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Purpose: To demonstrate the phase and quantitative
susceptibility mapping (QSM) patterns created by solid
and shell spatial distributions of magnetic susceptibility
in multiple sclerosis (MS) lesions.

Materials and Methods: Numerical simulations and
experimental phantoms of solid- and shell-shaped mag-
netic susceptibility sources were used to generate magni-
tude, phase, and QSM images. Imaging of 20 consecutive
MS patients was also reviewed for this Institutional
Review Board (IRB)-approved MRI study to identify the
appearance of solid and shell lesions on phase and QSM
images.

Results: Solid and shell susceptibility sources were cor-
rectly reconstructed in QSM images, while the corre-
sponding phase images depicted both geometries with
shell-like patterns, making the underlying susceptibility
distribution difficult to determine using phase alone. In
MS patients, of the 60 largest lesions identified on T2, 30
lesions were detected on both QSM and phase, of which
83% were solid and 17% were shells on QSM, and of
which 30% were solid and 70% were shell on phase. Of
the 21 shell-like lesions on phase, 76% appeared solid on
QSM, 24% appeared shell on QSM. Of the five shell-like
lesions on QSM, all were shell-like on phase.

Conclusion: QSM accurately depicts both solid and
shell patterns of magnetic susceptibility, while phase
imaging fails to distinguish them.
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MAGNETIC RESONANCE IMAGING (MRI) is routinely
used to diagnose and monitor multiple sclerosis (MS)
patients. Yet white matter lesions seen on conven-
tional MRI sequences correlate only weakly with clini-
cal disability score and are unable to convey the
heterogeneous pathology found in MS lesions (1,2).
More recently, gradient echo (GRE) MRI has been
used to study demyelination (3,4) and iron distribu-
tion in multiple sclerosis (MS) lesions (5–8), which
both contribute to changes in magnetic susceptibility.
As such, the magnetic susceptibility distribution in
MS lesions may be useful in monitoring disease pro-
gression (4,9).

Typically, GRE data are analyzed using R2*, high-
pass-filtered (HPF) phase imaging, and SWI (6,10–14).
However, phase, which is well recognized to show
dipole field effects (15), and R2*, which approximately
represents the field variation in a voxel, contains con-
tributions from magnetic sources located in the sur-
rounding voxels, making it difficult to interpret a
lesion’s magnetic susceptibility.

In phase imaging, "nodular" and "ring-like" MS
lesions have been described (5,10,12). However,
according to Maxwell’s equations of electromagnetism
(16), both solid (nodules) and shell (rings in 2D sec-
tion) distributions of magnetic susceptibility can lead
to shell-like patterns in phase-based images. This
raises concerns about the reliability of phase-based
imaging to detect these geometric susceptibility pat-
terns in MS lesions.

Quantitative susceptibility mapping (QSM), which
deconvolves the phase images, directly depicts the
underlying magnetic susceptibility sources and may
more accurately resolve the susceptibility spatial pat-
tern in MS lesions (17). Given recent evidence that the
geometry of MS lesions on susceptibility imaging can
help identify clinically relevant lesion features (5), our
purpose was to investigate differences in the depiction
of solid and shell lesions in QSM and phase imaging.

MATERIALS AND METHODS

To characterize the appearance of solid and shell
magnetic susceptibility sources on phase images and
QSM, we performed numerical and experimental
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phantom validation, and then reviewed in vivo MS
data. To evaluate MRI phase information, we used
high-pass-filtered (HPF) phase images, the most com-
monly used phase technique (18).

Data Acquisition

Numerical Phantom

Magnitude, phase, and QSM images for a solid ball
and spherical shell of magnetic susceptibility were
generated using MatLab (MathWorks, Natick, MA).
Three different sets of imaging parameters were used:
isotropic parameters (matrix size: 128 � 128 � 128;
voxel size: 1 � 1 � 1 mm), experimental phantom
parameters (matrix size: 480 � 64 � 72; voxel size:
0.5 � 0.5 � 0.5m m), and MS patient study parame-
ters (matrix size: 512 � 512 � 50, voxel size: 0.47 �
0.47 � 3 mm). Other parameters were as follows:
solid radius: 15 mm; shell outer/inner radius: 15/
13 mm; field strength: 3T; TE1/DTE: 5/5 msec, 5
echoes, background/source magnetic susceptibility:
0.0/0.1 ppm) in a manner similar to previous work
(19).

Experimental Phantom

For the solid lesion, a 50-mL plastic tube was filled
halfway with 1% agarose and allowed to solidify. A
15-mm plastic ball was then placed on top of the aga-
rose and additional agarose was added to completely
cover the ball. The plastic ball was then extracted
from the solidified agarose using a blade and tweez-
ers, and 7.5 mg/mL superparamagnetic iron oxide
(SPIO) nanoparticles (20) with 1% agarose was
injected in its place. The remainder of the tube was
then filled with agarose and allowed to solidify.

To create the shell lesion, a 50-mL plastic tube was
filled halfway with 1% agarose and allowed to solidify.
A plastic ball was then placed on top of the agarose,
was covered with more agarose, and then surgically
removed as described above. Before filling the empty
space with SPIO, a slightly smaller plastic ball was
inserted in the empty space, and the SPIO nanopar-
ticle/agarose mixture was injected surrounding the
smaller ball to form a spherical shell of SPIO, which
was then allowed to solidify. The smaller ball was
then surgically removed and the shell center, as well
as the rest of the tube, was subsequently filled with
agarose.

Tubes were scanned using a 3D multiecho GRE
sequence on a 3.0T scanner (GE Medical Systems,
Milwaukee, WI) with a single-channel wrist coil
(matrix size: 480 � 64 � 72, voxel size: 0.5 � 0.5 �
0.5 mm, 11 echoes, TE1/DTE/TR: 4.6/5/60 msec).

In Vivo MS Data

This retrospective study was approved by our Institu-
tional Review Board (IRB). We reviewed the MRI data-
base in our institution’s clinical PACS system and
identified 20 consecutive patients who met both of the
following criteria: 1) clinically confirmed MS patients;
2) underwent an MR scan including a 3D multiple-
echo GRE sequence (matrix size: 512 � 512 � 50,

voxel size: 0.47 � 0.47 � 3 mm, 11 echoes, TE1/DTE/
TR: 4.5/4.8/57.9 msec) as part of the current
standard-of-care at our institution between October 1,
2013 and October 20, 2013. MRI was performed on a
3.0T MRI system (SignaHDxt, GE).

All 20 patients (6 male, 14 female, age 32–69,
45.75 6 10.44 years) were MS patients with expanded
disability status scale ranging from 0 to 8 (median:
1.25) and disease duration ranging from 3 to 26
(10.65 6 6.60) years. All patients in this study have
been treated with a standard immunomodulatory
therapy (including interferon beta 1a, glatiramer ace-
tate, fingolimod, natalizumab, rituximab).

Data Analysis

For the numerical simulation, experimental phantom,
and in vivo data, HPF phase images were generated
using a 3D high-pass filter that was 12 � 12 � 12
voxels (18). QSM images were reconstructed from the
3D multiecho GRE data as follows. A field map was
generated by performing a voxel-by-voxel nonlinear
least-squares fitting of the complex signal over TE.
Next, the background field (ie, the magnetic field gen-
erated by susceptibility sources outside the region of
interest) was removed by applying the Projection onto
Dipole Fields (PDF) algorithm (21). Finally, the mag-
netic field-to-susceptibility-source inverse problem
was solved using morphology enabled dipole inversion
(MEDI), which uses a regularization term that pro-
motes similarity of edges between the QSM and the
magnitude image (17,22–24).

For the experimental phantom results, a neuroradi-
ologist with 8 years of experience (A.G.) categorized
the lesions on HPF phase and QSM as either "solid" or
"shell."

For the in vivo MS cases, the neuroradiologist first
identified the three largest separate lesions on T2-
weighted images based on visible hyperintensity. He
then characterized the morphology of each lesion as
"solid," "shell," or "not seen" on the HPF phase and
QSM images. To reduce the risk of bias, the neurora-
diologist classified MS lesions on the HPF phase and
QSM images in two different sessions separated by
several weeks.

If a lesion was visualized on phase but not on QSM,
neighboring slices were examined to investigate
whether the signal on phase was really the magnetic
field generated by a nearby susceptibility source,
rather than being a manifestation of the MS lesion
seen on T2.

Statistical Analysis

For the solid and shell numerical simulations, a Pear-
son’s correlation coefficient was calculated between
the middle axial slice of true lesion and the QSM
reconstruction, as well as between the middle axial
slice true lesion and the HPF phase reconstruction.

For the phantom and MS data, the percentage of
HPF phase and QSM lesions designated as solid and
shell by the neuroradiologist were calculated and
compared.
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RESULTS

The results of the numerical simulations are shown in
Fig. 1. The Pearson’s correlation coefficients between
the true solid and shell lesions and their respective
QSM reconstructions were greater than 0.99. The cor-
relation coefficient between the true shell lesion and
its HPF phase image was 0.91, and the correlation
coefficient between the solid lesion and its HPF phase
image was 0.49. This demonstrates that shell lesions
are accurately depicted on both phase and QSM,
while solid lesions are more accurately depicted on
QSM than on phase.

The results of the SPIO phantom experiments are
shown in Fig. 2. The neuroradiologist, blinded to true
lesion geometry, correctly identified the solid and shell
lesions on QSM images, but labeled both the solid
and shell lesions as "shell-like" on HPF phase images.
Therefore, on phase images both solid and shell sour-
ces of magnetic susceptibility appeared shell-like and
were difficult to distinguish. The QSM images cor-
rectly depicted the underlying geometry, thus ena-
bling the differentiation of solid and shell sources of
magnetic susceptibility.

Of the 60 lesions identified in the 20 MS subjects in
the T2-weighted images, 30 lesions were detected on
both phase and QSM, of which 25 (83%) were solids
and 5 (17%) were shells on QSM, and of which 9
(30%) were solids and 21 (70%) were shells on phase.
Table 1 presents the morphological characteristics of
all lesions on phase and QSM. The long axis of the
lesions ranged from 0.23–2.1 cm (5–45 voxels). Repre-
sentative lesion images are shown in Fig. 3. Of the
nine lesions that appeared solid on phase, 100%
appeared as solid on QSM. Of the 21 lesions that
appeared as shells on phase, 16 (76%) appeared as
solid on QSM, and five (24%) appeared as shell on
QSM. Of the five lesions that appeared as shells on
QSM, all five (100%) appeared as shells on phase.

For the two MS lesions that were identified on phase
but not on QSM, examination of neighboring QSM sli-
ces revealed the presence of veins, suggesting that the

shell-like structures identified on HPF phase could be
a manifestation of the magnetic field generated by the
nearby venous susceptibility sources, rather than
being a manifestation of the lesions seen on T2 at that
location (Fig. 4).

DISCUSSION

Our results indicate that QSM can more accurately
distinguish between solid and shell patterns of mag-
netic susceptibility compared to phase imaging. Shell-
shaped lesions on phase can result from either solid
or shell susceptibility sources. These results are con-
sistent with the physics theory, and suggest that QSM
better depicts spatial susceptibility patterns in MS
lesions compared to phase-based imaging.

Figure 1. Numerical simulations of solid and shell lesions using isotropic, experimental phantom, and MS patient study
parameters. For the solid lesions, (a,e,i) show T2*-weighted, HPF phase, and QSM images in axial view with corresponding
coronal sections in (b,f). For the shell lesions, (c,g,j) show T2*-weighted, HPF phase, and QSM images in axial view with corre-
sponding coronal sections in (d,h). Coronals are not shown for MS patient parameter simulations since MS patient data was
analyzed in axial view only).

Figure 2. SPIO solid and shell phantom lesions. (a) T2*-
weighted, HPF phase, and QSM images of solid lesion in
axial view with corresponding coronal sections in (b); (c) T2*-
weighted, HPF phase, and QSM images of shell lesion in
axial view with corresponding coronal sections in (d).
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Conventional MRI sequences can identify white
matter lesions, but reveal little about underlying path-
ophysiological processes, such as iron deposition,
macrophage/microglia activation patterns, and demy-
elination (1). A lesion’s magnetic susceptibility distri-
bution signature, however, may contain this clinically
useful information, and could potentially be used
both to distinguish different pathological stages of
lesion genesis as well as to investigate factors that
influence overall recovery of an MS lesion (2,3). For
instance, a shell-shaped susceptibility distribution
may signify the presence of iron-containing macro-
phages at the rim of a chronic active lesion (5–7,25). A
solid-shaped susceptibility distribution, depending on
its magnetic susceptibility value, could denote either
extensive demyelination (and lack of iron) as found in
chronic, inactive lesions (25), or could represent the

uniform distribution of cellular or extracellular sour-
ces of iron (7). Further investigation is needed to
refine our understanding of the relationship between
lesion susceptibility geometry and the pathological
significance, but early studies already highlight the
importance of differentiating between solid and shell
lesion geometries.

The veins identified on slices adjacent to the two
MS lesions that were shell-like on phase but not visi-
ble on QSM underscores that shell-like structures on
HPF phase may represent the magnetic field gener-
ated by nearby veins, rather than being manifesta-
tions of the tissue at that point in space. These HPF
"false positives" further highlight the pitfalls of using
phase imaging, which depicts the magnetic field gen-
erated by nearby susceptibility sources, rather than
QSM, which depicts the geometry of the susceptibility
sources themselves. T2 lesions not detected on QSM
are likely old (>7 years) chronic lesions (9).

According to the Maxwell’s equations, each source
of magnetic susceptibility generates a magnetic field
that changes rapidly in the vicinity of that source and
extends beyond it (16). The phase of an MR image is
proportional to this magnetic field. The large changes
in the magnetic field in the vicinity of the source cre-
ate the shell-like artifacts demonstrated in the phase
images of the numerical simulations and phantom
experiments.

A few limitations should be considered. First, our
study lacked histological correlates for the MS patient
data; "ground truth" geometries were not available for

Table 1

Morphological Characteristics of the 60 MS Lesions Identified on

T2-Weighted Images

Phase QSM No. of lesions

Shell Shell 5

Shell Solid 16

Solid Solid 9

Not visible Not visible 15

Shell Not visible 2

Solid Not visible 1

Not visible Shell 2

Not visible Solid 10

Figure 3. Representative lesions in two MS patients demonstrate that shell appearance on HPF phase imaging can corre-
spond to either solid (eg, lesion 4) or shell (eg, lesion 8) on QSM. On the right, lesions visible on T2w are numbered and their
geometrical appearances on HPF phase and QSM are listed.

4 Eskreis-Winkler et al.



our in vivo analysis. The physics of magnetic suscep-
tibility and field is well established by Maxwell’s equa-
tions, which lends support for the interpretation of
our in vivo data. Second, the 3 mm slice thickness of
the MS data did not permit examination of very small
lesions, which may have different phase behavior due
to averaging. These very small lesions, which could
indicate new disease activity, are an important area of
future study. Still, a wide range of lesion sizes were
evaluated. Some subjects had larger lesions than
others, and so by choosing the three largest lesions in
each subject, lesion sizes ranged from 0.23 to 2.1 cm.
Third, the classification of spatial distribution pat-
terns into either solids or shell shapes on MRI may be
subject to interpretive differences between readers.
Thus, future studies should assess interobserver vari-
ability in interpretation, especially as future work elu-
cidates the significance of shell and solid
susceptibility geometries in the pathophysiology of MS
lesions. Fourth, it is important to note that a QSM
voxel reports the sum of all enclosed susceptibility
sources, which, in our clinical cases, includes not
only paramagnetic iron but diamagnetic myelin as
well. To isolate the iron content of MS lesions, the
myelin contribution must be removed using, for exam-
ple, myelin mapping (26,27) or ultrashort TE imaging
(28–30).

However, it is important to note that only a subset
of MS lesions visible on T2 were seen on phase or
QSM. This is consistent with previous literature (9),
which has found that very early active and old chronic
inactive MS lesions often lack susceptibility-based
contrast and are not visible on phase or QSM.

In conclusion, QSM can discriminate between solid
and shell patterns of magnetic susceptibility with
greater accuracy than phase imaging. Given evidence
of the importance of susceptibility geometry in charac-

terizing clinically relevant characteristics of MS
lesions, QSM should be included in future MRI stud-
ies of susceptibility in MS.
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