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Abstract

MPI directly detects superparamagnetic iron oxides (SPIONs), which should enable precise, accurate, and linear
quantification. However, selecting a region of interest (ROI) has strong effects on MPI quantification results. Ideally,
ROI selection should be simple, user-independent, and widely applicable. In this work, we describe and compare
four MPI ROI selection methods and assess their performance in vitro and in vivo. To explore the effect of ROI
selection, ten ferucarbotran phantoms were imaged, each contained the same amount of iron but varied in volume.
Three users tested the accuracy of the ROI methods for quantification of these samples. Lastly, the four ROI methods
were applied to quantify ferucarbotran in vivo after intravenous, intramuscular, and subcutaneous injections in
mice. We discuss the strengths and limitations of each ROI method, such as the ability to capture MPI signals of
custom shapes (i.e. size of the ROI), degree of user variability, speed of analysis, and quantification accuracy of

SPIONSs in different volumes.

. Introduction

Magnetic particle imaging (MPI) is a quantitative modal-
ity that directly detects superparamagnetic iron oxide
nanoparticles (SPIONs). MPI quantification of SPIONs
provides unique opportunities in tracking cell thera-
pies, imaging inflammation, and magnetic hyperther-
mia. MPI can be used to track and quantify adoptive
cells as they move within the body by first labeling them
with SPIONSs in vitro[1-4]. Here, quantification is neces-
sary to understand the success of adoptive cell therapies
which rely on a sufficient number of cells arriving at a
target site while minimizing off-target accumulation of
cells. Development of SPIONs for imaging inflammatory
sites is another area of research requiring robust quan-
tification [5-7]. SPIONs are administered intravenously
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and are internalized by phagocytic cells at inflammatory
sites and in the reticuloendothelial system (liver, spleen,
bone marrow, and lymph nodes) [5, 6, 8, 9]. Quantifi-
cation of inflammatory cells within these sites can be
used to assess the degree of inflammation, the response
to immunomodulatory therapies [9, 10] and the density
of tumor-associated macrophages (TAMs) [11-13]. MPI-
guided magnetic hyperthermia involves exciting SPIONs
with alternating magnetic fields, within a region defined
by stronger gradient fields. Precise localization and quan-
tification of SPIONSs in the specified region is necessary to
apply a specific heating prescription, as described in [ 14—
16].

Our development of cell tracking techniques [3] has
identified a demand for standardized, reproducible,
and accurate quantification methods for MPI. In vivo,
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SPIONS can be dispersed in larger volumes (e.g. a tumor,
1 cm®), whereas MPI quantification is conducted using
calibration samples, of known amounts of iron, typically
in small fluid volumes (~10 pL). Careful and rigorous
choice of the region of interest (ROI) is thus essential for
quantification. Previous work by Hayat et al. [17] used a
K-means++ machine learning algorithm for segmenta-
tion of ROIs and demonstrated accurate quantification
of transplanted ferucarbotran-labeled cells in vivo. How-
ever, for some MPI users without such computational
background, more straightforward methods would be of
value.

Positron emission tomography (PET) is another imag-
ing modality that provides hotspot images with direct
quantification. Quantification of PET signals are typically
conducted by reporting the maximum standard uptake
value (SUV). There is concern that the maximum value
does not represent the signal(s) of interest and this is dis-
cussed particularly in the application of heterogenous
tumors with distributed PET signals. There are similar
concerns for MPI as the distribution of SPIONSs can in-
fluence the maximum value of the point spread function
(PSF). Additional methods for PET quantification involve
ROIs defined by manual delineations [18, 19], anatomical
scans (whole organ segmentations) [20], fixed diameter
circular ROI [18], or an ROI threshold defined as a per-
centage of the maximum signal [18, 19], however these
are not routine clinical practices. Importantly, the quan-
titative outcome for PET is dependent on the method of
ROI selection, involving the size, shape, and placement of
the ROI. This has been a concern for several decades [21].

Many of these ROI selection methods used for PET
have been used for MPI. A common method for ROI defi-
nition with MPI has been to select pixels which are a per-
centage of the maximum value (e.g. 50 % maximum) [22—
27]. Other groups have used manual delineations of MPI
signal [5, 28, 29], fixed circular ROIs [7, 30-33], or standard
thresholding [17, 34, 35]. These ROIs have been applied
to MPI images with both field free line (FFL) and field
free point (FFP) acquisitions, with X-space reconstruc-
tion and other methods. For quantification of stenosis
there are unique methods described [36]. For MPI, the
PSF extends beyond the borders of the SPION source and
the extent of this depends on many factors, including the
SPION resolution, amount of SPION, and the acquisition
and reconstruction methods. In this paper, we hope to
expand the toolbox for MPI quantification, by describing
and directly comparing four methods of ROI selection, in-
cluding both custom and ‘one-size-fits-all’ approaches.

I.I. Study objectives

We first developed four unique ROI selection methods
and assessed their linearity of quantification using in
vitro ferucarbotran phantoms. We then evaluated the
inter-user reproducibility of these ROI methods. Lastly,
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these methods were applied to quantify SPIONs that were
administered locally or systemically in mice.

Il. Materials and methods

Il.1. In vitro sample preparation and

imaging

Ten ferucarbotran phantoms (Vivotrax™, 5.5 ng Fe/uL,
Magnetic Insight Inc., Alameda, CA, USA) were prepared,
each containing the identical amount of iron (34.4 pg)
mixed with increasing volumes of saline, up to 1.2 mL
(see Table 1). These samples were imaged in the base
of a 15 mL Falcon tube which is approximately 5 mm in
diameter at the base. The tube widens to a diameter of
15 mm, therefore as saline is added to the sample the
volume expands in all directions.

For MPI signal calibration, a separate series of cali-
bration samples containing different, known amounts
of ferucarbotran in the same fluid volume (range 0.34 —
55 pg Fe in 10 nL) were prepared. An additional five sam-
ples of ferucarbotran (range 10 — 150 ng) were imaged
for calibration of in vivo images (refer to Section I1.V for
imaging protocol).

Each ferucarbotran sample was imaged separately
using a MOMENTUM™ MPI system (Magnetic Insight
Inc.). Images were acquired in 2D with a 6 cm x 6 cm
field of view, 5.7 T/m selection field gradient, and drive
field strengths of 20 mT and 26 mT in the X and Z axes,
respectively. The images were reconstructed using x-
space methods described in [37]. Images from the X and
Z planes were combined using signal averaging. The
image pixels are 250 x 250 pm and the resolution of a
ferucarbotran point source using a 5.7 T/m gradient is
expected to be 1.73 mm, based on MP relaxometry mea-
surements [38].

Table 1: Ten samples created by dilution of ferucarbotran in
different volumes of saline.

# Total sample Volume ratio Iron
volume (pL) (Vivotrax: Concentration
saline) (ng/nL)
1 6.25 1:0 5.500
2 12.5 1:1 2.750
3 25.0 1:3 1.375
4 50.0 1:7 0.688
5 100.0 1:15 0.344
6 200.0 1:31 0.172
7 400.0 1:63 0.086
8 600.0 1:95 0.057
9 800.0 1:127 0.042
10 1200.0 1:191 0.029
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Figure 1: (A) A demonstration of ROI methods 1-4 on two samples of ferucarbotran (Samples 1 and 10). The minimum value
(a.u.), area (mm?), and mean value (a.u.) is recorded for each ROL. (B) A depiction of ROI selection method 2.

I1.11. ROI selection methods

All of the 2D images obtained were analyzed using four
ROI selection methods using Horos imaging software
(Annapolis, MD, USA). Each method is shown visually in
Figure 1A and described in the sections below. For each
ROI, the MPI signal (A.U.) was calculated as a product
of average pixel value (A.U./mm?) and the ROI volume
(mm?).

Method 1: ROI threshold set by the maximum
signal.

An ROI was drawn at pixel value > a - s,,,,,, where a is a
scaling factor < 1 and s,,,, (A.U./mm?) is the maximum
value for the signal of interest. We used a =0.1, 0.5, and
0.7 for in vitro analysis and a = 0.5 in vivo.

Method 2: Circular ROl with the diameter
determined visually, with scaling factor.

A line profile was drawn through the maximum value
of the signal of interest, and the distance between the
two points of maximum curvature was estimated (A x)
(see Figure 1B). This spatial distance was used to define a
circular ROI with diameter d = b Ax, where b is a scaling
factor > 1 that increases the ROI diameter to account for
user variability and capture more of the signal from the
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wide PSE We used a scaling factor b = 2, and the peak
signal of the ROI was visually centered on the maximum
value of the signal of interest.

Method 3: Large circular ROI.

ROI diameters were measured for all images in the
dataset using Method 2. Then, all images were quantified
with the same circular ROI with diameter d = bAx,,,,,
where Ax,,,, is the largest ROI diameter in the dataset.

Method 4: ROI threshold set by image noise
characteristics.

The standard deviation of system noise, S.D., was mea-
sured by imaging an empty sample holder using the same
image settings. A mask was generated that selected pixels
with pixel value > ¢ - SD, where c is a multiplier chosen
to select signal produced by the sample while rejecting
noise produced by the imaging system. We used ¢ =5
to select signals with Signal to Noise Ratios (SNR) > 5
according to the Rose Criterion [39] for in vitro and in
vivo datasets. Higher thresholds were also tested with
¢ =10 and ¢ = 25 for in vitro ferucarbotran samples.
This method makes the reasonable assumption that the
system noise is similar in each image in the dataset.
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[1.1I1. MPI signal calibration

After the MPI signal associated with calibration samples
was measured, calibration lines were formed to deter-
mine the relationship between known iron mass (ng) and
MPI signal. A linear equation was obtained for each ROI
selection method (MPI signal = slope - iron mass) and
the intercept of the line was set at (0,0). These equations
were rearranged as:

MPI signal (A.U.)
Calibration slope

Estimated iron content (ug) =

This equation was used to estimate the iron mass from
ferucarbotran phantoms and ferucarbotran in vivo using
each ROI method.

I1.1V. Inter-user reproducibility

The ROI analysis (Section I1.II and Section I1.11I) was re-
peated by 2 additional users on the same set of images.
The pairwise differences in the user’s measurements of
iron mass were calculated, and for each ROI method,
the average of these differences was determined. Bland-
Altman plots were used to display the difference between
user’s measurements of iron mass compared to their av-
erage measurements. The absolute inter-user variability
was calculated as the standard error of measurement
(SEM):

SEM = SD(value 1, value 2, value 3)

SEM was calculated for each of the ten samples of feru-
carbotran and the average SEM for each ROI method was
reported. As an additional measurement, the coefficient
of variation (CoV) was calculated as:

SEM

CoV (%) = .
Average (value 1,value 2,value 3)

100

and this value represents the relative interobserver vari-
ability. When the user’s measurements are in perfect
correspondence, SEM and CoV are equal to 0 [19].

I1.V. ROI selection for in vivo
quantification

Two Nu/Nu mice were obtained and cared for per the
standards of the Canadian Council on Animal Care, un-
der an approved protocol by the Animal Use Subcommit-
tee of Western University’s Council on Animal Care. The
first mouse received 25 g ferucarbotran by intramuscu-
lar point injection in the left hind limb. This mouse was
imaged immediately before and after a second injection
of 25 pg subcutaneously. The second mouse received 100
ng ferucarbotran intravenously and was imaged 20 hours
later. Ferucarbotran is expected to accumulate predomi-
nately in the liver, and to a lesser extent the spleen [7, 23,
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Figure 2: (A) MPI calibration performed by imaging 10 samples
of known ferucarbotran mass (0.34-55 ng). (B) Using each ROI
method, a linear relationship between iron content and MPI
signal was established as MPI signal (A.U.) = m -iron content
(ng), where m is the slope of each line.

40-42]. Isotropic 2D MPI images were acquired using a
3.0 T/m selection field gradient, a larger field of view (12
x 6 cm), and the same parameters listed in Section I1.1
For a 3.0 T/m gradient, the image resolution for a feru-
carbotran point source is expected to be 3.29 mm [38].
Separate calibration with ferucarbotran (10 — 150 ng) was
conducted for these parameters and applied to in vivo
images to quantify SPION mass, using the same methods
described in Section IL.III.

I1l. Results

I11.I. MPI signal calibration

The MPI images of the calibration samples are visually
similar in shape and primarily differ in signal amplitude
(Figure 2A). This is due to all samples having the same
volume but with different iron quantities. Quantification
of calibration points from all methods resulted in a linear
(R? > 0.998) relationship between iron mass and mea-
sured MPI signal (Figure 2B). More MPI signal (steeper
slope, m) was collected for methods with larger ROIs (i.e.
Method 3 and 4). The linear equations for each quantifi-
cation method are used to estimate the iron contents of
the in vitro and in vivo samples.
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Figure 3: (A) Projection images showing the same amount of ferucarbotran (34.4 ng) in increasing volumes of saline. Image
values displayed are 0-1000 A.U. (B) Line profiles showing differences in signal intensity and resolution from Samples 1-10.
Undiluted ferucarbotran (Sample 1) produces higher signal intensity as the sample is concentrated, while the point source
spreads out more as the sample is diluted. Iron content (ug) measured from samples 1-10 using methods 1 and 2 (C), and

methods 3 and 4 (D).

I1.11. Quantification of in vitro
phantoms

MPI images of Samples 1-10 are shown in Figure 3A and
line profiles through these images are shown in Figure 3B.
As the fixed mass of ferucarbotran tracer is diluted with
increasing amounts of saline, the volume of the sample
expands. Thus, the MPI signal is localized over a larger
region and the effective amount of iron per imaging voxel
is reduced, leading to a diminished peak signal intensity
and broadened width of the PSE

As shown in Figure 3C, ROI methods 1 and 2 accu-
rately quantified the iron mass for samples with volumes
similar to the calibration samples (i.e. 10 pL). Unfortu-
nately, as the sample is diluted, methods 1 and 2 overesti-
mated iron mass by up to 70 %. For method 1, this pattern
persists with different threshold factors (Figure 4A). ROI
methods 3 and 4 are larger ROIs and adequately capture
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the broader extents of the MPI signal. This leads to a
more accurate estimation (<5 % error) of iron mass, re-
gardless of sample volume (Figure 3D). Method 4 was
accurate when thresholding with higher values of ¢ (Fig-
ure 4B). For ROIs defined by ¢ = 10, the estimation of
iron mass in phantoms was 35.22 +0.44 ng. For ¢ =25,
the iron mass was estimated at 33.69 +0.50 g, therefore
a slight systematic underestimation was observed.

LI Inter-user reproducibility

All three users estimated less accurately and precisely
using methods 1 and 2 and more accurately and pre-
cisely using methods 3 and 4. Box plots of the iron
mass mean and range estimated by each user for each
method are shown in Figure 5A. Bland-Altman plots show
that method 4 has the highest accuracy with an aver-
age 0.08 pg difference between the estimated iron con-
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Figure 4: (A) Various threshold factors are applied to the maximum value (a =0.1, 0.5, and 0.7) to quantify Samples 1-10. For
ROI method 1, quantification of iron is overestimated for dilute samples regardless of the scaling factor. (B) Various threshold
factors are applied to the background SD (¢ =5, 10, 25). Using method 4, iron mass is consistent across scaling factors and

accurate with dilution of ferucarbotran.

Table 2: Inter-user reproducibility measures for ROI methods
1-4. The average difference for each user pair, standard error of
measurement (SEM) and coefficient of variance are reported.

ROI method 1 2 3 4
Average difference | 1.75 4.84 053  0.08
(A.U)
SEM (A.U.) 1.389 3.770 0.433 0.061
CoV (%) 3.02 8.49 1.23 0.17

tent (Figure 5B). Method 2 shows the largest variation
between users, averaging a difference of 4.84 ng iron and
with a maximum difference of 13.25 ng.

Table 2 summarizes the agreement parameters: av-
erage difference, SEM, and CoV. The SEM and CoV are
lowest for method 4, indicating that this method has the
smallest inter-user variability.

IHLIV. In vivo quantification

The application of ROI methods 1-4 for in vivo quan-
tification of iron is demonstrated in Figure 6. Each ROI
selection method is shown for the three in vivo images
in Figure 6A-C. The iron mass estimated from each ROI
was calculated using the slope from the corresponding
calibration curves (Figure 6D).
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Figure 6A shows 2D MPI of a mouse administered
100 pg ferucarbotran intravenously. From the blood-
stream, ferucarbotran accumulates in the phagocytic
cells and is primarily distributed throughout the liver
and spleen. Method 1 uses the smallest ROI and while
method 2 ROl is customized, the circular ROl is applied
to a non-circular MPI shape, complicating the aim of in-
cluding more MPI signal. The use of these ROI methods
resulted in overestimation of iron mass measured from
the mouse liver and spleen (method 1: 144 pg, method 2:
123.5 ng, Figure 6E). Note that ROI method 2 and 3 are
the same for this image because disperse signal in the
mouse liver and spleen resulted in the largest PSF in
the dataset. Next, we applied higher values of o with
method 1, in attempt to increase the amount of signal in-
cluded in the ROI while maintaining a custom ROI shape
(Figure 7A). However, this did not improve the accuracy
of this method for quantifying the SPION mass in the
mouse liver and spleen (153.35 ng).

Compared to the other ROI methods, method 4 with
¢ =5 creates the largest ROI with signal spread occupy-
ing most of the MP image (Figure 6A). Thus, the liver and
spleen signal is adequately sampled and results in accu-
rate iron quantification (101.4 ng, Figure 6E). A smaller
ROI with a customized shape can be achieved in this ap-
plication by using a higher threshold value, i.e. setting
¢ =100 with Method 4. As shown in Figure 7B, the ROl is
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Figure 5: Analysis of inter-user reproducibility for ROI methods 1-4. (A) For each method, the range of iron content measured
by each user for samples 1-10 is shown. The dotted line indicates the true iron mass (34.4 pg). (B) Bland-Altman plots comparing
absolute difference between users with average measured iron content (ug). The dotted lines indicate the maximum difference
and the average difference (bolded line) between users. Method 4 had the lowest user differences (mean = 0.08 pg).

confined to the liver and spleen signal and quantitation
accuracy is maintained (99.47 ng).

For point injections i.e. intramuscular injection (Fig-
ure 6B) and subcutaneous injection (Figure 6C), the MPI
signal originates from ferucarbotran in a smaller vol-
ume. For quantification of ferucarbotran point sources,
all ROI methods return accurate estimates of iron mass
(Figure 6EG; ground truth = 25 pg). However, as shown
in Figure 6C, it is challenging to separate two sources
of MPI signal when using ROI selection method 4 with
¢ =5 since the ROI boundaries for each source overlap.
Next, using method 4 we applied higher values of c in
attempt to distinguish these two signals. At ¢ = 35, these
two point sources of SPION could be separately quanti-
fied (Figure 7C). However, since a smaller ROl is applied,
the quantitative accuracy is compromised; the subcuta-
neous injection of 25 ng was estimated to have 22.8 ng
ferucarbotran and the intramuscular injection to have
23.3 pg ferucarbotran.

10.18416/ijmpi.2022.2208002

IV. Discussion

MPI directly detects SPIONs, which should enable pre-
cise, accurate, linear quantification. However, selec-
tion of an ROI has strong effects on MPI quantification
results. Ideally ROI selection should be simple, user-
independent, and applicable to in vitro and in vivo situa-
tions. This manuscript describes four MPI ROI selection
methods and assesses their performance in vitro and
in vivo. Methods 1-4 use different sized ROIs to quan-
tify MPI signal and each approach has suitable applica-
tions. These are discussed below and summarized in
Table 3. The methods were first tested on 10 ferucarbo-
tran phantoms with identical iron mass but varying sam-
ple volumes (6.25 — 1200 nL). The resulting images pre-
sented a quantification challenge since the point source
spreads out as the ferucarbotran samples is diluted and
the overall MPI signal intensity is reduced. To assess user-
reproducibility, the samples were anlysed by three users.
Last, these methods were applied to in vivo quantifica-
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Table 3: Comparison of ROI methods 1-4 in terms of size of
the ROI, time spent on analysis, user variability, the ability to
create custom shaped ROIs, and the quantification accuracy of
iron in different volumes.

ROI method 1 | 2
Size of ROI Small Medium
Speed Medium Medium
User Medium Medium Low
variability
Custom Yes Yes
shapes
Different
volume
samples
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tion of ferucarbotran after intravenous administration
or point injection (intramuscular and subcutaneous) to
mice.

Method 1 selects an ROI based on the peak signal
value within the target volume. Pixels are included in
the ROI by selecting a threshold, e.g. 0.5- s,,,, and in-
cluding all pixels with values larger than the threshold.
This approach is beneficial to generate small ROIs, which
helps achieve separation of multiple adjacent signals
present in a single image. For example, Method 1 can
separately quantify the MPI signal from ferucarbotran
administered to multiple regions of a mouse with accu-
racy (Figure 6C). Ultimately this method is best suited for
high-SNR signals from samples in a similar volume. We
saw that samples of ferucarbotran in small volumes lead
to sharp signals with high intensities relative to larger
volumes, which produce broader signals. Since dilute
samples have broader signal with lower peak intensity,
the a - s,,,, threshold is lower and includes more area in
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Method 1

Method 4
¢ =100

Method 4
c=35

Estp.=22.8 ug

Estp, = 99.47 ug

Estr, = 153.35 ug

Estg. = 23.3 ug

Ground truth = 100 ug

ol Ground truth =100 ug o Ground truth =25 ug |

Figure 7: Application of alternative threshold values using
methods 1 and 4 for in vivo analysis. (A) ROI method 1 with
a =0.7 was applied to the signal associated with ferucarbotran
in the mouse liver and spleen. This creates a larger ROI than
¢ = 0.5, but did not return an accurate estimate of SPION mass
(153.3 pg). (B) ROImethod 4 with high value of c (= 100) applied
to the same mouse results in accurate quantification (99.47 pg).
(C) With ROI method 4, increasing c (=35) allows for separate
quantification of two iron sources in vivo but quantitative ac-
curacy is reduced.

the ROI (Figure 1A and Figure 4A). Thus, an overestima-
tion of iron mass is expected for dilute samples, which
is confirmed in vitro (Figure 3C and Figure 4A). This is
also true for in vivo quantification of ferucarbotran that
is administered intravenously, which disperses through-
out the mouse liver and spleen, regardless of the value
chosen for a (Figure 6E and Figure 7A). This suggests that
when using method 1, the fluid volume in the calibration
samples must be carefully controlled to match that of
the signals that are being quantified.

Method 2 selects a circular ROI that is manually
placed on the peak signal, with the ROI diameter selected
from the line profile. These ROIs are larger than method
1 and include more of the PSF; however, the quantitative
accuracy of dilute in vitro samples of ferucarbotran did
not improve. Likewise, the quantification of dilute feru-
carbotran in the mouse liver and spleen after intravenous
administration was overestimated. For in vivo analysis,
line profiles tend to be less sharp and consequently the
determination of the PSF width is challenging. For non-
circular objects, automatic image thresholding in the
presence of high SNR (e.g. Otsu’s method) could help
to identify the initial ROI. This method is quantitative
only for high-SNR and high-resolution signals and breaks
down for more complex images. Method 2 was accurate
for quantifying in vitro phantoms of small volumes (Fig-
ure 3C) and point injections in vivo (Figure 6EG).

Method 3 uses ROIs with fixed dimensions on all
images in a dataset, using the largest-sized ROI from
method 2. This method is optimal for image datasets
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that assume the same physical layout of objects and can
be used for quantification across a large SNR range. With
the ROI diameter tied to the largest signal spread, this
method guarantees sampling of signals at lower concen-
trations, and the amount of noise introduced to the ROI
is consistent for each image. Method 3 provided precise
and accurate iron mass measurement in vitro (Figure 3D)
and this approach is faster than method 2.

Method 4 uses an SNR threshold-based segmentation
system (e.g. SNR > 3) and has many advantages and few
disadvantages (Table 3). This method is simple to per-
form and can be conducted quickly. The size of the ROI
depends on the standard deviation of the background
signal, the threshold factor (c), and the size of the PSE
Method 4 applies the same lower threshold i.e. ¢-SD
to all images in the dataset (including calibration sam-
ples), regardless of MPI signal strength and dimensions.
For low SNR thresholds (e.g. SNR ~3), this technique
produces large ROIs compared to methods 1 and 2, and
similar to method 3 (shown in Figure 1A). This method
illustrates that the MPI signal is spreading in nature, with
image pixels being affected despite their distance from
the source. Our results show that method 4 returns accu-
rate quantification of ferucarbotran in varying volumes
both in vitro (Figure 3D) and in vivo (Figure 6E,F). For
higher threshold values (e.g. 25-SD) the method results
in smaller ROIs without compromising accuracy if a con-
sistent threshold is used (Figure 4B and Figure 7B). How-
ever, this technique can struggle to quantify multiple
overlapping signal sources in vivo. As shown in Figure 6C,
two ferucarbotran sources separated by 5.3 cm could not
be separately quantified using a 5- SD threshold. We
observed that a minimum threshold of 35-SD was nec-
essary to separate two sources of 2D MPI signal in vivo
(Figure 7C) although this led to loss in quantitative accu-
racy. At higher threshold values (¢ > 5), more MPI signal
is neglected at which point the quantification accuracy
may be degraded. In our experience, overlapping signals
is less of an issue in 3D data sets. Overall, there exists an
important tradeoff between ROI area and quantification
result, and this is dependent on many factors including
MPI acquisition, SPION mass (and therefore, the inten-
sity of the MPI signal), and SPION type.

All three MPI users analysed the identical set of im-
ages, therefore user differences reported in Section I11.111
are attributed solely to image analysis. Overall, we ob-
served that method 4 has the highest reproducibility as
shown by the smallest user differences, and method 2
had the greatest variability. We would expect methods 1
and 2 to be more error prone and show increased user
differences because a different, unique ROI threshold is
applied to all ten ferucarbotran phantoms and all ten cal-
ibration samples. In contrast, method 3 and 4 would be
expected to have lower user differences because they ap-
ply a uniform ROI or threshold value to all 20 images. ROI
method 1 is a semi-automatic method. When calculating
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the threshold value (a-s,,, ), we would expect there to be
rounding errors depending on how many decimal places
the user included. Method 2 is the most manual and
error-prone method since it requires on 3-user inputs per
image. The first is a subjective measurement of the PSF
edges, and though a multiplication factor (b) is applied to
mitigate it, inherent user variability is expected. Finally,
the ROI is placed manually over the peak of the signal,
which may also contribute to user differences. Method
3 has reduced user variability compared to method 2
since there is only a single manual bias. Lastly, method 4
may show differences resulting from the measurement of
the background standard deviation from the same blank
MPI image. There could be slight differences in the se-
lected region that would subsequently lead to a different
threshold value (¢ - SD).

The applicability of these methods presented is trans-
ferrable to other reconstructions than X-space. For re-
constructions that have more localized signal, the differ-
ent ROIs resulting from the methods presented would
look more similar, as the majority of the signal is confined
in the same region and the transition at peak curvature
would be more pronounced. For such a dataset, with
relatively lower background signal, method 4 would be
recommended as it would be the easiest and most reli-
able to implement. Furthermore, a lower scaling factor
would be needed to capture an ROI close to the object im-
aged. Note that using methods like deconvolution lowers
the peak SNR and caution is recommended where sensi-
tivity may be compromised. With reconstructions that
provide more confined MPI signals, other groups have
used ROIs defined by the sample position or anatomy for
quantification [43, 44].

Methods 3 and 4 use large ROIs for quantifying
SPIONs. We have considered an additional approach,
where the entire image serves as the ROI. Interestingly,
this method was accurate for quantification of ferucar-
botran phantoms (Section III.II) and ferucarbotran in
vivo (Section I11.1V). This approach led to estimation of
34.68+0.61 pg ferucarbotran in Samples 1-10 (truth =
34.4 ng). For ferucarbotran administered intravenously,
this ROI method yielded an estimate of 100.1 g from the
entire image (truth =100 png). Lastly, for ferucarbotran ad-
ministered intramuscularly, this ROI yielded an estimate
of 22.2 g (truth = 25 pg). Overall, this approach could
serve as a quick, crude analysis technique for quantifying
images with a single signal source.

In this study we observed that the dispersion of SPI-
ONs reduces the quality of MPI quantification when us-
ing ROI selection methods 1 and 2. There are additional
factors which influence reliable quantification of SPION
with MPI, including SPION immobilization [3, 45-48] and
degradation [30, 48]. Immobilization of SPION occurs
with protein binding or cellular internalization and is ex-
pected to increase Brownian relaxation times, leading to
MPI signal reduction and blurring. As SPIONs undergo
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degradation over time, their MPI sensitivity can be vari-
able [30]. Importantly, ferucarbotran in this study was
vortexed before use and stored at appropriate conditions
to avoid clustering and degradation. In vivoimaging was
conducted immediately or within 1 day of iron adminis-
tration, therefore SPION degradation is expected to be
negligible.

V. Conclusion

There is an unmet need for standardized, reproducible,
simple, and accurate ROI methods for quantification of
MPI signal. Here we described and tested four ROI se-
lection method approaches. All four methods showed a
strong linear relationship between ferucarbotran mass
and quantified MPI signal for iron samples of the same
fluid volume.

Each ROI method has advantages. Method 1 relies on
segmentation at a fraction of the maximum MPI signal
and forms the smallest ROIs. This method provided ac-
curate quantification of ferucarbotran in small volumes
and ferucarbotran administered by point injection in
vivo. This method is beneficial for separately quantifying
multiple sources of iron present in a single image. Ulti-
mately ROI method 1 was not accurate for quantification
of ferucarbotran in larger fluid volumes and after sys-
temic administration in vivo. Method 2 applies a custom
size ROI to each MPI signal by assessing the PSE While
this method includes more MPI signal than method 1, the
quantitative accuracy for dilute ferucarbotran in vitro
and in vivo did not improve. It can be challenging to
assess the PSF of low-SNR signals and dilute iron, partic-
ularly in vivo. Method 3 addresses this by applying the
largest ROI established from method 2 to all images in
a dataset, regardless of MPI signal strength and dimen-
sions. Lastly, method 4 uses a uniform threshold-based
segmentation at a factor of the background SD (c - SD)
which results in larger ROIs. This method provided accu-
rate and precise estimates of ferucarbotran mass for in
vitro phantoms, including samples which were in larger
fluid volumes. Likewise, in vivo quantification of feru-
carbotran administered systemically was accurate with
method 4. The limitation of this method is the use of
large ROIs which can be challenging when attempting
to quantify multiple MPI signals in a single image. ROI
method 4 overall has many advantages, including quick
analysis, simplicity, and high reproducibility between
users.

No single method meets all desired criteria (Table 3),
therefore a careful choice of ROI selection method must
be made for analysing each dataset. This paper was fo-
cused on quantification of ferucarbotran but these ROI
methods are applicable for other SPIONs. Our hope is
these ROI selection methods will be widely adopted by
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MPI users to improve the accuracy and consistency of
SPION quantification.
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