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Abstract
Tumour Associated Macrophages (TAMs) play a crucial role in breast cancer prognosis. Here we propose Magnetic
Particle Imaging (MPI) for non-invasive TAM assessment. By employing an advanced reconstruction algorithm
and a small field of view (FOV) focused on the tumour, we demonstrate enhanced image quality and successful
quantification of TAMs in mouse mammary tumours with different metastatic potentials (4T1 and E0771). Utilizing
in vivo MPI, we did not see significant differences in the MPI signal for 4T1 tumours compared to E0771. These
findings highlight the potential of MPI for in vivo TAM quantification despite dynamic range limitations, offering a
promising avenue for broader applications in cancer research and potentially overcoming constraints in other in
vivo imaging contexts.

I. Introduction

Tumour associated macrophages (TAMs) are a highly
prevalent component of the tumour microenvironment
(TME), and they can constitute up to 50% of the breast
cancer TME [1]. In breast cancer, higher TAM infiltration
has been associated with poorer patient prognosis [1–3]
. TAM density is usually assessed using immunohisto-
chemistry (IHC); however, this requires invasive biopsies
and is not representative of the whole tumour [4]. Thus,
there is a need for non-invasive and quantitative imag-
ing that allows for the in vivo assessment of TAMs, which
could serve as a biomarker for tumour aggressiveness.

Superparamagnetic iron oxide (SPIO) particles can be
used to label macrophages in situ via an intravenous (IV)
injection and this approach has been used for imaging
TAMs with MRI [5–7]. However, quantification of TAM
density from iron-induced signal loss in MRI is challeng-

ing. Magnetic Particle Imaging (MPI) is emerging as an
in vivo cellular imaging method and can provide mea-
surements of iron mass which allow us to estimate cell
number from images. MPI has previously been evalu-
ated for TAM cell tracking; however, quantification was
only possible for fixed tumour tissues imaged ex vivo due
to known dynamic range limitations [8]. When iron sam-
ples with large differences in concentrations are present
in the same field of view (FOV) there is signal oversatu-
ration from the higher signal due to the requirement for
regularization for stable reconstruction. The high uptake
of SPIO in liver macrophages after IV injection prevented
isolation of the lower TAM signal. This represents a ma-
jor roadblock for in vivo MPI in applications where two
or more sources of signal exist. This was recently demon-
strated for quantifying the migration of dendritic cells to
the popliteal lymph node (small signal) after their injec-
tion into the mouse footpad (large signal) [9].
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This limitation can be addressed by using a small FOV
focused on the tumour, together with an advanced recon-
struction algorithm. In 2015, Konkle et al. introduced an
advanced reconstruction method which employs a priori
information, non-negativity, and image smoothness to
enhance image quality [10].

Here, we evaluate the use of a small, focused FOV and
the advanced reconstruction method first using samples
of iron, where a sample with a high iron concentration is
positioned 2 cm away from a sample with a much lower
iron concentration and show that this approach removes
image artifacts seen in the native MPI reconstruction.
Then, we employ this strategy for quantitative imaging of
tumours in vivo after IV SPIO and compare the MPI signal
for mouse mammary tumours induced using two breast
cancer cell lines with different metastatic potentials.

II. Methods and Materials

MPI Image Reconstruction: All experiments were per-
formed using the Momentum™ pre-clinical MPI scan-
ner (Magnetic Insight Inc.). The native image reconstruc-
tions are formed by the X-space stitching method [10, 11].
In this method the panels of data are stitched together
and the edges of the image are pinned to zero, which
allows for the recovery of the filtered DC component.

To acquire the images using the advanced reconstruc-
tion, we enabled the ‘inverse_xz_image_combiner’ op-
tion in the MOMENTUM Advanced User Interface. This
option reconstructs native images using x-space meth-
ods as described above and applies an inverse problem
postprocessing step. The postprocessing combines na-
tive images that were reconstructed separately depend-
ing on the direction of transmit (positive and negative),
sharpens using the equalized PSF [12], and corrects the
edge-pinning applied in the native image reconstruction
step. The postprocessing is formulated as a matrix-free
non-negative least squares inverse problem and is solved
using FISTA as in previous formulations [10].

In vitro assessment of advanced reconstruction: A
780 ng Fe sample was placed 2 cm apart from a 50 µg Fe
sample and MPI was repeated with triplicate samples. A
2 cm FOV was centered on the 780 ng sample and images
were acquired for each sample (n=3) using the standard
native reconstruction algorithm and the advanced re-
construction algorithm. Images were acquired with a 3.0
T/m selection field gradient and drive field strength of
–23mT (z).

Animals: BALB/c and C57BL/6 mice were purchased
from Charles River Laboratories, Inc. (Senneville, CAN).
All animal studies were performed in accordance with
institutional and national guidelines.

Tumour Models: 4T1 and E0771 mouse breast cancer
cell lines (100,000 cells, 50 µL injection volume) were
administered subcutaneously to the fourth mammary

Figure 1: Small FOV imaging with advanced reconstruction as
a solution for quantifying two proximal samples with varying
iron mass. (A) Experimental set-up showing the full 12 cm FOV
around a source of low iron signal (S7, 780 ng Fe) 2 cm apart
from a higher iron signal (S1, 50 µg Fe). (B) In Full dynamic
range, only signal coming from the higher iron sample (S1) is
visible. (C) Window leveling to the minimum and maximum
signal of the lower signal (S7) oversaturates the high signal and
prevents quantification of S7. (D) A 2 cm FOV centered on the
low sample (S7) and acquired with (E) native reconstruction,
which did not quantify signal and (F) advanced reconstruction,
which did quantify signal. (G) The advanced reconstruction
successfully isolated the low signal and average iron content
was estimated to be 797 ng Fe for triplicate samples, consistent
with known iron content (780 ng Fe) (p > 0.05).

fat pad of C57BL/6 mice (E0771, n=8) and BALB/c mice
(4T1, n=8). E0771 is poorly metastatic compared to 4T1
[13].

MPI Imaging: Twenty days after the cell injection,
30mg/kg of a SPIO (Synomag-D-PEG, Micromod GmbH)
was administered IV to mice and 24 hours later imaging
was performed using the Momentum™ scanner (Mag-
netic Insight, Inc.). Images were acquired with a 5.7 T/m
selection field gradient and drive field strength of -23mT
(z). Tumours were imaged with the native reconstruction
and a 12 (z) x 6 (x) cm FOV, and the advanced reconstruc-
tion with a 3 (z) x 6 (x) cm FOV. Total MPI signal and
average iron per tumour were measured using an open-
source medical imaging viewer (Horos v4.0.0 RC5). Mice
were euthanized and tumours were removed for ex vivo
MPI imaging.

III. Results
MPI signal and iron content were quantified for 4T1 and
E0771 tumour bearing mice. There was no significant
difference in either between the two tumour types. (Fig-
ure 2E, F). Ex vivo imaging of tumours using MPI shows
presence of signal in all tumours, confirming that signal
observed in in vivo images is from tumours (Figure 4).
Additionally, in vivo and ex vivo imaging of control tu-
mours shows no MPI signal, as expected.

Figure 1A and D show the positioning of the 12 and 2
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Figure 2: In vivo imaging of tumours using MPI following tail
vein injection of Synomag-D PEG. The standard 12 cm FOV
is shown in A by the pink box encompassing the mouse body
positioned for imaging. The corresponding 2D MPI image is
shown in B; the very high liver signal interferes with the detec-
tion of the tumour signal. A 3 cm FOV was be applied over the
tumour region, shown by the pink box in C, allowing for isola-
tion of tumour signal (D). The signal obtained with partial FOV
imaging can be quantified as total signal (E) or iron content (F)
using a previously established calibration line.

cm FOV on the iron samples (780 ng and 50 ug). With the
12 cm FOV (Figure 1B,C) isolation of the 780 ng Fe signal
is not possible due to dynamic range limitations. When
the image window width and level are adjusted to the
maximum and minimum signal of the 780 ng sample, the
higher signal (50ug) oversaturates the lower signal (780
ng). With the 2 cm FOV centered on the 780 ng sample, an
artifact-free small FOV was not possible with the native
MPI reconstruction, which assumes zero signal along the
edges of the FOV and creates a negative signal artifact
when the assumptions are not met (Figure 1E). With the
advanced reconstruction (Figure 1F) the 780 ng sample
can be quantified within 10% of the actual iron content
(Figure 1G).

When imaging tumours with the full FOV (Figure 2A)

Figure 3: Native and advanced reconstruction when imaging
tumours with a 3 cm FOV. (A) Despite using a small FOV, signal
from liver region oversaturates tumour region and prevents
quantification. (B) With the advanced reconstruction tumour
signal and can isolated and quantified.

we observed signal oversaturation from the liver region of
the mouse and were unable to isolate and quantify signal
from the tumour (Figure 2B). This is due to the previously
described limitation in MPI dynamic range. This was
solved using a FOV focused on the tumour region and the
advanced reconstruction (Figure 2C,D), which allowed
MPI signal to be quantified for all tumors. An example of
the artifact produced when using a FOV focused on the
tumour with the native reconstruction method is shown
in Figure 3.

IV. Discussion

This work presents the first demonstration of in vivo
imaging and quantification of TAMs using MPI. While
MPI dynamic range is a known limitation, using the ad-
vanced reconstruction and small FOV we were able to
isolate tumour signal and show that it can be attributed to
the accumulation of iron in the tumours. Ongoing histol-
ogy will be used to validate the presence of iron-positive
TAMs. This work also demonstrates the potential of MPI
for other in vivo applications where dynamic range can
cause limitations.
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Figure 4: Ex-vivo imaging of 4T1 tumours with MPI to deter-
mine iron presence. (A) Four representative 4T1 tumours from
Balb/c mice can be seen. Tumours were placed on an empty
MPI bed for imaging (2D, High sensitivity isotropic). (B) Corre-
sponding MPI signal for each tumour can be seen, with signal
detected for all tumours imaged. These results confirm the
presence of SPIO in the tumours.
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