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Abstract

Exploiting the field response of magnetic tracers, magnetic particle imaging
(MPI) allows direct, local quantification of the tracer concentration in bulk
structures. Here, we investigated the use of characteristic field response functions
to spatially resolve the absolute concentration of multiple nanoparticle species
by simulation. In particular, using various drive and selection field strengths,
we devised color MPI (i.e. cMPI) to quantify and disentangle MPI signals
from the mixed Langevin particles of variable concentration and magnetic
susceptibility. Specifically, the drive field strength was optimized to distinguish
individual field responses from differently sized iron-oxide nanoparticles
without compromising the image quality. The proposed cMPI technique is
implementable on an existing MPI setup and can be used to quantify biophysical
parameters including size-dependent bio-distribution and altered magnetic
property of particles. The current study result, simultaneous visualization of
the multiple magnetic tracers, theoretically validates the potential feasibility of
cMPI as a versatile biosensor and contrast imaging method.

Keywords: magnetic particle imaging, super-paramagnetic iron oxide nano-
particle, contrast agent imaging

(Some figures may appear in colour only in the online journal)

1. Introduction

Probe property of magnetic nanoparticles has been actively explored in biomedical sci-
ence for excellent magnetic resonance imaging (MRI) sensitivity and application-specific
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manipulability. Frequently employed as biosensors and imaging contrast medium, such mag-
netic nanoparticles promoted an array of biomarkers for characterizing biophysical parameters
based on magnetic correlates. In particular, super-paramagnetic iron oxide (SPIO) nanopar-
ticles have been often used as blood pool contrast agent and also modified as beacons of spe-
cific molecular targets in MRI (Hendrick and Mark Haacke 1993, Thorek et al 2006, Andri
et al 2007, Pankhurst et al 2009, Bulte ef al 2011). Along with these technical advances and
advantages, need for accurate quantification of magnetic particle concentration has become
increasingly important.

Although several traditional parameters in MR relaxometry allow quantitative analysis of in
vivo SPIO concentration in high-resolution MR images, these MR parameters are mostly based
on the indirect influence of SPIO particles by the relaxation behavior of nearby protons. Such
measures are likely to be affected by factors other than particle concentration, which could
result in the diminished accuracy and ambiguity among MRI signal contrasts (Nunn et al 1997,
Romanusa er al 2002). Recently introduced Magnetic Particle Imaging (MPI), first by Gleich et
al bypasses such limitations and quantifies spatially encoded magnetic signals derived from the
magnetic particles, which are precisely proportional to the particle concentration. Strictly based
on the magnetic signals derived directly from Langevin particles, the MPI technique holds a
great potential for in vivo monitoring of tomographic distribution of SPIO particles with high
sensitivity, resolution and speed (Gleich and Weizenecker 2005, Gleich et al 2008).

With such manifest advantages, MPI has been rapidly gaining attention in the field of bio-
medical imaging (Weizenecker et al 2009, Buzug et al 2010). However, despite the related
technical improvements, signal source underlying the MPI method has been based solely on
the monochromatic modulation of magnetic field. In the current work, dependence of the
MPI signal on the characteristic magnetization of nanoparticles was investigated to increase
the range and utility of MPI technique. In particular, signal contributions from groups of dif-
ferently sized SPIO particles were disentangled, in which each characteristic MPI signal was
used to quantify the size-dependent particle concentration. Using the conventional MPI recon-
struction algorithm based on the field free point (FFP) trajectory (Weizenecker et al 2007,
Knopp et al 2009), we theoretically validated the spatial mapping of both the variable particle
size (different magnetization response) and concentration using two (or more) independent
measurements at different drive field strengths.

Simultaneous spatial mapping of multiple particle species is potentially important in in vivo
application of SPIO particles by increasing the number of quantifiable biophysical and mag-
netic parameters. Resolving the absolute concentrations of biocompatible SPIO particles based
on different magnetic properties would provide new biomedical imaging approaches that have
not been previously available. In particular, circumventing limitations of MRI and MPI, the
proposed color MPI (cMPI) method adds the capability of spectral resolution and improves
the current SPIO imaging technique by utilizing the diversity of nonlinear magnetic responses.

2. Theory and simulations

The MPI uses the nonlinear response of SPIO nanoparticles in an oscillating magnetic field.
The combination of static (selection) and homogeneous oscillating (drive) magnetic fields
creates spatial changes of field free point (FFP) over specific region of interest (ROI). Such
shifts of FFP enable the spatial encoding of local SPIO distribution, in which an inversion of
MPI signal based on the prior knowledge of response function (system function) can be used
to produce the spatial mapping of the absolute SPIO concentration (Gleich and Weizenecker
2005, Weizenecker et al 2007).
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Figure 1. Magnetization curves for 30nm, 40nm, and 50nm Langevin particles. Inset
figure shows the distribution of each particle used in the calculations.

The magnetization response of SPIO nanoparticles in varying external magnetic field is the
key determinant of MPI reconstruction. The dependence between the particle magnetization
and external field follows the Langevin function as given by (Hellwege et al 1967, Chikazumi
and Graham 2009),

M (&)= Mo(cothe —1/¢) ()

where M (=Nm/AV) is the saturation magnetization, N is the number of particles in the vol-
ume AV, and m (=xD*M/6) is the magnetic moment related to the particle diameter (D). The
saturation magnetization (M) of Fe;04 magnetite is 0.6 Tuo~' while §(= pnomH / KBT) is the
ratio between magnetic and thermal energies (Hellwege et al 1967).

A key property of this relationship is that changes in the diameter of Langevin particles
result in different magnetization curves. Such differences in the magnetization profiles for
30nm, 40nm, and 50 nm Langevin particles for unit iron concentration are shown in figure 1.
The size distribution shown in the inset of figure 1 was used to generate the corresponding
magnetization curves for each particle group (Ferguson et al 2010),

1 _ (In(d/dg)y?
-— 2
g(dy,0,d)= ad\/ﬂe 26 2)
where dj is mean particle diameter, and o is standard deviation set as 0.1.

When a drive field of 10mT ™! is applied to the particles group, only the magnetization
of 50nm particles is completely saturated as shown in figure 2. Increasing the drive field
strength to 20mT o' induces the magnetizations of smaller particles (i.e. 40nm particles)
to be saturated, but leaves 30 nm particles still responsive to the changes in the external field.
Therefore, the distinguishable saturation behavior at different drive filed strength provides the
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Figure 2. (A) Reconstructed signal response of 30nm, 40 nm, and 50 nm particles as a
function of drive field strength. (B-1), (B-2), and (B-3) show reconstructed images of
30nm particle at 10mT ug™', 20mT uo~!, and S0mT o™, respectively. (C-1), (C-2), and
(C-3) show corresponding reconstructed images of 40nm particle. (D-1), (D-2), and
(D-3) show corresponding reconstructed images of 50nm particle.

key to disentangle different particle groups. Based on these observations, a color MPI (cMPI)
experiment is proposed to disentangle signal contributions from the differently sized Langevin
particles and to quantify absolute particle concentrations by utilizing multiple MPI signal
acquisitions at various drive field strengths. In addition, a strategy for determining weighting
factor to measure the compositions of mixed particles was also demonstrated.

2.1. Setup and parameters

The basic simulation scheme and parameters followed the previously reported values used
in the MPI acquisition (Weizenecker et al 2007). The selection field was applied at a gradi-
ent strength of dH,/dz = 2.5Tuy™ ' m™', dH,/ox = dH,/dy = 1.25Tuy" ' m™" along the z-, x-, and
y-direction, respectively. The initial FFP was located at the center of the setup. In order to shift
the FFP for spatial encoding, a spatially homogeneous oscillating drive field was applied by
varying the amplitude from 10mT uy™! up to 50mT uy~! with an interval of 10mT uo~'. The
FFP followed the Lissajous trajectory with the specific frequency ratio (i.e. 99/98), in which
f- =25.25kHz and f, = 25.51 kHz were used. To keep the FOV (2A/G, where A is the drive
field amplitude and G is the selection field gradient) constant while changing the drive field
amplitude, the selection field gradient was adjusted accordingly. The grid size was 64 x 64
with the spatial discretization of 500um x 250 um, and the total time required for simulated
acquisition was 3.88 ms.

2.2. Derivations of induced MPI signal

The induced MPI signal from the mixture sample model was calculated using the schematic
configuration as previously reported (Weizenecker et al 2007). Two recording coils have a
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quadratic shape with a 10 cm side length. The distance between the recording coil and the cen-
ter of the FOV (32mm x 16 mm) was 10cm apart in both y-direction and z-direction. The sen-
sitivity of the coil was defined below using the notation previously reported by Weizenecker
et al (2007),

Hoeo _ 1 fdl x@r—1D) 3)
i(r) ~ 4nJdos |Ir=1)

where H(r,p) is the strength of applied magnetic field, i(¢) is the current, S is the boundary of
S (surface), r is the location of the particle, and [ is the position of the recording coil.

To reduce the burden of computation time, the induced voltage u(f) was expressed using the
sensitivity of the coils using equation (2). Then, the signal was calculated using the following
equation (Weizenecker et al 2007),

s(r) =

d 4
u(e) = fF M (. @)

2.3. Calculations of system functions

The system function can be seen as a map describing the spatial sensitivity profile of fre-
quency component. In this study, theoretical calculation of 2D system function was performed
as follows. First, a time domain MPI signal by a point-like sample was determined from fol-
lowing equations,

d
Sy(r,t)= _ﬂoaj\ly (H(r,1))-s(r) (5)
d
S (r,t)= —uOEMz (H(r,t))-s(r) (6)
where,
oM, dH, oM,
iMy<br(r,t))= My L oM dH; (7)
de OH, dt oH, dt
dH,
Sr )= | e S M dH; ®)
de OoH, dt OH, dt
Gx 0
H(r,t)=H,(r)— Hp(t)=| Gy | - [ Aycoswyt |. 9)

Gz A coswyt

Langevin function with particle distribution was used to reflect the realistic magnetization
(M). The combination of selection field (H;) and drive field (Hp) is denoted as H. G, A, and w
are the strengths of the selection field gradient, drive field, and the angular frequency of drive
fields, respectively. s(r) is the sensitivity of coil defined from equation (3).

Then the discretized system functions (S7 and S§) for both receiver coils were then derived
from respective time domain signals of S, (r, t) and S, (7, t) by discrete Fourier transformation
along the temporal dimension.
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2.4. The noise addition

The noise voltage was added to the calculated MPI signal before the image reconstructions
using Gaussian random distribution. The noise voltage was obtained using the following
scheme (Weizenecker et al 2007),

UIgIOise = 4kBTAfR (10)

where kg is the Boltzmann constant, 7 is the absolute temperature of 310K, Af is the band-
width 1 MHz derived from the sampling time Az = 1us, and R is the measured resistance of
100me2 (Weizenecker et al 2007).

2.5. Reconstructions and classifications

In this study, due to the use of differently sized magnetic nanoparticles, the system functions
for both 40nm and 50nm particle were separately used for the calculation of induced MPI
signal and corresponding reconstructions. Fourier components of MPI signal of the sample for
y and z receiver coils were calculated as,

k k'
Ui = Z SuCi+ Z S Ce (12)

k k'

where $¥1, §72, 871, §72 represent discretized system function matrix for y- and z-receiver coils.
C', C? denote spatial concentration distribution vectors. Upper scripts 1 and 2 label the 40 nm
(1) and 50nm (2) particle groups, respectively. k and k” are position indexes. n denotes the fre-
quency component, whose cutoff frequency was determined by thresholding with respect to
the noise level which was calculated by averaging high harmonics components (~30 x fp). The
number of harmonics was up to 20, including base frequency. Inversion was performed using
a zero-order regularization scheme and singular value decomposition (SVD) as previously
described by Weizenecker et al (Press et al 2002, Weizenecker et al 2007)

3. Methods

For the conceptual validation, MPI reconstruction of a multi-particle model composed of par-
ticle groups with diameters of 40nm and 50nm was performed. The FOV was set at 32 mm
(horizontal) x 16 mm (vertical) with grid size = 64 x 64 with the spatial pixel discretization
= 500um x 250 um. Using this experimental setup, three aspects of quantitative cMPI of (i)
accuracy in absolute concentration of particle groups, (ii) image resolution, and (iii) ability to
effectively distinguish mixed particle groups, were investigated.

3.1. Distinction of different particle groups and concentration: algorithmic procedure of cMPI

The process flowchart shown in figure 3 summarizes each procedure of color MPI simulation.
First, the system functions corresponding to the 40nm (S40) and 50nm (S50) particle groups
were calculated using equations (5) and (6), and induced voltage (U) from a multi-particle
model was generated using equations (11) and (12) with added noise. Reconstructed four
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concentration images (S40D10, S40D20, S50D10, and S50D20) were then obtained by apply-
ing inversion using either the 40- or 50nm system function via SVD regularization at drive
field strength of 10mT uo~" and 20mT ug~', respectively. Second, the noise filtered masks (N40
and N50) were generated by thresholding above 10 times noise level to reduce the distinction
error and apply 4-connected-component labeling (4-CCL) method (Rosenfeld and Kak 1976).
Final noise filtered mask (Nmask) was generated by taking common intersection of both masks
of N40 and N50. Third, 4-CCL algorithm was employed to increase the detection accuracy by
filtering any erroneous spatial noises (Rosenfeld and Kak 1976). Finally, the dependence of
reconstructed signal on the drive field strength was investigated to determine the difference in
the signal responses between the 40nm and 50nm particle groups. To exploit the difference
between particle groups, the ratio was calculated by dividing the concentration image with S50
inversion at the drive field strength of 10mT ,uo‘l (S50D10) by that at the drive field strength of
20mT uy~! (S50D20). Specifically, the cutoff value of the ratio was set at 0.95 because the con-
centration of 50nm particle group at drive field strength of 10mT uo! is almost same as that at
20mT uo, but the concentration of 40nm particle group is increasing as drive field strength is
increasing, which is further explained in the Results section with figure 4. And the ratio of 0.95
was chosen also to eliminate any influence from signal fluctuations up to 5%. Consequently,
the concentration ratio above and below 0.95 was identified as the 50nm and 40nm particle
group, respectively and corresponding masks (M50 and M40) were generated Finally, after dis-
tinguishing each particle group, the absolute concentration images (Crecon50 and Crecon40)
were generated by combining M50 with S50D20 and M40 with S40D20, respectively. Color
MPI image was then obtained by summing Crecon50 and Crecon40.

3.2. Quantification of the absolute concentration

To assess the efficiency of the processing strategy of cMPI, a hypothetical phantom composed
of 40nm and 50nm particle groups was prepared with varying concentrations from 1C to 5C
(figure 5(A)). The distinction criteria described in the previous flowchart of figure 3 were then
sequentially followed and presented with consistent labeling scheme for the categorization of
particle size and for the estimation of absolute concentration.

3.3. Resolution of cMPI

To identify the resolution of cMPI, the model was generated as also shown in figure 4(A).
In this model, the distances between square regions were varied from one to five pixels for
assessing image resolution limit. And the number of voxels for square was set to four and nine
to validate feasible minimum number of voxels for 4-CCL method because 4-CCL counts the
connected voxel as the same particle group. For example, achievable spatial resolution using
4-CCL method is 1000 um (horizontal) x 500 um (vertical) if the square containing four vox-
els is distinguishable. Furthermore, this process was also repeated for multiple concentrations
(774, 77.4, and 7.74 umol (Fe) I!) to verify the imaging resolution limit as a function of the
iron concentration.

3.4. Determination of weighting factor for mixed particles

The feasibility of distinguishing differently weighted mixtures of 40nm and 50nm particle
groups was also investigated. Five different mixtures with weightings of [0, 1], [0.2, 0.8], [0.5,
0.5], [0.8, 0.2], and [1, O] were prepared, where the values in brackets represent the relative

6528



Phys. Med. Biol. 59 (2014) 6521 SHHanetal

(A) (B-1) S40 H = 10mT (C-1) S50 H = 10mT

50nm

40nm

(8-2) (C-2) S50 H = 20mT

(B-3) (C-3)
40nm System Function 50nm System Function
x10" < 10"
25 - 6
—&—40nm
—e—50nm | —e—40nm

= = =|nput -

5 —e— 50nm
== =Input

Concentration
Concentration

10 20 10 20
Drive field strength (mT) Drive field strength (mT)

Figure 4. (A) Representative sample model with differently-sized particle groups with
diameters of 40nm (bottom) and 50nm (top). (B-1) and (B-2) show reconstructed
images with 40nm system function at lOmT;t()‘l and ZOme)‘l, respectively. (C-1) and
(C-2) show reconstructed images with 50 nm system function at 10mT s~ and 20mT ug ™!,
respectively. (B-3) plots the representative signal response of 40nm and 50nm particle
groups as a function of drive field strength when reconstructed with 40nm system func-
tion (S40). (C-3) plots corresponding signal response with 50nm system function (S50).

weightings of the 40 nm and 50 nm particle groups, respectively. First, the concentration mea-
surement of particle mixtures to varying drive field was reconstructed using the 50nm system
function. These signals were then normalized by the concentration calculated at the drive
field strength of 10mT zo~". In particular, the dependence of this normalized concentration on
variable drive field strengths was investigated to establish an monotonic, linear relationship
between the mean concentration ratio (i.e. C(20mT uo™") / C(10mT u™")) and particle weight-
ing. Based on these results, the mean concentration ratio of each particle mixture was fitted
as the weighted sum of single particle group values (e.g. a combination of 40- and 50nm),
which revealed the respective weighting of each particle group. Thereafter, to further improve
the quantification accuracy, system function for the average particle size of each mixture was
selected based on the estimated weighting factor and used for the determination of total par-
ticle concentration.
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Figure 5. (A) Representative sample model with differently-sized particle groups be-
tween the rows and increasing concentration across the columns. (B-1) Reconstructed
concentration map using S40 at drive field strength of 20mT o', (B-2) Reconstructed
concentration map using S50 at drive field strength of 20mT ™", (C-1) Noise filtered
mask from (B-1). (C-2) Noise filtered mask from (B-2). (D) Final noise filtered mask
multiplying (C-1) with (C-2). (E) 4-CCL labeled mask. (F-1) Extracted mask using dis-
tinction criteria with 4-CCL approach. (F-2) Extracted mask using distinction criteria
with voxel-wise approach. (G-1) cMPI concentration map with 4-CCL approach. (G-2)
c¢MPI concentration map with voxel-wise approach.

4. Results

4.1. Distinction of different particle groups and quantification of the absolute concentration

Reconstructed images of the multi-particle model (figure 4(A)) using the single system
function S40 (i.e. that for 40nm particle group) for drive field strengths of 10mT o' and
20mT " are shown in figures 4(B-1) and (B-2), respectively. Similarly, figures 4(C-1) and
(C-2) show those reconstructed using the system function S50 (i.e. that for 50nm particle
group). The dependence of concentration on the drive field strength (between 10mT uo~!
and 20mT uo™!) is shown in figure 4(B-3) for both 40nm and 50nm particle groups, which
was reconstructed using S40. The reconstruction using S40 results in an overestimation of
the 50nm particle group concentration, which decreased as the drive field increases from
10mT ! to 20mT up~!. In contrast, the reconstructed 40nm particle group concentration
using S40 accurately estimated the input concentration at drive field strength of 20 mT !

Similarly, figure 4(C-3) demonstrates the concentration of both 40nm and 50nm particle
groups reconstructed using S50. In this case, the reconstruction using S50 significantly under-
estimated the 40 nm particle group concentration, which increased with the increasing drive
field. The 50 nm particle group concentration reconstructed using S50 also matched the input
concentration at both drive field strengths. Based on the characteristic behavior of each par-
ticle type at different drive field strengths, the distinction criteria were developed to produce a
corresponding particle-size mask.

To demonstrate the quantification efficiency and this distinction criteria consistent with
the steps presented in the flowchart of figure 3, an alphabetical model was created (see
figure 5(A)). First, thresholding of noise was performed on the reconstructed concentration
using S40 at drive field strength of 20mT g~ (S40D20—figure 5(B-1)) to obtain noise filtered
mask for 40 nm particle group (N40—figure 5(C-1)). Thresholding value was determined by
acquiring the average signal value of the noise region and multiplying by a factor of 10. In
the same way, the noise filtered mask for 50 nm particle group (NSO—figure 5(C-2)) was also
extracted using the reconstructed concentration using S50 at drive field strength of 20 mT o~
(S50D20—figure 5(B-2)). In N40, the noise thresholding worked well in 40 nm particle group
region, but 50nm particle group region was blurred as shown in figure 5(C-1). On the other
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Figure 6. (A-1), (A-2), and (A-3) show particle size resolved mask of sample model
at different unit concentration of 774 umol (Fe) I~!, 77.4 umol (Fe) !, and 7.74 umol
(Fe) 17!, respectively. (B-1), (B-2), and (B-3) show corresponding cMPI reconstruc-
tions. The concentration of each particle type was determined from the reconstruction
at 20mT u! with the respective system functions.

hand, the noise extracting was clear in 50 nm particle group region, but blurred in 40 nm par-
ticle group in N50. To acquire combined noise filtered mask, N40 and N50 were multiplied
to extract the common intersection of the two masks and depicted as final noise filtered mask
(Nmask) as shown in figure 5(D). Second, the 4-CCL method was used to construct labeled
masks using Nmask as shown in figure 5(E). For example, alphabet K in figure 5(E) has single
colored mask which means this mask region is composed of same particle group. Therefore,
the concentration is averaged using the mask, which increased the accuracy in distinction due
to the higher sensitivity than voxel-wise processing. Third, the ratio between the concentration
measurements using the drive field strengths of 10mT o' and 20mT ™" was calculated to
classify the particle type in the 4-CCL mask and the cutoff value of this concentration ratio
was set at 0.95 as explained in Method section. The concentration ratio (S50D10/S50D20)
below 0.95 was identified as the 40nm particle group (M40) and above 0.95 was defined as
the 50 nm particle group (M50). Such classification strategy resulted in two particle masks, as
shown in figure 5(F-1).

As the matching system function accurately reproduced the absolute concentration of each
particle type (see in figures 4(B-3) and (C-3)), the concentration image was obtained using the
system functions specific for the assigned particle size at a drive field strength of 20mT o',
With the application of acquired masks, the final cMPI image was constructed (red: 50nm;
yellow: 40nm) as shown in figure 5(G-1), which faithfully reproduced the original input
model. Additionally, the voxel-wise approach was performed with the same distinction crite-
ria. The extracted mask was shown in figure 5(F-2) and the corresponding final cMPI image
was shown in figure 5(G-2). Compared to 4-CCL method, voxel-wise method causes more
error.

4.2. Resolution of cMPI

To identify the resolution of cMPI, the model with iron concentration of 774 umol (Fe) I-! was
generated and distinction criteria was performed as shown in figures 6(A-1) and (B-1). The

6531



Phys. Med. Biol. 59 (2014) 6521 SHHanetal

(A) Mixture response (B) Linearity test (C) Input image (D) Reconstructed image

——[1.0)
——[0.8,0.2)
——[0.50.5]

[0.2,0.8]
——[0,1]

CIC{10mT)
C(20mTYC(10mT)

L 20 “ o a . 1
¢ 0z 04 08 08 C40=1,0.8, 0.

) 5,02,0 C40=1,0.69, 0.51,0.2,0.15
Drive field (mT) Weight of 40nm C50=0,0.2,0.5,0.8, 1 ©50=0, 0.31, 0.49, 0.8, 0.85

Figure 7. (A) The drive field-dependent responses of five mixtures with different weight-
ings of 40nm and 50nm obtained using 50 nm system function for reconstruction. Five
different mixtures with weightings of [1, 0], [0.8, 0.2], [0.5, 0.5], [0.2, 0.8], and [0, 1]
were prepared, where the values in the brackets represent the relative weightings of the
40- and 50nm particles, respectively. (B) Linearity test between the weighting of 40nm
particle and the drive field-dependent responses. Solid line is acquired points and dashed
line is linear fitted curve. Comparison between input (C) and reconstructed images
(D) for mixtures with different concentration weighting of 40nm and 50nm particles.
Green and red colors are assigned for [1,0] and [0,1] mixture, respectively.

extracted mask showed that every square is distinguishable, which results in the achievable spa-
tial resolution of 500 um. Moreover, cMPI images were also obtained for reduced iron concen-
trations of 77.4umol (Fe) [~! (figures 6(A-2) and (B-2)) and 7.74 umol (Fe) I"! (figures 6(A-3)
and (B-3)). As the iron concentration decreased, decreases in the signal strength led to the
concomitant deterioration in the de finition of particle-size masks and corresponding absolute
iron concentration. As shown in figure 6(A-2), the closest particle groups (one voxel distance)
were starting to get connected to each other, which means that these groups were not distin-
guishable using 4-CCL method anymore. For this reason, the achievable spatial resolution is
reduced to about 1 mm at iron concentration of 77.4 umol (Fe) I~ In the case of 7.74 umol
(Fe) I"!, the signals from 40 nm particle group region were not visible due to lowered sensi-
tivity with respect to that from 50 nm particle group. And the achievable spatial resolution of
50nm particle group was further reduced to about 2 mm.

4.3. Determination of weighting factor for mixed particles

Finally, five mixtures with different unit-normalized particle weightings ([0, 1], [0.2,
0.8], [0.5, 0.5], [0.8, 0.2], and [1, 0]) were examined to verify the feasibility of quantify-
ing the composition of 40nm and 50nm particle groups within an image voxel. As shown
in figure 7(A), each mixture showed different dependences (i.e. slopes) on the drive field
strength (between 10mT o~ or 20mT ug~!) for the S50 system function reconstruction. In
general, the reconstructed signals increased with the increasing drive field strength and were
dependent on the composition of differently weighted mixture. Note the drive field indepen-
dence of 50nm particle group (i.e. flat) with the use of matching system function as explained
above. The slope between the normalized signal strength ratio and drive field was the lowest
at [0, 1] while the increase in 40nm particle group weighting monotonically elevated the
slope, which reached the maximum at [1, O]. This linearly increasing signal dependence (i.e.
slope) shown in figure 7(B) suggests that the signal strength of each mixture may be approxi-
mated by a linear superposition of the drive field dependence of the [1, 0] and [0, 1] mixtures,
i.e. Slopey,, 5) = a x Slopeyi, o] + b x Slopeyg, 1;. Constants, a and b represent the respective
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weightings of the 40nm and 50nm particle groups, and Slope(,, »}, Slope1, o5, and Slopeo, 1
represent the slopes of the signal strength between the two drive field strengths of 10mT x~!
and 20 mTuo‘l for the mixtures of [a, b], [1, 0], and [0, 1], respectively.

Figure 7(C) shows the input image of five different mixtures as described above, where green
and red represent the 40nm and 50nm particle groups, respectively. On this sample image,
the values of a and b were fitted using the proposed linear estimation method to determine the
weighting of each particle group as shown in the lower caption of figure 7(D). The deviation of
each estimated weighting from the true value is likely due to the imperfect linearity of intensity
slope versus 40nm weightings as shown in figure 7(B). In addition, to accurately measure the
absolute concentration, the optimal system functions were selected for each mixture, which were
applied to calculate the total particle concentration. For example, in the case of a particle mixture
[0.8, 0.2], the estimated weighting was [0.69, 0.31]. By choosing an integer closest to the aver-
age particle size, the 43nm system function was applied to quantify the absolute concentration.
Following this quantification strategy, the reconstructed cMPI image of mixed particles was
obtained as shown in figure 7(D), which reveals a close semblance to the original input image.

5. Discussion

Further implementing on the MPI, here we investigated and exploited the divergent signal
dependence on the drive field strength to distinguish different Langevin particle species with-
out sacrificing measurement accuracy. Based on the reconstructed signal change as a function
of drive field strength, the distinction criterion was determined to disentangle MPI signals
from multiple particle groups. The reconstructed dependence curve using S50, the magnetic
signals from the 50nm particle groups were completely saturated beyond the drive field
strength of 10mT uo~". In contrast, as revealed in the corresponding signal dependence curve
(figure 4(C-3)), the 40 nm- particle showed a significant signal difference between the drive
fields at 10mTuo™! and 20mT uy~!. Such signal mismatch between the system functions
and particle sizes provided the rationale for determining the distinction criterion, which was
applied to map the concentration of two differently sized particle groups. In particular, a
reconstructed signal ratio of 0.95 between two drive fields was used as the cutoff threshold
to divide drive field-dependent saturation profiles. It is notable that for distinguishing addi-
tional and/or other particle groups with different magnetic property, such deterministic criteria
should be reevaluated prior to each study.

Furthermore, a feasibility test for the quantification of mixed particles was performed.
For the spatially co-localized particles, the normalized concentration of the particle mix-
ture was strongly dependent on the drive field strength as well as the particle weighting
(i.e. variable slopes in figure 7(A)). Interestingly, changes in this dependence (slope) were
almost linearly proportional to the particle weighting as shown in figure 7(B), which ena-
bled the estimation of particle weighting via simple linear superposition. This particular
feature of cMPI will be highly useful for the simultaneous determination of different parti-
cle weighting factors within a voxel. However, apparent error in the weighting estimation
shows the presence of inherent methodological error due to the imperfect linearity shown in
figure 7(B). Such measurement error warrants thorough characterization and optimization
of the technique.

As for biomedical application, SPIO-based tracking of therapeutic or stem cells in vivo can
be aided by the cMPI method to determine its delivery efficacy in a multi-faceted manner before
directly assessing the function of target organs. In addition to the quantitative feedback of highly
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sensitive MPI, the proposed cMPI will provide an opportunity for simultaneously tracking cells
loaded with different SPIO particles. The spatial registration of multiple cell types with variable
magnetic activities may optimize and diversify the treatment processes for a variety of neural
and degenerative diseases such as stroke (Savitz et al 2004, Shyu et al 2006, Chang et al 2007),
Parkinson’s (Lindvall 2003, Lindvall and Bjoérklund 2004, Lindvall and Kokaia 2009), diabetes
and Alzheimer’s diseases (Mattson 2000, Soria et al 2001, Hussain and Theise 2004, Kim and
De Vellis 2009). Moreover, the added advantage of size-dependent signal separation could easily
lead to the direct quantification of the distribution characteristics of differently sized SPIO spe-
cies. Specifically, each tissue compartment, only accessible to particular SPIO can be indepen-
dently calculated, thus bypassing other model-based imaging approaches (Kim ez al 2002, 2004).
On the other hand, the magnetic selectivity of cMPI technique may offer a new means and devices
to measure the exact diameter, magnetic property and composition of the synthesized particles.

Even though the current study is a theoretical verification, the use of already proven conven-
tional MPI reconstruction algorithms free of significant modifications on the existing hardware
may allow facile implementation of the cMPI method. However, a few technical limitations
of cMPI are worth noting. First, the doubled temporal resolution will be inevitable due to the
requirement of at least two MPI acquisitions for cMPI using multiple drive fields. For this rea-
son, dynamic study using cMPI at high temporal resolution would be more challenging than
conventional MPI, which typically operates at ~40 msec/image. Secondly, unless exact types of
particles are known a priori, classifying particle species would be difficult for cases of particles
with different magnetism coexisting in the same voxel. Future works should therefore include
developing more efficient method to extract the particle weighting factor for quantifying spa-
tially mixed particles. The possible range of dynamic field strength and particle size may be
limited for the immediate biomedical applications. In this work, we fixed the maximum drive
field strength to be 20mT ™" at the selection field strength of 2.5 T iy~ m™! with iron concen-
tration of 774 umol (Fe) I~!, which made us choose 40nm, 50nm particle to obtain reasonable
image quality as also can be seen from the previous work. (Weizenecker et al 2007). Possible
approaches to make this work more in vivo compatible are two folds. First, as the size is not
necessarily the only parameter that changes magnetization behavior of nanoparticles, different
strategy, such as doping may be employed to alter the magnetization behavior of nanoparticles
to alleviate the particle size restrictions for realistic applications. At the same time, acquisition
parameters which less affect in vivo applications, such as the strength of selection field, acquisi-
tion times, or noise level may be further optimized in the future experimental work to alleviate
any physiologically adverse in vivo effects, or available particle sizes.

Monitoring the spatial and dynamic distributions of exogenous SPIO nanoparticles and
concentration has been important and also challenging, especially for in vivo studies where
heterogeneous tissue structure often interferes with the measurement accuracy. In additional
support of MPI, the currently proposed cMPI method is designed to resolve the absolute
concentration of multiple SPIO nanoparticle species, which will be useful in various bio-
medical applications where the tracking and quantification of multiple magnetic tracers are
beneficial.
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