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Highlights

e Magnetic susceptibility is an intrinsic tissue property that determines tissue magnetisation in
response to an applied magnetic field and depends on the tissue composition and
microstructure

e Relative susceptibility maps can be calculated from T2*-weighted gradient-echo phase
images

e There are several steps to the susceptibility mapping process including: accurate
combination of phase images from multiple RF coil channels, phase unwrapping, removal of
large-scale background fields, and susceptibility calculation by regularised inversion. There
are many algorithms available for each stage of this processing pipeline.

e Susceptibility maps reveal information about tissue iron, myelin, and deoxyhaemoglobin
content, venous oxygenation, calcifications and any other sources of sufficient concentration
and susceptibility.

e Tissue susceptibility is also affected by tissue microstructure and compartmentalisation and
the susceptibility in white matter has been found to be anisotropic.

e Models of complex microstructural effects need to be developed and incorporated into
susceptibility mapping methods if they are to yield the maximum microstructural
information.

Susceptibility Basics

TARGET AUDIENCE — Scientists and clinicians interested in understanding the basis of and methods
for generating tissue magnetic susceptibility images and why they are useful for revealing
microstructural information.

OBJECTIVES - Following this contribution, participants should be able to:
e understand what tissue magnetic susceptibility is
e implement susceptibility mapping techniques to create susceptibility images
e understand what susceptibility maps can tell us about tissue composition and
microstructure

WHAT IS SUSCEPTIBILITY?

Susceptibility is an intrinsic bulk material or tissue property that determines how the material or
tissue will interact with and behave in an applied magnetic field [1]. Tissues with positive
susceptibility values are paramagnetic (i.e. their magnetisation increases with the applied magnetic
field strength) and those with negative susceptibility values are diamagnetic. The reason we are
interested in tissue magnetic susceptibility is that it is directly related to the tissue composition and
microstructure. A simple way to understand how different tissue constituents contribute to the
overall bulk magnetic susceptibility of the tissue is through Wiedemann’s Additivity Law [2]. This law
states that the overall susceptibility of a mixture of components is the sum of the susceptibility of
each component weighted by its mass fraction or relative volume of occupation depending on
whether we are calculating mass or dimensionless (volume) susceptibilities respectively. There are of
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course complications to this law (such as chemical reactions or conformational changes in
macromolecules) but it is a useful conceptual aid nonetheless.

HOW CAN WE MEASURE TISSUE MAGNETIC SUSCEPTIBILITY?

Now that we have established that susceptibility depends on tissue composition, how might we
actually measure this tissue magnetic susceptibility? The key to this is that the phase of the complex
MRI signal in simple T2*-weighted gradient-echo MRI sequences is directly determined by the
underlying tissue magnetic susceptibility [3, 4]. Therefore we can exploit the rich contrast available
in these phase images [5] to calculate maps of the underlying tissue magnetic susceptibility
distribution.

This process of susceptibility mapping has developed rapidly over the last few years and has been
described in a few recent review papers [6-8]. It is not as simple as it might first appear for several
reasons: Phase images suffer from phase wrapping or aliasing and there are a large variety of
unwrapping algorithms available, e.g. [9-11], each with their own advantages and drawbacks. The
measured phase also depends upon imaging parameters such as the echo time (TE) and the voxel
aspect ratio [12, 13]. It is important to be aware that the phase will also be affected by hardware
differences in vendor systems such that there are two phase sign conventions [14]. Furthermore,
when using multiple channel radio frequency coils, it is crucial to ensure that the phase images from
each of the coil channels is combined correctly to reconstruct an accurate phase image [15-18]
otherwise intractable artifacts known as open-ended fringe lines or phase singularities can occur.

For susceptibility mapping we need to take all of these effects into account. In addition to coil phase
combination and phase unwrapping, the next step in calculating susceptibility maps is to remove
large-scale background phase variations caused primarily by the relatively large susceptibility
difference between tissue and air in cavities and outside the body. These background phase
variations are often much larger than the susceptibility-induced phase differences of interest
between different tissues and there are now a wide variety of techniques for removing them, e.g.
[19, 20]. However, it is important to note that, as a result of removing these background phase
variations, the contrast observed in susceptibility maps is relative rather than absolute.

The final step in calculating susceptibility images from these processed phase images is to solve the
inverse problem i.e. calculate the susceptibility distribution from the measured phase images.
Formulated in real space, the inverse problem is a deconvolution of the unit dipole function (the
dipole kernel that describes the field distribution from a susceptibility point source) from the
measured phase distribution. However, this becomes much simpler in the Fourier domain (k-space)
as we can exploit the convolution theorem so that the inverse problem can be written as a simple
division. Problems occur where the denominator (the Fourier transform of the dipole kernel) tends
to zero as the result will then tend to infinity.

Several methods have been developed to overcome this ill-conditioned nature of the inverse
problem. K-space based algorithms do this by removing, substituting or correcting the data inside ill-
conditioned regions on and near two conical surfaces in k-space. Different methods can be classified
according to whether they require acquisitions at multiple angles [21] or at a single orientation [22,
23] with respect to the main magnetic field. Some of these methods, based on thresholding the
denominator (so-called Thresholded K-space Division or TKD methods [22, 23]), may be affected by
streaking artifacts but these can be minimised by an appropriate choice of the threshold and a
corresponding scaling of the resulting susceptibility map [24]. These k-space-based approaches are
straightforward and computationally efficient relative to image-space-based methods. The latter e.g.
[25-28] rely on a variety of techniques for regularizing the inverse problem e.g. by iterations and/or
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by incorporating spatial prior information. These may result in a smoothed susceptibility map
affected by the spatial prior information introduced. Newer hybrid methods exploit the advantages
of both formulating the problem in k-space and solving it using image space information [29, 30].

The key message is that there are now a large variety of algorithms available, each one with its own
relative merits and disadvantages. The tissue magnetic susceptibility maps produced using these
methods have important advantages over the processed phase images from which they were
calculated; they overcome the non-local and orientation-dependent nature of the contrast in phase
images [31], allowing improvements in the visualisation of tissue structure and composition.

WHAT DOES SUSCEPTIBILITY TELL US ABOUT TISSUE COMPOSITION AND MICROSTRUCTURE?

IRON CONTENT

Tissues rich in ferritin (stored iron) are relatively paramagnetic and show strong contrast in
susceptibility maps. Several investigators have found strong correlations between the measured
tissue magnetic susceptibility in brain regions such as the red nucleus, substantia nigra and putamen
and their iron content, often estimated from post-mortem studies [19, 22, 32, 33]. Tissue MRI
susceptibility values have also been found to correlate with iron content measured in the same
tissue using independent methods such as X-ray fluorescence imaging and inductively coupled
plasma mass spectrometry [34, 35].

Phase contrast between cortical layers has also been shown to have a strong contribution from
tissue iron as extracting the iron from fixed visual cortex has been shown to virtually eliminate the
intra-cortical phase contrast [36]. In that study, the phase images showed a very small, (opposing)
residual contrast that may be due to increased myelination in some cortical layers such as the stria
of Gennari (see below). The dependence of susceptibility image contrast on iron content has been
exploited for several clinical applications, for example to improve targeting of structures for deep-
brain stimulation [37] and as a marker of increased iron content in the substantia nigra in patients
with Parkinson’s disease [38].

DEOXYHAEMOGLOBIN

It is well-established that deoxyhaemoglobin is paramagnetic with respect to most tissues and this is
the basis of functional MRI and susceptibility-weighted imaging (SWI) [7, 39]. Despite being the
dominant source of phase contrast in and near blood vessels, the contribution of endogenous
deoxyhaemoglobin to the intrinsic phase contrast between grey and white matter in the brain has
been shown to be negligible [40]. Because deoxyhaemoglobin is paramagnetic, susceptibility maps
highlight the venous vasculature [41] and because the venous susceptibility depends linearly on the
deoxyhaemoglobin concentration, susceptibility mapping allows quantification of venous
oxygenation [42, 43]. The high paramagnetic susceptibility of deoxyhaemoglobin and other blood
products (e.g. haemosiderin) has also enabled susceptibility maps to reveal and assess microbleeds
[44-46]. A further and swiftly emerging application is the utilisation of endogenous oxygenation-
dependent susceptibility contrast for functional imaging [47-49].

MYELIN

In addition to revealing paramagnetic contributions, susceptibility maps also show prominent
diamagnetic sources including myelin which is thought to have a slightly more diamagnetic
susceptibility than other tissues due to its high lipid content [5, 50]. Demyelination, induced by a
cuprizone diet [50] or in shiverer mice [51], has been shown to almost completely remove the
susceptibility-induced contrast between grey and white matter. Changes in the susceptibility
contrast in and around Multiple Sclerosis lesions has been attributed to changes in both myelination
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and iron content [18, 52-55] as well as microstructural alterations and this is an active and
occasionally controversial area of research [56-60].

ETC

It follows from Wiedemann’s Law and the examples above that any diamagnetic or paramagnetic
tissue constituents can contribute to susceptibility contrast if they are present at sufficient
concentrations and/or have a large enough (positive or negative) susceptibility. Thus, we can
observe calcifications and distinguish them from haemorrhages in susceptibility images [61, 62] as
calcium compounds are strongly diamagnetic. A recent study has also used susceptibility mapping to
measure the effect of copper accumulation in the brain in Wilson disease [63].

MICROSTRUCTURE & SUSCEPTIBILITY ANISOTROPY

In addition to its composition, tissue’s structure at several different scales affects the susceptibility
contrast. Even if a tissue structure’s overall macroscopic shape and geometry remain constant, if its
microstructural orientation with respect to By is altered, this changes the phase contrast and
correspondingly the calculated magnetic susceptibility [64]. This phenomenon has been explained by
susceptibility anisotropy [65]. Susceptibility anisotropy has been measured in white matter (whose
fibres are found to be more diamagnetic when they run perpendicular to Bo) and seems to arise from
the highly ordered macro-molecular structure of the lipid bilayers in the myelin sheath [66]. This
effect has been exploited in Susceptibility Tensor Imaging [65, 67, 68] to reveal white matter
structure via a mechanism complementary to that utilised in Diffusion Tensor Imaging.

Tissue cellular architecture, orientational ordering and compartmentalisation [69] play an important
role in phase and susceptibility contrast [56-60, 68, 70, 71], with protons diffusing within, exchanging
between and selectively sampling compartments with different susceptibilities and magnetic fields.
Fibre-orientation-dependent phase contrast has been explained by a simple two-pool model in
which the myelin sheath is modelled as a hollow cylinder of anisotropic susceptibility with water in
the sheath having a reduced T2 and proton density than its surroundings [68]. All of these complex
microstructural effects need to be modelled and these models need to be incorporated into
susceptibility mapping methods to allow them to give us as much accurate information as possible
on the underlying tissue composition and microstructure.
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