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Quantitative susceptibility mapping (QSM) has shown its potential for anatomical and functional MRI, as it can quantify, for
in vivo tissues, magnetic biomarkers and contrast agents which have differential susceptibilities to the surroundings substances.
For reconstructing the QSM with a single orientation, various methods have been proposed to identify a unique solution for the
susceptibility map. Bayesian QSM approach is the major type which uses various regularization terms, such as a piece-wise constant,
a smooth, a sparse, or a morphological prior. Six QSM algorithms with or without structure prior are systematically discussed to
address the structure prior effects. The methods are evaluated using simulations, phantom experiments with the given susceptibility,
and human brain data. The accuracy and image quality of QSM were increased when using structure prior in the simulation and
phantom compared to same regularization term without it, respectively. The image quality of QSM method using the structure
prior is better comparing, respectively, to the method without it by either sharpening the image or reducing streaking artifacts in
vivo. The structure priors improve the performance of the various QSMs using regularized minimization including L1, L2, and TV

norm.

1. Introduction

Quantitative susceptibility mapping (QSM) generates tissue
magnetic susceptibility property image from susceptibility-
sensitive MRI data [1-4]. QSM can reduce blooming artifacts
in susceptibility weighted imaging [5], is clinically useful for
quantifying magnetic biomarkers that have susceptibilities
different from their surroundings [6-9], and promises to
probe oxygen metabolism [10-12] and inflammation [13]. The
basic QSM physics includes estimating the local magnetic
field 8, (r) (measured main magnetic field B;) from the MRI
signal phase [14, 15] and modeling the field as from dipole
sources in tissue: §, = d ® x¥ + n in image space (referred

to as r-space) or A, = DX + N in k-space, where d is a unit
dipole in r-space (referred as dipole kernel), yx is the tissue
susceptibility distribution in r-space, n is the observed noise
in r-space, and A,, X, D, and N are corresponding to 8;,d, x,
and n in k-space, respectively [16-18]. The fundamental QSM
algorithm is to solve the inverse problem from the field §;, to
the susceptibility source y.

Because the dipole kernel has a pair of opposing zero
cone surfaces at the magic angle (54.7°) with respect to
the B, direction, the inversion from field to susceptibility
is fundamentally ill-posed, and QSM requires additional
information to select a unique susceptibility map from many
possibilities [19]. For clinical data acquired using a single



orientation, various regularization methods have been pro-
posed for QSM [17]. The Bayesian formulation provides the
main QSM approach to identify a susceptibility distribution
of minimal streaking artifacts [20-22].

Bayesian QSM requires constructing a data fidelity term
according to data noise property and a prior information
term. Previously, we examine the importance of noise whiten-
ing in constructing the data fidelity term [17]. Here, we exam-
ine the importance of including structure information in the
prior term. Specifically, we analyze the effects of the choice of
prior in QSM based on three published methods in literature
and several new algorithms with different regularization
terms. All QSM methods are evaluated using simulations
and phantom experiments where the susceptibility is known.
Further, clinical applicability of QSM was evaluated with
human brain data to investigate image quality.

2. Material and Methods

In Bayesian approach, the regularization prior is expressed as
a cost function R that favors a solution of the desired property,
and the degree to which it is favored is typically characterized
by a regularization parameter . The maximum a posterior
solution [17, 23] is

X = arg;nin [E + aR], a)

where E constitutes the data fidelity term. Since Gaussian
noise in the complex MR signal domain should be accounted
for in the data fidelity term and with proper noise weighting,
noise effects in QSM can be reduced using Bayesian methods
[17]. In the following section, we use E = ||wz||22, with z =
d® x — 8, and w as noise weighting.

2.1. Priors Used in Various Algorithms. The following exam-
ples of regularization terms have been explored [17]:

(i) The gradient (G) L2 norm (GL2)
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(ii) The gradient L1 norm (GLI1)
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(iii) The total variation norm (TV)
ox 2 ox 2 ox 2
R=TV(X)=Z\”£(r) +|@(r) +5, (4)

(iv) A wavelet domain such as a Daubechies wavelet (D)
L1 norm

R= oz, ©)
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TaBLE 1: Comparison of various regularization schemes for QSM.

Methods Equation Image quality

Group 1 Group 2
1.72£0.43 1.37+0.47

GL2  x' =argmin[E +a|Gy],’]
TV X = arg);nin [E+aTV(x)] 253+040 2.13+0.44
GLI X = arngin [E+aGx|,] 344+047 2.96+0.59
MGL2 x* =arg rr)l(in [E +a|mGy|,”] 2.01+0.08 1.70+0.43
MTV  x" = argimin [E+aTV(my)] 3.39+046 3.15+0.56

MEDI  x* =argmin [E + « |mGy||,] 4.01+0.53 3.74+0.60
X

E = |wzl,%, withz = d® y - §,,.
TV(my) =Y, n/t\/(c'i)(/ax)2 + (a)(/ay)2 + (Bx/az)z.

(v) A combination of two sparsity terms such as total
variation and wavelet [24]

aR — a|@x, + BTV (x) (6)

(vi) An L1 norm with structural consistency term m
(MEDI) [25-28]

R = [[mGy], @)

We evaluated the quantification accuracy and image
quality of various QSM algorithms using numerical and
experimental phantom data and image quality in clinical
applications with in vivo patient data.

2.2. QSM Algorithms in This Paper. Six representative algo-
rithms are summarized in Table 1 and in pseudocodes in
the Appendix for reference: MGL2 (GL2 with structural
consistency prior m), MTV (TV with m), and MEDI (GLI
with m). The equations of the GL2 and MGL2 methods were
solved using the conjugate gradient method (CG). The MEDI,
TV, MTV, and GLI methods were solved using a lagged
diftusivity fixed point method (LDFP). In methods involving
a structure prior, m was estimated by setting the gradients of
magnitude image greater than a certain threshold to 0 and to
1 otherwise [28]. The threshold was adjusted iteratively such
that approximately 30% of the voxels within the interested
brain region were 0, that is, considered to have gradients. This
threshold was determined from a previous theoretical study
where the threshold was varied and a global minimum was
empirically found at 30% [19].

We applied a one-dimensional temporal phase unwrap-
ping and a linear least squares fitting to estimate the rate of
phase evolution to get field map. The noise weighting w was
estimated as the SNR along with the field map estimation [17].
The PDF method [14] was used for removing the background
field. The local field outside the brain parenchyma was
cropped by a mask, which was manually segmented in the
numerical and phantom experiments and was obtained using
a Robust Brain Extraction (ROBEX) tool for in vivo brain data
[29]. Voxels in the background region or within 3 mm to the
background region were set to zero.
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2.3. Numerical Simulation. A 256 x 256 x 128 Zubal-type
[30] numerical susceptibility phantom (Figure 1) was built
containing a spherical lesion of 5-pixel radius to simulate
a low SNR region within the T2* magnitude image of the
brain parenchyma. The simulated susceptibility values were
-0.05, 0.07,0.09, 0.09, 0.19, 0.30, 0.90, and 0.00 ppm for white
matter, thalamus, caudate nucleus, putamen, globus pallidus,
veins, lesion, and other parenchyma, respectively. Complex
Gaussian zero-mean noise with standard deviation ranging
from 0.01 to 0.05 was added to the simulated complex MRI
signal.

2.4. Phantom Experiments. A Gd phantom was constructed
consisting of six spherical balloons filled with solutions
of various concentrations of Gd-DTPA (Magnevist; Berlex
Laboratories, Wayne, NJ) and immersed in water within a
cylindrical container with dimensions of 12.5cm diameter
and 30 cm height. The Gd concentrations ranged from 0.5%
to 3.0% (using a 0.5% increment) with susceptibilities ranging
from 0.81 to 4.89 ppm, corresponding to the Gd concentra-
tion in aortic arch measured in the first pass of a dynamic
contrast enhanced MRI [18]. This phantom was scanned on
a 1.5T MRI scanner (HDx, GE Healthcare, Waukesha, WT)
with a body coil. A T2" weighted multiecho gradient echo
sequence was performed with the following parameters: FA =
30° TR = 30 ms; number of TEs = 3; first TE = 3.05ms;
uniform TE spacing (ATE) = 1.0ms; BW = +31.2kHz;

FOV = 12.8 cm; and acquired resolution = 2 x 2 x 2 mm”.

2.5. In Vivo Brain Imaging. The human study was approved
by our Institutional Review Board. Thirty-six patients who
underwent brain MRI examination from January to Septem-
ber in 2015 were retrospectively included in this study
including 18 consecutive cases without hemorrhagic lesions
(group 1) and 18 consecutive cases with hemorrhages (group
2). All MR examinations were performed on a 3.0T MR
system (Signa HDxt, GE, USA), using an 8 channel head
coil. A 3D T2 weighted multiecho gradient echo sequence
was used with the following parameters: FA = 20 BW =
+41.67 kHz; field of view (FOV) = 24cm; TR = 57 ms;
number of echoes = 8; first TE = 5.7 ms; uniform TE spacing
(ATE) = 6.7 ms; and acquired resolution 0.57 X 0.75 x 2 (n =
34)and 0.5 x 0.7 X 0.7 (n = 2) mm”.

2.6. Implementation Details for Algorithms. The regulariza-
tion parameter () was searched from 107> to 10'(13 log-
arithmically spaced steps) for all QSM methods. The best
parameter of every method for noisy numerical simulation
and phantom was chosen according to the least error with
respect to the true susceptibility [17, 31] and to the prepared
susceptibility in each balloon. Because the true susceptibility
is not available in the real human brain, the best parameter of
each method is chosen according to the balance of artifacts
and contrast among brain components in one representative
case by the 13-year experienced neuroradiologist (W. C.) with
inspecting all the varying parameter’s results reconstructed by
the method. And all real cases use the chosen parameters.

2.7. Data Analysis. The normalized root mean square error
(NRMSE) (normalized by root mean square of true suscep-
tibility) of the whole volume and the linear regression of
the measured versus known susceptibility was calculated for
every method. This NRMSE is used to assess the accuracy of
the numerical phantom reconstruction. In the Gd phantom,
a linear regression between the measured and prepared
susceptibilities of the various balloons was performed for
each of the methods.

To assess difference between two QSM algorithms in
numerical and experimental phantoms, the values of suscep-
tibilities are measured and compared to their known values.
Their differences between two methods were assessed using
paired t-test based on comparing linear regressions, and the
method with the smaller error was reported as improvement
when p < 0.05.

To assess the quality of patient images reconstructed by
different QSM methods, three neuroradiologists (W. C., C.
P, and K. M.) reviewed images simultaneously in a ran-
dom order blinded to the reconstruction methods. Overall
image quality was scored with a 5-point scale based on
radiological impression of smoothness and artifacts, where
5 is the highest quality and 1 is the lowest quality [17].
The radiologist (W. C.) assessed the image quality again 6
months later to assess intraobserver variability. Interobserver
and intraobserver variabilities of image quality scores were
assessed by using the intraclass correlation coeflicient [32].
The following criteria for clinically relevant agreement were
used to assess the calculated intraclass correlation coefficient:
less than 0.40 was considered poor; 0.40-0.59, fair; 0.60-0.74,
good; and greater than 0.74, excellent [33]. The significance of
image score differences between reconstructed susceptibility
maps assessed by the Wilcoxon rank sum test. Statistically
significant with the higher image score was reported as an
improvement when p < 0.05.

3. Results

3.1. Numerical Simulation. The structural prior m markedly
reduced streaking artifacts originating from the simulated
lesion for GL2 (p = 9.22x1077), TV (p = 0.02),and GLI (p =
0.04) as seen in Figure 1(a), which was also reflected in the
reduced NRMSE (Figure 1(b)) and in the increased regression
slopes more closely approaching 1 as seen in Figure 1(c). The
QSM reconstruction accuracy was improved from MGL2 to
MTV (p = 3.49 x 10~*) and from MTV to MEDI (p = 0.03).

3.2. Phantom Experiments. The slopes of the regression
analysis for GL2, MGL2, TV, MTV, GL1, and MEDI were 0.83,
0.92,0.89, 0.94, 0.89, and 0.96, respectively. With the addition
of the structure prior m the reconstructions showed increased
regression slopes (p = 0.03,0.02,0.02 for GL2, TV, and GL1,
resp.) approaching 1. The QSM reconstruction accuracy was
improved from MGL2 to MTV (p = 0.03) and from MTV to
MEDI (p = 1.63 x 107°).

3.3. In Vivo Brain Imaging. The average overall image quality
scores (mean + standard deviation) of QSMs are shown in
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FIGURE 1: Regularization effects on QSM reconstructions demonstrated in a noisy Zubal lesion phantom: (a) T2" magnitude and local field,
without (top) or with structure prior m (bottom). The structural consistency reduced artifacts in susceptibility reconstructions for GL2, TV,
and MEDI. This is supported with the quantitative measurements of (b) the relative errors and (c) regression slopes (all with R* > 0.98). The

image quality of MEDI is also superior to MGL2 and MTV.

Table 1 for every method, respectively. The spatial prior either
sharpened the image or reduced streaking artifacts (Figure 2
black arrows). The overall image quality scores were higher
when using structural consistency (m) prior compared to the
same method without a structural consistency prior observed
in the reconstructions of group 1. Compared to the method
without m, the artifact from vessels (black arrow in Figure 2)
is reduced and the appearance of small veins (dot boxes in
Figure 2) is improved in the method with m, respectively.
The difference is statistically significant (p = 6.37 x 107,
9.38x107%,2.52 x 10~ for GL2, TV, and GLI, resp.) between
methods with and without m. The QSM reconstruction image
quality was improved (Table 1 score for group 1) from MGL2
to MTV (p = 4.98x107®), MGL2 to MEDI (p = 5.44x 107%),
and MTV to MEDI (p = 1.16 x 10™°).

The spatial prior either sharpened the image or reduced
streaking artifacts (Figure 3). The differences in overall image
quality (Table 1 score for group 2) were statistically significant
(p = 4.66x1072,1.89x107°,1.80x10~* for GL2, TV, and GLI,
resp.) between reconstructions with and without structural
consistency prior method when they are performed in group
2. The QSM reconstruction image quality improved from
MGL2 to MTV (p = 9.47 x 10~/), MGL2 to MEDI (p =
3.19x 1077), and MTV to MEDI (p = 7.21 x 107%).

TABLE 2: Inter- and intraobserver variability.

Method Interobserver variability® Intraobserver variability
GL2 0.85 (0.76, 0.92) 0.89 (0.79, 0.94)
vV 0.64 (0.47, 0.78) 0.79 (0.62, 0.88)
GL1 0.73 (0.59, 0.84) 0.86 (0.74, 0.92)
MGL2 0.74 (0.60, 0.85) 0.84 (0.71, 0.91)
MTV 0.66 (0.49, 0.79) 0.76 (0.58, 0.87)
MEDI 0.65 (0.49, 0.79) 0.84 (0.70, 0.91)

Data are intraclass correlation coefficients, with 95% confidence intervals in
parentheses.
Data are from the first reading of observer 1.

The inter- and intraobserver results are shown in Table 2.
These agreements ranged between good and excellent re-
ferred to the clinically relevant agreement.

4. Discussion

Our results of the various QSM methods indicate that QSM
quality improves using a physical prior specific to the imaging
situation. Investigations with a numerical Zubal lesion phan-
tom, a Gd phantom, and 36 consecutive patients consistently



BioMed Research International 5

—-0.2 ppm

!

Magnitude

(®)

FIGURE 2: Structure regularization effects on a healthy subject in group 1. (a) magnitude, local field, and (b) reconstructed QSM images
without (left) or with structure prior (right) in a sagittal section. The dashed boxes in (b) are zoomed in on (c). The structure consistency m
reduces overall streaking artifacts comparing QSM methods with and without it. The streaking artifacts were seen originating from vessels
(black arrows) in GL2 and MGL2 in (c). This artifact was reduced to some extent in TV and MTV and even further in GL1 and MEDI. The
appearance of small veins (dot boxes in (¢)) is also improved in the method with m compared to the method without it, respectively. The
averaging image quality scores of this subject were 1, 2, 2.7, 3.3, 3.7, and 5 for GL2, MGL2, TV, MTYV, GL1, and MED], respectively.
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FIGURE 3: Structure regularization effects on a patient with hemorrhages in group 2. (a) magnitude, local field, and (b) reconstructed QSM
images without (left) or with structure prior (right) in a sagittal section. The dashed boxes in (b) are zoomed in on (c). Similar to healthy
subject images, the structure consistency m reduces overall streaking artifacts comparing QSM methods with and without it. The streaking
artifacts were seen originating from vessels (black arrows) and the hemorrhage (hollow arrow heads) in GL2 and MGL in (c). This artifact
was reduced to some extent in TV and MTV and even further in GL1 and MEDI. The averaging image quality scores of this patient were 1, 2,
2,3.3,3.3,and 4 for GL2, MGL2, TV, MTYV, GL1, and MED], respectively.
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corroborated this observation. These experimental results are
concordant with the theoretical error analysis in QSM that
the error in the reconstructed susceptibility comes from noise
in the data and error in the prior [1, 19].

The ill-posedness of the dipole inversion sets up a very
challenging problem for QSM. The iterative solvers employed
in more accurate QSM algorithms make it difficult to under-
stand the contributions from various terms and parameters.
The systematic comparison of various methods presented
in this study tends to suggest the structure prior is useful
to QSM methods using the regularized minimization. This
observation is established in the comparisons in Table 1.
The structural matching between the magnitude image and
susceptibility map by matching their gradients tends to
improve the QSM image quality and accuracy as seen in the
paired comparison with and without using the magnitude
gradient in Figures 1-3. It should be pointed that the new
simulation with the different brain components’ susceptibility
has been run and the real cases were also particularly acquired
with slightly different parameters in different time compared
to our previous simulation and real cases in [17].

The value of the phantom experiment may be limited for
assessing the performance of QSM algorithms, because the
phantom was made of sphere of uniform [Gd] with perfectly
identifiable edges. According to the above observation on
QSM algorithms, structural information as defined by tissue
contrast is a very important determinant for QSM perfor-
mance. The tissue contrast of a human brain is much more
subtle and complex than that of the phantom made of spheres.
So what is learned from the phantom experiment is only
the accuracies that various QSM methods can achieve under
an ideal contrast situation. It should be pointed out that the
susceptibility range of phantom experiment was much higher
than that of in vivo human brain and the measurements
were consistent with our simulation at similar susceptibility
values. QSM algorithm comparison behaves similarly at a
wide range of susceptibility values, which may be explainable
with dimension analysis. When susceptibility is scaled and
the regularization parameter is also scaled correspondingly
(unchanged for L2 and scaled by the same factor for L1 and
TV), the performances of the QSM algorithms remain the
same.

It is also observed that GLI1 is better than GL2 for
structural matching (Figures 1-3), which is consistent with
previous observations that the sparsity in the prior term can
be achieved more effectively with the L1 norm than the L2
norm [28, 34]. A recent publication also reached a similar
conclusion that the L1 norm promoting the sparsity of spatial
gradient is a better fit for QSM problem than the L2 norm
[23, 35]. GL1 and TV based methods both can be categorized
into L1 norm QSM algorithm. It was also noted that GLI is
better than TV methods (Figures 1-3). This may be due to
the fact that the cost of a particular edge in the objective
function is the same regardless of its orientation in the TV
norm, whereas the cost in the GL1 norm is dependent on the
edge orientation. When there is no strong streaking artifacts
as in Figure 2, the difference between GL1 and TV or between
MEDI and MTV is small. When there is a large amount of
streaking artifacts as in the hemorrhage case in Figure 3,

the edge orientation sensitivity in GL1 and MEDI becomes
obviously advantageous over the TV and MTV in suppressing
the streaking artifacts.

The results by different solvers used in this paper, that is,
LDFP and CG, show the consistency improvement of using
structure prior. There are other solvers available including
interior point methods or split Bregman method [36]. The
reconstructed QSM image may be affected by the solver used
in a given algorithm. However, in order to obtain reasonable
answers to the concerning question on solver effects, the error
propagation and accumulation in each solver may require
detailed quantitative and analytic evaluation; other well-
known solvers may need to be implemented for all major
QSM algorithms and included for comparison. However, this
important work is beyond the scope of this paper.

Some folds in cortex in Figures 2 and 3 seem to be
smoothed in MEDI; this may be interpreted as that the gradi-
ent consistency between magnitude image and susceptibility
map used in current MEDI is still imperfect. Indeed, recent
studies have suggested that the structure prior in current
MEDI may be improved with more sophisticated identifi-
cation and matching of structures for more accurate QSM,
such as incorporating edges derived from the local field map
[37, 38]. 1t is also theoretically proven that a comprehensive
detection of all the edges in the true susceptibility distribution
will reduce the error in the reconstructed QSM [19]. However,
the perfect prior as footstone of accurate regularization QSM
method is still an ongoing research.

Based on its intrinsic characters, QSMs have found
its power in differentiating diamagnetic calcification from
paramagnetic materials [7, 39], quantifying the deoxyhe-
moglobin concentration [9, 12], depicting the deep brain
structure [40], quantifying contrast agent concentration [41],
characterizing white matter fiber tracks, and so forth [1-
4, 42]. The potential clinical usefulness of QSM also has
been shown in multiple sclerosis [6, 43], lupus erythemato-
sus [44], Alzheimer’s disease [45], Parkinson’s disease [46],
multifocal leukoencephalopathy [47], cerebral perfusion [41],
hemorrhage [9, 48], function MRI [12, 42] in brain, and some
applications in aorta, breast, extremity, kidney, and so forth
[1-4, 42, 49]. Improving accuracy of QSM will profit these
approaches.

5. Conclusions

In summary, the structure prior with an effective match can
improve the accuracy of QSM. Among compared methods,
the MEDI method appears to be the most robust for quan-
titative susceptibility mapping. The more accurate priors or
more physically meaningful priors should be studied in the
future.

Appendix

For ease of reproduction of all algorithms in this study,
the pseudocode of each implementation is specified in this
appendix.



A. Implementation of MGL2

function MGL2(«x)

W « diag(w)

M « diag(m)

A « 2real (WF ' DF)"WF ' DF] + a(MG)" MG
b « 2real[(WF ' DF)"Ws,]

X < ConjugateGradient (A, b)

return y

end function

B. Implementation of MEDI&MTV

function MEDI&MTV («, V)
X(O) —0
n<2o0

switch method

case MTV

Yx =TV (x) (B.D)

case MEDI

Yx =G(x) (B.2)

end switch

W « diag(w)

M « diag(m)
u—1le-38

V(x) = diag(1/+/x*x + p)

while [ p™l,/Ix"™|l, = le =2 or n < 10

A < 2real[(WF'DF)!WF'DF] + a(M¥)H .
V(MY ™) MY

b « 2real (WF ' DF)'Ws,] — Ay™

p(”) «— ConjugateGradient (A, b)

(n+1)

X (_X(n)_'_p(n)
n—n+1l

end while
return X(")

end function

Competing Interests

The authors declare that there are no competing interests
regarding the publication of this paper.

BioMed Research International

Acknowledgments

This work is supported in part by the National Natural
Science Foundation of China no. 81401390; Natural Science
Foundation of Hubei Province of China no. 2014CFB150;
the Sichuan project of Safety Science and Technology,
scagjgjc-stp-20150010; Key Fund Project of Sichuan Provin-
cial Department of Education, no. 16ZA0057; and the Fun-
damental Research Funds for the Central Universities, no.
A03013023801025.

References

[1] Y. Wang and T. Liu, “Quantitative susceptibility mapping
(QSM): decoding MRI data for a tissue magnetic biomarker;
Magnetic Resonance in Medicine, vol. 73, no. 1, pp. 82-101, 2015.

[2] J. R. Reichenbach, E Schweser, B. Serres, and A. Deistung,
“Quantitative susceptibility mapping: concepts and applica-
tions,” Clinical Neuroradiology, vol. 25, pp. 225-230, 2015.

[3] C. Liu, H. Wei, N. J. Gong, M. Cronin, R. Dibb, and K. Decker,
“Quantitative susceptibility mapping: contrast mechanisms and
clinical applications,” Tomography, vol. 1, no. 1, pp. 3-17, 2015.

[4] E. M. Haacke, S. Liu, S. Buch, W. Zheng, D. Wu, and Y. Ye,
“Quantitative susceptibility mapping: current status and future
directions,” Magnetic Resonance Imaging, vol. 33, no. 1, pp. 1-25,
2015.

[5] J. Li, S. Chang, T. Liu et al., “Reducing the object orien-
tation dependence of susceptibility effects in gradient echo
MRI through quantitative susceptibility mapping,” Magnetic
Resonance in Medicine, vol. 68, no. 5, pp. 1563-1569, 2012.

[6] W. Chen, S. A. Gauthier, A. Gupta et al., “Quantitative suscep-
tibility mapping of multiple sclerosis lesions at various ages,”
Radiology, vol. 271, no. 1, pp. 183-192, 2014.

[7] W. Chen, W. Zhu, I. Kovanlikaya et al., “Intracranial calci-
fications and hemorrhages: characterization with quantitative
susceptibility mapping,” Radiology, vol. 270, no. 2, pp. 496-505,
2014.

[8] T.Liu, P. Spincemaille, L. de Rochefort, R. Wong, M. Prince, and
Y. Wang, “Unambiguous identification of superparamagnetic
iron oxide particles through quantitative susceptibility mapping
of the nonlinear response to magnetic fields,” Magnetic Reso-
nance Imaging, vol. 28, no. 9, pp. 1383-1389, 2010.

[9] S. Wang, M. Lou, T. Liu, D. Cui, X. Chen, and Y. Wang,
“Hematoma volume measurement in gradient echo MRI using
quantitative susceptibility mapping,” Stroke, vol. 44, no. 8, pp.
2315-2317, 2013.

[10] B. Xu, T. Liu, P. Spincemaille, M. Prince, and Y. Wang, “Flow
compensated quantitative susceptibility mapping for venous
oxygenation imaging,” Magnetic Resonance in Medicine, vol. 72,
no. 2, pp. 438-445, 2014.

[11] A.P.Fan,K.C.Evans,J.N. Stout, B. R. Rosen, and E. Adalsteins-
son, “Regional quantification of cerebral venous oxygenation
from MRI susceptibility during hypercapnia,” Neurolmage, vol.
104, pp. 146-155, 2015.

[12] J. Zhang, T. Liu, A. Gupta, P. Spincemaille, T. D. Nguyen,
and Y. Wang, “Quantitative mapping of cerebral metabolic rate
of oxygen (CMRO,) using quantitative susceptibility mapping
(QSM),” Magnetic Resonance in Medicine, vol. 74, no. 4, pp. 945-
952, 2015.

[13] C. Wisnieff, S. Ramanan, J. Olesik, S. Gauthier, Y. Wang,
and D. Pitt, “Quantitative susceptibility mapping (QSM) of



BioMed Research International

(14

(15]

(16]

(17]

(20]

(22]

(26]

(27]

white matter multiple sclerosis lesions: interpreting positive
susceptibility and the presence of iron,” Magnetic Resonance in
Medicine, vol. 74, no. 2, pp. 564-570, 2015.

T. Liu, I. Khalidov, L. de Rochefort et al., “A novel background
field removal method for MRI using projection onto dipole
fields (PDF),” NMR in Biomedicine, vol. 24, no. 9, pp. 1129-1136,
2011.

L. Li, “Averaging of harmonic physical fields over an annular
region enclosing field sources,” American Journal of Physics, vol.
70, no. 10, pp. 1029-1033, 2002.

J. P. Marques and R. Bowtell, “Application of a fourier-based
method for rapid calculation of field inhomogeneity due to spa-
tial variation of magnetic susceptibility,” Concepts in Magnetic
Resonance Part B: Magnetic Resonance Engineering, vol. 25, no.
1, pp. 65-78, 2005.

S. Wang, T. Liu, W. Chen et al., “Noise effects in various quan-
titative susceptibility mapping methods,” IEEE Transactions on
Biomedical Engineering, vol. 60, no. 12, pp. 3441-3448, 2013.

L. de Rochefort, T. Nguyen, R. Brown et al., “In vivo quantifica-
tion of contrast agent concentration using the induced magnetic
field for time-resolved arterial input function measurement
with MRI,” Medical Physics, vol. 35, no. 12, pp. 5328-5339, 2008.

T. Liu, W. Xu, P. Spincemaille, A. S. Avestimehr, and Y. Wang,
“Accuracy of the morphology enabled dipole inversion (MEDI)
algorithm for quantitative susceptibility mapping in MRI,” IEEE
Transactions on Medical Imaging, vol. 31, no. 3, pp. 816-824,
2012.

L. de Rochefort, T. Liu, B. Kressler et al., “Quantitative suscep-
tibility map reconstruction from MR phase data using bayesian
regularization: validation and application to brain imaging,
Magnetic Resonance in Medicine, vol. 63, no. 1, pp. 194-206, 2010.

B. Kressler, L. De Rochefort, P. Spincemaille, T. Liu, and Y.
Wang, “Estimation of sparse magnetic susceptibility distribu-
tions from MRI using non-linear regularization,” in Proceedings
of the 16th Scientific Meeting of the International (ISMRM °08),
p. 1514, Toronto, Canada, May 2008.

B. Kressler, L. de Rochefort, T. Liu, P. Spincemaille, Q. Jiang,
and Y. Wang, “Nonlinear regularization for per voxel estimation
of magnetic susceptibility distributions from MRI field maps,”
IEEE Transactions on Medical Imaging, vol. 29, no. 2, pp. 273-
281, 2010.

D. Khabipova, Y. Wiaux, R. Gruetter, and J. P. Marques, “A
modulated closed form solution for quantitative susceptibility
mapping—a thorough evaluation and comparison to iterative
methods based on edge prior knowledge,” NeuroImage, vol. 107,
pp. 163-174, 2015.

B. Wu, W. Li, A. Guidon, and C. Liu, “Whole brain susceptibility
mapping using compressed sensing,” Magnetic Resonance in
Medicine, vol. 67, no. 1, pp. 137-147, 2012.

A. V. Dimov, T. Liu, P. Spincemaille et al., “Joint estimation of
chemical shift and quantitative susceptibility mapping (chemi-
cal QSM),” Magnetic Resonance in Medicine, vol. 73, no. 6, pp.
2100-2110, 2015.

A. Pfefferbaum, E. Adalsteinsson, T. Rohlfing, and E. V. Sullivan,
“MRI estimates of brain iron concentration in normal aging:
comparison of field-dependent (FDRI) and phase (SWI) meth-
ods,” Neurolmage, vol. 47, no. 2, pp. 493-500, 2009.

H. Wei, R. Dibb, Y. Zhou et al., “Streaking artifact reduction
for quantitative susceptibility mapping of sources with large
dynamic range,” NMR in Biomedicine, vol. 28, no. 10, pp. 1294~
1303, 2015.

(28]

(31]

(36]

[37]

(38]

[40

(41]

(42]

(43]

J. Liu, T. Liu, L. de Rochefort et al., “Morphology enabled
dipole inversion for quantitative susceptibility mapping using
structural consistency between the magnitude image and the
susceptibility map,” Neurolmage, vol. 59, no. 3, pp. 2560-2568,
2012.

J. E. Iglesias, C.-Y. Liu, P. M. Thompson, and Z. Tu, “Robust
brain extraction across datasets and comparison with publicly
available methods,” IEEE Transactions on Medical Imaging, vol.
30, no. 9, pp. 1617-1634, 2011.

C.R.H.I. G. Zubal, E. O. Smith, A. L. Smith, and P. Krischlunas,
“High resolution, MRI-based, segmented, computerized head
phantom,” in The Zubal Phantom Data, Voxel-Based Anthropo-
morphic Phantoms, 2001, http://noodle.med.yale.edu/phantom.
T. Liu, C. Wisnieff, M. Lou, W. Chen, P. Spincemaille, and Y.
Wang, “Nonlinear formulation of the magnetic field to source
relationship for robust quantitative susceptibility mapping,’
Magnetic Resonance in Medicine, vol. 69, no. 2, pp. 467-476,
2013.

J. J. Bartko and W. T. Carpenter Jr., “On the methods and theory
of reliability,” Journal of Nervous & Mental Disease, vol. 163, no.
5, pp. 307-317, 1976.

A. G. Mikati, H. Tan, R. Shenkar et al., “Dynamic permeability
and quantitative susceptibility related imaging biomarkers in
cerebral cavernous malformations,” Stroke, vol. 45, no. 2, pp.
598-601, 2014.

D. L. Donoho, “Compressed sensing,” IEEE Transactions on
Information Theory, vol. 52, no. 4, pp. 1289-1306, 2006.

B. Bilgic, A. Pfefferbaum, T. Rohlfing, E. V. Sullivan, and E.
Adalsteinsson, “MRI estimates of brain iron concentration
in normal aging using quantitative susceptibility mapping,”
NeuroImage, vol. 59, no. 3, pp. 2625-2635, 2012.

J. K. Choi, H. S. Park, S. Wang, Y. Wang, and J. K. Seo, “Inverse
problem in quantitative susceptibility mapping,” SIAM Journal
on Imaging Sciences, vol. 7, no. 3, pp. 1669-1689, 2014.

J. Liu, T. Liu, S. Wang, K. Kawaji, and Y. Wang, “Quantita-
tive susceptibility mapping by using the Morphology Enabled
Dipole Inversion (MEDI) approach with a new prior informa-
tion,” in Proceedings of the International Society for Magnetic
Resonance in Medicine 20th Scientific Meeting, p. 3449, Mel-
bourne, Australia, May 2012.

E Schweser, K. Sommer, A. Deistung, and J. R. Reichenbach,
“Quantitative susceptibility mapping for investigating subtle
susceptibility variations in the human brain,” NeuroImage, vol.
62, no. 3, pp. 2083-2100, 2012.

E Schweser, A. Deistung, B. W. Lehr, and J. R. Reichenbach,
“Differentiation between diamagnetic and paramagnetic cere-
bral lesions based on magnetic susceptibility mapping,” Medical
Physics, vol. 37, no. 10, pp. 5165-5178, 2010.

T. Liu, S. Eskreis-Winkler, A. D. Schweitzer et al., “Improved
subthalamic nucleus depiction with quantitative susceptibility
mapping,” Radiology, vol. 269, no. 1, pp. 216-223, 2013.

B. Xu, P. Spincemaille, T. Liu et al., “Quantification of cerebral
perfusion using dynamic quantitative susceptibility mapping,”
Magnetic Resonance in Medicine, vol. 73, no. 4, pp. 1540-1548,
2015.

D. Z. Balla, R. M. Sanchez-Panchuelo, S. J. Wharton et al.,
“Functional quantitative susceptibility mapping (fQSM),” Neu-
rolmage, vol. 100, pp. 112-124, 2014.

C. Stiiber, D. Pitt, and Y. Wang, “Iron in multiple sclerosis and its
noninvasive imaging with quantitative susceptibility mapping,”
International Journal of Molecular Sciences, vol. 17, no. 1, article
100, 2016.



10 BioMed Research International

[44] A. Ogasawara, S. Kakeda, K. Watanabe et al., “Quantitative
susceptibility mapping in patients with systemic lupus erythe-
matosus: detection of abnormalities in normal-appearing basal
ganglia,” European Radiology, vol. 26, pp. 1056-1063, 2016.

[45] Y. Moon, S. H. Han, and W. J. Moon, “Patterns of brain iron
accumulation in vascular dementia and Alzheimer’s dementia
using quantitative susceptibility mapping imaging,;” Journal of
Alzheimer’s Disease, vol. 51, no. 3, pp. 737-745, 2016.

[46] X. Guan, M. Xuan, Q. Gu et al, “Regionally progressive
accumulation of iron in Parkinson’s disease as measured by
quantitative susceptibility mapping,” NMR in Biomedicine, 2016.

[47] C. Carra-Dalliere, N. Menjot de Champfleur, J. Deverdun
et al., “Use of quantitative susceptibility mapping (QSM) in
progressive multifocal leukoencephalopathy,” Journal of Neuro-
radiology, vol. 43, no. 1, pp. 6-10, 2016.

[48] H. Sun, M. Kate, L. C. Gioia, D. J. Emery, K. Butcher, and

A. H. Wilman, “Quantitative susceptibility mapping using a

superposed dipole inversion method: application to intracranial

hemorrhage,” Magnetic Resonance in Medicine, vol. 76, no. 3, pp.

781-791, 2016.

S. Xia, G. Zheng, W. Shen et al., “Quantitative measurements of

brain iron deposition in cirrhotic patients using susceptibility

mapping,” Acta Radiologica, vol. 56, no. 3, pp. 339-346, 2015.

(49



MEDIATORS
INFLAMMATION

The Scientific Gastroenterology Fi o Journal of
World Journal Research and Practice Diabetes Research

Journal of International Journal of

Immunology Research Endocrinology

Hindawi

Submit your manuscripts at
http://www.hindawi.com

BioMed
Research International

PPAR Research

Journal of
Obesity

AL
@

Evidence-Based b ‘
Stem Ce' |S Complementary and - 4 < 3 = Journal of
International Alternative Medicine & Oncology

oot oume 014

Journal of

Ophthalmology

Parkinson’s
Disease

. <
l-r/

e .

: o .
Ly,

| i

Behavioural Oxidative Medicine and

Neu I’O|Ogy Research and Treatment Cellular Longevity

Computational and
Mathematical Methods
in Medicine




