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Prof. Dr. Thomas Deserno, RWTH Aachen
Prof. Dr. Hartmut Dickhaus, Universität Heidelberg
Dr. Jan Ehrhardt, Universität zu Lübeck
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Preisträger des BVM-Workshops 2015 in Lübeck

Auf der BVM 2015 wurde der mit 1.000 e dotierte BVM-Award an eine heraus-
ragende Diplom-, Bachelor-, Master- oder Doktorarbeit aus dem Bereich der Me-
dizinischen Bildverarbeitung vergeben. Die mit einem Preisgeld von je 333,33 e
dotierten BVM-Preise zeichnen besonders hervorragende Arbeiten aus, die auf
dem Workshop präsentiert wurden.

BVM-Preis 2015 für die beste wissenschaftliche Arbeit (1.Platz)

Nick Weiss mit Johannes Lotz, Jan Modersitzki (Universität zu Lübeck)
Multimodal Image Registration in Digital Pathology Using Cell Nuclei Densities

BVM-Preis 2015 für die beste wissenschaftliche Arbeit(geteilter
2.Platz)

Jan Hering mit Ivo Wolf, Tawfik Moher Alsady, Hans-Peter Meinzer, Klaus
Maier-Hein (DKFZ Heidelberg)
A Memetic Search Scheme for Robust Registration of Diffusion-Weighted MR
Images

BVM-Preis 2015 für die beste wissenschaftliche Arbeit (geteilter
2.Platz)

Matthias Wilms mit Dirk Fortmeier, André Mastmeyer, Heinz Handels (Univer-
sität zu Lübeck)
Modellbasierte Simulation der Atembewegung für das Virtual-Reality-Training
von Punktionseingriffen

BVM-Preis 2015 für den besten Vortrag

Benjamin Köhler mit Monique Meuschke, Uta Preim, Katharina Fischbach,
Matthias Gutberlet, Bernhard Preim (Otto-von-Guericke Universität Magdeburg)
2D Plot Visualisation of Aortic Vortex Flow in Cardiac 4D PC-MRI Data

BVM-Preis 2015 für die beste Posterpräsentation

Jan Ehrhardt mit Alexander Schmidt-Richberg, René Werner, Heinz Handels
(Universität zu Lübeck)
Variational Registration - A Flexible Open-Source ITK Toolbox for Nonrigid
Image Registration
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Vorwort

Die Analyse und Verarbeitung medizinischer Bilddaten hat sich nach vielen Jah-
ren rasanter Entwicklung als zentraler Bestandteil diagnostischer und therapeu-
tischer Verfahren fest etabliert. Von Wissenschaft und Industrie kontinuierlich
fortentwickelte Methodik und Gerätetechnik sorgen für eine stetig steigende Da-
tenkomplexität. Diese Informationsvielfalt, gepaart mit ständig wachsender Ver-
arbeitungsgeschwindigkeit von Rechnersystemen, verlangt neue Methoden, um
die möglich gewordenen Vorteile zum Wohl von Patienten erschließen zu können.
Die computergestützte Bildverarbeitung wird mit dem Ziel eingesetzt, Struktu-
ren automatisch zu erkennen und insbesondere pathologische Abweichungen auf-
zuspüren und zu quantifizieren, um so beispielsweise zur Qualitätsverbesserung
in der Diagnostik beizutragen.

Doch die Anforderungen sind hoch, um die Fähigkeiten eines Experten bei
der Begutachtung von medizinischem Bildmaterial sinnvoll zu unterstützen. Den-
noch gelingt dies durch zielgerichtete Algorithmen in Kombination mit der Lei-
stungsfähigkeit moderner Computer. So wird es möglich, die Methoden der medi-
zinischen Bildverarbeitung zur Unterstützung der Medizin und zum Nutzen der
Patienten einzusetzen. Der Workshop Bildverarbeitung für die Medizin (BVM)
bietet hier ein Podium zur Präsentation und Diskussion neuer Algorithmen, Sy-
steme und Anwendungen.

Die BVM konnte sich durch erfolgreiche Veranstaltungen in Aachen, Ber-
lin, Erlangen, Freiburg, Hamburg, Heidelberg, Leipzig, Lübeck und München als
ein zentrales interdisziplinäres Forum für die Präsentation und Diskussion von
Methoden, Systemen und Anwendungen der medizinischen Bildverarbeitung eta-
blieren. Ziel ist die Darstellung aktueller Forschungsergebnisse und die Vertiefung
der Gespräche zwischen Wissenschaftlern, Industrie und Anwendern. Die BVM
richtet sich dabei erneut ausdrücklich auch an Nachwuchswissenschaftler, die
über ihre Bachelor-, Master-, Promotions- und Habilitationsprojekte berichten
werden.

Der diesjährige Workshop findet nunmehr zum vierten Mal in Berlin statt und
verbindet in diesem Jahr insbesondere wissenschaftlich hochaktuelle Themen mit
dem klinischen Alltag. Neben spannenden Beiträgen der Teilnehmer konnten
hierzu zwei hochinteressante eingeladene Vorträge gewonnen werden:

• Stefan Bordag, wissenschaftlicher Direktor der ExB Research & Development
GmbH in Leipzig wird die Anwendung von Deep Learning in der medizini-
schen Bildverarbeitung anhand aktueller Beispiele vorstellen sowie zentrale
Kriterien wie Ergebnisqualität und Entwicklungsaufwand diskutieren.

• Prof. Dr. Erwin Keeve von der Charité – Universitätsmedizin Berlin thema-
tisiert die Integration neuer Bildgebungstechniken und deren Anwendungs-
spektren im Operationssaal und diskutiert zukünftige Entwicklungen der
intra-operativen Bildgebung.

Die auf Fachkollegen aus Aachen, Berlin, Heidelberg und Lübeck verteil-
te Organisation hat sich auch diesmal wieder bewährt. Die webbasierte Ein-
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reichung und Begutachtung der Tagungsbeiträge wurde von den Kollegen in
Lübeck durchgeführt und ergab nach anonymisierter Bewertung durch jeweils
drei Gutachter die Annahme von 49 Beiträgen: 26 Vorträge, 22 Poster und eine
Softwaredemonstration. Die Qualität der eingereichten Arbeiten war insgesamt
wieder sehr hoch. Die besten Arbeiten werden auch in diesem Jahr mit wert-
vollen BVM-Preisen ausgezeichnet. Die schriftlichen Langfassungen werden im
Tagungsband erscheinen, der von den Aachener Kollegen aufbereitet und vom
Springer-Verlag herausgegeben wird. Die LaTeXVorlage zur BVM wurde erneut
verbessert und der gesamte Erstellungsprozess ausschließlich über das Internet
abgewickelt, ebenso wie die von den Heidelberger Kollegen organisierte Tagungs-
anmeldung. Die Internetpräsentation des Workshops wird in Berlin gepflegt und
bietet ausführliche Informationen über das Programm und organisatorische De-
tails rund um die BVM 2016. Sie sind zusammen mit den Inhalten der ver-
gangenen Workshops auch über den Tagungstermin hinaus abrufbar unter der
Adresse

http://www.bvm-workshop.org

Am Tag vor dem wissenschaftlichen Programm werden zwei Tutorien ange-
boten:

• Dr. Murat Sariyar von der Charité – Universitätsmedizin Berlin erläutert
Anonymisierungs- und Datensicherheitskonzepte für personenbeziehbare bio-
medizinische Daten.

• Marcus Luther von der Charité – Universitätsmedizin Berlin präsentiert in
seinem Tutorial die aktuelle Thematik, wann Software ein Medizinprodukt
ist und welche Wege zur Inverkehrbringung zu beschreiten sind.

An dieser Stelle möchten wir allen, die bei den umfangreichen Vorbereitun-
gen zum Gelingen des Workshops beigetragen haben, unseren herzlichen Dank
für ihr Engagement bei der Organisation des Workshops aussprechen: den Re-
ferenten der Gastvorträge, den Autoren der Beiträge, den Referenten der Tuto-
rien, den Industrierepräsentanten, dem Programmkomitee, den Fachgesellschaf-
ten, den Mitgliedern des BVM-Organisationsteams und allen Mitarbeitern des
Instituts für Medizinische Informatik der Charité.

Wir wünschen allen Teilnehmerinnen und Teilnehmern des Workshops BVM
2016 lehrreiche Tutorials, interessante Vorträge, nachhaltige Gespräche an den
Postern und in der Industrieausstellung sowie spannende neue Kontakte zu Kol-
leginnen und Kollegen aus dem Bereich der medizinischen Bildverarbeitung.

Januar 2016 Thomas Tolxdorff (Berlin)
Thomas Deserno (Aachen)

Heinz Handels (Lübeck)
Hans-Peter Meinzer (Heidelberg)
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V1 Bordag DS: Significant Advances in Medical Image Analysisorem . . 1

V2 Keeve E: Wie verändert unsere Community die technische
Ausstattung im OP . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

Methoden I

V3 Tzschätzsch H, Guo J, Dittmann F, Braun J, Sack I:
Tomoelastography by Multifrequency Wave Number Recovery . . . . . 3

V4 März M, Ruthotto L: Combined Background Field Removal and
Reconstruction for Quantitative Susceptibility Mapping . . . . . . . . . . . . 8
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V22 Behrendt B, Köhler B, Preim U, Preim B: Enhancing Visibility of
Blood Flow in Volume Rendered Cardiac 4D PC-MRI Data . . . . . . . 188
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in Axial Cardiac Cine MRI via Graphical Models . . . . . . . . . . . . . . . . . . 218

V28 Hoffmann M, Koch M, Strobel N, Maier A: Automatic Detection of
Ostia in the Left Atrium . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 224

Poster 3

P13 Carlsohn MF, Kemmling A, Petersen A, Wietzke L: Light Field
Particle Image Velocimetry by Plenoptic Image Capturing for
3D-Display of Simulated Blood Flow in Cerebral Aneurysms . . . . . . . 230

P14 Glaßer S, Hirsch J, Berg P, Saalfeld P, Beuing O, Janiga G,
Preim B: Evaluation of Time-Dependent Wall Shear Stress
Visualizations for Cerebral Aneurysms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 236

P15 Erdenetsogt U, Vennemann A, Wiemann M, Lipinski H-G:
Nanopartikeldetektion in Zellpräparaten mit dem
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Significant Advances in Medical Image
Analysisorem

Dr. Stefan Bordag

ExB Research & Development GmbH, Leipzig

bordag@exb.de

In the past 4 years Deep Learning (DL) has re-entered the computer vision scene
dramatically, by completely shifting the design paradigm compared to the last
20 years. Whereas before the error rates in image analysis were more or less
stagnant, since 2012 DL kept halving them each year, in some recent cases even
achieving super-human performance! All typical tasks such classification, detec-
tion and segmentation benefited across all related applications such as traffic sign
recognition, natural image analysis, automatic captioning. These developments
move computer vision from a scientific playground to a productizable technology.

The two key winning factors of DL are the complete removing of feature
engineering and the stacking of multiple layers of abstraction. The previous ap-
proaches relied entirely on the ability of the scientist in designing the most appro-
priate features to capture characteristic textures, edges, colours, etc. DL-based
approaches obsolete the feature engineering process by learning any necessary
features automatically. Through their hierarchical organisation the networks
also learn to automatically differentiate abstraction levels.

From this follows, that this approach can be generalized to any other image-
based analysis problem. We are a high-tech company developing Artificial In-
telligence solutions for the analysis of the visual and natural language data in
the medical domain. We decided to investigate the largely unexplored medical
domain with respect to DL. We demonstrate the disruptive new developments
for medical image analysis on two exemplary tasks, mitosis detection and gland
segmentation, where we also successfully participated in an image segmenta-
tion competition at MICCAI 2015. We show how deep learning dramatically
improves the quality of results while also significantly reducing development ef-
forts and time to market. Finally we discuss error analysis and outline further
developments.

T. Tolxdorff et al. (Hrsg.), Bildverarbeitung für die Medizin 2016,
DOI 10.1007/978-3-662-49465-3_1, © Springer-Verlag Berlin Heidelberg 2016



Wie verändert unsere Community die technische
Ausstattung im OP

Erwin Keeve
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An der Charité – Universitätsmedizin Berlin werden seit 2014 insgesamt 26 neue
Operationssäle konzipiert, aufgebaut und eingerichtet. Wikipedia zeigt unter
dem Begriff “Operationssaal“ einen davon, den “Robotik-OP“. Dieser seit 2014
im klinischen Betrieb befindliche Operationssaal wird multifunktional von unter-
schiedlichen Ärzteteams genutzt und von einem technischen Fachgebiet betreut.
In 2016 ist eine umfassende Erweiterung mit neuen Bildgebungseinheiten ge-
plant. In dieser Keynote werden Ihnen unterschiedliche Realisierungskonzepte für
den Aufbau von Operationssälen unter Berücksichtigung verschiedene Nutzungs-
arten aufgezeigt. Insbesondere wird auf die Integration neuer Bildgebungssyste-
men eingegangen und zukünftige Entwicklungen in der intra-operativen Bildge-
bung diskutiert. ORBIT – ein offenes 3D Röntgensystem – das erstmals nicht-
planare Bewegungsbahnen zuläßt wird als Prototyp vorgestellt und Vor- und
Nachteile dieser Technologie werden besprochen. Der Vortrag vermittelt Ihnen
einen umfassenden Überblick über aktuelle Ausstattungen von Operationssälen
und zukünftige (Nutzer-) Anforderungen an Bildgebung und Bildbetrachtung.

T. Tolxdorff et al. (Hrsg.), Bildverarbeitung für die Medizin 2016,
DOI 10.1007/978-3-662-49465-3_2, © Springer-Verlag Berlin Heidelberg 2016
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Abstract. In elastography mechanically excited shear waves are cap-
tured by medical ultrasound or MRI to reconstruct the elastic parameters
of the underlying tissue. Current inversion algorithm use second-order
derivatives for elasticity reconstruction which limits the spatial resolution
of the elastic parameter maps. Here we propose a noise stable inversion
method, which relies on wave number k reconstruction at different har-
monic frequencies followed by their amplitude-weighted averaging prior
to inversion. The algorithm is tested on abdominal and pelvic data.
The resulting shear wave speed maps provide anatomical details in elas-
tic parameter maps due to its inherent sensitivity to noise at pixel-wise
resolution producing superior details to current MRE inversion methods.

1 Introduction

Palpation is one of the oldest investigation methods in medicine. The physician
applies shear stress to the body surface and detects the response of the tissue.
However, palpation provides only a qualitative measure and is user dependent.
In dynamic elastography shear waves are generated inside the tissue and mea-
sured by medical imaging. Quantitative and user independent elasticity maps of
the tissue are calculated from the acquired motion sensitive image data. In mag-
netic resonance elastography (MRE) different algorithms are used to calculate
elasticity maps: local frequency estimation [1], finite element methods [2] and
inversion methods like direct algebraic Helmholtz inversion (AHI) [1] or mul-
tifrequency dual elastic visco (MDEV) inversion [3]. From AHI to MDEV the
quality of the elasticity maps was significantly improved. However, this inversion
methods use the Laplace operator whose second-order derivative amplifies the
noise which affects the consistency of elasticity maps. These problems can be
overcome by using only first-order derivatives to reconstruct noise-robust and
spatially high resolved elasticity maps.

2 Materials and methods

The proposed algorithm[4] reconstructs the shear wave speed c from the acquired
shear wave field induced by time-harmonic vibrations. For MRE the measured

T. Tolxdorff et al. (Hrsg.), Bildverarbeitung für die Medizin 2016,
DOI 10.1007/978-3-662-49465-3_3, © Springer-Verlag Berlin Heidelberg 2016
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complex MRE-data have the structure Sj(r, ωi, t) = Mj(r, ωi, t) exp(iφj(r, ωi, t))
where j refers to the component of the phase field, r to the position, ωi refers to
the vibration frequencies and t refers to the time. For the algorithm all filters
and derivatives are applied in 2D (in-plane). The processing pipeline consists of
the following steps: smoothing, unwrapping, radial-directional filtering, phase
gradient calculation and the weighted averaging inversion.

In the first step the complex shear wave field for all vibration frequencies is
recovered. Therefore the time resolved phase φj(r, ωi, t) is reconstructed from
MRE phase images by applying Gaussian smoothing (σ = 2.75mm) and Lapla-
cian unwrapping [5]. The order of both operations makes a significant difference.
In contrast to other algorithms the smoothing is applied first to stabilize the un-
wrapping procedure (Fig. 2). After temporal Fourier transform the complex
wave field uj(r, ωi) corresponding to the first harmonics is selected for further
processing.

In the second step the shear wave speed c is reconstructed from the complex
wave field. Long wave lengths are suppressed by k-space filtering and the re-
maining shear waves are directional filtered [1], resulting in plane shear waves

Fig. 1. Influence of the order of Gaussian smoothing and Laplacian unwrapping to
the quality of the resulting image for simulated data (S = M exp(iφ) = S′ + i S′′): a)
without noise, b) with noise.
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uj(r, ωi, θn). According to Eq. (1) the combined filter ζ (Fig. 2) is written in
polar coordinates

ζ(ρ, θ) = ρ e
− 1

2

(
θ−θn
σθ

)2

(1)

The high-pass part is linear in ρ and the directional part is a Gaussian shaped
(σθ = 2π/n) in the θ-direction. The directional part differentiate in n = 12
directions θn. After the application of filter ζ the plane shear waves can be
written as shown in Eq. (2)

uj(r, ωi, θn) = A(r, ωi, θn) e
ik(j)(r,ωi,θn)·r (2)

Note that uj is the j-th component of u in contrast the subscript in brackets k(j)

refering to the magnitude of the wave vector which corresponds to the component
of uj. The wave number k can be recovered by the phase gradient method[6] as
shown in Eq. (3).

k(j)(r, ωi, θn) =

∥∥∥∥∇ uj(r, ωi, θn)

|uj(r, ωi, θn)|
∥∥∥∥

=
∥∥∥∇ eik(j)(r,ωi,θn)·r

∥∥∥
=
∥∥∥ik(j)(r, ωi, θn) e

ik(j)(r,ωi,θn)·r
∥∥∥

=
∥∥k(j)(r, ωi, θn)

∥∥
= k(j)(r, ωi, θn) (3)

Fig. 2. Directional and high-pass filter ζ for n = 12 directions.
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The assumption of homogenous tissue leads to the negligibility of the internal
derivatives of k (k(r) � ∇ k(r)). Since the quality of k(j)-maps depends on the
signal to noise ratio of the plane shear waves, a weighted average (Eq. (4)) is
used to combine the different frequencies ωi and directions θn to one final wave
speed map. As weighting factor the shear wave amplitude with the empirical
exponent of 4 is used: wj(r, ωi, θn) = |uj(r, ωi, θn)|4

c(r) =

⎛
⎝∑i,j,n

k′(j)(r,ωi,θn)

ωi
wj(r, ωi, θn)∑

i,j,n wj(r, ωi, θn)

⎞
⎠−1

(4)

3 Results

The new inversion algorithm for multifrequency MRE (k-MDEV) is compared
to the existing inversion methods of single-frequency MRE at 60Hz (AHI) and
multifrequency MRE (MDEV) in the frequency range of 30Hz to 60Hz. This
is shown for a abdominal dataset of a healthy volunteer (Fig. 3). In contrast
to the AHI and MDEV-algorithm, k-MDEV shows by visual inspection more
homogenous shear wave speeds inside the organs as well as clear contours of the
organs. In the presented slice, liver (1,2,3), kidney (4), spleen (5), stomach (6),
intervertebral disk (7) and spinal cord (8) can be identified and even the hepatic
lobes (left lobe (2), right lobe (1), caudal lobe (3)) can be differentiated. The
obtained wave speed values are in good agreement to the values published in the
literature for multifrequency MRE (with MDEV inversion) of the liver [3] and
the kidney [7]. As shown in Fig. 4 in the uterus even the fine structures like
corpus, cervix and endometrium are clearly visible.

k

Fig. 3. Shear wave speed-maps (in m/s) obtained by algebraic Helmholz inversion
(AHI), MDEV-inversion, and k-MDEV-inversion compared to an anatomical high-
resolution T2-weighted MRI scan of same slice position.
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Fig. 4. Shear wave speed-maps (in m/s) of the uterus (red: corpus, blue: cervix,
arrow: endometrium) obtained by k-MDEV-inversion compared to an anatomical high-
resolution T2-weighted MRI of a healthy volunteer.

k

4 Discussion

The main approach of the presented work is the combination of the multy-
directional filtering and the phase gradient method with an external harmonic
excitation which avoids shear wave shading. The new algorithm is less noise
sensitive compared to inversion algorithm’s based on the Laplace-operator and
therefore enables a stable shear wave speed reconstruction even in deeper lying
tissue where shear waves are more attenuated. Due to this noise robustness the
image resolution of elastic parameter maps is for the first time comparable to
the underlying resolution of MR-images. However, the phase gradient method
assumes plane waves and therefore an additional directional filter is required.
The tomographic shear wave speed maps provide a quantitative and biophysical-
based image contrast.
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Abstract. Quantitative Susceptibility Mapping (QSM) is an emerging
Magnetic Resonance Imaging (MRI) technique that provides in-vivo mea-
surements of the magnetic susceptibility of, e.g., brain tissue. In practice,
QSM requires solving a series of challenging inverse problem. Here, we
will address two important steps, the removal of the background field,
which is caused by sources outside the Region of Interest (ROI), and
secondly, the reconstruction of dipole sources. In the recent past both
problems have received attention, however, despite a large interdepen-
dence, each of it has been treated separately. We propose a new method
that makes use of synergy effects by combining both steps. We demon-
strate with numerical experiments that a combined treatment provides a
better reconstruction of dipole sources close to the boundary of the ROI.

1 Introduction

Magnetic susceptibility is a material dependent quantity that can be used to
infer subtle changes of material properties, e.g., disease related changes in con-
centration of iron or changes of the blood oxygen level related to brain activity.
Due to this potential, QSM is used increasingly as a biomarker, e.g., in the neu-
roscience to detect brain activity or neurological disorders such as Alzheimer’s
or Parkinson’s disease; see [1].

QSM requires solving an inverse problem, since the magnetic susceptibility
of tissue cannot be measured directly using MRI. However, varying magnetic
susceptibilities of an object cause measurable inhomogeneities of the magnetic
field when the object is placed into the strong and homogeneous magnetic field
of the MRI device. The field inhomogeneity can be extracted from measured
MRI phase data. It is important to note that the magnetic field inhomogeneity
is affected both by sources inside the region of interest, the so-called local field,
but also by sources outside the region of interest, the background field.

Removing the background field is an essential task in practical applications
of QSM. Most commonly, QSM is performed to estimate the magnetic suscepti-
bility in a region of interest, e.g., the human brain. Therefore, variations in the
magnetic field due to sources outside the brain (mainly air cavities and air-tissue

T. Tolxdorff et al. (Hrsg.), Bildverarbeitung für die Medizin 2016,
DOI 10.1007/978-3-662-49465-3_4, © Springer-Verlag Berlin Heidelberg 2016
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interfaces [2]) need to be removed from the data. This process, in the following
referred to as background field removal is typically performed prior to the field
to susceptibility inversion. Clearly, both parts are interrelated, however, to the
best of our knowledge they have not been addressed in a combined approach.

Most approaches for background field removal exploit the fact that the back-
ground field is harmonic inside the brain, i.e., it satisfies Poisson’s equation.
Based on this observation various different methods have been proposed [3, 4, 2].
Our technique is closely related to [2], where the background field is calculated
by solving Poisson’s equation inside the brain using Dirichlet boundary condi-
tions extracted from the phase data. While this is a very effective approach (see
comparison to other methods in [2]), extracting the boundary conditions may
be prone to error in applications in which there is no reliable MRI signal in the
background. This is, e.g., an issue at the boundary of the brain, where the local
and the background field have significant overlap. Our method aims to overcome
this drawback by estimating the boundary conditions directly from the data.

Dipole inversion, which is the process of estimating the magnetic susceptibil-
ity from a given field inhomogeneity, is known to be a challenging and ill-posed
inverse problem [5]. The forward operator in QSM is rank deficient and there-
fore no unique solution exists, unless multiple acquisitions are performed with
the patient being re-oriented with respect to the scanner [6]. Also, the inversion
is highly sensitive to noise in the data and so the inverse problem requires both
careful treatment of the rank deficiency and regularization. Our in-house dipole
inversion is closely related to [7], in which total variation regularization with a
gradient masking obtained from a structural image is proposed.

This paper presents a novel background field removal approach and a nu-
merical method for jointly estimating the background field and reconstructing
magnetic susceptibility. Using numerical phantom experiments, we show that
our background field removal preserves more signal caused by dipole sources
close to the boundary compared to established methods [7]. We also show that
the joint approach provides superior reconstruction quality in these cases.

2 Materials and methods

This section provides a mathematical formulation of the proposed background
field removal technique and a framework for joint background field removal and
dipole inversion. We also briefly discuss the numerical implementation of the
method and the experiments performed to show the potential of both methods.

2.1 Estimating the background field

Let Ω ⊂ R
3 be the region occupied by the tissue of interest, e.g., the brain. We

assume that the main magnetic field is aligned with the x3-axis and that the
x3-component of the total magnetic field, fT : Ω → R, is given as the sum of the
x3-components of the background field, fB, and the local field fL. As described,
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e.g., in [2] the background field is harmonic inside Ω, i.e., it satisfies

ΔfB(x) = 0 for x ∈ Ω and fB(x) = b(x) for x ∈ ∂Ω (1)

where b : ∂Ω → R denotes boundary values that are in general unknown.
The discretized background field fB then satisfies the linear system

AinfB = −Abcb (2)

where Ain is a finite difference discretization of Poisson’s equation inside Ω and
Abcb corresponds to the boundary conditions.

Given discrete measurements of the total field fT, our background field re-
moval method estimates the boundary conditions by solving the regularized
least-squares problem

min
b

{
1

2
‖ −A−1

in Abcb− fT‖2M +
β

2
‖b− bref‖2

}
(3)

where bref can be used to encode prior knowledge on the expected solution.
Further, the diagonal weighting matrix M incorporates noise information [7].
The regularization parameter β > 0 is automatically estimated using a hybrid
method based on generalized cross validation (GCV) [8] and the linear system (2)
is solved approximately using a conjugate gradient (PCG) method with incom-
plete Cholesky preconditioner.

2.2 Combined background field removal and dipole inversion

The tasks of background field removal and dipole inversion based on the local
field are clearly inter-dependent. Therefore, we suggest a combined treatment

min
x,b

{
1

2
‖Fdiag(d)F∗x−A−1

in Abcb− fT‖2M + α‖WGx‖1 + β

2
‖b− bref‖2

}
(4)

where F is the unitary three-dimensional discrete Fourier transform (DFT) and
d the dipole kernel; see [9]. The matrix G is a discrete image gradient and the
diagonal matrix W has binary entries and is used to introduce edge information
from anatomical images; see [7]. The regularization parameter α balances mini-
mizing the misfit and the total variation regularizer and needs to be selected by
the user. The parameter β is tuned automatically as before.

The non-smooth optimization problem (4) is approximately solved using the
Split-Bregman method [10] with LSQR [8] as a least-squares solver.

2.3 Numerical phantom study

As in [2], we consider a numerical phantom to demonstrate the effectiveness of
the proposed background field removal technique and of the joint reconstruction
framework. Test data are obtained by varying the position of a unit dipole in
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a brain mask on a regularly spaced grid. The matrix size in this experiment
is 128 × 128 × 56 and the brain mask is obtained from the MEDI package [7].
For each unit dipole χ in a given position, the caused local field fL is calculated
using an explicit formula ( [2]). In all experiments, 10% Gaussian white noise
was then added and the result was used as input for the total field fT.

Note that there is no background field in this experiment and thus, the ideal
background field removal should return the total field fT as an estimation of
the local field fL. In the first experiment, we vary the location of the dipole
for all brain points within an arbitrarily chosen slice and compare LBV and the
proposed method described in Section 2.1. A total of around 4,500 experiments is
performed. In the second experiment, we vary the dipole sources on a horizontal
line within this slice and compare the susceptibility reconstruction of LBV [2]
and MEDI [7] with our combined method. As an error measure we use

RE(f̂L) =
‖f̂L−fL‖2
‖fL‖2

, and respectively RE(χ̂) = ‖χ̂−χ‖2
‖χ‖2

(5)

where f̂L is the estimated local field and χ̂ the estimated susceptibility.
Finally, we compare results of our joint inversion to results from MEDI for

a dipole source placed close to the boundary. The regularization parameter α
in (4) was manually chosen and a comparable value was used for MEDI. All
experiments were carried out using MATLAB c© on a standard workstation with
(16GB RAM, Intel i5 with 4x3.3Ghz).

3 Results

Relative errors of background field removal techniques applied to the unit dipoles
are shown exemplarily for one slice in Fig. 1. Each intensity value corresponds to
the relative error of the background field removal for a unit dipole placed in this
voxel. The colormap is scaled equally in both plots to simplify comparison be-
tween LBV [2] and the proposed method described in Eq. (3). As to be expected,
larger errors are observed for dipole sources placed close to the boundary of the
mask, however, the error is considerably smaller for the proposed method. Es-
timating the background field using (3) required at most 30 iterations of LSQR

(a) LBV [2] (b) our method (c) location of line (d) relative errors

Fig. 1. Left: Relative errors of background field removal algorithms for unit dipoles
placed at different locations within the brain. Right: Relative errors of our proposed
joint method (blue curve) and for the results of applying LBV [2] and MEDI [7] (red
curve) for unit dipoles placed on a horizontal line within the brain.
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Table 1. Reconstruction results for a unit dipole placed close to the boundary of
the brain mask (represented by red contour lines). Zoomed plots for a small region of
interest (depicted as blue rectangle in first plot) are provided. The colormaps are equal
for ground truth background field (equal to zero), local field, and unit dipole.

Ground truth LBV+MEDI Proposed method (4)

Iteration 1 Final iteration

Background

Local field

RE 97.6% 35.4% 32.3%

Reconstruction

RE 100 % 57.4% 46.0%

and so 60 solutions to the PDE (2) whereas the method in [2] requires only one
solution. However, iterative methods can be used and efficient preconditioners
for Poisson’s equation exist.

In Fig. 1, we furthermore compare reconstruction results of LBV [2] and
MEDI [7] with our proposed joined method, for dipole source placed on a hori-
zontal line inside the brain mask. The location of the randomly chosen line and
the relative errors of each method are displayed.

Tab. 1 shows reconstruction results for a dipole placed close to the bound-
ary. The second column shows the results obtained by applying LBV [2] and
MEDI [7]. It can be seen that a considerably part of the total field is falsely in-
terpreted as background field and therefore ignored in the QSM reconstruction.
Therefore, the strength of the dipole is estimated at 0.0357 instead of 1. The
third column shows results obtained in the first iteration of the joint method.
Note that less signal is estimated as background field and so the signal of the
reconstructed dipole is stronger (maximum is around 0.54). After 5 iterations of
the combined reconstruction method, the reconstructed susceptibility and back-
ground field is visually almost identical to the ground truth (maximum around
0.7). While yielding superior results, the proposed method is computationally
more expensive (avg. computation times are 220 sec vs 80 sec for LBV+MEDI).


