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ABSTRACT

Background. Sentinel lymph node (SLN) status is pivotal
for treatment decision-making in patients with breast can-
cer. Superparamagnetic iron oxide nanoparticles (SPIO)
have been shown to be equivalent to the dual technique with
technetium®™ (Tc*®) and blue dye (BD) for SLN detection.
The aim of this study was to determine the feasibility of
detecting SLNs using an ultra-low dose of SPIO.

Method. Patients planned for breast conserving surgery and
SLN biopsy were included. An intradermal injection of 0.1
mL SPIO was administered at the areolar border up to 7
days before surgery. Tc”’/BD was administered according to
clinical routine. SLNs were detected during surgery using
a handheld magnetometer. All nodes with a magnetic and/
or radioactive signal, as well as blue or clinically suspicious
nodes, were harvested and analyzed.

Results. In 50 patients, SPIO was injected a median
of 4 days before surgery. At least one SLN was found in
all patients with both methods. A total of 98 SLNs were
removed; 90 were detected using SPIO and 88 using Tc*%/
BD. Of the 90 SLNs detected by SPIO, 80 were Tc”/BD
positive (concordance 89%). Histopathological analysis
classified 16 patients with tumor cells deposit and 9 with
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macro-metastasis > 2mm, where one SLN was identified
only by the radioactive technique and one only by the mag-
netic technique.

Discussion. SLN detection using 0.1 mL ultra-low dose
SPIO injected intradermally was successful in all patients. A
future analysis will determine whether the approach using an
ultra-low dose of SPIO injected intradermally will minimize
skin staining and MRI artefacts.

Keywords Breast cancer - Sentinel lymph node biopsy -
Superparamagnetic iron oxide nanoparticles

Breast cancer is the fifth leading cause of cancer deaths
worldwide, with 2.26 million new patients in 2020.! The sen-
tinel lymph node (SLN) is the first lymph node that receives
lymphatic drainage from a primary breast tumor site. SLN
biopsy (SLNB) is an established technique for tumor staging
in patients with breast cancer.> The SLN is often identified
using a radioactive isotope tracer (technetium®™, Tc”) and
a blue dye (BD), patent blue V®. The SLN is then detected
with a handheld gamma probe, and the BD helps to visualize
the SLN during surgery.

There has been increasing interest in using superpara-
magnetic iron oxide nanoparticles (SPIO) for SLN identifi-
cation, with several studies showing similar detection rates
with SPIO to Tc?’/BD.> The current recommendation is
to inject 1-2 mL of SPIO interstitially intra/peritumorally,
or behind the areola, and the SLNs are then detected during
surgery with a handheld probe (Sentimag®) that measures
the strength of the magnetic field created by the SPIO.* !0
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The iron deposited in the lymph node also stains the SLN
brown, facilitating visualization during surgery.

While SPIO have been shown to be non-inferior to Tc
BD for detecting SLNGs, skin staining at the injection site®™
and MRI artefacts in the breast!!'# have been raised as
concerns. The extent of skin staining and MRI artefacts is
correlated with SPIO dose and also depends on the injec-
tion site.'>'® In a randomized study, Rubio et al. reported
significantly less skin staining with 1 mL SPIO compared
with doses of 1.5 mL and 2.0 mL.® An even lower dose
of SPIO could potentially minimize skin staining and MRI
artefacts. In a study including patients with cutaneous mel-
anoma, an ultra-low dose of 0.1 mL SPIO injected intra-
dermally was feasible for detecting SLNs.® The aim of this
study was to evaluate the feasibility of using ultra-low dose
SPIO injected intradermally for SLN detection in patients
with breast cancer.

99/

PATIENTS AND METHODS
Study Population and Design

In this phase II, dose-escalation, single-arm study,
women with histologically confirmed, clinically node-neg-
ative breast cancer planned for breast-conserving surgery
and SLN biopsy were included. Exclusion criteria were
age < 18 years; pregnancy; breastfeeding; hypersensitiv-
ity to iron, dextran compounds, or BD; and iron overload
disease. A dose escalation schedule of SPIO (Magtrace®,
Endomagnetics Ltd, Cambridge, UK) was planned: 0.1 mL,
0.25 mL, and 0.5 mL, with a minimum of five patients per
step. If four or more SLNB procedures were successful, no
further dose escalation was planned. The Swedish Ethi-
cal Review Authority (dnr: 2021-02726) and the Swedish
Medical Product Agency (dnr: 5.1-2021-41266) approved
the study, and the study was registered at clinicaltrials.gov
(NCT05359783). All patients provided signed informed
consent.

SPIO, Tcgg, and BD Tracer Injections

Intradermal injections of SPIO were administered at the
place of incision, or at the areolar border, 1-7 days prior
to surgery to allow for easy removal of the small injection
(Fig. 1). Tc® and BD were injected according to routine
clinical practice: Tc” either on the day of or the day before
surgery and BD after the onset of anesthesia.

Surgery
The primary approach to identify SLNs at surgery was

with the magnetic technique, with Tc?’/BD used as a backup.
Before the skin incision, magnetic and radioactive counts

w

FIG.1 Preoperative skin staining after 0.1 mL intradermal SPIO
injection at the outpatient clinic

were registered transcutaneously over the injection site in
the breast and in the axilla. Magnetic and radioactive counts
were registered in vivo and ex vivo for every SLN removed.
Lymph nodes containing more than 10% activity compared
with the maximum activity of the highest scoring lymph
node, for both the SPIO and Tc¢%, were considered SLNS.
Each SLN was sent separately for routine histopathological
assessment.

Statistical Analysis

The main aim of this study was to evaluate the feasibility
of identifying the SLN using ultra-low dose SPIO, and the
results are reported descriptively with means and standard
deviations (SD) and medians and interquartile ranges (IQR).
Concordance was determined as the number of SLNs posi-
tive for both SPIO and Tc*’/BD divided by the number of
SPIO-positive SLNs. Reverse concordance was defined as
the number of SLNs positive for both Tc*’/BD and SPIO
divided by the number of Tc?’/BD-positive SLNs.

RESULTS

A total of 58 patients were screened for inclusion. One
patient did not meet the inclusion criteria and seven patients
declined to participate. In total, 50 women were included
between November 2021 and January 2023. Their median
age was 63 years (range 41-82 years), and the median tumor
size was 14 mm (IQR 10-19 mm) (Table 1). SPIO was
injected a median of 4 days before surgery (range 1-9 days).
Due to the COVID-19 pandemic, one patient was resched-
uled for surgery 2 days later than the 7-day upper limit speci-
fied in the protocol. As the first four patients had a successful
SLNB procedure with 0.1 mL SPIO, no dose escalation was
performed, and all patients in the study received 0.1 mL
SPIO. All patients received breast-conserving surgery.
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TABLE 1 Patient and tumor characteristics

TABLE 2 Summary of removed sentinel lymph nodes

Age, median (range)
BMI*, median (IQR)

63 (41-82) years
25 (24-29) kg/m?

Sex
Female 50 (100%)
Tumor size, median (IQR) 14 (10-19) mm
Days between injection and surgery, median 4(1-9)
(range)
Tumor location
Upper outer quadrant 19 (38%)
Upper inner quadrant 20 (40%)
Lower outer quadrant 7 (14%)
Lower inner quadrant 4 (8%)
Histological type
Invasive ductal cancer 35 (70%)
Invasive lobular cancer 10 (20%)
Invasive tubular cancer 5 (10%)
Histopathological grade**
1 11 (22%)
2 36 (72%)
3 3 (6%)
Receptor status
ER* HER2™ 49 (98%)
ER™ HER™ 1 (2%)

IQR interquartile range, BMI body mass index, ER estrogen receptor,
HER?2 human epidermal growth factor receptor 2
*Data are missing for one patient

**Grade according to Elston—Ellis

The SLNB procedure using SPIO and Sentimag® was
successful in all 50 patients (100%), and no adverse effects
of SPIO were reported. Due to technical malfunction, the
gamma probe was not available during one of the proce-
dures, but in all 49 patients where the gamma probe was
used, at least one SLN was detected with Tc®’/BD and
gamma probe (100%).

A total of 98 SLNs were removed, of which 90 were
detected by SPIO, with a mean of 1.8 + 1.1 [median 1 IQR
1-2)] SLNs per patient. Of the 90 SLNs detected by SPIO,
80 were also Tc”’/BD positive, giving a concordance of 89%.
Of the total 98 SLNs removed, 88 were positive for Tc%/
BD, with a mean of 1.7 + 1.0 [median 1 (IQR 1-2)] SLNs
per patient: 83 were only radioactive, 4 were radioactive
and stained blue, and 1 node was stained blue without any
radioactive (or magnetic) signal. Of the 88 SLNs detected
using Tc”/BD, 80 were SPIO positive, giving a reverse
concordance of 91%. The mean number of SLNs retrieved
per patient were 2.0 + 1 [median 1 (IQR 1-3)+ for SPIO
combined with Tc?’/BD. After histopathological analysis, 26
additional non-SLNs were identified, giving a total of 124
(98 + 26) lymph nodes analyzed.

Patients n = 50 Total SPIO-positive Tc*/BD-positive
Successful SLNB, n 50/50 (100%)  49/49 (100%)*
SLNs retrieved, n 98 90/98 (92%)  88/97 (91%)*
SLNs with tumor cells,n 18 17/18 (94%) 16/17 (94%)*
Macro-metastatic SLNs, n 10 9/10 (90%) 9/10 (90%)
Micro-metastatic SLNs, n 5 5/5 (100%) 5/5 (100%)

ITC SLNs, n 3 3/3 (100%) 2/2 (100%)*

*The gamma probe was not available for one patient, and therefore
Tc99 data are missing for one patient

In 13 patients (26%), no axillary transcutaneous mag-
netic signal was detectable before skin incision, but in all
patients, including these 13 patients, a clear magnetic signal
was detected after skin incision. The median ex vivo mag-
netic counts for the highest scoring SLN per patient using
Sentimag® was 1255 (IQR 242-3219), and the median
ex vivo radioactivity counts using the gamma probe was
279 (IQR 27-973).

The histopathological analysis showed 16 patients hav-
ing lymph node with tumor cells deposits: 9 patients with at
least one macro-metastasis (> 2 mm), 5 patients with at least
one micro-metastasis (< 2 mm), and 2 patients with isolated
tumor cells (ITCs). Of the 98 removed SLNs, 18 contained
tumor cells: ten macro-metastases, five micro-metastases,
and three ITCs (Table 2). In one patient the macro-meta-
static SLN was only identified by the radioactive technique,
and in one patient the macro-metastatic SLN was only iden-
tified by the magnetic technique. Of the 26 non-SLNS, three
nodes contained macro-metastasis, all in the same patient
where two other SLNs were both SPIO and Tc*’/BD posi-
tive. In summary, one patient would be falsely classified as
node negative if only using SPIO and another if only using
Tc”/BD. Furthermore, another patient with metastatic SLN
would potentially have been falsely classified, as the node
was only stained blue without a radioactive signal and had a
positive magnetic signal.

DISCUSSION

In this prospective single-arm feasibility study, it was
shown that SLN detection is feasible with an ultra-low dose
of 0.1 mL SPIO injected intradermally in patients with breast
cancer. This approach achieved a per patient SLN detection
rate of 100%. The mean number of SLNs detected with 0.1
mL SPIO injected 1-9 days before surgery, compared with
Tc*’/BD injected according to routine practice, were simi-
lar. Furthermore, one patient per each method would have
been falsely classified as node negative, indicating that the
magnetic technique is as safe as the radioactive technique for
identifying metastatic SLNs, even at low doses.
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Using SPIO for SLNB identification in breast cancer has
attracted interest since Thill et al. first reported the approach
in 2014, and is now becoming a viable alternative to Tc”/
BD.* 71019 SPIO has several logistical advantages: the
nanoparticles are detectable several days and weeks after
administration and the approach does not require the same
advanced facilities as for Tc” detection. Furthermore, while
BD can cause allergic reactions, no such reactions have been
reported with SPIO.!*2°

Nevertheless, there are some concerns with SPIO, such as
potential skin staining and MRI artefacts within the breast
that may cause diagnostic difficulties.*!>"!® Using a lower
SPIO dose could potentially overcome these problems,
especially if the injection is made at the place of incision
where it can easily be removed.®®!° Rubio et al. investi-
gated three different SPIO (Sienna XP) doses (2.0, 1.5, and
1.0 mL) in the SUNRISE trial and found that a low dose
of 1.0 mL was not inferior to a higher dose of SPIO, nor to
the conventional technique (Tc*/BD), for SLN detection in
patients with breast cancer. There was also significantly less
skin staining at 1- and 6-month follow-ups in patients who
received 1.0 mL SPIO.

Hersi et al. compared three different doses injected during
different timeframes. The first cohort consisted of patients
receiving 1.0 mL SPIO injected in subareolar or peritumoral
areas 1-7 days before surgery; patients in the second cohort
received 1.5 mL SPIO injected on the day of surgery; and
the third cohort were patients from the Nordic SentiMag trial
receiving 2.0 mL diluted with 3.0 mL of saline injected in
the subareolar area, either shortly before or after onset of
anesthesia.>'” The results showed that the lower dose of 1.0
mL injected 1-7 days before surgery had a non-significantly
higher detection rate (100%) than the 1.5 mL (97.5%) and
2.0 mL (97.6%) doses, indicating that the timing of injection
could be important.

In a systematic review, Zada et al. analyzed seven stud-
ies comparing 2.0 mL SPIO with Tc*/BD administrated as
a subareolar or periareolar subcutaneous injection. They
reported a mean LN retrieval rate per patient of 2.1 for SPIO
combined with Tc*’/BD, 1.9 for SPIO alone, and 1.8 LN for
Tc?/BD alone.?! These findings are similar to our results,
as the mean number of SLNs retrieved per patient was 2.0
for SPIO combined with Tc**/BD, 1.8 nodes for SPIO alone,
and 1.7 nodes for Tc?’/BD alone, despite the significantly
lower dose of SPIO injected.

This study has some limitations. It is a single-center trial,
potentially affecting the external validity and generaliz-
ability. Furthermore, there was no randomization, and the
sample size was relatively small. However, our aim was to
demonstrate the feasibility for SLN detection with an ultra-
low dose of SPIO in patients with breast cancer, the results
are convincing, and no dose escalation beyond 0.1 mL SPIO
was necessary. In a preplanned analysis of this cohort after

12 months of follow-up, skin staining and postoperative MRI
artefacts will be analyzed and reported separately.

In summary, SLN detection is feasible with an ultra-low
dose of 0.1 mL SPIO injected intradermally in patients with
breast cancer. However, further studies are needed to fully
establish the clinical validity of this dose, and to verify that
the ultra-low dose reduces skin staining and MRI artefacts.

FUNDING Open access funding provided by University of Goth-
enburg. Knut and Alice Wallenberg Foundation, Wallenberg Centre
for Molecular and Translational Medicine, University of Gothenburg,
Sweden. The costs for SPIO, MRI, and a research nurse were covered
by an institutional research grant from Endomagnetics Ltd, Cambridge,
UK. None of the funders had any impact or access to any part of this
study, including trial design, data procurement, data analysis, or manu-
script writing.

OPEN ACCESS This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

REFERENCES

1. Lukasiewicz S, Czeczelewski M, Forma A, Baj J, Sitarz R,
Stanistawek A. Breast cancer-epidemiology, risk factors, classi-
fication, prognostic markers, and current treatment strategies-an
updated review. Cancers (Basel). 2021;13(17):4287.

2. Balch CM. Detection of melanoma metastases with the sentinel
node biopsy: the legacy of Donald L. Morton, MD (1934-2014).
Clin Exp Metastasis. 2018;35(5-6):425-9.

3. Waanders S, Visscher M, Wildeboer RR, Oderkerk TO, Kroo-
shoop HJ, Ten Haken B. A handheld SPIO-based sentinel lymph
node mapping device using differential magnetometry. Phys Med
Biol. 2016;61(22):8120-34.

4. Karakatsanis A, Daskalakis K, Stalberg P, et al. Superparamag-
netic iron oxide nanoparticles as the sole method for sentinel
node biopsy detection in patients with breast cancer. Br J Surg.
2017;104(12):1675-85.

5. Karakatsanis A, Christiansen PM, Fischer L, et al. The Nor-
dic SentiMag trial: a comparison of super paramagnetic iron
oxide (SPIO) nanoparticles versus Tc(99) and patent blue in the
detection of sentinel node (SN) in patients with breast cancer
and a meta-analysis of earlier studies. Breast Cancer Res Treat.
2016;157(2):281-94.

6. Mirzaei N, Katsarelias D, Zaar P, et al. Sentinel lymph node
localization and staging with a low-dose of superparamagnetic
iron oxide (SPIO) enhanced MRI and magnetometer in patients
with cutaneous melanoma of the extremity: the MAGMEN fea-
sibility study. Eur J Surg Oncol. 2022;48(2):326-32.

7. Rubio IT, Diaz-Botero S, Esgueva A, et al. The superparamag-
netic iron oxide is equivalent to the Tc99 radiotracer method for


http://creativecommons.org/licenses/by/4.0/

Ultra-Low Dose of Superparamagnetic Iron ...

5689

10.

11.

12.

13.

14.

identifying the sentinel lymph node in breast cancer. Eur J Surg
Oncol. 2015;41(1):46-51.

. Rubio IT, Rodriguez-Revuelto R, Espinosa-Bravo M, Siso C,

Rivero J, Esgueva A. A randomized study comparing different
doses of superparamagnetic iron oxide tracer for sentinel lymph
node biopsy in breast cancer: the SUNRISE study. Eur J Surg
Oncol. 2020;46(12):2195-201.

. Ghilli M, Carretta E, Di Filippo F, et al. The superparamag-

netic iron oxide tracer: a valid alternative in sentinel node
biopsy for breast cancer treatment. Eur J Cancer Care (Engl).
2017;26(4):e12385.

Hersi AF, Pistiolis L, Dussan Luberth C, et al. Optimizing dose
and timing in magnetic tracer techniques for sentinel lymph node
detection in early breast cancers: the prospective multicenter
SentiDose trial. Cancers (Basel). 2021;13(4):693.

Motomura K, Ishitobi M, Komoike Y, et al. SPIO-enhanced
magnetic resonance imaging for the detection of metastases
in sentinel nodes localized by computed tomography lym-
phography in patients with breast cancer. Ann Surg Oncol.
2011;18(12):3422-9.

Motomura K, Izumi T, Tateishi S, et al. Superparamagnetic iron
oxide-enhanced MRI at 3 T for accurate axillary staging in breast
cancer. Br J Surg. 2016;103(1):60-9.

Motomura K, Tabuchi Y, Enomoto Y, et al. Accurate axillary
staging by superparamagnetic iron oxide-enhanced MRI at 1.5 T
with fat-suppression sequence as an alternative to sentinel node
biopsy in breast cancer. Br J Surg. 2021;108(11):359-60.
Stets C, Brandt S, Wallis F, Buchmann J, Gilbert FJ, Heywang-
Kobrunner SH. Axillary lymph node metastases: a statistical
analysis of various parameters in MRI with USPIO. JMRI.
2002;16(1):60-8.

15

16.

17

18.

19.

20.

21.

. Aribal E, Celik L, Yilmaz C, Demirkiran C, Guner DC. Effects of

iron oxide particles on MRI and mammography in breast cancer
patients after a sentinel lymph node biopsy with paramagnetic
tracers. Clin Imaging. 2021;75:22-6.

Arslan G, Yilmaz C, Celik L, Cubuk R, Tasali N. Unexpected
finding on mammography and MRI due to accumulation of iron
oxide particles used for sentinel lymph node detection. Eur J
Breast Health. 2019;15(3):200-2.

. Karakatsanis A, Obondo C, Abdsaleh S, Hersi AF, Eriksson S,

Wirnberg F. Optimisation of breast MRI compatibility after sen-
tinel node biopsy with paramagnetic tracers. Eur J Surg Oncol.
2018;44(5):731-2.

Krischer B, Forte S, Niemann T, Kubik-Huch RA, Leo C.
Feasibility of breast MRI after sentinel procedure for breast
cancer with superparamagnetic tracers. Eur J Surg Oncol.
2018;44(1):74-9.

Thill M, Kurylcio A, Welter R, et al. The Central-European Sen-
tiMag study: sentinel lymph node biopsy with superparamagnetic
iron oxide (SPIO) vs. radioisotope. Breast. 2014;23(2):175-9.
Mok CW, Tan SM, Zheng Q, Shi L. Network meta-analysis of
novel and conventional sentinel lymph node biopsy techniques
in breast cancer. BJS Open. 2019;3(4):445-52.

Zada A, Peek MC, Ahmed M, et al. Meta-analysis of sentinel
lymph node biopsy in breast cancer using the magnetic tech-
nique. Br J Surg. 2016;103(11):1409-19.

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.



	Ultra-Low Dose of Superparamagnetic Iron Oxide Nanoparticles for Sentinel Lymph Node Detection in Patients with Breast Cancer
	Abstract 
	Background. 
	Method. 
	Results. 
	Discussion. 

	Patients and Methods
	Study Population and Design
	SPIO, Tc99, and BD Tracer Injections
	Surgery
	Statistical Analysis

	Results
	Discussion
	References




