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Abstract

Magnetic susceptibility can be assessed by quantitative susceptibility mapping (QSM), based on measured magnetic resonance
imaging (MRI) phase data. The QSM reconstruction process is, however, mathematically challenging and still not fully robust. A
signal-generating holmium [Ho(IlI)] aqueous solution with air-equivalent magnetic susceptibility was prepared, and used as a
surrounding medium in a water phantom with tubes filled with a solution of gadolinium contrast agent at various concentrations.
Extendedanalysesunder controlled conditionswereaccomplished by simulations ofthe phantom construction. Withoutsurrounding
holmium solution, a gadolinium tube positioned centrally, parallel with BO, showed a susceptibility difference that agreed well with
theoretical values, whereas a peripheral parallel tube position showed larger deviation. Orientation perpendicular to BO resulted
in less variation between the internal tube positions. Air-equivalent magnetic susceptibility corresponded to 16.5 mM Ho(IlII)
solution. With surrounding holmium solution, several post-processing steps became challenging. Simulations indicated higher
degree of underestimation when the theoretical susceptibility difference increased. Details in the mathematical implementation,
for example, background field removal can strongly influence the result. Simulated results were, in part, unexpected, and provided
awareness of limitations in the reconstruction technique, mainly related to conditions with large susceptibility differences between
compartments.
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Introduction biomarker for diagnosing preclinical Alzheimer’s
disease, elevated iron concentration in substantia nigra
is associated with Parkinson’s disease, and multiple
sclerosisis associated with demyelination and increased
iron deposition in deep grey matter [1, 4].

Magnetic susceptibility is a physical quantity that
indicates the degree of magnetization of an object when
exposed to an external magnetic field. Assessment of
magnetic susceptibility can be accomplished using
quantitative susceptibility mapping (QSM), based on
extracting the spatial tissue susceptibility distribution *Corresponding author: Ronnie Wirestam, Department of Medical
from the measured magnetic resonance imaging (MRI) Radiation Physics, Lund University, Skane University Hospital, SE-22185
phase by solving an inverse problem [1] Development 1131::, Sweden. Telephone: +4646177159; Email: ronnie.wirestam@med.
is further spurred by the introduction of ultra-high-

field MRI and the associated increase in sensitivity to
magnetic susceptibility differences [2].
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Additionally, the sensitivity to deoxyhemoglobin (dHb)
and venous oxygen saturation makes QSM a suitable
technique to non-invasively assess brain oxygen
extraction and to support studies of cerebral oxygen
metabolism. In several diseases, the venous oxygen
saturation and oxygen extraction fraction (OEF) is
altered, and venous oxygen imaging could serve as an
important biomarker associated with disturbed oxygen
supply [1, 4, 5].

A dynamic contrast-enhanced QSM-based approach
for measurement of perfusion has also been proposed,
analogous to dynamic susceptibility contrast MRI (DSC-
MRI). Because the magnetic susceptibility is linearly
related to contrast-agent (CA) concentration, QSM-
based quantification is, in principle, feasible by dynamic
measurements of the induced susceptibility shifts in
combination with knowledge of the molar susceptibility
of the CA [6-8].

The QSM reconstruction process is, however,
mathematically challenging and still not fully robust
[2, 5]. Critical issues include acquisition of high-quality
phase data, lack of signal from surrounding air, phase
data post-processing and QSM reconstruction [9]. At the
current stage, validations and systematic comparisons
are required to allow further progression towards
clinical implementation.

Originally, this study aimed at investigating the impact
of lack of MRI signal and phase information from
surrounding air, by introducing a surrounding aqueous
solution with air-equivalent magnetic susceptibility,
prepared by doping water with strongly paramagnetic
Ho(IlI)-ions. Holmium has, in this context, the advantage
ofhavingonlyalimitedimpactonthe MRrelaxationtimes.
QSM reconstruction is, however, challenging when large
susceptibility differences between compartments are
present. Hence, this report presents observations made
by use of simulations and pilot phantom experiments at
7 T, in connection with QSM reconstruction challenges
related to large susceptibility differences and positions
near boundaries.

Methods
Theory of quantitative susceptibility mapping

In the brain, the most abundant molecule is water,
showing negative volume susceptibility (Xwawer=-9.032
ppm) (Sl-units). The presence of paramagnetic or
diamagnetic substances will affect the susceptibility so
thatXw=Xwaer +AX. However, sinceregional susceptibility
variations among brain tissues are generally small
(#0.1 ppm), brain tissue is still overall diamagnetic.
Tissue-specific variations of magnetic susceptibility

will disturb the homogeneity of the static magnetic field
in an MRI scanner and produce a non-local magnetic
field perturbation. The manifested phase change, A¢(1),
at a given location r, caused by the underlying spatial
susceptibility distribution, x(r), can be expressed as
follows [4, 10, 11]:

AP(r) =y By TE d®x(r) (1)

which, in a k-space representation, is equivalent to:
1 k2

AP(r) =y By TE - FT™! [(5 - ﬁ) . FT()((r))] (2)
where r is the position in spherical coordinates, y
is the proton gyromagnetic ratio, B, is the magnetic
flux density og the main magnetic field, TE is the echo
time, d = % is the unit dipole kernel ({9 is the
observation angle relative the main magnetic field),
k, is the z-component of the k-space vector parallel to
the main magnetic field and K* = k + k3 + k7 is the
squared magnitude of the k-space vector. Accurate
reconstruction of a susceptibility map relies upon
several post-processing steps, briefly outlined below:

Phase unwrapping: Phase aliasing occurs if the true
phase exceeds ||, and this is referred to as phase wraps.
Unwrappingalgorithmsinclude, for example, path-based
[12] or Laplacian-based algorithms [13]. In the former,
a path-tracking algorithm is used, comparing phase
values of adjacent voxels, and an integer multiplied by
2mis added if the difference between the voxels is larger
than .

Generation of a brain mask: A binary mask is defined
to include the susceptibility sources of interest and
remove noisy background regions in the phase images.
The selection of an appropriate brain mask can be
challenging in boundary regions associated with large
differences in susceptibility, for example, the air-tissue
and tissue-bone interfaces, due to potential signal loss in
the magnitude image [4]. Different approaches aiming
to achieve accurate brain/non-brain segmentation exist,
for example, manual segmentation, surface-model-
based, and thresholding-with-morphology [14].

Background field removal: Elimination of background
components related to, for example, static magnetic
field inhomogeneity, global geometry air-tissue effects
and bone interface effects is required for accurate
extraction of the local magnetic field induced by the
local susceptibility distribution. Imprecise separation
of background field and local tissue field may result in
uncertainties in regions where a significant variation
in susceptibility is present [9]. Two common examples
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of background removal techniques to address this
issue are projection onto dipole fields (PDF) [15] and
Laplacian boundary value (LBV) [16].

Field-to-susceptibility inversion: The inversion required
to obtain the spatial susceptibility distribution from
measured phase is ill-posed (Eq. 2). The dipole kernel
is zero at two conical surfaces in k-space defined by
3kZ — K% = 0 (i.e. corresponding to positions at the magic
angle =54.7° relative the z-direction). At each location
on this surface, the susceptibility distribution in k-space
can be arbitrarily changed while still producing the same
magneticfield [17].Ifthisissueisnotproperly addressed
in the inversion, the reconstructed susceptibility map
will be affected by substantial amplification of small
noise contributions and suffer from severe streaking
artifacts [18]. Iterative methods, often in combination
with some prior information, have been developed.
One well-established example is the readily available
morphology-enabled  dipole inversion (MEDI)
algorithm [10, 19]. This algorithm takes advantage
of a morphological prior and structural consistency
between the magnitude image and the susceptibility
map, assuming that edges in the susceptibility map
should follow the morphological boundaries. A solution
to Eq. 2 is found by using numerical methods to solve a
minimization problem of the cost function E [10]:

min, 2 E (v, 1) with E(y, 1) = [MGylly + A(IW Dy = bIIZ — €) 3)

where M is a structural weighting matrix derived from
the magnitude image and used to define edges in the
magnitude image, G is the gradient operator, W is a
weighting matrix accounting for noise variations over
the image, D is the dipole field kernel in k-space, b is the
measured local magnetic field and ¢ is the noise level
estimated from the magnitude images. Hence, the first
term serves to minimize the edges in the susceptibility
map that are not co-localized in the magnitude map,
and the second term serves to minimize the difference
between the theoretically created magnetic field
and the measured magnetic field. The factor A is the
regularization parameter expressing the prioritization
between the phase and magnitude information. Setting
A too low in the MEDI algorithm yields an excessively
smoothed susceptibility distribution that may prohibit
quantification, while too high a A value will generate
maps affected by increased noisiness and streaking
artefacts [18].

QSM reconstruction challenges in regions near
boundaries are, for example, related to the removal
of background field contributions in cases of large
susceptibility differences and to the lack of phase
information outside the object due to the fact that air
does not generate any detectable MR signal [9, 20].

Holmium phantom preparation

With the initial aim to investigate the impact of lack
of phase information from the air, an air-equivalent
aqueous solution was prepared by doping water with
strongly paramagnetic Ho(III) ions. Assuming only a low
concentration of a paramagnetic substance, a theoretical
volume susceptibility, xy,, of a binary mixture solution of
waterand Ho(IIl) canbecalculated through Wiedemann’s
additivity law [21]. With Xyaer=-9.032 ppm and Xuoqm
=20715 ppm being the volume susceptibilities of water
and the paramagnetic substance Ho(Ill), respectively,
an air-equivalent susceptibility of the holmium aqueous
solution, i.e., X,.ir=0.36 ppm, is predicted for the molar
concentration Cuoqir = 16.96 mM.

The volume susceptibility of a Ho(IlI)-doped aqueous
solution can be experimentally determined by the so-
called f;, method [22]. If the resonance frequency f of
a cylinder filled with the solution is measured with
the cylinder axis positioned both parallel (//) and
perpendicular (1) to the external field, the susceptibility
for c=cy, can be derived according to:

XD = xair + 6 (f7, (D = .0eD) 7 (1,AD) +21,(D) (4)

The susceptibility of the solution is matched to air when
f;,equals f1L. Having this holmium solution surrounding
an investigated object would, in principle, allow for
analysis related to the missed-out phase information
from air, and it would also enable analysis related to
reconstruction of large susceptibility differences.

Phantom design

Part 1: Preparation of a holmium solution with air-
equivalent susceptibility, to use as a surrounding
signal-generating substitute for air. A phantom (Figure
1a), offering a 90° cylinder rotation, was designed to
enable experimental determination of an air-equivalent
holmium substance according the f, method, similar
to the approach described by Bakker and de Roos
[21]. Five cylinders (@ 33 mm, length 170 mm) were
prepared with aqueous holmium solutions containing
a gradually increased amount of paramagnetic Ho(III)
ions (holmium(III) chloride hexahydrate, 99.9%, Sigma-
Aldrich Sweden AB, Stockholm, Sweden), corresponding
to a range of molar concentrations cy, between 15.5 mM
and 18.5 mM.

Part 2: Design of a phantom with the aim to conceptually
mimic a central vessel and a vessel near the skull surface,
and to scan the phantom to investigate position- and
angle-related differences when the object is surrounded
by normal air (Figure 1b). Two plastic tubes (@ 5 mm)
with gadolinium (Gd) CA (Dotarem, Guerbet, Paris,
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France) were placed in a central part and in the bottom
part of a water-filled cylinder (@ 74 mm, length 95 mm),
aiming to mimic a central vessel and a vessel located
close to skull surface, respectively, and prepared with
three different concentrations of Gd, i.e. 0.05 mM, 1.5
mM and 3 mM. The employed concentrations were
selected to approximate susceptibility values of arterial
blood, venous blood and blood in presence of Gd CA
after intravenous injection, respectively.

Part 3: Design of an extended phantom (Figure 1c),
consisting of the water-filled cylinder with the Gd-
filled tubes (see Part 2) emerged into a larger cylinder
(@ 153 mm, length 138 mm) filled with the air-
equivalent holmium solution prepared according to
Part 1. Data from this phantom enables, in principle, a
comparison between results with and without phase
information from surrounding air, and it also reveals
possible reconstruction challenges related to the large
susceptibility differences introduced.

e —
H.O H;0

(a) b) — 5 | c

Figure 1: (a) FreeCad drawing of the phantom used to
determine an air-equivalent holmium solution. (b) The
phantom design aiming to mimic a central vessel and a vessel
located close to skull surface, visualized with tubes parallel
(top) and perpendicular (bottom) to the main magnetic field
By. (¢) The phantom design consisting of the phantom in (b)
emerged in an air-equivalent holmium solution (top) and a
corresponding photograph of the phantom (bottom).

Experiments and simulations

Part 1: Each cylinder was scanned at 7 T (Achieva,
Philips Healthcare, Best, NL), using multi-echo gradient-
echo (GRE) imaging (ATE=3.25 ms, matrix 192x192,
FOV=180x180 mm?), with the axis of the cylinder
parallel with as well as perpendicular to the external
field By. By use of the obtained phase information,
the molar concentration of the holmium-solution
corresponding to an air-equivalent solution could be
determined according to Eq. 4.

Parts 2 and 3: The phantoms with Gd-filled tubes
(Figure 1b-c) were scanned at 7 T, using multi-echo

GRE (ATE=1.05 ms, matrix 192x192, FOV=180x180
mm?), with the tubes positioned parallel with as
well as perpendicular to the main magnetic field, to
allow for investigations of angle-related challenges.
Obtained phase and magnitude data were used in
combination with the MEDI software package. The
QSM reconstruction procedures included path-based
unwrapping followed by a removal of the background
field using the PDF method.

Part 4: Simulations of the complete phantom
(corresponding to Figure 1c) were accomplished
by calculating phase from simulated susceptibility
distributions according to Eq. 1. Subsequent QSM
reconstruction performance could then be studied
under stable and controlled conditions. A path-based
unwrapping was performed followed by removal
of the background field using either PDF or LBV.
QSM maps were obtained for varying susceptibility
differences between the outer compartment (originally
designed to contain the holmium) and the inner water
compartment with Gd-filled cylinders. The assigned
susceptibilities were as follows: Xy20=-9.032 ppm, X¢q.
51=-8.706 ppm, X,ue» ranging between -8.5 and 0.36
ppm. The external magnetic field was set parallel
with the Gd cylinders. Information, in simulated data,
related to the susceptibility difference between the
outer compartment and the water compartment was
retrieved from ROIs at two different spatial positions of
the phantom, i.e. at the level of the bottom tube and the
level of the central tube, and as mean values of entire
segmented compartments.

In Parts 2-4, QSM estimates were retrieved for (i) a
position close to a boundary (allowing study of large
susceptibility differences and lack of nearby phase
information), and (ii) a central position in the object.

Results

Part 1: The phase information obtained from the five
holmium-filled cylinders in the phantom (Figure 1a)
was used to calculate the required frequencies and to
determine the susceptibility of the solutions according
to Eq. 4. The results of the susceptibility values for the
different concentrations of Ho(Ill) ions were plotted
in order to determine the holmium concentration
corresponding to an air-equivalent solution (Figure 2).
The experimental results indicated an air-equivalent
susceptibility at a concentration of approximately
16.4 mM Ho(Ill), in reasonable agreement with the
theoretical prediction by Wiedemann’s law.

Part 2: Reconstructed QSM images, using the MEDI
software package, of the water cylinder with the Gd-
filled tubes were assessed by visual inspection, and the



115

Lundberg A et al. ] Med Sci Res. 2022; 10(3):111-117

susceptibility difference between the Gd-filled tubes
and the water was measured for the two differently
positioned tubes (i.e., the central and peripheral) in the
parallel as well as the perpendicular case.

1.6

14 y =0.547x - 8.63 _®
' R2=0.9992

1.2

0.8
0.6
. I
0.2
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c Ho(lll) [mM]

Figure 2: Estimated susceptibilities according to Eq. 4 when
using cylinders with different holmium concentrations (blue),
and the susceptibility of air (orange horizontal line).

Pronounced hypointense regions in the vicinity of the
bottom tube positioned parallel with the main magnetic
field (Figure 3) could be noticed in the QSM maps for all
Gd concentrations.

Gray Value

Figure 3: (a) QSM map of peripheral tube position (1.5 mM
Gd), parallel with B,. Hypointense areas in the vicinity of the
Gd-filled tube can be observed. (b) QSM data (arbitrary units)
along the profile indicated in yellow in the QSM map.

For parallel positioning of the tubes in the scanner, the
measured susceptibility difference agreed well with the
theoretical values for the central tube, but displayed a
large deviation for the bottom tube, representing the
position close to the boundary (Figure 4, top row). The
corresponding measurements in the perpendicular
positioning showed, somewhat unexpectedly, less
variation between the central and the bottom tube
(Figure 4, bottom row).

Part 3: Obtained phase and magnitude images from the
complete phantom, with the outer holmium cylinder,
were processed by use of the MEDI software package,
similarly to Part 2. Artefacts and a substantial amount
of phase wraps were observed in acquired data (Figure
5), which severely hampered the QSM reconstruction.
Major difficulties were encountered in the required post-
processing steps, even though different unwrapping

algorithms and methods to remove the background
field were employed in attempts to reconstruct the
susceptibility map, and a deeper understanding of
these observations was judged to require supplemental
simulations.
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Figure 4: Top row: The theoretical (orange) and the measured
(blue) susceptibility difference between the water and the
central Gd-filled tube (graph to the left) and the bottom Gd-
filled tube (graph to the right), with the tubes positioned
parallel with the external magnetic field. Bottom row: The
theoretical (orange) and the measured (blue) susceptibility
difference between the water and the central Gd-filled tube
(graph to the left) and the bottom Gd-filled tube (graph to the
right), with the tubes positioned perpendicular to the external
magnetic field.

Figure 5: Images of 7 T magnitude (top row) and phase
(bottom row) data from positions corresponding to (a) the
central Gd-filled tube, (b) in-between the two tubes and (c)
the bottom Gd-filled tube in the complete holmium phantom
(Figure 1c).

Part 4: In the simulations of the phantom in Figure 1c,
the path-based unwrapping process was problematic
but possible to handle by manual unwrapping in failed
regions. The visual inspection of the reconstructed
QSM images from simulated data revealed an increased
trend of inverted contrast and streaking artefacts as the
susceptibility difference between the outer cylinder
and the inner water cylinder, A,y n20 (Ppm), increased
(Figure 6). The Gd-tube positioned in the centre
of the water cylinder displayed, generally, a larger
internal inhomogeneity compared to the Gd-filled
tube positioned at the bottom of the water cylinder.
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Reconstructed susceptibility differences together
with the theoretical difference are shown in Figure 7.
The chosen field-removal algorithm also influenced
the result. The performance of PDF showed a larger
difference between the central and the bottom tube
compared with LBV.

1A% outer 20|
(ppm) 939 7.03 5.03 3.03 1.03 053

- —_ -
s * @ ® S e o
Bottom tube Al 4
- - —
- - -
FoF = & )
Central tube “ “ O A4 N
e - —
LBY ~—~
novemine | G e L J L

1BV -

Figure 6: Reconstructed QSM images at two different spatial
positions in the simulated complete phantom (Figure 1c),
with a decreasing susceptibility difference between the outer
cylinder and the inner water-filled cylinder, obtained using
PDF (top row) and LBV (bottom row) for removal of the

background field.
10 10
—ROI59 ——ROI 59
! —sea ° —sea

——Theory
—RO0I91

g} =—Theory
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Figure 7: Theoretical (black line) and measured absolute
susceptibility differences (in simulated reconstructed data)
between the outer compartment and the water compartment
as a function of the susceptibility of the outer compartment
(Xno) based on (i) ROIs at two different spatial positions of the
phantom, i.e. at the level of the bottom tube (blue line, ROI
59) and at the level of the central tube (purple line, ROI 91),
and (ii) segmented compartments (red line, SEG), when using
PDF (left) and LBV (right) in the post-processing of the QSM
reconstruction.

Amodestgeneral improvement could be associated with
LBV compared to PDF. However, a large discrepancy
was revealed for both algorithms as the susceptibility
difference between the two compartments was
increased, indicating substantial difficulties in MEDI
QSM reconstruction of large susceptibility differences.
As the theoretical susceptibility difference increased,
an extensive underestimation of measured values
was noticed. For PDF, slightly improved results were
obtained for the bottom tube, compared with the central
tube, in agreement with the visual impression of the
reconstructed images in Figure 6.

Discussion

One aim of this investigation was to bring renewed
attention to the use of a holmium solution with air-
equivalent magnetic susceptibility in MRI [21]. The
use of a surrounding material able to generate MRI
signal, while at the same time exhibiting air-equivalent
magnetic susceptibility, might shed further light on
challenges and strategies in the design of accurate
QSM reconstruction algorithms related to the lack of
information from air under normal circumstances.
A surrounding material with well-defined magnetic
susceptibility would also, in general terms, help
evaluating potential QSM reconstruction challenges in
regions near boundaries, and by varying the Ho(III)
concentration, solutions with a large range of magnetic
susceptibilities are achievable.

The QSM concept does not return a global absolute
level of magnetic susceptibility, and internal reference
regions for quantification can be very difficult to identify,
for example, in dynamic studies with CA [23]. Hence,
development of reliable external reference structures
is warranted, and the introduction of a surrounding,
outer, compartment may provide initial insights in
how to optimally design such a reference. The accuracy
of concentration quantification of CA relies upon the
ability to reconstruct the associated (relatively high)
CA-induced susceptibility in blood. Hence, as an initial
attempt of evaluation, one of the Gd-filled tubes was
prepared to represent an approximate susceptibility
value of blood in the presence of Gd CA (3 mM), with
positions representing a superficial (e.g., the superior
sagittal sinus) and an internally located vessel.

Results related to the positioning and orientation
of the Gd-filled tubes were intriguing; the slightly
improved result obtained (for PDF) in the bottom tube,
positioned close to the boundary, compared with the
central tube was somewhat unexpected (Figure 7),
as was also the improved result for the perpendicular
orientation relative to B, of the bottom Gd tube in
Figure 4. Furthermore, in spite of substantial systematic
efforts, difficulties to obtain qualitatively as well as
quantitatively reasonable QSM maps remained in cases
of large susceptibility differences. The observation
of inverted contrast between the Gd-filled tubes and
the water is a potential further area of investigation,
also related to the behaviour in the vicinity of large
susceptibility differences.

We are well aware that the present observations
represent particularly challenging conditions in
phantoms, of limited importance in daily clinical use.
However, it is reasonable for the MRI community to be
aware of complicating factors as well as the limits of
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accurate QSM reconstruction using common and readily
available algorithms.

In conclusion, QSM reconstruction still suffers from
limited robustness, and this exploratory study
demonstrates that details in the mathematical
implementation, for example, background field removal,
can strongly influence the result. The simulated results
were interesting, and awareness with regard to
limitations in accuracy of the reconstruction technique
could be of importance when large susceptibility
differences are to be expected.
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