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Abstract

Purpose: Several reconstruction methods for MR-based electrical properties
tomography (EPT) have been developed. However, the lack of common data
makes it difficult to objectively compare their performances. This is, however,
a necessary precursor for standardizing and introducing this technique in the
clinical setting. To enable objective comparison of the performances of recon-
struction methods and provide common data for their training and testing, we
created ADEPT, a database of simulated data for brain MR-EPT reconstructions.
Methods: ADEPT is a database containing in silico data for brain EPT recon-
structions. This database was created from 25 different brain models, with and
without tumors. Rigid geometric augmentations were applied, and different
electrical properties were assigned to white matter, gray matter, CSF, and tumors
to generate 120 different brain models. These models were used as input for
finite-difference time-domain simulations in Sim4Life, used to compute the
electromagnetic fields needed for MR-EPT reconstructions.

Results: Electromagnetic fields from 84 healthy and 36 tumor brain mod-
els were simulated. The simulated fields relevant for MR-EPT reconstructions
(transmit and receive RF fields and transceive phase) and their ground-truth
electrical properties are made publicly available through ADEPT. Additionally,
nonattainable fields such as the total magnetic field and the electric field are
available upon request.

Conclusion: ADEPT will serve as reference database for objective comparisons
of reconstruction methods and will be a first step toward standardization of
MR-EPT reconstructions. Furthermore, it provides a large amount of data that
can be exploited to train data-driven methods. It can be accessed from https://
doi.org/10.34894/VOHBJS.
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1 | INTRODUCTION

MR-based electrical properties tomography (EPT) is a
technique in which electrical properties (EPs, conduc-
tivity ¢ and relative permittivity €,) are reconstructed
from noninvasive MR measurements. Knowledge of EPs
is essential for accurate, personalized specific absorption
rate calculations in RF safety applications.!? Furthermore,
because at RF frequencies EPs are dependent on the
underlying tissue composition, they can be a biomarker
for use in clinical applications, as outlined in different
studies.>™® For these reasons, increasingly more research
has been devoted on the development of reconstruc-
tion methods for EPT, resulting in numerous different
methods.”

Tissue EPs are imprinted in the magnetic fields as
described by Maxwell’s equations. The aim of EPT is
to derive these EPs from the measured transmit and/or
receive RF field. EPT reconstruction methods are generally
divided into two classes: direct and inverse approaches. In
direct approaches, the EPs are calculated from the mea-
sured B;* field directly, and the methods often rely on
the calculation of derivatives of the B;* field. The most
common direct approach is Helmholtz EPT, which relates
the Laplacian of the B;* field to the EPs.'®* However,
direct approaches like Helmholtz EPT, operating on mea-
sured noisy data, generally suffer from issues at bound-
aries between tissues and noise amplification. This is a
result of the discrete spatial derivatives and assumptions
in the derived equations.>!° Several methods have been
developed to reduce these problems. For example, con-
vection reaction EPT solves for the equations without the
assumption that the EPs are piecewise constant,'! whereas
other methods suppress noise via fitting approaches using
magnitude-based kernels and image-based postprocessing
filters.!>13 On the other hand, inverse methods such as
Contrast Source Inversion'* and Global Maxwell Tomog-
raphy'> use EPs to estimate resulting fields, and rely on
minimization of a cost function to reconstruct EPs. They
generally show promising results for reducing noise and
boundary effects but suffer from a high computational load
and convexity issues.

More recently, data-driven methods have been pre-
sented for EPT reconstructions that have been found to
successfully reduce the noise amplification and boundary
errors. Such methods use either deep learning strategies
for end-to-end predictions!®!” or provide initial estimates
for iterative reconstruction schemes.!®

An important downside of data-driven reconstruction
methods is that training requires large datasets, which are
computationally expensive to create. Although the pre-
sented results are promising despite the relatively little
amount of training data used, a larger amount of more
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diverse data are necessary to improve generalization to
unforeseen cases.

A key issue for comparing the performance of the pre-
sented reconstruction methods in literature is the lack of
common data, limiting objective comparison. In fact, cur-
rent reconstruction methods are presented and tested on
custom data, which make objective comparison impossi-
ble, but this is an essential step toward standardization and
clinical introduction of EPT in the future.

To address these issues, we developed “A Database for
MR Electrical Properties Tomography” (ADEPT) contain-
ing simulated data for EPT reconstructions in the brain
region. The key goal of ADEPT is to provide a large amount
of simulated data for EPT reconstruction. This will enable
(1) objective benchmarking of reconstruction methods on
common data for future standardization of EPT methods
and (2) a reduction of the computational burden for the
creation of large datasets to train deep learning-based EPT
methods. We aim to provide the data in ADEPT according
to the Findable, Accessible, Interoperable and Reusable
(FAIR) paradigm.'®

2 | METHODS

2.1 | Creation of brain models

ADEPT consists of in silico data for EPT reconstruction
in the brain region. In total, 120 brain models were gen-
erated: 84 healthy brain models and 36 pathological brain
models with realistic tumor inclusions. All brain models
consisted of white matter (WM), gray matter (GM), CSF,
and tumor regions (if applicable). Other types of tissues
present in the brain, such as blood vessels and dura mater,
were generalized into WM, GM or CSF tissue, which is a
realistic approximation.?

Seven anatomically different healthy brain models
were selected from the BrainWeb database, an online
database with simulated 3D brains.?! The BrainWeb mod-
els were already segmented into 12 different discrete tis-
sues, including WM, GM, and CSF. These seven models
were manually modified using Slicer 3D.?? In particular,
the 12 presegmented tissues were combined into WM, GM,
and CSF. Moreover, the tissues were smoothed, and the
CSF layer was enlarged by 3 mm to preserve the structure
when a coarser voxelization was used in the electromag-
netic simulations (see Section 2.3).

Eighteen anatomically different brain models with
tumor inclusions were also selected from the BraTS data
set,?? consisting of T;-weighted images of brain tumor
patients and segmentations of the different pathological
regions. In this work, we used the same labels as proposed
in the BraTS data set description: edema, active tumor
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FIGURE 1

Overview of the data creation pipeline for ADEPT (“A Database for MR Electrical Properties Tomography”) and simulation

setup in Sim4Life. (A) Pipeline to create in silico data for brain electrical properties tomography (EPT) reconstructions. (B) Example of the

resulting volumetric models that are imported in Sim4Life. (C) Simulation setup in Sim4Life, with the brain in the center of the coil. Output

fields within the red box are extracted. (D) Top view of simulation setup.

(AT), which shows hyperintensities in contrast-enhanced
T, images, and nonenhancing tumor (NET), which typ-
ically shows hypo-intensities in contrast-enhanced T,
images.?* Starting from the T;-weighted images, the WM,
GM, and CSF were segmented using SPMI12 (Func-
tional Imaging Laboratory, University College London,
UK). For each brain model, the presegmented patholog-
ical tissues were then overlaid to the segmented healthy
tissues.

With this procedure, a total of 25 anatomically different
brain models were obtained as visualized in the first part
of Figure 1A. To increase the amount of data attainable
from these models, different augmentations were done
(see Section 2.2).

As a final step, both the healthy brain models and the
models including a tumor were converted into volumet-
ric surface models that were imported into the electro-
magnetic simulation software Sim4Life (Zurich MedTech,
Zurich, Switzerland) (see Section 2.3). Here, the brain
models were inserted into a general body model (Duke
from the virtual population) to achieve realistic coil load-
ing for the simulations, thus replacing Duke’s original

brain.?® For this, affine transformations (translations,
rotations, and scaling) were applied to fit the custom brain
models to the brain of Duke, and higher priority was
assigned to these custom brains during voxelization.

2.2 | Data augmentation and EP
assignment

To augment the 25 initial brain models, several augmen-
tations including geometric augmentations (i.e., rotations
and translations) of the whole-body model, and EP aug-
mentations by assigning different EPs values to the seg-
mented brain tissues, were performed.

Each healthy brain model was augmented 12 times,
first using three different geometric augmentations, and
then, for each geometrically augmented model, four differ-
ent combinations of tissue EPs were applied. Instead, for
the tumor models, only EP-based augmentations were per-
formed, in which two different sets of conductivity values
were assigned to the pathological tissues, whereas EPs in
WM, GM, and CSF were kept the same.
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In particular, geometric augmentations include trans-
lations (+1 cm displacements in either x, y, or z direction)
and rotations (+5¢ rotations around the X, y, or z axis).
For each model, a different combination of one or two
translations and/or rotations were applied. All geometric
augmentations were applied to both the body model and
the custom brain.

For the assignment of different EPs, random combina-
tions of EPs were drawn from truncated Gaussian distri-
butions with assigned mean and SD. Specifically, for the
healthy brain models, mean conductivity and permittivity
values were set according to literature values: 0.34, 0.59,
and 2.14S/m for conductivity and 52.5, 73.5, and 84 for
permittivity for WM, GM, and CSF, respectively.?®?” The
corresponding SD was 0.08 s/m for the conductivity and
1.5 for the permittivity.

For the brain models with tumor inclusions, these
reported mean conductivity and permittivity values were
used for WM, GM, and CSF. Brain tumor conductivity
has been shown to have higher values than normal tissue
and to contain large variations both within tumor sub-
structures and between tumor types.>?® To reflect these
variations, tumor conductivity values were also drawn
from truncated Gaussian distributions with mean values
0f0.70, 0.90, and 1.20 S/m for edema, NET and AT, respec-
tively, all with a SD of 0.15 S/m.>528 For permittivity, these
values are not readily available, but the expected per-
mittivity in lesions should be higher than healthy tissue
due to changes in water content.?’ Because of limited in
vivo MR-EPT studies on tissue permittivity in lesions at
128 MHz, we assigned constant indicative values of 60, 80
and 70, respectively, for edema, NET, and AT.

Truncation was done to prevent overlap of EP values
for the healthy and tumor tissues and limit large EP value
outliers. This led to EP ranges as described in Figure 2C.

2.3 | Simulations

All simulations were performed in Sim4Life on an approx-
imate 1-mm isotropic grid size as retrieved from the vox-
elization in Sim4Life. Little variations in the grid size were
present, as certain parts of the coil needed to be voxelized
on a finer grid. This was corrected by resampling in post-
processing (Section 2.4). Simulations were done using a
3T birdcage coil with ports at 45¢, similar to the clini-
cal coil, with the same geometry as previous studies.® A
rectangular area centered around the coil isocenter was
defined as the export region for all fields. This region
encompassed the brain and had dimensions of 260 mm
in the x and y direction and 164 mm in the z direction.
Simulations were executed in both quadrature (QA) mode
for transmit and antiquadrature (AQ) mode for receive to
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allow computation of the transceive phase, as previously
reported in literature.!6

The following fields were simulated and exported, after
normalization to 1 W input power:

+ B;* (QA and AQ) transmit magnetic field (B;* [T])
« B;™ (QA and AQ) receive magnetic field (B;~ [T])

« Magnetic flux density vector (B [T])

« Magnetic field intensity vector (H [A/m])

« Electric field vector (E [V/m])

« Electric displacement field vector (D [C/m?]), com-
puted as D = ¢,E¢gg

« Current density vector (J [A/m?]), computed as J = cE

 Voxelization grid information

Here, following the conventions of Sim4Life, the cir-
cularly polarized fields (B;* and B; ™) are defined in a
right-handed coordinate system:

B} = %(Bl,x +iBiy) 1)

B, = %(Bl,x —iBy,)" )

where the asterisk denotes the conjugate. The complete
data creation pipeline is visualized in Figure 1A. An
overview of the simulation setup in Sim4Life can be seen
in Figure 1B-D.

2.4 | Postprocessing

From the exported fields, the transmit phase (¢* [rad]) and
B;* magnitude (|B;*| [T]) were taken directly from B;™*
data of the simulation in QA mode, whereas the transceive
phase (¢* [rad]) was calculated using the known relation
as follows3!:

pE=0 "+ 3

where ¢~ was retrieved as the receive phase from B;~ in
AQ mode.

By using the voxelization grid information, all data
were interpolated in 3D to ensure an isotropic 1-mm grid.
For ground-truth conductivity and permittivity, this was
done using nearest-neighbor interpolation to prevent par-
tial volume effects that were not present in the simulated,
voxelized brain models. For all other fields, a linear inter-
polation was done. Next, brain-tissue masks and tissue
segmentations were created based on the ground-truth
conductivity and permittivity values. Finally, the data were
masked to include only WM, GM, CSF, and tumor.
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2.5 | Database evaluation

To demonstrate the validity of the simulated electromag-
netic fields, EPT reconstructions were done using the sim-
ulated complex B;* field and compared with the input
EPs. For this, 3D Helmholtz reconstructions with a 3-point
kernel were done as follows’:

1 VZB}
o= Ll > )
Ho®w B]
2p+
-1 V°B]
€ = Re 5
= { 5 } )

where the simulated transmit phase was used to avoid
errors from the transceive phase assumption. Further-
more, Ly is the vacuum permeability and o is the Larmor
frequency. Evaluation was done in the WM, GM, and
CSF after erosion of three voxels, as previously done in
literature.*?

3 | RESULTS

Using the created simulation pipeline, in total 120 brain
models were simulated (7 x 12 healthy models and 2x 18
models with tumor inclusions).

Simulations for a single model (QA and AQ) took
approximately 4h on an NVIDIA GeForce RTX 3090 Ti
GPU, resulting in a total simulation time of approximately
480 h. Per model, corresponding output was saved in a sin-
gle.mat file with an approximate size of 300 MB, for a total
database size of 36 GB.

In Figure 2A,B examples of the ground-truth conduc-
tivity and permittivity of different simulated brain models
are shown for the center slice of the FOV (9 healthy and 4
including tumor). From these examples, clear variation in
brain structure and ground-truth EPs can be observed.

As described in Section 2, the simulated data included
all fields for EPT reconstruction: B;* magnitude and
transceive phase. Apart from these fields, other electro-
magnetic fields, tissue segmentations, and ground-truth
values were simulated. An overview of the output data
can be seen in Figure 3. All these data are made available
through ADEPT.

Figure 4 demonstrates the validity of the simulated
electromagnetic fields. In Part A, conductivity and per-
mittivity reconstructions are shown on two models with
the same anatomy, but different EPs (top row). The mid-
dle row shows these reconstructions after erosion of three
voxels at tissue boundaries. The bottom row shows the
percentage error maps with respect to the ground truth
(simulation input). Part B shows the distribution of the

mean percentage error for EPs reconstructions after three
voxel erosions over all models in the database. The error
is below 0.4% and 0.7% for conductivity and permittivity,
respectively, demonstrating that the simulated fields are
consistent with the input EPs.

ADEPT has been made available online using Data-
verse,> in a structure that is summarized in Figure 5. The
data can be found at https://doi.org/10.34894/VOHBIS.
Here, B, D, E, H, and J fields can only be provided upon
request due to online storage limitations. Apart from the
data, metadata are also provided, describing all anatomi-
cal transformations and ground-truth EPs for each simu-
lated model. With this, ADEPT overall follows the FAIR
principles.'?

Furthermore, scripts for noise generation are
included to enable EP reconstructions on noisy
data. Additionally, because some reconstructions use
T;-weighted and/or T,-weighted images, scripts to gen-
erate synthetic T;-weighting and T,-weighting from the
tissue-segmentation masks are also provided.**

4 | DISCUSSION

ADEPT is the first database for MR-EPT reconstructions
with openly available simulated data. In this first imple-
mentation, ADEPT contains simulated data for brain EPT
reconstructions. A total of 120 different brain models were
used as input for electromagnetic simulations, of which 84
were healthy and 36 had tumor inclusions. All simulated
data and ground-truth EPs are made available online.

ADEPT enables objective comparison of EPT recon-
struction methods on common data, hence allowing a
better understanding of their strengths and weaknesses.
This, in combination with the first EPT reconstruction
challenge, will pave the way to standardization and clinical
introduction of EPT.%

Furthermore, the large amount of simulated data avail-
able through ADEPT significantly alleviates the compu-
tational burden for the creation of a large dataset to
train data-driven reconstruction methods. As a result,
it becomes easier and less time consuming to develop
data-driven EPT reconstruction methods.

An additional advantage of ADEPT is that, by provid-
ing ready-to-use data, it will lower the threshold for new
research groups to start with research on MR-EPT. This
works in great synergy with the availability of reconstruc-
tion algorithms such as the ones provided in EPTlib.3°

The simulated fields are consistent with the input
EPs. A negligible interpolation artifact is observed in the
middle of the anterior-posterior and left-right directions
because of tight voxelization before regridding (below
1 mm). Nonetheless, the mean percentage errors are lower
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FIGURE 2 Examples of augmented brain models without (A) and with (B) tumor inclusion are shown for both conductivity and

permittivity. For the brain models without tumor inclusion, the examples include a base model in the first column and different

augmentations (geometric and electrical properties [EP] values) in the second and third columns. The distribution in the color bar in the

middle shows the range of values of each tissue. The table in (C) shows the ranges of the conductivity and permittivity values for the different

tissues in the simulated brain models. AT, active tumor; GM, gray matter; NET, nonenhancing tumor; WM, white matter.

than 0.4% and 0.7%, respectively, for conductivity and per-
mittivity for all tissues after erosion of tissue boundaries,
which demonstrates the consistency between the input
EPs and the simulated fields. Additionally, for a cylin-
drical phantom, the simulated fields (B;* magnitude and
transceive phase) are comparable to measured fields, and
conductivity reconstructions from simulations match con-
ductivity reconstructions from measurements, as shown in
the Supporting Information, Data S1, and Figure S1.
However, this first implementation of ADEPT is far
from exhaustive, as it only includes 3T simulations using

realistic human brain models. Of course, more data are
needed to reach a comprehensive database, such as sim-
ulated data from different anatomical regions, simulated
data at different field strengths, and measured data on cal-
ibrated phantoms and in vivo. We intend to further extend
ADEPT by including measured data in the future. In light
of a community-shared effort, other curated datasets avail-
able in different research centers can also be incorporated.
Furthermore, all data from the EPT reconstruction chal-
lenge will also be shared in ADEPT. Finally, when other
pathological models (e.g., stroke, multiple sclerosis) and
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Database for MR Electrical Properties Tomography”). Apart from
the simulated brain models, the database contains metadata and
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data. All the data are contained in separate.mat files. EP, electrical
properties; EPT, electrical properties tomography.

corresponding EP values are available, the presented
pipeline can be used to create new simulated data.

For the current implementation of ADEPT, few design
choices have been made to keep simulation time and
database size manageable. First, to limit the model com-
plexity, the brain models are a simplification of an actual
brain, as they include only WM, GM, CSF, and tumor
structures when applicable with piece-wise constant EPs.
Furthermore, partial volume effects were not included in
the models. Next, the use of a general head/body model
as envelope to fit the custom brain models results in the
same head/body size in every simulation. Other head/body
models may be used in the future to increase variation in
head size and tissues outside the brain (eg, fat, muscle).
Finally, a choice for 1-mm isotropic resolution was made
as the lower bound from presented literature data.'?

5 | CONCLUSIONS

With this work we present ADEPT, a FAIR database
with in silico data using realistic brain models for EPT
reconstructions. The database can be used for comparisons
of reconstruction methods on common data and, given the
large variability in the simulated data, it can help facilitate
the development of data-driven methods that need large
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amounts of data for training. It also lowers the threshold
for a new research group to start with EPT.
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Data S1. Comparison of measurements and simulations
on a cylindrical phantom.

Figure S1. Comparison of simulated and measured data
for a cylinder phantoms. The top row shows the transceive
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phase and |B;*| along the anterior-posterior (AP) and
left-right (LR) direction for simulation (dashed lines)
and measurement (normal lines). On the bottom row,
the first two images show conductivity reconstructions
of the simulation and measurement in the center slice.
The mean conductivity is indicated in red. The bot-
tom right shows the distribution of the reconstructed
conductivity.
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