM-1 CSM-2 CSM-3

Figure 2. Cross-augmented high resolution DWIs with b = 1000 s/mm? and the corresponding CSMs. The iTrans-N

represents the intensity transformation from the Nth target. dTrans-N refers to the displacement from the Nth target.

The reconstruction results trained by different augmentation approaches are presented
in Figures 3-10. Tests on the healthy subjects are shown in Figures 3-5 and tumor patients
are shown in Figures 6-10.

Compared with the (s) BASIC, (r) BASIC and (t) BASIC groups with data sizes of 20,
40, and 80, respectively, the (s + r + t) BASIC, (d) MAGIC-K and (d + i) MAGIC-K groups
with data sizes of more than 2000 displayed higher PNSR and SSIM. (d) MAGIC-K, with a
data size of 2080, displayed comparative outcomes to (s + r + t) BASIC, with a data size of
2560. Only local displacement transformations were applied to the original images. The
(d + i) MAGIC-K Net achieved the highest PSNR (23.93 dB at R = 4, and 20.30 dB at R = 6)
and SSIM (0.893 at R = 4, and 0.770 at R = 6). Moreover, aliasing artifacts remained using
SENSE, as well as all the basic augmentations under uniform undersampling when R = 6,
as depicted by the yellow arrows in Figure 3. However, both (d) MAGIC-K and (d + i)
MAGIC-K succeeded in eliminating those aliasing artifacts.
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Original SENSE (s)BASIC (s+r+t)BASIC  (d)MAGIC-K  (d+i)MAGICK

(r)BASIC

ey

(t)BASIC

o

Recon

R=4
Recon ADC Error Map

R=6
Error Map

3697x10°

Figure 3. Comparison of the reconstructed images by different image augmentation strategies using
uniform undersampling in a healthy volunteer. The SSIM is listed at the bottom-right of each
reconstructed image. The error map was x 10 amplified for better visualization. The MSE is listed at
the bottom-right of each ADC map. The aliasing artifacts are depicted by the yellow arrows.

Original SENSE (s)BASIC (r)BASIC (t)BASIC (s+r+t)BASIC  (d)MAGIC-K  (d+)MAGIC-K

R=4
Recon

Error Map

ADC

o
2.200%x10°

Recon

R=6
Error Map

ADC

Figure 4. Comparison of the reconstructed images by different image augmentation strategies, using
variable density undersampling in a healthy volunteer. The SSIM is listed at the bottom-right of each
reconstructed image. The error map was x 10 amplified for better visualization. The MSE is listed at
the bottom-right of each ADC map.
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Figure 5. PSNR and SSIM of reconstructed images using different data augmentation strategies in healthy volunteers. U

stands for the uniform undersampling strategy and V stands for the variable density undersampling strategy, and 4 and 6

stand for different acceleration factors, respectively.

When the undersampling trajectory was set to variable density, (d + i) MAGIC
still displayed the highest SSIM (0.853) for reconstructed images and the smallest MSE
(1.361 x 107°) for ADC maps at R = 4, as well as the highest SSIM (0.838) for reconstructed
images and smallest MSE (1.512 x 10~°) for ADC maps at R = 6 in Figure 4.

A representative patient with lymphatic metastasis is presented in Figures 6 and 7.
When the undersampling trajectory was set as uniform, (d + i) MAGIC-K provided the
highest SSIM (0.876) at R = 4. Although displaying lower SSIM (0.720) at R = 6, (d + i)
MAGIC-K performed better in eliminating aliasing artifacts in tumor regions compared
with (d) MAGIC with a SSIM of 0.728, as depicted by the yellow arrows. Moreover, the MSE
(5.396 x 10~°) between ADC maps calculated from the original and (d + i) MAGIC-K data
was the smallest. For the variable undersampling trajectory that caused image blurring,
(d + i) MAGIC-K displayed the highest SSIMs (0.908 at R = 4 and 0.781 at R = 6) for the
reconstructed images.
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Original SENSE (s)BASIC (r)BASIC (BASIC  (s+r+t)BASIC  (d)MAGIC-K  (d+)MAGIC-K

Recon

R=4
Error Map

ADC

Recon

R=6
Error Map

ADC

Figure 6. Comparison of the reconstructed images by different image augmentation strategies using
uniform undersampling in a tumor patient with lymphatic metastasis. The SSIM is listed at the
bottom-right of each reconstructed image. The error map was x10 amplified for better visualization.
The MSE is listed at the bottom-right of each ADC map. Aliasing artifacts are depicted by the yellow
arrows. The tumor is depicted by a red arrow.

Original SENSE (s)BASIC (r)BASIC (t)BASIC (s+r+t)BASIC  (d)MAGICK  (d+i)MAGICK

Recon

R=4
Error Map

ADC

Recon

R=6
Error Map

ADC

Figure 7. Comparison of the reconstructed images by different image augmentation strategies,
using variable density undersampling in a tumor patient with lymphatic metastasis. The SSIM is
listed at the bottom-right of each reconstructed image. The error map was x10 amplified for better
visualization. The MSE is listed at the bottom-right of each ADC map. The tumor is depicted by a
red arrow.
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Original SENSE (s)BASIC ()BASIC (BASIC  (s+r+t)BASIC  (d)MAGIC-K  (d+))MAGIC-K

Y

R
Recon

4
Error Map

ADC

Recon

R=6
Error Map

ADC

Figure 8. Comparison of the reconstructed images by different image augmentation strategies using
uniform undersampling in a tumor patient with glioblastoma. The SSIM is listed at the bottom-right
of each reconstructed image. The error map was x 10 amplified for better visualization. The MSE is
listed at the bottom-right of each ADC map. Aliasing artifacts are depicted by the yellow arrows.
The edema is depicted by a red arrow.
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Figure 9. Comparison of the reconstructed images by different image augmentation strategies using
variable density undersampling in a tumor patient with glioblastoma. The SSIM is listed at the
bottom-right of each reconstructed image. The error map was x 10 amplified for better visualization.
The MSE is listed at the bottom-right of each ADC map. Aliasing artifacts are depicted by the yellow
arrows. The edema is depicted by a red arrow.
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Figure 10. PSNR and SSIM of reconstructed images using different data augmentation strategies in tumor patients. U stands
for the uniform undersampling strategy and V stands for the variable density undersampling strategy, and 4 and 6 stand for
different acceleration factors, respectively.

Another representative tumor case with glioblastoma is presented in Figures 8 and 9.
Under the uniform undersampling trajectory, the (s) BASIC and (r) BASIC groups with
small training data sizes failed to exceed the performance of SENSE (SSIM = 0.392 and 0.464
vs 0.525), demonstrating reduced generalization for tumor cases. At R = 6, the aliasing
artifacts remained in all groups, as depicted by the yellow arrows. (d + i) MAGIC-K
displayed the highest SSIM of 0.726 for the reconstructed images, with the corresponding
lowest MSE (6.958 x 10~°) in ADC maps. The variable density undersampling induced
blurring to low-resolution images, but (d + i) MAGIC achieved the highest SSIM of 0.961
at R=6.

4. Discussion

In this study, we proposed a data augmentation solution to improve the image re-
construction task with limited amounts of training raw data, leveraging the diversity of
DICOM images in hospitals. Different from other image processing tasks like segmenta-
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tions or classifications, multi-coil raw k-space data were required to train a reconstruction
network. However, it is often difficult to collect raw k-space data since they are not rou-
tinely obtained clinically. On the other hand, a large number of DICOM images are readily
available in hospitals. The proposed MAGIC-K Net was able to generate large amounts
of multi-coil raw k-space data based on DICOM images for reconstruction. Experimental
results proved that the high resolution DWI reconstruction benefited from the proposed
augmentation method; this can be explained by how the generalization performance of
deep learning-based reconstruction relies heavily on the diversity of the training dataset.
Although source images were from a healthy subject, the performance was quite stable in
tumor patients.

Despite the availability of several public datasets of multi-coil raw data [37,38], the
latter only focus on specific modalities (e.g., T1w, T2w, and T1w contrast-enhanced images).
In contrast, the proposed MAGIC-K Net can enlarge datasets from any modality as long as
anatomical DICOM images are acquired, which is applicable to most hospitals.

Compared with the basic data augmentation methods that apply global intensity and
displacement transformations to the source images, the MAGIC-K Net can generate more
realistic intensity variations and displacements from pairs of anatomical DICOM images.
The training sample can be enlarged by N x N using N DICOM images. In addition,
the MAGIC-K Net can be jointly used with basic global transformations to augment the
training samples exponentially.

In this study, different sampling strategies have been studied. As the conventional
sampling process in MRI, uniform undersampling poses a barrier to reconstruction since
the associated low frequencies are not fully retained to preserve the overall structure;
whereas, variable density undersampling creates incoherent aliasing artifacts, so that noise-
like artifacts could be mitigated without degrading the structures. Compared the recoveries
using the (d + i) MAGIC-K Net between UR6 and VR6, the tumor is still apparent in the
reconstruction in UR6 (Figure 6) with SSIM = 0.720, while the structure reconstructed in
VR6 (Figure 7) is well preserved with SSIM = 0.871. The SSIM of all testing patients using
URG is 20.8% higher than the one of VR6 (0.854 vs. 0.707); hence, variable density sampling
should be the preferable sampling strategy. However, for some special sequences, which
are only practical using uniform undersampling, such as EP]I, the proposed MAGIC-K Net
is still sensible.

We also evaluated the generalization of the proposed method on the dataset of fMRI.
The clinical acquisition for fMRI mainly depends on the EPI collection, which is the
same as DWI. Hence, we tested the proposed methods on the dataset of b = 0 s/ mm?
DWIs for validation. The sampling strategy of uniform and variable density under a
higher acceleration factor of 6 (UR6 & VR6) was tested. Theoretically, experiments on
lower acceleration factors should have similar findings. The proposed method (d + i)
MAGIC-K outperformed the basic method (s + r + t) BASIC in regard to PSNR and SSIM
(Table 1 and Figure 11).

Table 1. PSNR and SSIM of the reconstructed images using data augmentation strategies of (s + r + t)
BASIC and (d + i) MAGIC-K. The tests were applied on the healthy subjects and tumor patients. R
stands for the acceleration factor.

Uniform Undersampling with R = 6. PSNR (dB) SSIM
. (s+1 +t) BASIC 21.093 + 0.789 0.694 + 0.044
Healthy Subjects (d + i) MAGIC-K 23.901 + 0.632 0.764 + 0.043
Pati (s+r +t) BASIC 19.234 + 0.734 0.683 + 0.031
atients (d + i) MAGIC-K 21.417 + 0.693 0.715 + 0.043
Variable Density Undersampling with R = 6 PSNR (dB) SSIM
. (s+1 +t) BASIC 30432 + 0.453 0.859 + 0.033
Healthy Subjects (d + i) MAGICK 32.954 + 0.581 0.903 + 0.028
. (s+1 +t) BASIC 29.043 + 0.734 0.844 + 0.031
Patients

(d +1i) MAGIC-K 31.890 £+ 0.843 0.913 4 0.024
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Healthy Subjects Patients
(s+r+t)BASIC  (d+i)MAGIC-K

(s+r+t)BASIC

(d+i)MAGIC-K

-

Figure 11. Comparison of the reconstructed images by data augmentation strategies of (s + r + t) BASIC and (d + i)

MAGIC-K, using uniform undersampling with an acceleration factor of 6 (UR6) and variable density undersampling with
an acceleration factor of 6 (VR6). The SSIM is listed at the bottom-right of each reconstructed image. The error map was x 10
amplified for better visualization.

The limitations of this study should be mentioned. First, basic augmentation and
MAGIC-K Net based only on displacement transformation displayed similar quantitative
metrics (VR4, SSIM = 0.838 vs. 0.850 in healthy volunteers, with 0.889 vs. 0.899 in tumor
patients). This emphasizes the undeniable role of basic methods in data augmentation.
Since the augmentation only contains the displacement transformation, generalization
of the network is limited. However, we observed a superior ability from the recovery of
error maps (Figure 3). Second, for the variable density undersampling trajectory, which
induces image blurring, the recovery ability of the network was quite similar. We may
increase the acceleration factor [15] to differentiate the recovery ability of the networks. We
tested the performance only under the acceleration factor of 4 and 6. To further evaluate
the performance of the proposed data augmentation method, more tests under different
acceleration factors [15] can be applied.

Several technical developments are still required in future studies. The number of
source cases could be increased to further increase the training samples. Besides number
increase, noise and motion could also be considered to improve the accuracy of the images.
For a sequence with a long scan time, patient motion during the acquisition would affect
the interpretability of images and degrade the performance of the algorithms. To better
approximate non-ideal scenarios, both noise [39,40] and motion [41] could be incorporated
into the images to better estimate the distribution of real MR data. Incorporating the
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uncertainty and generating heterogeneous data may add appearance variability and make
deep learning methods more robust and generalizable to unknown data.

Augmentation of images from different patients is necessary to further improve the
generalization performance. It is possible to validate the proposed method in other organs,
e.g., abdomen [42], cardiac [43], knees [17], etc. It is also possible to apply the proposed
augmentation method to unsupervised learning-based reconstructions when ground truth
images are difficult to obtain.

5. Conclusions

This study proposed a new data augmentation method to generate multi-coil k-space
data for deep learning-based image reconstruction. Leveraging high magnitude DICOM
images in hospitals, we succeeded in increasing the size and diversity of the training
dataset. The reconstruction trained with the data generated by the proposed MAGIC-K Net
outperformed routine data augmentation methods and demonstrated better generalization
to patients with different types of brain tumors. The MAGIC-K Net can be further applied
to accelerate the detection and diagnosis of brain tumor patients.

Author Contributions: Conceptualization, C.W.; methodology, C.W. and EW.; implementation, ED.
and EW,; data preparation, H.Z., C.W. and W.C.; writing—original draft preparation, EW.; writing—
review and editing, EW. and C.W.; visualization and analysis, EW.; supervision, C.W. and HW. All
authors have read and agreed to the published version of the manuscript.

Funding: The current research was supported in part by the National Natural Science Foundation of
China (No. 81971583, No. 62001120), the National Key R&D Program of China (No. 2018YFC1312900),
Shanghai Natural Science Foundation (No. 20ZR1406400), Shanghai Municipal Science and Technol-
ogy Major Project (No0.2017SHZDZX01, No.2018SHZDZX01), Shanghai Sailing Program
(No. 20YF1402400), and Z]JLab.

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki, and approved by the Institutional Review Board of Fudan University
(protocal code BE1828, 28 August 2018).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available upon request from the
corresponding author. The data are not publicly available due to the patients’ right to privacy.

Acknowledgments: We appreciate Jiawei Han, Junqi Xu, and Yuxiang Dai for instructions
on co-registration.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Brown, RW,; Cheng, Y.-C.N.; Haacke, E.M.; Thompson, M.R.; Venkatesan, R. Magnetic Resonance Imaging: Physical Principles and
Sequence Design; John Wiley & Sons: Hoboken, NJ, USA, 2014.

2. Pruessmann, K.P; Weiger, M.; Scheidegger, M.B.; Boesiger, P. SENSE: Sensitivity encoding for fast MRI. Magn. Reson. Med. Off. .
Int. Soc. Magn. Reson. Med. 1999, 42, 952-962. [CrossRef]

3. Griswold, M.A,; Jakob, PM.; Heidemann, R.M.; Nittka, M.; Jellus, V.; Wang, J.; Kiefer, B.; Haase, A. Generalized autocalibrating
partially parallel acquisitions (GRAPPA). Magn. Reson. Med. Off. |. Int. Soc. Magn. Reson. Med. 2002, 47, 1202-1210. [CrossRef]

4. Knoll, E; Hammernik, K.; Zhang, C.; Moeller, S.; Pock, T.; Sodickson, D.K.; Akcakaya, M. Deep-learning methods for parallel
magnetic resonance imaging reconstruction: A survey of the current approaches, trends, and issues. IEEE Signal Process. Mag.
2020, 37, 128-140. [CrossRef]

5. Ravishankar, S.; Bresler, Y. MR image reconstruction from highly undersampled k-space data by dictionary learning. IEEE Trans.
Med. Imaging 2010, 30, 1028-1041. [CrossRef]

6. Zhu, B,; Liu, ].Z.; Cauley, S.E; Rosen, B.R.; Rosen, M.S. Image reconstruction by domain-transform manifold learning. Nature
2018, 555, 487-492. [CrossRef]

7. Wang, S.;Su, Z,; Ying, L.; Peng, X.; Zhu, S.; Liang, F,; Feng, D.; Liang, D. Accelerating Magnetic Resonance Imaging Via Deep

Learning. In Proceedings of the 2016 IEEE 13th International Symposium on Biomedical Imaging (ISBI), Prague, Czech Republic,
13-16 April 2016; pp. 514-517.


http://doi.org/10.1002/(SICI)1522-2594(199911)42:5&lt;952::AID-MRM16&gt;3.0.CO;2-S
http://doi.org/10.1002/mrm.10171
http://doi.org/10.1109/MSP.2019.2950640
http://doi.org/10.1109/TMI.2010.2090538
http://doi.org/10.1038/nature25988

Diagnostics 2021, 11, 1935 15 of 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Hyun, CM.; Kim, H.P;; Lee, S.M,; Lee, S.; Seo, ].K. Deep learning for undersampled MRI reconstruction. Phys. Med. Biol. 2018, 63,
135007. [CrossRef]

Ronneberger, O.; Fischer, P.; Brox, T. U-net: Conventional Networks for Biomedical Image Segmentation. In Proceedings of the
International Conference on Medical image computing and Computer-Assisted intervention, Munich, Germany, 5-9 October
2015; pp. 234-241.

Lee, D.; Yoo, ].; Tak, S.; Ye, ].C. Deep Residual Learning for Accelerated MRI Using Magnitude and Phase Networks. IEEE Trans.
Biomed. Eng. 2018, 65, 1985-1995. [CrossRef] [PubMed]

Yang, G.; Yu, S.; Dong, H.; Slabaugh, G.; Dragotti, P.L.; Ye, X.; Liu, F; Arridge, S.; Keegan, J.; Guo, Y. DAGAN: Deep de-aliasing
generative adversarial networks for fast compressed sensing MRI reconstruction. IEEE Trans. Med. Imaging 2017, 37, 1310-1321.
[CrossRef] [PubMed]

Isola, P; Zhu, J.-Y.; Zhou, T.; Efros, A.A. Image-to-image translation with conditional adversarial networks. In Proceedings of the
IEEE Conference on Computer Vision and Pattern Recognition, Honolulu, HI, USA, 21-26 July 2017; pp. 1125-1134.
Hammernik, K.; Klatzer, T.; Kobler, E.; Recht, M.P;; Sodickson, D.K.; Pock, T.; Knoll, F. Learning a variational network for
reconstruction of accelerated MRI data. Magn. Reson. Med. 2018, 79, 3055-3071. [CrossRef]

Tewari, A.; Zollhofer, M.; Kim, H.; Garrido, P; Bernard, F; Perez, P.; Theobalt, C. Mofa: Model-based deep convolutional face
autoencoder for unsupervised monocular reconstruction. In Proceedings of the IEEE International Conference on Computer
Vision Workshops, Venice, Italy, 22-29 October 2017; pp. 1274-1283.

Aggarwal, HK.; Mani, M.P,; Jacob, M. MoDL: Model-based deep learning architecture for inverse problems. IEEE Trans. Med.
Imaging 2018, 38, 394—405. [CrossRef] [PubMed]

Duan, J.; Schlemper, J.; Qin, C.; Ouyang, C.; Bai, W.; Biffi, C.; Bello, G.; Statton, B.; O'Regan, D.P; Rueckert, D. VS-Net:
Variable Splitting Network for Accelerated Parallel MRI Reconstruction. In Proceedings of the Medical Image Computing and
Computer-Assisted Intervention, Shenzhen, China, 13-17 October 2019; pp. 713-722.

Lv, ]J.; Wang, C.; Yang, G. PIC-GAN: A Parallel Imaging Coupled Generative Adversarial Network for Accelerated Multi-Channel
MRI Reconstruction. Diagnostics 2021, 11, 61. [CrossRef]

Ding, J.; Li, X.; Gudivada, V.N. Augmentation and evaluation of training data for deep learning. In Proceedings of the 2017 IEEE
International Conference on Big Data (Big Data), Orlando, FL, USA, 6-10 November 2017; pp. 2603-2611.

Nalepa, J.; Marcinkiewicz, M.; Kawulok, M. Data augmentation for brain-tumor segmentation: A review. Front. Comput. Neurosci.
2019, 13, 83. [CrossRef] [PubMed]

Frid-Adar, M.; Diamant, I.; Klang, E.; Amitai, M.; Goldberger, J.; Greenspan, H. GAN-based synthetic medical image augmentation
for increased CNN performance in liver lesion classification. Neurocomputing 2018, 321, 321-331. [CrossRef]

Zhang, C.; Tavanapong, W.; Wong, J.; de Groen, P.C.; Oh, J. Real data augmentation for medical image classification. In
Intravascular Imaging and Computer Assisted Stenting, and Large-Scale Annotation of Biomedical Data and Expert Label Synthesis;
Springer: Berlin/Heidelberg, Germany, 2017; pp. 67-76.

Zhao, A ; Balakrishnan, G.; Durand, F; Guttag, ].V.; Dalca, A.V. Data Augmentation Using Learned Transformations for One-Shot
Medical Image Segmentation. In Proceedings of the Computer Vision and Pattern Recognition, Long Beach, CA, USA, 16-17 June
2019; pp. 8543-8553.

Shin, H.-C.; Tenenholtz, N.A.; Rogers, ] K.; Schwarz, C.G.; Senjem, M.L.; Gunter, J.L.; Andriole, K.P.; Michalski, M. Medical image
synthesis for data augmentation and anonymization using generative adversarial networks. In Proceedings of the International
Workshop on Simulation and Synthesis in Medical Imaging, Granada, Spain, 16 September 2018; pp. 1-11.

Rusak, F,; Santa Cruz, R.; Bourgeat, P.; Fookes, C.; Fripp, J.; Bradley, A.; Salvado, O. 3D Brain MRI GAN-Based Synthesis
Conditioned on Partial Volume Maps. In Proceedings of the International Workshop on Simulation and Synthesis in Medical
Imaging, Lima, Peru, 4 October 2020; pp. 11-20.

Uzunova, H.; Wilms, M.; Handels, H.; Ehrhardyt, J. Training CNNs for image registration from few samples with model-based
data augmentation. In Proceedings of the International Conference on Medical Image Computing and Computer-Assisted
Intervention, Quebec City, QC, Canada, 11-13 September 2017; pp. 223-231.

Chaitanya, K.; Karani, N.; Baumgartner, C.F,; Becker, A.; Donati, O.; Konukoglu, E. Semi-supervised and task-driven data
augmentation. In Proceedings of the International Conference on Information Processing in Medical Imaging, Hong Kong, China,
2-7 June 2019; pp. 29-41.

Abolvardi, A.A.; Hamey, L.; Ho-Shon, K. Registration Based Data Augmentation for Multiple Sclerosis Lesion Segmentation. In
Proceedings of the 2019 Digital Image Computing: Techniques and Applications (DICTA), Perth, Australia, 2-4 December 2019;
pp- 1-5.

Chen, N.K,; Guidon, A.; Chang, H.C.; Song, A.W. A robust multi-shot scan strategy for high-resolution diffusion weighted MRI
enabled by multiplexed sensitivity-encoding (MUSE). Neurolmage 2013, 72, 41-47. [CrossRef] [PubMed]

Uecker, M.; Lai, P; Murphy, M.]; Virtue, P; Elad, M.; Pauly, ].M.; Vasanawala, S.S.; Lustig, M. ESPIRiT—an eigenvalue approach
to autocalibrating parallel MRI: Where SENSE meets GRAPPA. Magn. Reson. Med. 2014, 71, 990-1001. [CrossRef] [PubMed]
Balakrishnan, G.; Zhao, A.; Sabuncu, M.R.; Guttag, J.; Dalca, A.V. VoxelMorph: A Learning Framework for Deformable Medical
Image Registration. IEEE Trans. Med. Imaging 2019, 38, 1788-1800. [CrossRef]

Hore, A.; Ziou, D. Image quality metrics: PSNR vs. SSIM. In Proceedings of the 2010 20th International Conference on Pattern
Recognition, Istanbul, Turkey, 23-26 August 2010; pp. 2366-2369.


http://doi.org/10.1088/1361-6560/aac71a
http://doi.org/10.1109/TBME.2018.2821699
http://www.ncbi.nlm.nih.gov/pubmed/29993390
http://doi.org/10.1109/TMI.2017.2785879
http://www.ncbi.nlm.nih.gov/pubmed/29870361
http://doi.org/10.1002/mrm.26977
http://doi.org/10.1109/TMI.2018.2865356
http://www.ncbi.nlm.nih.gov/pubmed/30106719
http://doi.org/10.3390/diagnostics11010061
http://doi.org/10.3389/fncom.2019.00083
http://www.ncbi.nlm.nih.gov/pubmed/31920608
http://doi.org/10.1016/j.neucom.2018.09.013
http://doi.org/10.1016/j.neuroimage.2013.01.038
http://www.ncbi.nlm.nih.gov/pubmed/23370063
http://doi.org/10.1002/mrm.24751
http://www.ncbi.nlm.nih.gov/pubmed/23649942
http://doi.org/10.1109/TMI.2019.2897538

Diagnostics 2021, 11, 1935 16 of 16

32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Stejskal, E.O.; Tanner, J.E. Spin diffusion measurements: Spin echoes in the presence of a time-dependent field gradient. . Chem.
Phys. 1965, 42, 288-292. [CrossRef]

Smith, S.M. Fast robust automated brain extraction. Hum. Brain Mapp. 2002, 17, 143-155. [CrossRef]

Penny, W.; Friston, K.; Ashburner, J.; Kiebel, S.; Nichols, T. Statistical Parametric Mapping: The Analysis of Functional Brain Images;
Elsevier: Amsterdam, The Netherlands, 2007.

Abadi, M.; Barham, P.; Chen, J.; Chen, Z.; Davis, A.; Dean, |.; Devin, M.; Ghemawat, S.; Irving, G.; Isard, M. Tensorflow: A system
for large-scale machine learning. In Proceedings of the 12th Symposium on Operating Systems Design and Implementation
(OSDI), Savannah, GA, USA, 2—-4 November 2016; pp. 265-283.

Kingma, D.P; Ba, ]. Adam: A method for stochastic optimization. arXiv 2014, arXiv:1412.6980.

Zbontar, J.; Knoll, F; Sriram, A.; Murrell, T.; Huang, Z.; Muckley, M.].; Defazio, A.; Stern, R.; Johnson, P.; Bruno, M. fastMRI: An
open dataset and benchmarks for accelerated MRI. arXiv 2018, arXiv:1811.08839.

Knoll, E; Zbontar, J.; Sriram, A.; Muckley, M.].; Bruno, M.; Defazio, A.; Parente, M.; Geras, K.J.; Katsnelson, J.; Chandarana, H.
fastMRI: A publicly available raw k-space and DICOM dataset of knee images for accelerated MR image reconstruction using
machine learning. Radiol. Artif. Intell. 2020, 2, €190007. [CrossRef] [PubMed]

Zuo, L.; Dewey, B.E.; Carass, A.; He, Y.; Shao, M.; Reinhold, J.C.; Prince, J.L. Synthesizing Realistic Brain MR Images with Noise
Control. In Proceedings of the International Workshop on Simulation and Synthesis in Medical Imaging, Lima, Peru, 4 October
2020; pp. 21-31.

Watts, R.; Wang, Y. k-space interpretation of the Rose Model: Noise limitation on the detectable resolution in MRI. Magn. Reson.
Med. Off. ]. Int. Soc. Magn. Reson. Med. 2002, 48, 550-554. [CrossRef]

Shaw, R.; Sudre, C.H.; Varsavsky, T.; Ourselin, S.; Cardoso, M.]. A k-space model of movement artefacts: Application to
segmentation augmentation and artefact removal. IEEE Trans. Med. Imaging 2020, 39, 2881-2892. [CrossRef]

Lv,].; Li, G,; Tong, X.; Chen, W.; Huang, ].; Wang, C.; Yang, G. Transfer Learning Enhanced Generative Adversarial Networks for
Multi-Channel MRI Reconstruction. Comput. Biol. Med. 2021, 134, 104504. [CrossRef] [PubMed]

Biswas, S.; Aggarwal, H.K.; Jacob, M. Dynamic MRI using model-based deep learning and SToRM priors: MoDL-SToRM. Magn.
Reson. Med. 2019, 82, 485-494. [CrossRef] [PubMed]


http://doi.org/10.1063/1.1695690
http://doi.org/10.1002/hbm.10062
http://doi.org/10.1148/ryai.2020190007
http://www.ncbi.nlm.nih.gov/pubmed/32076662
http://doi.org/10.1002/mrm.10220
http://doi.org/10.1109/TMI.2020.2972547
http://doi.org/10.1016/j.compbiomed.2021.104504
http://www.ncbi.nlm.nih.gov/pubmed/34062366
http://doi.org/10.1002/mrm.27706
http://www.ncbi.nlm.nih.gov/pubmed/30860286

	Introduction 
	Materials and Methods 
	Data Acquisition 
	MAGIC-K Net Architecture 
	MAGIC-K Net Training 
	MAGIC-K Net Application 

	Training Data Augmentation 
	Deep Learning Reconstruction 
	Performance Assessments 
	Evaluation Metrics 
	Apparent Diffusion Coefficient (ADC) Fitting 

	Model Implementation 

	Results 
	Discussion 
	Conclusions 
	References

