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Abstract

Purpose To review the fundamental principles of sus-
ceptibility-weighted imaging (SWI) and quantitative sus-
ceptibility mapping (QSM), and to discuss recent clinical
developments.

Methods SWI is a magnetic resonance imaging method
that takes advantage of magnitude signal loss and phase in-
formation to reveal anatomic and physiologic information
about tissue and venous vasculature. The method enhances
image contrast qualitatively, relying on phase shifts due
to differences in magnetic susceptibility between tissues.
QSM, extending SWI in an elegant way, is a new sophisti-
cated postprocessing technique that numerically solves the
inverse source-effect problem to derive local tissue magnet-
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ic susceptibility (source) from the measured magnetic field
distribution (effect) as it is reflected in the phase images of
gradient-echo sequences.

Results SWI has meanwhile been established in numerous
clinical as well as basic biomedical applications due to its
ability to highlight tissue structures and compounds that
are difficult to detect by conventional magnetic resonance
imaging (MRI), including iron, calcifications, small veins,
blood, and bones. The field of QSM has also progressed rap-
idly, both in terms of optimizing the post-processing strate-
gies and algorithms as well as in gaining ground for new
clinical applications that take advantage of its quantitative
nature and improved specificity to identify the magnetic sig-
nature of lesions.

Conclusions Though magnetic susceptibility may be a ma-
jor nuisance producing image artifacts in MRI, recent work
has transformed it into a useful source of image contrast.
Both SWI and QSM are gaining increasing acceptance
in clinical practice. In particular, QSM provides new in-
sights into tissue composition and organization due to its
more direct relation to the actual physical tissue magnetic
properties.

Keywords Magnetic resonance imaging - Magnetic
susceptibility - Susceptibility-weighted imaging -
Quantitative susceptibility mapping

Introduction

Contrast generation in magnetic resonance (MR) imaging
conventionally relies on the exploitation of several basic
physical tissue properties. These basic properties typically
include the spin density of the various biological tissues or
fluids being analyzed and the longitudinal and transverse
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relaxation time constants of these tissues or fluids. There
also exists a plethora of other physical phenomena, like dif-
fusion, perfusion, flow, chemical shift, or spin exchange,
that have been taken advantage of to impart characteristic
contrast in MRI.

Magnetic susceptibility, a basic material property that
measures the ability of a substance to become magnetized,
has only relatively lately been transformed into a useful
source of intrinsic tissue image contrast. Susceptibility-
weighted imaging (SWI) is one particular type of suscep-
tibility-based MR imaging that uses phase information
derived from gradient-echo imaging with relatively long
echo times to enhance image contrast. SWI has meanwhile
become established in the neuroimaging toolbox as it allows
highlighting tissue structures and compounds that may be
difficult to detect by conventional MRI. Since the first
description in 1997 [1], SWI has been proven useful in a
multitude of clinical applications including high-resolution
MR venography, imaging of traumatic intracranial hemor-
rhage, visualizing blood products and vascularization of
tumors or assessing iron deposits in the brain [2—06].

One limitation of SWI, however, is related to the fact that
the phase, despite reflecting the actual magnetic field locally,
is affected by tissue geometry and orientation relative to
the static main magnetic field (B ), and that phase changes
extend beyond areas from which they are originating. Con-
sequently, efforts have more recently concentrated on over-
coming this nonlocal phase problem and deriving tissue
susceptibility in vivo directly by solving the inverse prob-
lem. The developed postprocessing technique, commonly
referred to as quantitative susceptibility mapping (QSM),
recovers the susceptibility distribution of the human brain
and body from the measured local field (i.e. phase) distribu-
tion [7—14]. The new field of QSM is growing rapidly and
initial clinical susceptibility mapping studies have already
been carried out with larger studies underway [15-19]. The
purpose of this brief report is to review the principle and
the current status of susceptibility-weighted imaging and its
quantitative extension.

Fig. 1 Left: Magnitude image of
a 3D T2*-weighted gradient-echo
scan acquired at 3 T. Middle:
Corresponding phase image in
which phase wraps and unwanted
background fields have been
removed [13]. Right: Recon-
structed susceptibility map, show-
ing the magnetic susceptibility
distribution of brain tissue. The
displayed susceptibility values
are referenced to frontal white
matter (0 ppm)
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Table 1 Magnetic susceptibility, , of biological tissues and substances

Tissue/substance Volume magnetic Refer-
susceptibility (X) ences
Pure water (T=37°C) -9.05x10°° [20]
Human tissue ~(—11to —=7)x10°° [20]
Myelin —10x10°° [20]
Red blood cell (deoxygenated) -6.52x10°° [20]
Red blood cell (oxygenated) -9.19x10°° [35]
Red blood cell (methemoglobin) =7.2x107° [35]
Bovine rib bone powder -11.3x10°° [36]
Ferritin (fully loaded with 4500 +520 x 10°¢ [20]

Fe?"ions)

Basic Concepts

Magnetic susceptibility is a fundamental physical property
([20], Table 1) that can significantly affect MR image con-
trast. Using T, *-weighted gradient-echo imaging, variations
of tissue magnetic susceptibility typically lead to local sig-
nal cancellations in magnitude images and nonlocal changes
in phase images due to the induced frequency shifts (Fig. 1,
left and middle). SWI dramatically enhances image contrast
qualitatively between tissues of different magnetic suscep-
tibility by combining the magnitude and the phase into a
single image, the so-called susceptibility-weighted image.
To this end, the phase images are filtered to remove phase
wraps and unwanted background fields, and afterwards
combined with the corresponding magnitude via multiplica-
tion. This process is usually followed by a minimum inten-
sity projection [1, 2, 4].

QSM obtains quantitative maps of bulk tissue magnetic
susceptibility, employing the very same phase signal as
conventional, dual- or multi-echo, gradient-echo (GRE)
magnetic resonance (MR) sequences [7]. Hence, sus-
ceptibility maps come, in principle, at no additional cost
from examinations including the well-established SWI
technique. QSM is achieved by, first, estimating the mag-
netic field distribution from raw MRI phase data, second,
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Fig. 2 Left: Magnetic resonance venography of a healthy subject ac-
quired at 7 T. Inverted minimum intensity projection over 20 mm of
median-filtered susceptibility-weighted images (SWI). Cortical, cen-
tral, and medullary veins are clearly visible as bright tubular struc-
tures, illustrating the complexity of the cerebral venous vascular sys-
tem. Right: Visualization of the blood oxygenation in venous vessels.
Quantitative susceptibility mapping (QSM) allows analysis of the

eliminating background field contributions that result from
susceptibility sources outside of the area of interest (e.g.,
brain) and, third, solving the inverse problem from field
perturbation to magnetic susceptibility. However, each of
these post-processing steps needs to be carried out very
carefully and tailoring algorithms for QSM still represents
an active area of research [12—14, 21-23]. Paramagnetic
substances, such as deoxyheme and ferritin, appear bright
on susceptibility maps (Fig. 1, right) and diamagnetic sub-
stances, such as calcium and myelin, appear dark [12], thus
allowing for, e.g., specific differentiation of calcified
from hemorrhagic lesions [15, 24], which has been dif-
ficult so far with MRI.

Applications of Quantitative Susceptibility Mapping

In this section, several areas of recent research are briefly
discussed with a focus on applications related to neuroradi-
ology and neuroimaging.

MR Venography and Oxygen Saturation

One of the first hallmarks of SWI has been the visualization
ofthe venous vascular network of the human brain in unprec-
edented detail ([1, 2, 4], Fig. 2, left). With the development
of QSM, it has now even become possible to estimate oxy-
gen saturation directly in the venous blood vessels ([9, 25],
Fig. 2, right), opening the door for a characterization of the
subject-specific vasculature, which may have implications
for, e.g., presurgical planning procedures or identifying
venous anomalies such as telangiectasia (Fig. 3d).

Oxygenation

local oxygenation level within veins in vivo by converting the suscep-
tibility values in the veins to the underlying oxygen saturation. (Serres
B, Deistung A, Schéfer A, Kocinski M, Materka A, Reichenbach JR.
Automatic segmentation of the venous vessel network based on quanti-
tative susceptibility maps and its application to investigate blood oxy-
genation. Proceedings ISMRM 2015, #169)

Traumatic Brain Injury

One key application of SWI and QSM with great potential is
imaging of traumatic brain injury (TBI) or mild TBI, due to
the great sensitivity towards depicting (micro-)hemorrhages
that result from blood-brain barrier permeability changes
and injuries of small vessels, particularly in settings of dif-
fuse axonal injury ([26], Fig. 3a). In addition, first experi-
mental reports have further indicated that QSM may reveal
distinctly greater differences in mild TBI compared with
fractional anisotropy derived from diffusion tensor imaging
indicating damage to myelin and not just the axonal mem-
branes [27].

Cerebral Microbleeds and Vascular Malformations

Concerning detection of cerebral microbleeds (CMB), T *-
weighted GRE imaging and SWI are currently considered
the methods of choice due to their sensitivity in delineating
the paramagnetic effects of intraparenchymal hemosiderin
deposits. However, the appearance of hypointense lesions
associated with CMB on these images is highly sequence
parameter dependent, limiting, for example, longitudinal
comparisons. QSM, on the other hand, elegantly removes
these blooming artifacts, reduces the geometric dependence,
and can be used as a universal quantitative measure of lesion
burden [13, 14]. QSM has recently also been applied to
evaluate iron deposition in these lesions in human cerebral
cavernous malformations (CCM) [17], providing a potential
biomarker for monitoring CCM disease activity and treat-
ment response.

@ Springer



228

J. R. Reichenbach et al.

Fig. 3 Collection of clinical cases acquired at 1.5 and 3 T, respectively.
a Susceptibility-weighted imaging (SWI) of a 3-year-old patient with
diffuse axonal injury showing multiple hemorrhages in the occipital
part of the brain. b Quantitative susceptibility mapping (QSM) and
¢ corresponding FLAIR image of a patient with multiple sclerosis
(MS). QSM displays the lesions not only similarly to the ones on the
fluid-attenuated inversion recovery (FLAIR) image (white circle) but
also shows additional lesions (dashed white circle) as well as addi-

Multiple Sclerosis

SWI and QSM have both been successfully applied to
patients with multiple sclerosis for detecting MS lesions
(Fig. 3b, c¢) and visualizing their anatomical relationship
with penetrating veins [4]. It has, however, been argued that
combining QSM with further quantitative MRI contrasts
(e.g., relaxation rate maps, magnetization transfer images)
may turn out beneficial for disentangling the main contribu-
tors of brain tissue contrast, namely iron concentration and
non-iron contributions (e.g. myelin), particularly in white
matter. The rationale for this relates to the fact that QSM
provides information on an intrinsic biophysical tissue
property which is complementary to, for example, relax-
ation rate mapping. Results have demonstrated that QSM
is indeed more sensitive to disease induced tissue changes
(e.g., neurodegeneration with brain iron accumulation) than
other quantitative MRI methods [13, 14, 16] and allows
assessment of tissue changes even in patients at early stages
of MS [18].

@ Springer

tional information about MS lesion structure (black circle). d Suscep-
tibility map of a patient (5 years) with cortical telangiectasia. e SWI
and f QSM of a 46-year-old patient with glioblastoma in the frontal
lobe, who was treated with bevacizumab. Several bleedings (arrow
head, more paramagnetic lesions) and calcifications (arrows, more
diamagnetic lesions) are seen in the tumor area that are discriminable
with QSM but not with SWI. (Figure parts e and f adapted from [15])

Brain Tumors

In the study of primary brain neoplasms, especially
malignant glioma, SWI has demonstrated its advantages
in depicting the intratumoral architecture encompass-
ing venous vasculature, blood products, calcification, and
edema [28]. With QSM, however, it has become possible
to unequivocally differentiate between paramagnetic blood
deposits and diamagnetic calcifications in brain tumors [15].
Furthermore, it was also demonstrated with QSM that cal-
cifications occur in recurrent glioblastoma (Figs. 3e, f). Pro-
viding a promising biomarker to evaluate patient response
and therapeutic outcome, it is anticipated that QSM will
influence differential diagnosis of enhancing brain lesions,
assessment of their progression as well as understanding the
underlying pathophysiology.
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Discussion

Magnetic susceptibility is a constitutive tissue property
that changes with tissue or organ function, disease state,
and intervention. Since SWI data can be acquired with any
generic 2D or 3D gradient echo sequence, the technique can
be used with all common clinical MRI scanners, making it
highly convenient and robust for routine clinical work. Since
the contrast is based on small susceptibility differences and
the method uses gradient echo imaging with rather small
SAR limitations, it is particularly suited for high and ultra-
high field applications. Clinical applications of SWI have
been continuously growing over the years with increasing
indications for neuroradiology.

QSM—representing the quantitative extension of SWI—
provides quantitative information about magnetic suscepti-
bility distributions in various brain regions, thereby offering
unique and specific insight into disease development and
progression in patients. Being the result of an ill-posed
inverse reconstruction approach that maps the phase, that is,
the magnetic field, into a source image means, however, that
there are multiple mathematical susceptibility distributions
corresponding to the same measured field. To find a reason-
able solution usually requires additional prior information, a
process that is commonly referred to as regularization. The
simplest regularization is to construct a regularized inverse
filter kernel in k-space and to perform a kernel division in
Fourier space. Although being usually computationally effi-
cient and easy to implement [29, 30], these methods usually
produce results with streaking artifacts as they provide erro-
neous susceptibility energy in the zero-cone region of the
dipole kernel. Alternate and more sophisticated regulariza-
tion methods impose priors like morphological consistency
of the susceptibility map [31, 32], piecewise constant sus-
ceptibilities [24, 33] or weighted k-space derivatives [11].
Further approaches include solving the inverse problem by
oversampling the data based on multiple orientations [8]
or improving the information in the cone of singularity by
using efficient k-space/image-domain iterative algorithms
where in each iteration, the data points in the cone of singu-
larities are updated with geometry-dependent information
[34]. Despite impressive progress that has been made in
recent years with respect to the development of QSM algo-
rithms, there is still ongoing research to identify the best
approach in solving the intricate source-effect problem.

Independent of these challenges, QSM is an emerg-
ing and currently fast growing area in the field of medical
imaging. Besides the clinical applications outlined before,
it enables also biophysical studies in neuroimaging, provid-
ing an important tool for neuroscience. Applying QSM to
investigate white matter tracts and iron deposition holds
great promise in better understanding, diagnosing, and
treating neurodegenerative brain disorders. Although QSM

is only able to quantify magnetic susceptibility in relation
to a (mostly internally chosen) reference value rather than
in absolute terms, it nevertheless offers a unique opportu-
nity to correlate susceptibility values with clinical condi-
tions and treatment outcomes. Lastly, physical and technical
extensions to QSM have already been undertaken to explore
the anisotropic nature of magnetic susceptibility by apply-
ing so-called magnetic susceptibility tensor imaging (STI)
[6] that provides information about the structure of white
matter complementary to DTI and also helps in disentan-
gling the complex microstructures of the human brain and
their contributions to magnetic susceptibilities.

Conclusion

Quantitative susceptibility mapping provides a novel, quan-
titative contrast of an intrinsic physical tissue quantity that
reflects the response of tissue to the presence of a static
magnetic field. QSM represents an important step towards
more specific imaging of tissue properties and a major addi-
tion to the neuroimaging armamentarium with important
implications for routine applications due to its high specific-
ity, in particular with regard to differentiating between the
magnetic signatures of lesions.
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