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Abstract
Background: Sentinel lymph node biopsy (SLNB) is an important cancer diagnostic staging procedure. Conventional SLNB procedures with 
99mTc radiotracers and scintigraphy are constrained by tracer half-life and, in some cases, insufficient image resolution. Here, we explore an al-
ternative magnetic (nonradioactive) image-guided SLNB procedure.
Purpose: To demonstrate that magnetic particle imaging (MPI) lymphography can sensitively, specifically, and quantitatively identify and map 
sentinel lymph modes (SLNs) in murine models in multiple regional lymphatic basins.
Materials and Methods: Iron oxide nanoparticles were administered intradermally to healthy C57BL/6 mice (male, 12-week-old, n¼5). The 
nanoparticles (0.675 mg Fe/kg) were injected into the tongue, forepaw, base of tail, or hind footpad, then detected by 3-dimensional MPI at mul-
tiple timepoints between 1 hour and 4 to 6 days. In this mouse model, the SLN is represented by the first lymph node draining from the injection 
site. SLNs were extracted to verify the MPI signal ex vivo and processed using Perl’s Prussian iron staining. Paired t-test was conducted to com-
pare MPI signal from SLNs in vivo vs. ex vivo and considered significant if P< .05.
Results: MPI lymphography identified SLNs in multiple lymphatic pathways, including the cervical SLN draining the tongue, axillary SLN draining 
the forepaw, inguinal SLN draining the tail, and popliteal SLN draining the footpad. MPI signal in lymph nodes was present after 1 hour and sta-
ble for the duration of the study (4-6 days). Perl’s Prussian iron staining was identified in the subcapsular space of excised SLNs.
Conclusion: Our data support the use of MPI lymphography to specifically detect SLN(s) using a magnetic tracer for a minimum of 4 to 6 days, 
thereby providing information required to plan the SLN approach in cancer surgery. As clinical-scale MPI is developed, translation will benefit 
from a history of using iron-oxide nanoparticles in human imaging and recent regulatory-approvals for use in SLNB.
Keywords: sentinel lymph node, lymphography, surgical planning, magnetic particle imaging, vivotrax, pharmacokinetics, quantitative, iron oxide 
nanoparticles

Abbreviations
3D ¼ 3-dimensional, EMA ¼ European Medicines Agency, FDA ¼ Food and Drug Administration, HNC ¼ head and neck cancer, ID ¼
injected dose, LN ¼ lymph node, MRI ¼ magnetic resonance imaging, MPI ¼ magnetic particle imaging, PPB ¼ Perl’s Prussian Blue, RRI 
¼ Robarts Research Institute, SLN ¼ sentinel lymph node, SLNB ¼ sentinel lymph node biopsy, SPION ¼ superparamagnetic iron oxide 
nanoparticle

Summary
Magnetic particle imaging enables unambiguous identification of sentinel lymph node locations in multiple mouse lymphatic pathways up 
to several days following intradermal injection of iron oxide nanoparticles.

Key Results
� Magnetic particle imaging (MPI) specifically visualized sentinel lymph nodes in multiple lymphatic pathways following intradermal 

injection of iron oxide nanoparticles at various anatomical locations. 
� MPI enables stable detection and quantification of iron oxide in lymph nodes at least 4 to 6 days after injection. 
� MPI has sufficient sensitivity (50 ng Fe) and shine-through resolution (<3.5 mm) to identify mock lymph nodes in phantoms. 
� Iron oxide accumulation in excised lymph nodes was verified using Perl’s Prussian blue stain. 
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Introduction
Lymph node (LN) metastasis is a critical prognostic factor 
with therapeutic implications for solid tumors, including 
head and neck cancer (HNC), melanoma, and breast cancer, 
among many others.1–3 Sentinel lymph nodes (SLNs) are any 
lymph node(s) that receive lymph drainage directly from a tu-
mor site. SLN biopsy (SLNB) has emerged as a diagnostic 
staging procedure that involves removal of 1 to 4 SLNs, 
which then undergo evaluation by histopathology to detect 
disease metastasis.4 SLNB provides vital information for clin-
ical decision-making, influencing surgery and radiotherapy 
plans, while significantly reducing patient morbidity com-
pared to complete LN dissection, which represents overtreat-
ment for many patients.1–5

A primary challenge for SLNB is identification of SLNs to 
guide surgical excision.1,2,4,6 The standard of care for SLN 
identification is peritumoral injection of 99mTc-based tracer 
that drains and accumulates at SLNs allowing for presurgical 
localization of SLNs by scintigraphy. The technology is lim-
ited, however, by short tracer half-life that demands clinical 
coordination between the injection, imaging technicians, ra-
diologist, operating room, and surgeon(s). Additionally, the 
accuracy of SLNB is reduced when the injection site is located 
nearby the draining SLN due to low scintigraphy resolution 
(shine-though phenomenon).1,2

An emerging alternative SLNB guidance procedure, ap-
proved by the Food and Drug Administration (FDA) and 
European Medicines Agency (EMA), uses non-radioactive 
(shelf-stable) carboxydextran-coated iron oxide nanopar-
ticles to label SLNs, allowing for intraoperative detection of 
magnetized SLNs using a real-time magnetometer probe. 
This magnetic technique has been widely adopted for breast 
cancer SLNB procedures7–9 and is shown to be noninferior to 
99mTc-based detection methods.10,11 However, it is currently 
approved only for patients undergoing mastectomy or lump-
ectomy12 because of the well-mapped lymphatic pathways 
from the breast to the axillary SLN basin. The approved mag-
netic technique does not currently provide presurgical imag-
ing of SLN locations and therefore cannot be used for 
complex cancers where SLN drainage pathways can vary, 
and for cancers affecting complex anatomies with unpredict-
able and/or multiple nodal basins.1,2,4,6,13

Magnetic particle imaging (MPI) is an emerging technology 
that produces images of the 3-dimensional (3D) distribution 
of superparamagnetic iron oxide nanoparticles (SPIONs) 
in vivo. Unlike SPION-based magnetic resonance imaging 
(MRI), MPI does not have background signal or interference 
from surrounding tissue and is linearly quantitative, which 
has enabled numerous applications.14,15 The purpose of this 
study is to demonstrate that MPI can identify and map SLNs 
in murine models and to characterize the pharmacokinetics 
of SPIONs when administered in multiple regional lym-
phatic basins.

Materials and methods
Murine SLN model
Although the term “sentinel lymph node” is typically used in 
the context of cancer, initially using healthy mice allows for 
the investigation of lymphatic drainage patterns and the as-
sessment of novel SLN mapping techniques without the con-
founding factors associated with tumor-induced lymphatic 
remodeling.16 In this work, the surrogate for the SLN is the 

first LN along the lymphatic draining pathway from the in-
jection site. For this study, we used naïve, immunocompetent 
C57BL/6 male mice aged 12 weeks (Charles River, 
Wilmington, MA) to study transport to draining LNs.17–20

Three mice were obtained at Robarts Research Institute 
(RRI) and cared for under standards of Western University 
Council on Animal Care with an approved protocol. An addi-
tional 2 mice were obtained at Magnetic Insight Inc. with an 
approved protocol by the Institutional Animal Care and Use 
Committee provided by In Vivo Strategies.

In vivo MPI lymphography
For in vivo lymphography, carboxydextran-coated SPIONs 
(VivoTrax, Magnetic Insight Inc., Alameda, CA) were admin-
istered by intradermal injection at 0.675 mg of Fe/kg (in 
50 µL saline), which was scaled by weight from the dose ap-
proved for humans (56 mg of Fe/injection).12 For the 3 mice 
at RRI, injections occurred at the base of the tail on the right 
side (n¼1) or tongue (n¼2). Then, 3D MPI at RRI was per-
formed at þ1 hour, þ48 hours, and þ96 hours after injection 
with imaging parameters described in the following section. 
For the 2 mice at Magnetic Insight, SPIONs were adminis-
tered in the left hindpaw (n¼ 1) or left forepaw (n¼1). 
Then, 3D MPI at Magnetic Insight was performed at 
þ1 hour, þ24 hours, þ48 hours, and þ144 hours after injec-
tion with imaging parameters described later.

MPI was acquired using 2 MOMENTUM scanners 
(Magnetic Insight Inc.), either at RRI or Magnetic Insight. 
The 3D acquisitions were performed with the following 
parameters: field of view¼ 12 × 6 × 6 cm, transmit axes ¼ x 
and z (multichannel imaging), gradient strength¼5.7 T/m, 
radiofrequency amplitude x¼ 20 mT and z¼23 mT 
(Magnetic Insight) or 26 mT (RRI), number of projec-
tions¼35, reconstruction ¼ Filtered BackProjection, scan 
time¼35 minutes.

MPI analysis and quantification
From each 3D tomographic dataset, an optimal image slice 
was used for display that included the injection site and maxi-
mum signal from the draining LN. Analysis was performed in 
MagImage software (Magnetic Insight, Inc.) by O.C.S. 
(>4 years of experience with MPI quantification). For ana-
tomical context, an optical photograph taken by the inte-
grated camera on the Momentum MPI system was used and a 
manual tracing of mouse position was overlaid to 
MPI images.

For MPI signal quantification, first, the maximum signal 
value was determined from all image slices containing MPI 
signal of interest. A threshold value ≥ (0.5 × maximum sig-
nal value) was used to define a 3D region of interest.21 Then, 
the MPI signal was measured as the sum of voxel intensities 
included in each region of interest.

For each timepoint, in vivo MPI signal in the LN was nor-
malized to the baseline/initial MPI signal to calculate % 
injected dose (Equation 1). Baseline signals include both the 
injection site and LN signal at the earliest imaging timepoint 
(complete at 1 hour). 

% ID ¼
MPI signal in LN

Baseline MPI signal
�100% Eq.1 

For absolute quantification of SPIONs in vivo, the relation-
ship between MPI signal and iron mass was determined. 
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Multiple calibration samples of VivoTrax (1.25–30.0 µg Fe) 
were imaged by MPI at each institute. Linear equations de-
rived from the calibration curve phantoms were used to cal-
culate iron content in LNs in vivo (Figure S1).21,22

Ex vivo SLN verification
To verify MPI signals ex vivo, mice were euthanized follow-
ing the last imaging session. SLNs were excised then reimaged 
by MPI using the same parameters described previously. LNs 
were imaged ex vivo as freshly harvested tissues and again af-
ter fixation in 4% paraformaldehyde. To verify iron in SLNs, 
fixed LNs were paraffin embedded and sectioned as pairs of 
5-µm sections (Zyagen Histology Services, San Diego, CA; or 
RRI Molecular Pathology Department), then adjacent sec-
tions were stained with hematoxylin-eosin (H&E) or Perl’s 
Prussian blue (PPB) (ab245880 and ab150674, respectively; 
Abcam, Waltham, MA).

MPI LN imaging system verification studies 
using phantoms
We performed phantom studies to verify MPI sensitivity, line-
arity, and shine-through (resolution) in the context of mouse 
LN imaging nearby an injection site. For a 20-g mouse, an in-
jection site is represented by 13.5 µg Fe (0.675 mg Fe/ 
kg dose).

The sensitivity phantom consisted of ten dilutions of 
VivoTrax (5.5 mg/mL, Magnetic Insight Inc.), from 25 to 
800 ng Fe in a volume of 7 µL. These concentrations represent 
0.2% to 6% injection dose (ID). The limit of detection was 
defined as the lowest quantity of iron that produced MPI sig-
nal that exceeded 5 times the standard deviation of back-
ground noise.

The resolution phantom comprised a central source of 
13.5 µg VivoTrax and 6 variably spaced satellite vials 

containing 675 ng VivoTrax (5% ID). Each well was 1.5 mm 
in diameter and had a center-to-center spacing of 2.5 to 
20 mm from the central source. Line profiles were drawn 
through MPI signals to measure shine-through resolu-
tion limits.

Statistical analyses
A linear regression was performed between VivoTrax quan-
tity (µg) vs. quantified MPI signal for calibration curves. A 
paired t-test was conducted to test for differences in MPI sig-
nal from LNs in vivo vs. ex vivo. Analyses were performed 
with Graphpad Prism 10.1.1 and were considered significant 
if P< .05.

Results
In vivo MPI lymphography
We demonstrated in vivo MPI lymphography can reveal the 
drainage pattern of VivoTrax injected at multiple lymphatic 
basins and longitudinal accumulation in SLNs (Figure 1). 
From the hindpaw, MPI signal was first detected in the ipsi-
lateral popliteal LN (Figure 1A, coronal view). From the base 
of the tail, MPI signal was first demonstrated in the ipsilateral 
inguinal LN (Figure 1B, coronal view). From the forepaw, 
MPI signal was found in the ipsilateral axillary LN 
(Figure 1C, sagittal view). For mice with tongue injections 
(n¼ 2), the MPI signal was first shown in bilateral cervical 
LNs with a predominant signal in the left node (Figure 1D, 
coronal view), and a small amount in the lungs because of as-
piration of residual tracer. For all mice, some low-intensity 
background MPI signal was observed in the gastrointestinal 
region because of iron in mouse feed; no MPI signal was 
detected from mouse blood or urine (Figure S2).

Figure 1. Magnetic particle imaging (MPI) shows in vivo pharmacokinetics of iron oxide nanoparticles to sentinel lymph nodes (SLN) of C57 
immunocompetent mice. MPI was acquired preinjection to assess mouse background signal then at 3 timepoints following intradermal injection of 
VivoTrax to the (A) left hindpaw, (B) right base of tail, (C) left forepaw, and (D) tongue. Arrows indicate location of injection sites. Sentinel lymph nodes 
are outlined by squares, including the (A) ipsilateral popliteal lymph node, (B) inguinal lymph node, (C) axillary lymph node, and (D) cervical lymph node(s), 
respectively. Absolute quantification of iron at each lymph node is indicated. A, B, and D are coronal views, whereas imaging of the forepaw required 
positioning the mouse on its side, resulting in a sagittal view.
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The average distances between injection sites and LNs 
measured from longitudinal MPI are depicted in Figure 2A. 
Quantification of MPI signal expressed as % ID for injection 
sites and LNs over time reveals differential pharmacokinetics 
of SPIONs to LNs depending on injection site (Figure 2B). In 
all mice, MPI signal at the injection site decreased over time 
and signal in SLNs persisted for at least 4 to 6 days. The max-
imum quantified iron (% ID) in popliteal LN was 173 ng 
(1.4%), inguinal LN was 285 ng (1.9%), axillary LN was 
901 ng (8.9%), and cervical LN was 860 ng (13.8%).

Ex vivo SLN verification
Excised LNs were reimaged by MPI and verified in vivo MPI 
signal (Figure 3A). Quantified MPI signals of LNs in vivo vs. 
ex vivo were not statistically different (P¼ .07, n¼ 5). A 
comparison of MPI signal from freshly excised vs. fixed LNs 
is shown in Figure S3.

Excised LNs were stained with hematoxylin-eosin for gen-
eral morphology, and Perl’s Prussian blue to identify iron 
(Figure 3B). Iron staining was identified at the periphery of 
all SLNs in the subcapsular space and LN sinuses.

MPI LN imaging system verification studies 
using phantoms
MPI sensitivity phantom demonstrated a limit of detection of 
50 ng, representing 0.4% mock ID (Figure 4A). A linear rela-
tionship was confirmed between VivoTrax iron mass (ng) 
and measured MPI signal (R2 ¼ 0.99, P< .001). Similarly, 
MPI calibration performed for higher VivoTrax concentra-
tions (1.25–30 μg) showed strong linear relationships with 
MPI signal at both RRI and Magnetic Insight (R2 ≥ 0.99, 
P< .001) (Figure S1). The shine-through phantom shows that 
2 1.5-mm diameter wells containing 1:20 VivoTrax concen-
tration ratio is resolvable at a 3.5-mm edge-to-edge distance 
(5mm center-to-center distance, Figure 4B).

Discussion and conclusion
Cancer staging by SLNB relies on specific identification of 
cancer-draining SLNs.1–4 In this study, we demonstrated the 
feasibility of MPI to identify SLNs labeled by SPIONs in 
mouse models. The pharmacokinetics of SPIONs to regional 
LNs was explored in multiple lymphatic pathways that are 
commonly affected by metastatic cancers including mela-
noma and HNC.23 We produced 3D MPI tomographic 
images that show iron injection sites, including the mouse 
footpad, tail, forepaw, and tongue, and their expected drain-
ing LNs,17–20 including the popliteal, inguinal, axillary, and 
cervical LNs, respectively. Magnetically labeled draining LNs 
were detected and monitored by MPI for 4 to 6 days and sub-
sequently excised to verify iron presence by histology. This 
data support the use of MPI lymphography to specifically de-
tect the location of SLN(s) using magnetic (non-radioactive) 
tracers in an extended timing window, thereby facilitating 
intraoperative identification of SLNs in complex cancers.

MPI offers several advantageous technical features for pre-
operative SLN imaging in comparison to existing techni-
ques.2 The use of magnetic tracers, which are shelf-stable and 
not limited by radioactive half-life, have the potential to 
streamline SLNB workflows by enhancing accessibility and 
availability. In this study, we demonstrate that magnetically 
labeled LNs can be detected for at least 4 to 6 days. This ex-
tended detection window offers greater flexibility in schedul-
ing iron injection, imaging, and surgery, while also enabling 
new possibilities such as image-guided delayed SLNB proce-
dures.24,25 As we demonstrate with SPION phantoms, MPI is 
highly sensitive to enable detection of low iron quantities 
(50 ng VivoTrax) and has excellent resolution of SLNs from 
injection sites in close proximity (3.5 mm, with 1:20 iron con-
centration ratio). These technical specifications enable MPI 
detection of iron-labeled lymph nodes in various lymphatic 
pathways (Figure 1). Further, we demonstrate MPI is directly 
quantitative over three orders of magnitude using 2 MPI 
scanners. Comparatively, MRI can also be used to visualize 
SPION-labeled SLNs, but negative MRI contrast and iron 

Figure 2. Measurements of distance and pharmacokinetics of iron from injection site to draining lymph nodes, corresponding with magnetic particle 
imaging (MPI) data in Figure 1. (A) Cartoon showing lymphatic basins draining from the mouse tongue, forepaw, base of tail, and footpad, to the cervical, 
axillary, inguinal, and popliteal lymph nodes, respectively. The average distance between the injection site and draining lymph nodes, measured from MPI 
images, is reported (mean ± standard deviation). (B) Longitudinal quantification of MPI signal at the injection site and SLNs for each lymphatic pathway, 
expressed as percent injected dose (% ID), from 1 hour up to 96 or 144 hours.
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blooming artifact create ambiguity, leading to challenges for 
specific SLN identification and quantification.26–28 Last, MPI 
provides specific images of SPION-labeled LNs without MPI- 
detected flow to higher echelon nodes. Rapid leakage of 
tracer to higher echelon nodes represents a significant limita-
tion for computed tomography-based agents (e.g., iopami-
dol), gadolinium-based MRI agents, and radiocolloids.2,26

We anticipate MPI to be complementary to the intraopera-
tive magnetometer for SLN identification. The current mag-
netic workflow (Figure 5A, C, D) is FDA- and EMA- 
approved only for patients undergoing mastectomy or lump-
ectomy.12 Adding MPI to the all-magnetic workflow 
(Figure 5B) has the potential to extend the usability of this 
technique to other cancer types with complex, multiple po-
tential lymphatic drainage pathways by providing a surgical 
roadmap for planning the operative approach. For example, 
use of the magnetic technique is being studied for upper gas-
trointestinal cancers and HNC, where multiple SLNs may be 
encountered (NCT05899985).2,26–28 MPI could provide sur-
geons with information on the location of SLNs to determine 
the optimal incision site and anatomic route for excision.

Intraoperative magnetometers provide numerical counts to 
guide the surgeon to determine the number of SLN(s) to 

biopsy. For breast cancer, SLNB is complete when residual 
counts in the axilla are <10% relative to the largest ex vivo 
reading from an excised SLN (i.e., “10% rule”).10 This is an 
iterative surgical process.4 In this work, we demonstrated 
that MPI can be used for quantification of iron deposition in 
SLNs in vivo and ex vivo. Therefore, MPI can be used to de-
termine SLN location and quantitate how many SLNs should 
be excised before surgery (using 10% rule), to direct and sim-
plify the surgical process. Further, our MPI data show differ-
ential iron pharmacokinetics to different SLNs. For example, 
the maximum iron deposition was measured in mouse cervi-
cal LNs (�12%–14% ID) and lowest in popliteal LNs 
(�1%–2% ID), which may be related to lymphatic channel 
distance (Figure 2A) and/or volume of each SLN.29 This pro-
vides essential knowledge for translating the magnetic SLNB 
technique to other cancer types involving various lymphatic 
pathways. In the future, clinical utility of in vivo iron quanti-
fication may be explored by correlating iron quantity in 
SLNs from MPIs with nodal status.30,31

Although the current study provides the first feasibility 
data for SLN imaging with MPI in mouse models, it is limited 
by low sample sizes in naïve mice. This study motivates future 
preclinical MPI lymphography involving cancer mouse 

Figure 3. Validation for excised lymph nodes by MPI and histology. (A) MPI of excised tissue verifies that in vivo MPI signal originates from draining 
lymph nodes. (B) Ex vivo histology of excised popliteal, inguinal, axillary, and cervical lymph nodes including adjacent histopathologic slices with 
hematoxylin-eosin (H&E) staining (top) and Perl’s Prussian blue (PPB) staining (bottom). Iron staining is identified at the periphery of lymph nodes in the 
subcapsular spaces. Magnification¼ 10×, scale bars¼ 0.5 mm.
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models (e.g., melanoma, HNC). While this study was per-
formed using a preclinical MPI system, there are currently 
multiple human-scale MPI scanners under development.32–35

As clinical-scale MPI is developed, translation will benefit 
from a history of using iron-oxide nanoparticles in human 
imaging and recent FDA approvals for use in SLNB.12

In conclusion, this study is a critical first step toward the 
development of MPI lymphography using SPIONs for SLNB, 
particularly for cancers with complex or unpredictable lym-
phatic drainage patterns. We demonstrated that MPI is a 

sensitive, quantitative, 3D tomographic imaging technique 
that specifically identifies SLNs in multiple murine lymphatic 
pathways over 4 to 6 days. The persistence of MPI signal in 
LNs for several days provides flexibility and new opportuni-
ties for SLNB workflows.
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Figure 5. Proposed clinical all-magnetic sentinel lymph node biopsy (SLNB) workflow. (A) First, an iron oxide nanoparticle tracer is administered adjacent 
to a tumor. (B) A magnetic particle imaging (MPI) scan is acquired before surgery to identify the location and number of SLNs draining from a primary 
tumor. Provided the data from this study, this image could be acquired hours to days after iron injection, which provides tremendous clinical flexibility. 
(C) As currently practiced, the surgery could be guided by a magnetometer in real time and (D) excised SLNs would be sent for pathology and staging.

Figure 4. Assessment of preclinical magnetic particle imaging (MPI) technical specifications for sentinel lymph node imaging. (A) Sensitivity and linearity 
MPI phantom. Three-dimensional MPI of 10 vials with Fe quantities of 25, 50, 75, 100, 150, 200, 300, 400, 600, 800 ng in 7 µL, displayed with window/ 
level¼ 1/0.5 au. The white dotted line represents the position of the 25-ng VivoTrax sample, which did not meet MPI detection criteria. The limit of 
detection was determined as 50 ng. Line profiles drawn through MPI signal peaks show signal intensities of each sample and integrated MPI signal is 
directly linear with Fe quantity (R2 ¼ 0.99). (B) Shine-through/resolution MPI phantom. Three-dimensional MPI of a center vial containing 13.5 µg Fe and 
satellite vials of 675 ng are 2.5 mm to 20 mm from the source (well center-to-center distance). Phantom wells were 1.5 mm in diameter. MPI is displayed 
with window/level¼ 8/4 au. Line plots through MPI signals show that a 675-ng sample can be resolved at 3.5 mm edge-to-edge distance from center vial 
(5 mm center-to-center distance). Red asterisk (�) indicates the limit of detection (A) and the limit of resolution (B).
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