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Reducing the Object Orientation Dependence of
Susceptibility Effects in Gradient Echo MRI Through
Quantitative Susceptibility Mapping

Jiangi Li," Shixin Chang,® Tian Liu,>* Qianfeng Wang," Deqi Cui,’ Xiaoyue Chen,’
Moonsoo ]in,3 Baocheng Wang,6 Mengchao Pei,’ Cynthia Wisnieff,>*
Pascal Spincemaille,” Min Zhang,' and Yi Wang'*%"*

This study demonstrates the dependence of non-local suscep-
tibility effects on object orientation in gradient echo MRI and
the reduction of non-local effects by deconvolution using
quantitative susceptibility mapping. Imaging experiments were
performed on a 3T MRI system using a spoiled 3D multi-echo
GRE sequence on phantoms of known susceptibilities, and on
human brains of healthy subjects and patients with intracere-
bral hemorrhages. Magnetic field measurements were deter-
mined from multiple echo phase data. To determine the
quantitative susceptibility mapping, these field measurements
were deconvolved through a dipole inversion kernel under a
constraint of consistency with the magnitude images. Phantom
and human data demonstrated that the hypointense region in
GRE magnitude image corresponding to a susceptibility source
increased in volume with TE and varied with the source orien-
tation. The induced magnetic field extended beyond the sus-
ceptibility source and varied with its orientation. In quantitative
susceptibility mapping, these blooming artifacts, including their
dependence on object orientation, were reduced, and the ma-
terial susceptibilities were quantified. Magn Reson Med
000:000-000, 2011. ©2011 Wiley Periodicals, Inc.
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The gradient-recalled-echo (GRE) sequence is a funda-
mental pulse sequence in magnetic resonance imaging
(MRI) (1) and is routinely used in clinical practice and
scientific research for applications including three-
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dimensional (3D) high-resolution anatomy, dynamic con-
trast enhanced MRI, magnetic resonance angiography,
tissue perfusion, and functional MRI (2). A distinct fea-
ture of GRE is its sensitivity to tissue magnetic suscepti-
bility. Tissue becomes magnetized in the MRI scanner
and generates an inhomogeneous magnetic field that
contributes to spin phase during GRE signal detection.
Phase dispersion within a voxel leads to the well-known
T,* hypointensity, which can be attenuated further retro-
spectively by a phase mask to produce susceptibility
weighted imaging (SWI) (3-5). These susceptibility
effects on MR signal magnitude and phase are very im-
portant for tissue characterization in high-field MRI, par-
ticularly in 7T brain imaging (6,7). It is well known that
imaging parameters including main field strength, echo
time (TE), and voxel size affect these susceptibility arti-
facts in GRE MRI, which can be a serious challenge in
clinical applications (8-10).

A major difficulty in interpreting GRE is that the sus-
ceptibility effect is non-local, i.e., susceptibility effects
within a voxel arise not only from sources within that
voxel but also from neighboring sources outside that
voxel. The induced magnetic field extends beyond the
susceptibility source in a dipole field pattern according
to the Maxwell’s Equations, the law of magnetism. The
GRE signal at a location may still have a non-zero phase
due to the presence of nearby susceptibility sources even
though there is no significant source of susceptibility in
that location, Therefore, T,* hypointensity and phase
contrast in GRE are not directly reflective of local tissue
properties (11). A dipole deconvolution of the measured
magnetic field is required to generate quantitative sus-
ceptibility maps (QSM) of local tissues (12-23).

Recently, there has been increasing interest in the bio-
physical interpretation of the orientation-dependence of
susceptibility effects of fibers (24-26) and macrostruc-
tures (27). In this paper, we use the Maxwell’s Equations
to investigate the object orientation dependence of the
blooming artifacts in GRE magnitude and phase images,
and we use QSM to reduce the orientation dependent
blooming artifacts.

MATERIALS AND METHODS

GRE MRI experiments were performed on phantoms
with known susceptibility distributions, healthy human
subjects, and patients with intracerebral hemorrhages. A
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3D GRE Image Parameters for Iron Oxide Phantoms and Human Subjects

Phantom #1 Phantom #2 Human subjects
Reception coll 32-channel head coil 4-channel animal coil 12-channel head coill
Imaging plane Coronal Coronal Sagittal
Repetition time (ms) 40 40 30
No. of echoes 9 8 8
1st echo time (ms) 4.0 4.2 3.3
Echo spacing (ms) 4.0 4.2 3.3
Flip angle (degrees) 15 15 15
Field of view (mm) 150 x 150 77 x 77 240 x 240
Slice thickness (mm) 1.2 0.6 1.25
Matrix 128 x 128 x 64 128 x 128 x 128 192 x 192 x 128
Signal average 4 2 1
Voxel size (mm?®) 12 x12x12 0.6 x 0.6 x 0.6 1.25 x 1.25 x 1.25

convolution with the magnetic field of a unit dipole (the
dipole kernel) was applied to simulate the magnetic field
of objects with known susceptibilities. Our Institutional
Review Board approved the human subject study and
informed consent was obtained from each subject.

All imaging experiments were performed on a 3T MRI
system (Magnetom Trio Tim; Siemens Medical Solutions,
Erlangen, Germany) using a spoiled 3D multi-echo GRE
sequence. Imaging parameters are detailed in Table 1.
Agar phantom #1 contained a small cylinder (~1.5 cm
diameter and 4.0 cm length) doped with a single concen-
tration of an iron oxide contrast agent (~67.5 ng/pL).
Agar phantom #2 contained a small cylinder consisting
of three sections of different concentrations of iron oxide
contrast agent (~22.5 ng/pL, 33.8 ng/pL, 67.5 ng/pL).
Both phantoms were imaged three times with the cylin-
der axis oriented at approximately 0°, 45°, and 90° with
respect to By. Healthy volunteers (n = 5) were scanned
in two positions; with their heads in neutral and chin-
down positions. Patients with intracerebral hemorrhages
(n = 5) were scanned once in a neutral position and
images were reviewed by an experienced radiologist.

Numerical Calculation of the Magnetic Field Produced by
Material Susceptibility

The magnetic field generated by a given susceptibility
distribution in a phantom was calculated in the follow-
ing manner. The susceptibility distribution geometry of
the phantom was defined on the first echo (short TE)
magnitude images acquired at each orientation. By con-
volving the expected susceptibility distribution with the
dipole kernel according to the Maxwell’s Equations for
static magnetism (21,28,29), we obtained the magnetic
field relative to By,

3cos?(0,_p) — 1
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where 3(r) = (B(r) — By)/Bo is the susceptibility-induced
difference field measured relative to B, (relative differ-
ence field), d(r) = (3cos?(0,;) — 1)/4wr? is the dipole ker-
nel, x(r) is the susceptibility distribution, r and r refer
to the locations of the observed field and susceptibility
source respectively, 0, is the angle between the vector r
- I’ and the z-axis. Strictly speaking, the B field in Eq. 1

should be called the magnetic-flux density or magnetic
induction along the z-direction. The magnetic field is the
B field divided by the permeability (1 + y), which can be
approximated as 1 when dealing with the small suscepti-
bility of biological tissue (y < 1) in Eq. 1. Therefore for
simplicity, the B field in MRI is commonly called the
magnetic field. The convolution in Eq. 1 was executed
efficiently as a multiplication in the Fourier domain by
using the Fast Fourier Transform (30).

Construction of Quantitative Susceptibility Maps from
Gradient Echo MRI Data

The phase images were first extracted from the complex
MRI data, unwrapped using a magnitude image guided
algorithm (31), and then a weighted linear fitting of the
phase images was performed on a voxel-by-voxel-basis to
estimate the susceptibility-induced magnetic field (12).
All echoes were used to fit the phase images for human
subjects, but only the first three echoes were used for the
two iron oxide phantoms due to low signal-to-noise ratio
at long TE points. To extract the local fields generated
by brain tissues, the background field generated by sour-
ces outside the brain region was removed by applying a
projection onto dipole fields procedure on the frequency
offset map (13). The local field map was then input into
a solver with the following cost function for the field-to-
source inverse problem (13,23,32):

x+ = argminy|[MVx||; +N[W( —d @ x)|l3- 2]

Here Y/ is a 3D gradient operator; M is a binary mask
with 0 for voxels of non-trivial gradients in the magni-
tude image (defined as five times greater than the back-
ground noise standard deviation in the magnitude image)
and 1 otherwise; W is a weighting set to the SNR of the
magnitude image; and \ is the regularization parameter.
N was determined by the discrepancy principle; N was
chosen such that the data term |IW(@ — dox)ll,
approximately equaled the norm of the noise in W3, the
weighted relative difference field.

Quantitative Data Analysis

Magnitude intensity values, magnetic field values, and
susceptibility values were measured manually in regions
of interests on magnitude, field, and QSM images for
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FIG. 1. Coronal images of phantom #1 in three orientations with its cylindrical axis aligned approximately parallel to Bg (top), at 45°
with respect to B, (middle) and orthogonal to By (bottom). By is along the vertical axis here. (a,b) GRE magnitude images at TE = 4 ms
and 36 ms, respectively, (c) measured field map, (d) QSM, and (e) calculated field map. The calculated field (e) of the cylinder doped
with iron oxide contrast agents agrees very well with the measured field (c). Blooming artifacts appear at locations with strong field vari-
ation (red ellipses), typically interfaces perpendicular to By. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

both phantoms and human subjects using the MRIcro
image viewer (Version 1.40; http://www.cabiatl.com/mri-
cro/). Field and QSM measurements in phantoms were
performed on ROIs of 30 voxels in the centers of regions
doped with iron oxide as identified in the magnitude
images of the shortest TE and were correlated with the
known iron concentrations. Summary statistics (mean =
standard deviation over ROI) were reported. Field and
QSM measurements on the inferior sagittal sinus in
healthy subjects were performed using ROIs of 15 voxels,
and paired t-tests were performed to assess the statistical
differences between the two orientations.

RESULTS

The experimental measurements and the numerical cal-
culations for phantom #1 are shown in Fig. 1. T,* mag-
nitude image contrast changed markedly as echo time
TE increased. Strong hypointense blooming artifacts
appeared at the superior and inferior surfaces of the cyl-
inder perpendicular to B, in the magnitude image of TE
= 36 ms (Fig. 1b) and were associated with strong mag-
netic field variations in space, as identified by red ellip-
ses in Fig. 1b and c. The MRI measured fields were con-
sistent with the fields calculated from Eq. 1 using the
susceptibility source geometry defined by the TE = 4

ms magnitude images (Fig. 1c and e). The blooming arti-
facts in the TE = 36 ms magnitude image changed
markedly when reorienting the principal axis of the cyl-
inder from parallel to B, (top in Fig. 1) to perpendicular
to By (bottom in Fig. 1). (The images in the three rows
of Fig. 1 were from similar but not identical sections of
the phantom due to the repositioning between acquisi-
tions). When the agar cylinder axis was perpendicular
to By (bottom row in Fig. 1), the area of blooming arti-
facts were the largest (Fig. 1b, bottom vs. top and
middle).

The field values in the central region of the cylinder
were strongly dependent on orientation. The field val-
ues were positive (58 = 18 Hz) when the agar cylindri-
cal axis was at 0° (parallel to By) (top in Figs. 1c and e),
but the field values were close to zero (=3 = 9 Hz) and
negative (—40 = 19 Hz) when the cylindrical axis was
at 45° and 90°, respectively (middle and bottom in Figs.
1c and e). Compared to the strongly orientation-depend-
ent hypointense blooming artifacts in the TE = 36 ms
magnitude images and in the field maps, the estimated
quantitative susceptibility maps were approximately the
same for the three orientations (x = 1.74 = 0.09, 1.66 =
0.21, and 1.77 * 0.20 ppm, respectively, for the 0°, 45°,
and 90° orientations of the cylinder axis) (Fig. 1d).
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FIG. 2. Correlations between concentrations of iron oxide contrast agents and average magnitude (a,b for TE = 4.2 ms and 33.6 ms,
respectively), field (c) and QSM (d) values. The three orientations are (1) approximately parallel to By (box), (2) at an angle of 45° with
respect to By (circle) and (3) orthogonal to Bg (triangle). [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Results from phantom #2 are similar to those from
phantom #1. There were strong field variations around
the agar layer with the highest concentration of iron ox-
ide. The hypointense blooming artifacts in the TE = 33.6
ms magnitude image changed markedly when the princi-
ple axis of the cylinder was repositioned from parallel to
B, to perpendicular to B,. The calculated susceptibility
values were approximately the same for the three orien-
tations. There were poor correlations between iron con-
centrations and field values (R®* = 0.08, Fig. 2c) and
between iron concentrations and noisy magnitude hypo-
intensities at TE = 33.6 ms (R* = 0.36, Fig. 2b). There
was a good linear correlation between iron concentra-
tions and magnitude hypointensities at TE = 4.2 ms (R*
= 0.84, Fig. 2a) but the slope and intercept changed with
orientation (slope from —7 to —10, intercept from 706 to
1008). Finally, there was a strong linear correlation
between iron concentrations and QSM estimated suscep-
tibilities (R* = 0.99, Fig. 2d) with the slope and intercept
similar for all orientations (slope 0.0277 * 0.0006, inter-
cept -0.06 = 0.04).

The orientation dependence of susceptibility effects
was also observed in all human imaging. For example,
the field values of the inferior sagittal sinus (red ellipses
in Fig. 3) changed substantially between the two head
orientations (—9 = 3 Hz and 15 = 3 Hz for the two orien-

tations in Fig. 3), but its QSM values remained approxi-
mately the same for the two head orientations (x = 0.38
+ 0.12 and 0.43 = 0.09 for the two orientations in Fig.
3). The mean field values of the inferior sagittal sinus
from five healthy human subjects were —8 * 2 Hz and
11 * 3 Hz for the two orientations, which were signifi-
cantly different (p = 0.004). The mean susceptibilities of
the inferior sagittal sinus from five healthy human sub-
jects were 0.39 = 0.05 and 0.38 = 0.08 for the two orien-
tations, with no significant difference (p = 0.67).

While it was not possible to image hemorrhagic
patients with two head orientations, strong blooming
artifacts were observed in the superior and inferior
aspects of the hemorrhage (red circles in Fig. 4e), com-
pared to the quantitative susceptibility maps (Fig. 4d).
The magnetic field in the center of the hemorrhage
changed with the shape of hemorrhage. The field value
in the center of a hemorrhage was positive (~9.7 Hz)
when the longest axis of a hemorrhage was approxi-
mately parallel to By (top in Fig. 4c), and the field value
was negative (approximately —21.9 Hz) when the longest
axis of a hemorrhage was approximately perpendicular
to By (bottom in Fig. 4c). This sign dependence of the
field value of a hemorrhage on its long axis orientation
was consistent with that of the iron oxide doped cylin-
der in phantom #1.
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DISCUSSION

Our data demonstrates that the blooming artifacts in GRE
magnitude and phase images occur near the surfaces of the
object (susceptibility edges) that are perpendicular to By.
These object-orientation dependent susceptibility effects
are caused by the local magnetic field that is a convolution
of the dipole kernel with all (both local and nonlocal) sus-
ceptibility sources within the scanner. The blooming arti-
facts can be reduced by the dipole deconvolution as is per-
formed in quantitative susceptibility mapping (QSM).

It is known from the Maxwell’s Equations for static mag-
netism that the strong susceptibility-induced fields occur

-40Hz

a b c

c d
FIG. 3. Images from a healthy subject’s brain in the sagittal view with the head at neutral (top) and tilted (bottom) orientations (Bq is
along the vertical axis). (a,b) GRE magnitude images at TE = 3.3 ms and 26.4 ms, respectively, (c) field, and (d) QSM. The inferior sagit-

tal sinus changes its appearance in the magnitude and field images when the orientation with respect to By changes (red ellipses in
b,c), but remains consistently paramagnetic independent of orientation in QSM (d).

near the susceptibility interfaces perpendicular to B, (28).
This explains the observed pattern of blooming artifacts
caused by susceptibility inhomogeneities. The induced
magnetic field localized along surfaces perpendicular to By
causes intravoxel dephasing or T,* hypointense blooming
artifacts. Change in the surface orientation alters the field
distribution and consequently in the blooming artifacts in
GRE magnitude and phase data. This analysis based on the
Maxwell’s Equation may be applied to investigate the ori-
entation effects of structured materials like fibers (25).
There is a substantial difference in the appearances
between the local magnetic field and the tissue

+40Hz -1.5ppm

+1.5ppm 0.1ppm 3.0ppm

d e

FIG. 4. Sagittal images of the brain of two patients. (a,b) GRE magnitude image at TE = 3.3 ms and 26.4 ms respectively, (c) field, (d)
QSM, and (e) QSM with pseudo-color overlaid on the magnitude image at TE = 26.4 ms to show blooming artifacts. The hemorrhages

are indicated by the red circles.



susceptibility inducing this field. As demonstrated in
Fig. 1c and e, the magnetic field varies widely through
the section of approximately uniform susceptibilities.
This difference is expected from the Maxwell’s Equation,
Eq. 1, which indicates that the magnetic field is equal to
the convolution of the dipole kernel with the susceptibil-
ity map. The dipole kernel makes the field map inhomo-
geneous even where the underlying material is homoge-
neous, as seen in Fig. 1c. In special situations when
there is a large region of uniform susceptibility, the field
at the center of the region may be proportional to the
susceptibility. However, this proportionality coefficient
changes with the object orientation (see the cylinder cen-
ter in the top, middle and bottom of Fig. 1c and e) and
changes with the shape of the region (see shape differen-
ces between Fig. 1c and 4c). High-field MRI has been
reported to offer insightful investigation into the bio-
physical mechanism of phase contrast in GRE (7,24).
One should be aware of the difference between non-local
phase and local tissue property when the phase in GRE
is used to characterize tissue such as brain iron (33), as
the phase value (the extracted field value after unwrap-
ping and TE division, to be precise) may provide errone-
ous iron measurements (34).

Fundamentally, removing blooming artifacts in GRE
data requires deconvolution of the dipole kernel. The
need and challenge of the dipole deconvolution have
been well recognized in literature (21,35). Dipole decon-
volution can be regarded as a division by the dipole ker-
nel in k-space. The zeroes in the dipole kernel (and in
its derivatives at large k,s) and the noise make the dipole
deconvolution ill-posed, i.e., many possible susceptibil-
ity solutions exist that induce the same field as meas-
ured from the phase data. Additional prior information
is required to select a physically meaningful solution,
and error in this prior information model propagates into
the selected solution. The prior information used in Eq.
2 is that the susceptibility map should have same struc-
tural consistency (such as sharing the same edges) with
the magnitude images that naturally coexist with the
phase images in GRE data. Because most possible dipole
inverse solutions contain artifacts streaking away from
susceptibility sources, the prior in Eq. 2 offers a fairly
accurate susceptibility solution of minimal streaking arti-
facts as quantitatively confirmed in experimental valida-
tion (13,23). Our phantom data here clearly demonstrate
that this quantitative susceptibility mapping method
effectively reduces the blooming artifacts.

QSM can be used to provide a more accurate defini-
tion of the geometry of high susceptibility tissues, such
as hemorrhages with deposits of hemosiderin that are
known to have very high susceptibility. GRE MRI is
known to be as accurate as CT in detecting acute hemor-
rhages and more accurate than CT in detecting chronic
intracerebral hemorrhages (36). However, blooming arti-
facts in the T,* hypointensity of the magnitude images
of GRE depend on the hemorrhage orientation and imag-
ing parameters including the main field strength, voxel
size, and echo time. Consequently, it is difficult to mea-
sure the actual hematoma volume (37), which is one of
the important clinical indices used in the current intra-
cerebral hemorrhage management. By reducing blooming
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artifacts, QSM may enable a universal standard for meas-
uring hematoma volume in GRE MRI.

QSM may be used to quantify iron deposition, as vali-
dated in Fig. 2d in the phantom experiment and indicated
in Fig. 4d for in vivo hemosiderin deposition measure-
ment. QSM may also be used to quantify deoxyhemoglo-
bin as indicated in Fig. 3d where the voxel value of a
vein is its deoxyhemoglobin concentration times the
molar susceptibility of deoxyhemoglobin. In our human
subject QSM, we have noted high susceptibility values in
the basal ganglia, substantia nigra, and red nuclei, which
may result from ferritin depositions in these regions. We
have also noted conspicuous negative-susceptibility val-
ues associated with calcium depositions in the ventricles.
These observations suggest that, when the magnetic bio-
marker (the dominant susceptibility contributor, such as
iron and calcium) of a tissue is known, QSM can be used
to quantify the tissue magnetic biomarker.

QSM is a recently developed field-to-source inversion
technique for quantitatively mapping tissue magnetic
property. The solver for the nonlinear convex problem of
Eq. 2 may be optimized using parallel computing for fast
convergence. The formulation of Eq. 2 may be improved
for precise account of noise in the detected signal. The
current simple binary mask in Eq. 2 works surprisingly
well, which may be explained as follows. The dipole
convolution kernel is globally applied in the forward
problem and the dipole deconvolution kernel is also
globally applied in the inverse problem. The deconvolu-
tion kernel is tuned well by the minimization of Eq. 2
for selecting the susceptibility structures with strong
edges in the T,* magnitude images. Such a tuned kernel
for deconvolution also works well for other susceptibility
structures with little contrast in the T,* magnitude
images. Therefore, the global nature of the dipole decon-
volution does not require knowledge of all structures in
the image volume to select the physically meaningful so-
lution for susceptibility. This point may warrant rigorous
mathematical justification in future work. Experimen-
tally, the structure binary mask in Eq. 2 may be opti-
mized with the structural information from all available
images including the phase images, T; and T, weighted
images, in addition to the 7,* magnitude images.

In summary, strong blooming artifacts in the magni-
tude and phase images of GRE data appear near the sus-
ceptibility interfaces that are orthogonal to the main field
of the MRI system. These orientation-dependent non-
local susceptibility effects can be explained by the Max-
well’s Equations for static magnetism: the susceptibility-
induced magnetic field is a convolution of the dipole
kernel with all tissue susceptibility sources including
non-local ones. Dipole deconvolution in quantitative sus-
ceptibility mapping can reduce the blooming artifacts
and depict true local tissue magnetic properties.
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