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Direct In Vitro Comparison of Six
Three-Dimensional Positive Contrast
Methods for Susceptibility Marker Imaging
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Purpose: To compare different techniques for positive
contrast imaging of susceptibility markers with MRI for
three-dimensional visualization. As several different tech-
niques have been reported, the choice of the suitable
method depends on its properties with regard to the
amount of positive contrast and the desired background
suppression, as well as other imaging constraints needed
for a specific application.

Materials and Methods: Six different positive contrast
techniques are investigated for their ability to image at 3
Tesla a single susceptibility marker in vitro. The white
marker method (WM), susceptibility gradient mapping
(SGM), inversion recovery with on-resonant water sup-
pression (IRON), frequency selective excitation (FSX), fast
low flip-angle positive contrast SSFP (FLAPS), and itera-
tive decomposition of water and fat with echo asymmetry
and least-squares estimation (IDEAL) were implemented
and investigated.

Results: The different methods were compared with
respect to the volume of positive contrast, the product of
volume and signal intensity, imaging time, and the level
of background suppression. Quantitative results are pro-
vided, and strengths and weaknesses of the different
approaches are discussed.

Conclusion: The appropriate choice of positive contrast
imaging technique depends on the desired level of back-
ground suppression, acquisition speed, and robustness
against artifacts, for which in vitro comparative data are
now available.
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SUSCEPTIBILITY CHANGES OFTEN lead to unwanted
artifacts in MR imaging. Recently there have been a
growing number of applications that take advantage
of local susceptibility differences (1). For example, in
molecular imaging, stem cells are labeled with super-
paramagnetic nanoparticles (2,3) to enhance MR
visibility, or iron uptake of macrophages supports
visualization of atherosclerosis (4).

Traditionally, local magnetic field susceptibilities
are visualized as a local signal loss secondary to a
decrease in T2* such as in susceptibility weighted
imaging (5). However, because signal loss sources are
ambiguous, positive contrast methods have been
developed. In fact, several different methods have
been described. To increase the understanding and
support a proper choice for the design of experiments,
a subdivision in several categories is useful. One cate-
gory of these methods exploits the local magnetic field
gradients. These gradients are additive to the MR-
imaging gradients and cause the local signal to
undergo a shift in k-space (6). A second category
exploits the change in the local Larmor frequency,
i.e., off-resonance imaging (7,8). By selecting only
parts of the frequency spectrum for imaging, positive
contrast can be obtained. A third category of methods
is based on phase accumulation which is exploited
during steady-state free-precession and multi-echo
imaging (9-11).

In this manuscript, the focus is on six different pos-
itive contrast methods in vitro. Because in future
applications the spatial distribution of the susceptibil-
ity markers will be important, only three-dimensional
(3D) implementations are investigated. Furthermore,
to support future in vivo applications, cardiac trigger-
ing is incorporated as well as the presence of local
saturation slabs.

The investigated methods include FLAPS (9), IRON
(12), WM (13), SGM (14), IDEAL (15) and a frequency
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Table 1
Categories Into Which the Six Methods Investigated Can Be
Divided*

Acquisition  Post-processing
K-space based WM SGM
WM
Frequency based IRON
FSX
Phase accumulation based FLAPS IDEAL

*White Marker (WM) can both be implemented using modified ac-
quisition as well as a post-processing method (see also Reference
32). The other methods are: inversion recovery with on-resonant
water suppression (IRON), frequency selective excitation (FSX),
and closely related to the frequency based methods: fast low flip-
angle positive contrast SSFP (FLAPS), and iterative decomposition
of water and fat with echo asymmetry and least-squares estimation
(IDEAL).

selective excitation (FSX) method. Quantitative
parameters that were investigated to evaluate the per-
formance of these techniques are the volume of
enhancement, the amount of positive contrast (PC),
the contrast-efficiency (CE) and the background-sig-
nal to noise ratio (BNR). A qualitative rating of the
sensitivity of each method to global magnetic field
inhomogeneities and RF inhomogeneities is provided
as well.

Theory

The sensitivity of MR imaging to local magnetic field
changes can be used to generate contrast. For a better
understanding, it is useful to categorize the different
positive contrast methods. For each of the following
three categories, two representative methods are eval-
uated and discussed. See also Table 1.

Local Magnetic Field Gradients

A single spherical particle with radius a, placed in an
external magnetic field By, will induce a dipolar mag-
netic field disturbance described by:

AB(r, 0) = Axa®(3 cos®6 — 1)By/(31°), (1]

with AB(r, 0) being the change in magnetic field
including the Lorentz correction at distance r>a, 6 the
angle with respect to the main magnetic field, a the
radius of the sphere, and Ax the susceptibility differ-
ence to the background (16, p 569). The locally
induced magnetic field gradient Gg,s. outside of the
sphere can be written as Gguyse = (0AB/0x, 0AB/0y,
0AB/0z) and will influence the MR signal formation of
the material surrounding the sphere.

In general, the location of the MR signal in k-space
is defined by:

k(t) = W‘/()(Gimaging(tl) + Gsusc)dt’, 2]

where Gimaging(t') are the time-dependent imaging gra-
dients, t is the time of acquisition, and y = y/2n, with
v the gyro-magnetic ratio for protons. Equation [2]
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shows that the presence of the susceptibility gradients
leads to a relative shift of the location of the MR signal
in k-space by approximately Ak = TE-Ggusc, because
these gradients “act” from excitation (t = 0) to the
echo-time (t = TE) (16, p. 741).

WM

It is this shift in k-space that is exploited in the “white
marker phenomenon” (WM) method (13), also known
as gradient echo acquisition for super-paramagnetic
particles with positive contrast (GRASP) (17). Here, we
will briefly explain the method along the lines of (6). It
is graphically illustrated in Figure 1. By altering the
imaging gradients (typically by reducing the strength
of the slice select gradient), the portion of k-space
that falls within the sampling window is shifted.
Simultaneously, the background signal, that is unaf-
fected by the susceptibilities, shifts out of this win-
dow. Typically, a shift of kyax is needed to make the
background signal disappear. The signal from protons
in close proximity to the susceptibility marker is
shifted by Ak in k-space and when the relative shift of
the imaging window (Akwy) is chosen appropriately,
this signal will exclusively be visible, thus yielding
positive contrast.

SGM

A second method that depicts local susceptibility gra-
dients with positive signal is the Susceptibility Gradi-
ent Mapping (SGM) method (14,18). This method
relies on postprocessing alone and was implemented
as an image filter: The region of size n pixels around
every voxel is Fourier transformed into I-space. If
there is no local magnetic field gradient, the spectrum
is symmetrical. However, if local gradients are pres-
ent, there will be a shift Ak of the peak of the spec-
trum in k-space. By calculating the magnitude of this
shift in the three spatial directions and by calculating
the absolute length of the “shift-vector,” a gradient
magnitude map can be generated.

Local Resonance Frequency Changes

As the local magnetic field in the surroundings of the
susceptibility marker changes, the resonance fre-
quency is shifted by Af:

Af = yAB. 3]

This change can be exploited for positive contrast
generation by altering an MRI sequence to either sup-
press the on resonant magnetization through magnet-
ization preparation, or by using a frequency selective
excitation in the imaging sequence.

IRON

An example for the above includes Inversion Recovery
with ON-resonant water suppression (IRON) (12). The
magnetization preparation using a prepulse is illus-
trated in Figure 2. An on-resonant (wjron = 0 Hz)
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Figure 1. Demonstrating the effect of shifting the k-space in the left-right direction. Top row: modulus images, bottom row
modulus of the k-space spectrum (The window level in the right column is 10 times smaller than in the first three). As long
as the center peak (k = 0) falls in the reconstruction window, the background is preserved. After a shift of approximately 0.5

kmax the positive contrast appears.

narrow bandwidth (A wron typically 120 Hz) prepulse
saturates the on-resonant background water signal,
leaving only off resonant spins as signal sources in
the image. Because fat is also off-resonant (wpi =
—420 Hz at 3T), an additional fat saturation prepulse
can be added as needed. This prepulse is then fol-
lowed by the imaging part of the sequence.

FSX

Frequency selective excitation (FSX) methods use an
off resonance excitation pulse in the imaging part of
the sequence. To combine this with 3D imaging and
thus slice selection, a multiple wide-band excitation
composite pulse can be used, such as a binomial
pulse. In our implementation, a fourth order (14641)
scheme was used (8). The relative frequency response
S(f) of such a combination is:

S(f) = cos*(m Vf At), [4]

where At=1.16 ms is the temporal spacing between
the sub-pulses (19).

Local Inter-echo Phase Changes

Strongly related to the category above are the positive
contrast methods that exploit the phase that accumu-
lates between two echoes. Two examples of such
methods include steady-state with free precession
and multi-echo acquisitions, respectively.

FLAPS

Fast Low Angle Positive contrast Steady-state free pre-
cession (FLAPS) exploits the phase rotation angle B

between consecutive (phase cycled) RF excitations
(9,10). On resonance, B is zero, but in the presence of
a susceptibility marker,

B = yTRAB, 5]

with TR being the repetition time of the imaging

sequence. Because AB is spatially varying as
| |
FAT ' H,0 " ’
Off resonance Off resonance
M

=T . T

Wrat WiroN

Figure 2. Schematic drawing of the spectrum (top graph)
with the on resonant water peak and the (off resonant) fat
peak (separated by 420 Hz at 3T). The susceptibility marker
will induce off-resonant signal outside of the water-peak
(marked “off resonance”). By a frequency selective IRON-pre-
pulse (centered at wron=0 Hz and with bandwidth Awiron)
the on resonant signal is suppressed relative to the off reso-
nant magnetization, which remains as steady-state magnet-
ization (Mgg) immediately before imaging (bottom graph). An
optionally added fat saturation can additionally suppress
frequencies around the fat peak (dashed line).
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Figure 3. Positive contrast signal C
in units of the equilibrium magnet-
ization M, using the Fast Low Angle
positive contrast Steady-state pre-
cession for T1/T2 = 2 as a function
of the phase rotation angle between
two excitations. On resonance (B =
0) there is no signal, while for a
certain range of B-values the off res-

Positive Contrast C (units M o)

—O—5 degrees
---A-- 10 degrees
— 11— 30 degrees

® 80 degrees

onant signal is larger than on reso-
nant, yielding the positive difference
(i.e., contrast).

described in Eq. [1], there will be a signal (S) change
around the marker, which is also dependent on the
flip angle « and the T1/T2 ratio. In Reference 9, the
contrast C(B), C(8)=S(B)-S(0) as a measure of positive
contrast, is described as:

C(B) = So - (\/(2 + 2B)/(2(T1/T2)(1 — A) + B(1 + A)
YA+ 1) - 1/(T1/T2)(1 —A)+A+1)).  [6]

Here, So = Mp-sin(a), My is the equilibrium magnet-
ization, A=cos(a) and B=cos(B). For C(B) to be posi-
tive, the flip angle is limited to O < a < arcos((T1/T2-
1)/(T1/T2+1)). In Figure 3, C(B) is shown for several
flip angles. For very small flip angles, there is little
signal and little positive contrast except in a small
range of values for B. For intermediate flip angles, a
large range for B yields positive contrast, albeit at the
cost of the magnitude of contrast. For large flip-
angles, the on resonant stimulated echoes dominate
and at 90°, there is no positive contrast at all (nega-
tive contrast not shown in Fig. 3). For a thorough dis-
cussion, see Dharmakumar and Koktzoglou (9).

IDEAL

The second type of sequences exploiting the inter-
echo phase differences are the multi gradient-echo
methods combined with postprocessing, sometimes
referred to as Dixon methods (11,20). Although origi-
nally designed to separate water and fat signals, they
are also well suited to visualize magnetic susceptibil-
ity markers (21). One implementation is Iterative
Decomposition of water and fat with Echo Asymmetry
and Least-squares estimation (IDEAL), as previously
described (15). This method assumes the signal S to
be composed by two distinct partitions that have a
frequency difference Af. The sum signal S; for the i-th
echo time TE; is then described by:

Si = (W +F - exp(2wi Af TE,)) - exp(2 wi ¢ TE;), [7]

with the signal W referring to the on resonance and F
to the off resonance partition, respectively, and { is

R (degrees)

the complex field map, with RE{{} the field offset (in
Hz) and Im{y}=1/(2wT2*) (15). The iterative algorithm
will then estimate W, F, and { from three echoes.
The off resonance map of F then yields a positive con-
trast image.

METHODS
Experimental Setup

Following an earlier described experimental design
(22), a single austenitic stainless steel sphere (FE
246805, diameter 0.5 mm AISI 316 steel, Goodfellow,
Oakdale, PA) was submerged in 500 mL of gelatin
(Jell-O, Kraft Foods, Rye Brook, NY) made from tap
water doped with Gd-DTPA (1 mM, Magnevist, Berlex,
Montville, NJ). The gelatin was cast in a plastic food
container and a 50-mL layer of oil was placed on top
to provide an additional source of off-resonant signal.

The phantom was positioned in an eight-channel
Sense head-coil for signal reception and all imaging
was performed on a clinical 3T MRI scanner (Achieva,
Philips Healthcare, Cleveland, OH).

The imaging protocols for the different methods
were defined as follows. First, all scans were per-
formed using 3D segmented k-space data acquisition
using artificial ECG triggering. This approach was
chosen with future cardiovascular applications in
mind. For each method, a 100-ms acquisition window
was used during every RR-interval (lasting 857 ms).
The total scan time was adjusted to allow for the ac-
quisition of one complete k-space signal average for
each method. The acquisition matrix in the coronal
plane was 120 x 120 x 30 with a field of view of 120
x 120 x 30 mm®, and a reconstructed matrix of 240
x 240 x 60. In axial scans, the rectangular field-of-
view was changed to 80 mm in anterior-posterior
direction. The readout direction was concomitantly
changed from foot-head to right-left. The receiver
bandwidth was 217 Hz/pixel. A saturation slab was
applied in the sagittal direction to generate a local sig-
nal intensity variation independent of the susceptibil-
ity marker. Shimming and f, determination were
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performed using a previously described shimtool (23).
The region of interest for shimming included most of
the container. From all datasets, modulus, real, and
imaginary DICOM images were stored for subsequent
off-line analysis.

Data Analysis

In the modulus images, the center of the susceptibility
marker was visually identified. Around this center, a
shell with an inner radius of 21 voxels (where the
expected maximum frequency change due to the
marker was less than 5 Hz) and a thickness of 5 vox-
els was defined. In this shell, that included 38,641
voxels, the mean and standard deviation of the signal
intensity were determined. The mean value divided by
the standard deviation is a measure of the back-
ground signal of the phantom. This ratio will be
referred to as background to noise ratio (BNR) in the
following. Of the voxel-values inside the sphere
enclosed by the shell, a cumulative histogram was
created and a threshold was determined such that a
fraction of 0.13% of the points exceeded this value.
(In case of a normal distribution this would be 3
standard deviations above the mean.) The threshold
was applied to the sphere enclosed by the shell and
the number of voxels (i.e., the enhanced volume) and
the mean signal intensity were computed. Using the
thus-obtained values, positive contrast (PC) was cal-
culated as the number of voxels times their signal in-
tensity divided by the standard deviation of the shell
(i.e., background variability). This number was di-
vided by the square root of the scan time in seconds
to obtain a measure of contrast efficiency (CE) (10). To
minimize the influence of the choice of the center
voxel, the above analysis was always repeated for its
26 neighboring voxels, and the results were averaged.

Phantom Characterization

To estimate the off-resonance frequencies and gra-
dients present around the sphere, a short echo-time
(1.4 ms) phase-map was fitted using exhaustive pa-
rameter search to Eqgs. [1] and [3], where the phase
relative to the background is ¢ = yAxBoTE a®(3 cos?6-
1)/3r%. From the known radius a of the sphere, the
susceptibility difference Ay is thus obtained. From the
multi-echo method described earlier, a R2* map was
generated to estimate the T2* in the background. The
T2 was obtained from a multi-spin echo sequence and
T1 was estimated using a Look-Locker sequence, both
available on the scanner (16, p 650).

Positive Contrast Imaging
WM

Image acquisitions were performed with shortest TR
(ranging from 6.8 ms to 12.7 ms, depending on the
required size of the dephasing gradient). For each TR,
the shortest possible echo time was used. The pulse
train length was adjusted to fit to the 100-ms window
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(ranging from 8 to 14 excitations), the RF excitation
angle was 10°.

The following dephasing gradients expressed in
units of ky,.x of the reconstructed image were chosen
in the slice select direction: 0, 0.4, =0.6 =0.8, 1.0,
+1.4, =2.0, 4.0, =6.0 kp,,x. Imaging was performed
in the coronal and axial plane, with the readout direc-
tion in parallel and perpendicular to By, respectively.
In the coronal orientation, additional experiments
were performed with dephasing in the phase and fre-
quency encoding direction, with dephasing strengths
up to =1.4 Kppax.

SGM

The postprocessing method was applied to images
with TR/TE = 6.8/3.2 ms, pulse train length 14, RF
excitation angle 10°. The filter kernel-sizes were 3, 5,
and 7 pixels, equal in the spatial directions. Images in
both coronal and axial orientation were processed.

IRON

The settings of the prepulse were optimized for every
Awron investigated using 2D scout scans that loop
over a range of flip angles of the prepulse (aron = 80°
to 140° in increments of 5°) with a fixed wirony = —25
Hz. Subsequently, the center frequency of the sup-
pression pulse was varied from —300 Hz to 300Hz in
steps of 25Hz using a Awjron = 102 Hz. The suppres-
sion angle and center-frequency that led to the best
background suppression were visually identified. Sub-
sequently, 3D images were acquired in coronal and
axial orientation with prepulse bandwidths of 102,
196, and 392 Hz, respectively. Parameter optimization
and image acquisition were performed for both fast
spin echo and gradient echo acquisitions. Imaging pa-
rameters for the gradient echo images were TR/TE =
6.8/3.3 ms, RF excitation angle 10°, pulse train
length 14. For the fast spin echo imaging sequence,
TR = 857 ms, TE = 11 ms, 90° excitation angle, 180°
refocusing angle, echo train length 9, bandwidth
282Hz/pixel.

FSX

TR/TE = 11.3/5.5 ms, RF excitation angle 13°, pulse
train length 8. A 14641-binomial pulse consisting of 5
sinc-gaussian (5 periods) sub-pulses was used for ex-
citation. Using the interface of the shimtool, an offset
of 0, =100, £200, £300 and *420 Hz was added to
the on resonance excitation frequency f,. Images in a
coronal and axial plane were acquired.

FLAPS

To minimize TR, the bandwidth of the acquisition was
increased relative to the other imaging techniques to
1320 Hz/pixel. Other scan parameters were ranging
from TR/TE = 2.8/1.4ms with a pulse train length of
35 for a 1° RF excitation angle, to TR/TE = 3.7/1.9
ms for an RF excitation angle of 50° (pulse train
length of 26). Images were acquired in a coronal and
axial orientation.
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Figure 4. Schematic of the iso-frequency shift lines as
defined in Egs. [1 and 3] around the susceptibility marker in
the coronal plane: the vertical axis is parallel to By and the
horizontal axis is perpendicular to Bo. Shown are the fre-
quency shifts of 50, 100, 150, 200, 300, and 500 Hz. Notice
that closer to the marker, the isolines are grouped closer to-
gether giving rise to intra-voxel phase dispersion. The diame-
ter of the sphere was 0.5mm. Fitting the frequency
distribution to a measured phase map with TE = 1.4 ms, the
susceptibility is found to be Ax = 4.3-107°.

IDEAL

The IDEAL method was applied to MRI image data
sets that were obtained with three different echo
times. The first set of three with an inter-echo spacing
of 1.0 ms (these images were acquired as separate
scans with a single TE). Here TR/TE; =9.0/3.3 ms,
RF excitation angle 10°, pulse train length 11. The
second and third sets were acquired as multi-echo
acquisitions (with fly-back to have the readout in the
same direction for each echo). The second set had an
echo spacing of 2.3 ms achieved by increasing the
bandwidth from 217 to 1320 Hz/pixel resulting in
TR/TE; = 8.0/1.5 ms, RF excitation angle 11°, pulse
train length 12. The third set had an echo spacing of
5.8 ms, with TR/TE; = 19/3.2 ms, RF excitation
angle 17°, pulse train length 5. Images in a coronal
and axial orientation were acquired for set 1, sets 2
and 3 in an axial plane.

RESULTS
Phantom Characterization

The fitted frequencies from the phase map of the sur-
roundings of the marker are shown in a coronal
cross-section in Figure 4. The matching susceptibility
(difference) of the sphere was AX:4.3-10’3. As the
area of phase wraps (distance < ~4 pixels to the cen-
ter) was excluded from the fit, the local minimum was
very sharply defined (<1% variability in fitted parame-
ters). The “magnetic strength” 4wa®/3-Ay is thus well
determined, the size of the sphere, however, is only
known within 5%, thus the accuracy is estimated to
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be around 15% (i.e., Ax = 4.3-10 — 3 = 0.6-10-3).
The measured T1 in the background of the doped
gelatin was 92 * 3 ms, T2 was 49 * 2 ms and T2*
was 48 £ 5 ms.

Positive Contrast Imaging
WM

As a function of the strength of the dephasing gradi-
ent, the volume of positive contrast, PC, CE, and BNR
are shown in Figure 5a-d. For zero dephasing, a regu-
lar segmented gradient echo image is obtained that al-
ready shows some positive contrast. This is caused
both by statistical noise and by signal enhancement
as a result of image distortion (see the Discussion sec-
tion). With small dephasing there is an increase in the
amount of positive contrast, as shown in Figure 5b.
However, as can be derived from Figure 5d, the back-
ground is not well suppressed. For dephasing of
0.6-knax and higher, there is a transition, after which
the background suppression is very effective. How-
ever, in regions where the signal intensity is rapidly
changing in the dephasing direction, background sig-
nal suppression is challenging (see Fig. 6a-c). The
maximum amount of contrast is obtained when imag-
ing is performed in the axial plane. The coronal plane
dephasing shows generally less positive contrast
enhancement, illustrating the directional sensitivity of
this method.

SGM

The positive contrast as measured using the SGM
method is shown in Figure 5e-h. The PC and volume
of enhancement do not show a significant dependence
on the analysis kernel size and are higher than the
values obtained with WM (Note the larger scale on the
y-axis in Fig. 5f.). Because the method relies on post-
processing, the scan time efficiencies are equal for dif-
ferent kernel sizes (post-processing time is not
included).

IRON

The results for the IRON method are shown in Figure
5i-1. Lower prepulse bandwidths result in more con-
trast. The amount of positive contrast with FSE and
TFE is similar. Image orientation does not affect the
contrast generation. Despite the scantime being twice
as long for FSE as compared to TFE, the scan time
efficiency is still similar. In all cases, good background
suppression was achieved (BNR <5, see Fig. 5]).

FSX

The measured contrast as a function of the detuning
of the binomial RF pulse frequency is shown in Figure
5m-p. As the method selectively enhances either posi-
tive or negative frequencies, the enhancement has a
different distribution in space, but the amount of
enhancement is similar for negative and positive fre-
quencies (see Fig. 5n). The spatial orientation of the
image plane affects the efficiency, which is somewhat
better in the axial plane, shown in Figure 5o. The
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Figure 5. Measures of positive contrast for the different methods. For white marker (WM) the (a) enhanced volume (in mL),
(b) positive contrast (PC), (c) contrast efficiency (CE) and (d) background to noise level (BNR) are shown for the coronal (O)
and transverse (A) plane as a function of the dephasing strength (Akwy expressed in units of Kpay). At O dephasing, a regu-
lar gradient echo image is analyzed. For susceptibility gradient mapping (SGM) the (e) enhanced volume, (f) PC, (g) CE, and
(h) BNR are shown for different values of the analysis kernel size n in the coronal (QO) and transverse (A) direction. For
inversion recovery with on-resonant water suppression (IRON) as a function of the prepulse bandwidth, the (i) volume of
enhancement, (j) PC, (k) CE, and (1) BNR are shown for gradient echo (O and A) and fast spin echo (® and A) in coronal
and transverse plane, respectively. For Frequency Selective Excitation (FSX) as a function of detuning, (m) the volume, (n)
PC, (o) CE, and (p) BNR for transverse (A) and coronal (O) scans. Next, for fast low angle SSFP (FLAPS) as a function of the
flip angle, (q) the volume, (r) PC, (s) CE, and (t) BNR are plotted for acquisitions in the (O) coronal and transverse (A)
plane. Measures of positive contrast for the iterative decomposition of water and fat with echo asymmetry and least-squares
estimation (IDEAL) method calculated from a echo-time series of ATE = 1.0 ms (for off resonance 333 Hz), 2.3 ms (~145
Hz) and 5.8 ms (~57 Hz) are shown, with (u) the volume, (v) PC, (w) CE, and (x) CNR in the coronal (Q) and (A) transverse
plane. For 145 Hz the measurement bandwidth was larger, due to gradient limitations, and that for 333 Hz, separate
acquisitions instead of a multi-echo scan was used.
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Figure 6. A-F: Composition of images from the different methods. (Aa): White marker (WM) center slice of nondephased image;
(Ab) 21-slice MIP with dephasing +0.6-k;,,x in slice-select direction; (Ac) dephasing in fold-over direction of 1.4-K,,x. Enhancement
in regions of signal changes in the native image can be seen (white arrowhead). (Ad) axial MIP +1.4-ky,.x in slice-select; (Ae) 4x
zoom 21-slice MIP coronal +0.6-Kmaxdephasing in slice-select. (Ba) MIP of source images for SGM, (Bb) SGM with kernel size 3 and
(Be) 7, (Bd) axial image for kernel size 3 (Be) 4x zoomed MIP kernel size 3. (Ca) coronal MIP IRON FSE BW = 102 Hz and (Cb) 392
Hz. A rim of residual signal is seen at the phantoms edge (short arrow). (Cc) TFE IRON BW = 102 Hz (coronal); (Cd) axial TFE MIP
BW = 102 Hz showing fat layer on top (white arrow); (Ce) 4x zoomed MIP TFE BW = 102 Hz. (Da) Frequency selective excitation
(FSX) with OHz detuning (Db) +300 Hz and (Dc) —300 Hz detuning. (Dd) —200 Hz detuning axial orientation (fat shows at white
arrow). (De) zoomed MIP +300 Hz detuning. (Ea) FLAPS image for flip angle a = 1°, (Eb) « = 3°, (Ec) a = 10°, (Ed) axial FLAPS image
for « = 5° (white arrow shows fat), (Ee) zoomed MIP for « = 3°. (Fa) IDEAL source image TE = 14.8 ms; (Fb) IDEAL off resonance
image Af = 58 Hz and (Fc) Af = 145 Hz, (Fd) axial off resonance AF = 333 Hz (fat shown at arrow); (Fe); zoomed MIP Af = 58Hz.

BNR shown in Figure 5p suggests that only for large FLAPS

off resonances adequate suppression is achieved, The results for the FLAPS method are shown in
coinciding with a minimum magnitude of PC. Figure 5g-t. For small RF excitation angles, there is
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an increase in positive contrast volume and magni-
tude as a function of the RF excitation angle. How-
ever, for excitation angles of 5° and larger, a constant
but rather small PC is measured. PC does not depend
on the image orientation. As the increase in TR for
these relatively small flip-angles is small, CE shows a
plateau as well. Because these sequences are fast,
albeit with a lower total amount of PC, the CE is com-
parable to WM, IRON, and FSX. In this respect, the
faster axial image orientation (smaller matrix) outper-
forms the scan obtained in the coronal orientation.
The BNR is monotonously increasing as a function of
the flip-angle. A BNR > 5 is already occurring at a
flip-angle of 2°, making the background suppression
poor for larger flip-angles.

IDEAL

The positive contrast measurements on the IDEAL
reconstructed off resonance images are shown in Fig-
ure 5u—x. The slice orientation does not affect PC. The
PC is very high (different vertical scale) as is the CE.
However, the images acquired with the larger band-
width (sensitive to 145 Hz off resonance) show signifi-
cantly less positive contrast. Although the scan time
is shorter, the CE is lower in this case as well. Figure
5x shows excellent background suppression for the
IDEAL method.

In Figure 6, a composition is made from typical
example images of the different methods.

DISCUSSION

In this study, the amount of positive contrast that is
produced in vitro by six different positive contrast
techniques was compared. The positive contrast was
quantified both as the enhanced volume and as a nor-
malized measure incorporating the volume and the
strength of enhancement expressed as the contrast-
to-noise ratio (analogous to that in Reference 9). The
normalization of the contrast allows for a direct com-
parison between the different methods, all having
acquired one full k-space.

The setup of this study was aimed at imaging a
comprehensive phantom containing a single metal
sphere as susceptibility marker. This simplifies analy-
sis, as the distribution of multiple susceptibility sour-
ces increases the complexity considerably. When
many markers are in close proximity, they will behave
as a bulk susceptibility as opposed to individual
dipoles (16, p 762). Furthermore, we have chosen to
limit this study to 3D Fourier based acquisition meth-
ods only. Although excellent positive contrast results
have been published for 2D or projection imaging (7),
the ability to perform 3D rather than 2D or projection
imaging will be important for accurate localization
and potentially for the quantification of such suscepti-
bility markers. The value of recent non-Fourier based
methods, e.g., ultra short echo time radial sampling
(24), is also beyond the scope of this comparison.

In preparation of future in vivo applications, all
sequences were implemented for triggered segmented
imaging protocols (10). However, some of the methods
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could easily be combined with a steady state
sequence, thus leading to a significant abbreviation in
scanning time as shown in Table 2. A distinct advant-
age of the segmented scans, however, is that there is
time within the sequence for the magnetization prepa-
ration irrespective of the choice of imaging parame-
ters. A third choice in the present study was a fixed
acquisition window of 100 ms only, which leads to dif-
ferent scan times as the repetition time differs among
the six methods. The relative time advantage of a cer-
tain method can thus be deduced from the contrast
efficiency measure.

A distinct limitation of our comparison study, is
that only WM and IRON were developed in our own
institutions. The other methods were implemented
from information in the literature. Although effort was
put into optimizing each of these methods, individual
methods might have had better implementations in
other centers. This universal shortcoming is not easily
addressed and probably would require a universal
phantom to be imaged at different sites according to
prescribed requirements. This would make the head-
to-head comparison between methods fairer, at the
price of introducing scanner hardware variability
(compare, e.g., www.grand-challenge.org for image
processing algorithms).

WM

A consistent finding for this method is that positive
contrast is observed even without dephasing. The
local susceptibility gradients added to the read-out
gradient result in image distortion with signal accu-
mulation and thus bright spots that are above the
noise determined threshold for positive contrast. This
effect is strongly related to the strength of the read-
out gradient relative to the local susceptibility gra-
dients (25). Note that this signal distortion is present
in all the positive contrast methods (including FSE
based acquisitions), but it is particularly apparent in
small bandwidth 3D-WM.

The PC shown in Figure 5 has a maximum which is
comparable to that of IRON and which is lower than
that of IDEAL and SGM, and higher than that of
FLAPS and FSX. The optimal enhancement is, how-
ever, sensitive to the choice of the dephasing strength.
As the dephasing is expressed relative to kpax, this
means that with a given susceptibility gradient, the
WM contrast depends on the resolution (i.e., slice
thickness for through plane dephasing) of the imaging
sequence. In general, however, the susceptibility
induced k-space shifts are less than k. and the pos-
itive contrast is optimal when the background is
shifted out of the k-space imaging window. As Kjax is
known beforehand from the imaging resolution, this
sensitivity to the magnitude of the dephasing does not
pose a problem in practice. The background suppres-
sion after the transition is adequate and comparable
to that of IRON, SGM, and IDEAL.

Other positive contrast comparison studies have
been published using a decreased refocusing gradient
in combination with 2D imaging (21,26). The dephas-
ing prescribed in this manner will depend on the
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bandwidth of the excitation pulse. However, and
because these sequence details are not provided in
these reports, the magnitude of both dephasing and
positive signal response remains unclear and cannot
currently be compared with the findings from our
study. For future and direct comparisons, we there-
fore propose to use units of ky.x, which, for a 2D
slice, would be 1/(2*slice thickness).

In the literature, it has been described that the con-
trast of WM is less stable at 3T than at 1.5T (17). It is
our experience, that the positive contrast is very ro-
bust at 3T, but that a proper Larmor frequency deter-
mination (fp) is imperative (see Table 2). An offset fre-
quency will shift the l-space imaging window, and
while for regular imaging this typically goes unno-
ticed, for WM imaging, this will offset the contrast
curve, which may influence the amount of contrast
obtained in the image. As an offline Bp-map based
shimming tool with integrated f, determination was
used, this effect was minimized in our experiments.

A feature that is prominent in WM is the sensitivity
to signal intensity changes in the dephasing direction.
High frequency signal intensity changes, which for
partial volume effects have frequency components
outside the imaging window, will lead to a positive
response and, therefore, concomitant unwanted posi-
tive contrast. In Figure 6Ac, this is confirmed by the
enhancement seen at the edges of the saturation slab,
where no susceptibility changes were present. At the
borders of the phantom a combined (stronger)
enhancement is seen, possibly by a combination of
susceptibility changes (in the left-right direction) at
the edge of the phantom and partial volume effects.
Methods have been devised to circumvent this prop-
erty of the WM method based on multiple acquisitions
with different dephasing, at the cost of overall scan-
ning time (27).

SGM

The positive contrast that this method extracts from
the images is very high, only equaled by the other
postprocessing method IDEAL. In combination with
good background suppression, this method shows
great promise for in vivo applications. In a comparison
study with labeled cells, Liu et al showed superior
contrast as compared to WM and IRON (2). While we
also find higher contrast than with IRON and WM,
our results seem to differ only by a factor of approxi-
mately two, particularly for IRON with a small band-
width prepulse. Possible explanations include that in
their study, a 3D SGM technique was compared with
2D WM and IRON implementations. Moreover, the
amount of dephasing for the WM method is difficult to
compare among different studies and the prepulse for
IRON was different (high bandwidth with a wide
Gaussian frequency distribution). Furthermore, as in
the present study, second order shimming could have
supported the use of a smaller bandwidth of the IRON
prepulse.

In SGM the echo time determines the size of the vol-
ume of positive enhancement. While we investigated
only one echo time, Eq. [2] shows a linear relation
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with AG. When a certain application requires more
sensitivity (but not necessarily more CNR as the noise
will increase and a T2* dependent signal loss will
occur), the echo time could be increased. However,
the importance of this effect remains to be determined
in practice.

As SGM operates in all spatial directions, there is
no inherent directional sensitivity as found for WM.
However, when the signal is not completely real, a sig-
nal intensity change in the modulus image (e.g.,
through partial volume effects) may be asymmetrical
in k-space. This will generate some positive contrast
at these interfaces. Because large phase gradients in
the background are corrected by shimming, the effect
is less prominent than for WM. Compare for example
Figure 6Bd with Figure 6Ac, where the signal inten-
sities at the edge of the saturation band are less in
the SGM image.

IRON

While the previous methods were based on local gra-
dients, IRON is based on the local field strengths. The
induced resonance frequency offsets are exploited by
tailoring the prepulse to select only on resonant water.
However, this also highlights the main concerns asso-
ciated with this method: the center frequency has to
be determined accurately, the background field has to
be as homogeneous as possible (through shimming),
and the RF excitation angle has to be well determined
spatially, which, at high field strengths may be chal-
lenging due to Bl inhomogeneity. In Figure 6Cb the
border of the phantom is not completely suppressed,
as with the smaller bandwidth in Figure 6Ca: the
shimming was the same and thus the effect can be
attributed to RF inhomogeneity. The signal at the top
and bottom of Figure 6Cc (and to a lesser extent in
Fig. 6Ca) is likely residual B, inhomogeneity (as it is
directed in parallel to the main magnetic field). How-
ever, with the use of our shimming method, the effects
are well controlled and the amount of positive con-
trast is comparable to WM, less than IDEAL and SGM
and better than FLAPS and FSX. The background
suppression is good and comparable to WM, IDEAL,
and SGM. However, as for all methods except for WM
and SGM, there is an off resonant signal from fat, see
Figure 6Cd (arrow). As this may be a drawback in
vivo, this will require an additional fat-suppression
prepulse. The effectiveness of the rest-slab in the
images, shows that IRON and all other methods are
compatible with prepulses, and that in practice, this
should not pose a problem. An advantage of IRON
being based on the use of a prepulse, is that the read-
out of the sequence is not affected, which allows
greater flexibility than WM, FLAPS, FSX, and the
sequences for IDEAL and SGM. For example (fast)
spin echo as well as gradient echo can be used with
similar results. Other possibilities include fractional
echo imaging and non-Cartesian acquisitions.

FSX

As the originally described version of this method (28)
uses projection images, directly extending it to 3D
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imaging is not trivial and would be beyond the scope
of this comparison. Therefore, to illustrate the concept
we used a spectral-spatial binomial pulse for off-reso-
nance excitation (8). Both a feature and a limitation is
that FSX selectively visualizes either positive or nega-
tive frequency shifts (compare Fig. 6Db and Fig. 6Dc).
However, as the frequency response of the spectral-
spatial pulse is periodical, care has to be taken in
interpreting images if very large frequency shift are
expected. The FSX method is sensitive to By inhomo-
geneities, as these will inevitably lead to enhancement
as well. The adverse effects of RF inhomogeneity will
likely be less than for magnetization preparation
(IRON), as the amount of signal will change, but the
relative strength of the subpulses remains constant.
Another disadvantage of these pulses is that the fre-
quency response for lower order pulses is not that
sharp and echo time increases rapidly with higher
order pulses (see Fig. 3). While the periodicity is not a
big problem, the gradual slope makes for mediocre
background suppression, unless close to the actual
maximum off resonance (in our case at =420 Hz). As
the off resonance induced by the susceptibility
marker is already diminishing for these large offset
frequencies, the amount of positive contrast in combi-
nation with good background suppression is less than
for WM, SGM, IDEAL and IRON. The background sup-
pression is comparable to FLAPS, which also shows a
narrow optimum. The curve for BNR shows a peak
not exactly centered around zero, but is biased toward
negative frequencies. This occurs for both phantom
orientations and may be due to small pulse errors,
e.g., due to Eddy currents or timing offsets in the
sequence (19). The use of even number binomial sign
changing pulses (e.g., 1331) might help in this
respect, but the amount of positive contrast is prob-
ably not affected significantly, as there is only a slight
asymmetry visible in the two local maxima around
zero for PC. Also, the RF refocusing properties of these
composite pulses is not optimal for short T2* situa-
tions. In general, a better performance exploiting fre-
quency selective excitation is expected with special ex-
citation pulses, designed for sharp spectral
transitions, short durations and self refocusing allow-
ing for short echo times. While these pulses have
been applied using projection imaging, more recently
3D-capable implementations have been presented,
but these designs are far from trivial and were not
available during the time of the experiments (29).

FLAPS

The FLAPS method exploits the properties of balanced
SSFP imaging, and is thus a very fast method without
the need for postprocessing or special prepulses. With
the small flip-angles involved, power deposition limi-
tations will not be an issue even at higher magnetic
field strength, as it may be with, e.g., IRON-FSE. The
amount of positive contrast is reduced when com-
pared with the other techniques except FSX, but the
contrast efficiency is comparable to WM and IRON.
However, the potential drawback is that the back-
ground suppression is not as good as for WM, SGM,
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IRON, and IDEAL. The background signal is directly
related to the applied flip angle and except when it is
very small (~1°), the BNR is large. A second disad-
vantage is that FLAPS is susceptible to suboptimal
shimming, giving rise to dark band like artifacts, see
Figure 6Ed. Improvements of the method can be
achieved by combining it with background suppres-
sion techniques (such as WM and IRON (30)), but this
was beyond the scope of this comparison.

IDEAL

While FSX exploits phase evolution during excitation,
IDEAL uses phase accumulation between echoes.
This method is a descendent of the earlier reported
phase imaging methods (31,32). Having three complex
images allows for determination of two frequency
components together with the field map, containing
both phase and T2* information (15). More echoes
allow for the extraction of more components, but this
lengthens the acquisition time. A disadvantage of this
method is the need for (closely separated) multiple
echoes. If the spacing is too short, multiple acquisi-
tions will have to be acquired. However, IDEAL
appears to better suppress the background than FSX,
which signifies a difference in the frequency separa-
tion obtained by FSX and IDEAL in our implementa-
tion. The frequency separation is influenced by the
phase accumulation between the echoes: if for a cer-
tain echo time increment a frequency difference is
assumed that yields a phase unequal to 27/3, the fre-
quency separation is negatively influenced (21). Note
that as with FSX, the frequency response is cyclic and
that aliasing may occur, if large echo spacings
are used.

When measuring PC, the IDEAL performs similar as
SGM, better than WM, IRON, and FLAPS, and much
better than FSX. The background suppression is
good. The results are, however, dependent on the
SNR in the source images: when using a higher
bandwidth (lower SNR), the positive contrast is
reduced (see Fig. 5v).

The presented comparison study did not compare
all the previously published methods for positive con-
trast imaging (e.g., (24.33,34)). Moreover, for the
methods that were included in the comparison, nei-
ther every aspect nor variant have been investigated.
The selection of the methods was based on which
appeared to be the most commonly used in its class.
Care was taken to maximally generate PC in the
experiment for each technique. With respect to imple-
mentation details, the WM and IRON method have
been developed in our labs, thus giving them an
advantage over the other methods. While we do not
expect that small details and experience will dramati-
cally change the amount of PC, particularly robust-
ness and in vivo applicability may be influenced
greatly.

In the comparison presented above, it was beneficial
for clarity to compare them in a simple phantom
using a standardized imaging protocol. However,
some aspects still remain to be investigated and
include the influence of field strength, which is
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directly related to susceptibility and shimming sensi-
tivity and SNR. Also, the influence of spatial resolu-
tion and background inhomogeneity, the influence of
flow and motion, the number of magnetic disturbers
and their (spatial) distribution and the proportionality
of the positive contrast to the amount of markers or
the marker material (35,36). Because these last prop-
erties are application (anatomy) dependent, imple-
mentation details will become important. This was,
unfortunately, outside the scope of our present study.

CONCLUSION

It has been shown that for static 3D imaging, positive
contrast from a susceptibility marker can be obtained
using different methods. The magnitude of contrast is
similar for the white marker method, for Inversion Re-
covery with ON-resonant water suppression, and
slightly less for Fast Low Angle Positive contrast
Steady-state free precession and for Frequency selec-
tive excitation. The postprocessing methods Iterative
Decomposition of water and fat with Echo Asymmetry
and Least-squares estimation and susceptibility gra-
dient mapping lead to a higher contrast. The temporal
scan-efficiency was highest for IDEAL and SGM, fol-
lowed by WM, IRON, and FLAPS. FSX had the lowest
efficiency. Background suppression was best for WM,
SGM, IRON, and IDEAL. Good suppression for FLAPS
and FSX was only achieved in a very narrow parame-
ter range.

Overall this comparison suggests that any of the
investigated 3D positive contrast imaging techniques
may be used for visualization of susceptibility
markers. The appropriate choice will depend on the
required level of background suppression, acquisition
speed, Bp and B; sensitivity, flexibility and availability
on the MRI systems.
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