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IMPORTANCE Guidewires have been the standard for breast lesion localization but pose
operative and logistic challenges. Paramagnetic seeds have shown promising results, but
to the authors’ knowledge, no randomized comparison has been performed.

OBJECTIVE To determine whether the combination of a paramagnetic seed and
superparamagnetic iron oxide (SPIO) is equivalent to guidewire and SPIO for breast cancer
localization and sentinel lymph node detection (SLND).

DESIGN, SETTING, AND PARTICIPANTS This was a phase 3, pragmatic, equivalence, 2-arm,
open-label, randomized clinical trial conducted at 3 university and/or community hospitals in
Sweden from May 2018 to May 2022. Included in the study were patients with early breast
cancer planned for breast conservation and SLND. Study data were analyzed July to
November 2022.

INTERVENTIONS Participants were randomly assigned 1:1 to a paramagnetic seed or
a guidewire. All patients underwent SLND with SPIO.

MAIN OUTCOMES AND MEASURES Re-excision rate and resection ratio (defined as actual
resection volume / optimal resection volume).

RESULTS A total of 426 women (median [IQR] age, 65 [56-71] years; median [IQR] tumor size,
11 [8-15] mm) were included in the study. The re-excision rate was 2.90% (95% CI,
1.60%-4.80%), and the median (IQR) resection ratio was 1.96 (1.15-3.44). No differences
were found between the guidewire and the seed in re-excisions (6 of 211 [2.84%] vs 6 of 209
[2.87%]; difference, −0.03%; 95% CI, −3.20% to 3.20%; P = .99) or resection ratio (median,
1.93; IQR, 1.18-3.43 vs median, 2.01; IQR, 1.11-3.47; P = .70). Overall SLN detection was 98.6%
(95% CI, 97.1%-99.4%) with no differences between arms (203 of 207 [98.1%] vs 204 of 206
[99.0%]; difference, −0.9%; 95% CI, −3.6% to 1.8%; P = .72). More failed localizations
occurred with the guidewire (21 of 208 [10.1%] vs 4 of 215 [1.9%]; difference, 8.2%; 95% CI,
3.3%-13.2%; P < .001). Median (IQR) time to specimen excision was shorter for the seed (15
[10-22] minutes vs 18 [12-30] minutes; P = .01), as was the total operative time (69 [56-86]
minutes vs 75.5 [59-101] minutes; P = .03). The experience of surgeons, radiologists, and
surgical coordinators was better with the seed.

CONCLUSIONS AND RELEVANCE The combination of SPIO and a paramagnetic seed performed
comparably with SPIO and guidewire for breast cancer conserving surgery and resulted in
more successful localizations, shorter operative times, and better experience.

TRIAL REGISTRATION ISRCTN.org Identifier: ISRCTN11914537
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B reast cancer screening, along with the improvement of
imaging, have led to an increase in breast cancer diag-
nosis at a presymptomatic stage.1 In the majority of

these cases, breast-conserving surgery is feasible, but preop-
erative tumor localization is required.

The guidewire has been the most extensively used method
of breast tumor localization due to its low cost and ease of
use.2,3 However, complications such as dislocation, migra-
tion, and patient discomfort have been described.4-7 Apart from
these complications, guidewire localization is restricted to the
day of surgery, posing logistical challenges. These issues have
led to the development of novel, wire-free localization devices8

such as radioiodine seeds,9-11 radar reflectors,12,13 radiofre-
quency tags,14,15 and paramagnetic/magnetic seeds.16,17

Most of these patients are clinically node negative and un-
dergo sentinel lymph node dissection (SLND), which has tradi-
tionally been performed with a radioisotope (RI) with or with-
out blue dye (BD). Although highly reliable, this combination
poses challenges due to restricted access to nuclear medicine fa-
cilities, strict regulations, and risk of allergic reaction to BD,
whereas the short half-life of the RI limits administration on the
day of surgery or the day before, complicating logistics. Super-
paramagnetic iron oxide (SPIO) nanoparticles have shown
comparable performance with an RI with or without BD with the
additional advantage of a wider time frame of preoperative
administration.18-20 Perceived drawbacks of the method are skin
staining and artifacts on postoperative magnetic resonance
imaging (MRI)21,22; a recent meta-analysis,20 however, suggests
that peritumoral SPIO administration could address these con-
cerns, without any compromise of SLN detection outcomes.

Previous large cohort studies have shown that paramag-
netic seeds are advantageous in terms of operating time and
ease of logistics compared with the guidewire and with com-
parable re-excision rates and specimen sizes; this, however,
has not been validated in randomized clinical trials (RCTs).16,23

At the same time, combining seeds with SPIO for a totally mag-
netic technique encompassing tumor localization and SLN
detection has been investigated in small studies.24,25 The
technique was found feasible with the possible advantages
of simplified logistics, as the localization procedure and tracer
injection are detached from the day of surgery and, possibly,
increased patient and physician satisfaction. Furthermore, both
seed and SPIO are detectable by the same probe, avoiding mul-
tiple equipment in the operating room. Therefore, an RCT
would elucidate these questions.

Methods
In the interest of higher external validity, the Magnetic Marker
to Detect Primary Lesion and Sentinel Node in Breast Cancer
(MAGTOTAL) trial was designed as a phase 3, open-label, prag-
matic trial including centers with different levels of experi-
ence with the magnetic technique (Supplement 1). The trial was
approved by the Uppsala Regional ethics committee and regis-
tered to a publicly available database. Enrollment took place be-
tween May 1, 2018, and May 1, 2022, at 3 hospitals in Sweden
(Akademiska University Hospital, Uppsala; Västmanlands

Hospital, Västerås; and Sahlgrenska University Hospital, Gothen-
burg). Adult patients with nonpalpable ductal cancer in situ
(DCIS) or T1 to T3 invasive breast cancer who were scheduled
to receive breast-conserving surgery and SLND were eligible for
inclusion in the trial. Patients with small, diffusely palpable
lesions requiring preoperative localization or multifocal/
multicentric lesions amenable to breast conservation were also
included. Exclusion criteria included intolerance or hypersen-
sitivity to iron or dextran compounds, iron overload disease,
pregnancy and lactation, inability to provide informed con-
sent, and pacemakers or implantable devices in the ipsilateral
chest-wall or shoulder. Participant race and ethnicity were
not collected because there is not any known interaction be-
tween these and the outcomes examined in the trial. This study
followed the Consolidated Standards of Reporting Trials
(CONSORT) reporting guidelines for pragmatic trials.26

After oral and written informed consent, participants were
randomly assigned with an allocation ratio of 1:1 in blocks of
8. The randomization was performed using the randomizeR
package of R statistical software, version 3.5.1 (R Project for
Statistical Computing).27 The sequence was concealed in
opaque envelopes until the intervention was assigned. Dur-
ing the COVID-19 pandemic, the protocol was amended to
allow for tolerance and ensure that scheduled surgery would
not be affected by randomization.

In the experimental arm, lesion localization was per-
formed with the Magseed marker (Endomag), a 5-mm para-
magnetic seed used for the localization of breast cancer le-
sions, and in the control arm, with a guidewire (Bard Peripheral
Vascular Inc). Regardless of randomization, because SPIO dose
and injection timing do not affect SLN detection, patients re-
ceived 1 to 1.5 mL of Magtrace (Endomag), a nonradioactive
liquid tracer containing iron oxide nanoparticles, dorsally to
the tumor, at any point between the preoperative visit for sur-
gical planning to the day of surgery, either simultaneously with
lesion localization or not.20 Following trial pragmatism, the
placement of the marker and the administration of SPIO were
to be performed according to local routines or case-by-case con-
venience, meaning that surgeons or radiologists could insert
the paramagnetic marker with or without simultaneous injec-
tion of the liquid tracer preoperatively, whereas guidewires
were exclusively inserted by a breast radiologist on the day of

Key Points
Question Is the combination of paramagnetic seed and
superparamagnetic iron oxide (SPIO) equivalent to guidewire and
SPIO for breast cancer localization and sentinel lymph node
detection (SLND)?

Findings This randomized clinical trial including 426 patients from
3 hospitals in Sweden found that a totally magnetic technique was
equivalent to the combination of guidewire and SPIO in re-excision
frequency, specimen volumes, and SLND. In addition, seed and
SPIO resulted in shorter operative times and increased satisfaction
among health care practitioners.

Meaning A totally magnetic technique is an effective option for
breast cancer localization and SLND.
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the surgery or the day before. Both methods of localization
were performed under local anesthesia, and accurate local-
ization was verified radiologically. There were no prerequi-
sites such as medical professional level (resident, fellow, con-
sultant), minimum experience, or a completed learning curve
for participating radiologists and surgeons. Specimen radiog-
raphy was performed as per routine, and SLND was per-
formed with the SentiMag probe (Endomag), a probe that can
detect both the paramagnetic marker and the liquid tracer,
adhering to the 10% of the maximum signal cutoff rule, to com-
plete the procedure. Due to the nature of the intervention,
masking was not possible.

The primary outcome measure was resection ratio for each
marker in patients with negative margins. The resection ratio
was defined as the actual resection volume (ARV) divided by
the optimal resection volume (ORV), the latter being the as-
sessed volume needed to excise the lesion with 1-cm mar-
gins. The ARV was derived from the fresh specimen weight with
concomitant volume calculation, and the ORV was calcu-
lated based on preoperative radiology; in cases of discor-
dance between different modalities, the largest measure-
ment was used. Negative margins were defined as “no tumor
on ink” for invasive cancer and 2 mm for DCIS. Secondary
outcomes included SLN detection rate, adverse events, time
to specimen excision, operative time, and ease of implemen-
tation by all involved health care practitioners (surgeons, ra-
diologists, surgical coordinators), assessed by Likert scales
(scored 0-10, with a higher score denoting higher satisfac-
tion). A prespecified longitudinal analysis of patient-
reported outcomes and quality of life evaluation as well as
patient-reported experience measures and cost-effective-
ness analyses will be reported elsewhere.

Statistical Analysis
According to the Swedish Breast Cancer Registry, the 3 par-
ticipating sites had comparable re-excision frequencies, with
a documented average between 4% and 7%. Therefore, a clini-
cally meaningful improvement based solely on a new device
was not expected. However, placing the paramagnetic marker
and injecting SPIO in the same location could cause an over-
lapping signal, possibly leading to excision of larger speci-
mens, a concern that would not apply with the guidewire.
Available literature suggests that the resection ratio for
guidewire-based excision ranges between 1.9 and 2.8.23,28

The MAGTOTAL pilot study suggested that the totally mag-
netic technique for nonpalpable tumor localization and mag-
netic SLND used in the trial had a resection ratio of 1.5,25

whereas a nonrandomized comparison of guidewires and para-
magnetic seeds with isotope-based SLND found comparable
ratios (1.92 vs 1.67) with comparable re-excision rates (14 vs
16%).23 In the absence of established reference values, we as-
sumed a 2-sided equivalence of 0.3 difference in resection ra-
tio as clinically meaningful (corresponding to a 30% differ-
ence in excised volume), with a 2-sided P value set at .05 and
power of 80%, corresponding to 191 patients per arm. This
population also satisfied the hypothesis of noninferiority in
re-excision rates for a standard of 4% by a 5% margin, and an
additional 10% was included per arm.

Table 1. Patient Characteristics

Characteristic

Allocation arm

Guidewire Magnetic marker
Recruiting site, No. (%)

Uppsala 121 (57.1) 115 (54.5)

Västerås 53 (25.0) 54 (25.6)

Gothenburg 38 (17.9) 42 (19.9)

Age, median (IQR), y 67 (56-72) 64 (56-70)

Body mass index, median (IQR)a 26.1
(23.8-29.8)

26.7
(24.1-29.8)

Screening detected lesion, No. (%)

No 16 (7.6) 18 (8.5)

Yes 195 (92.4) 193 (91.5)

Palpable lesion, No. (%)

No 199 (94.3) 196 (92.9)

Diffusely palpable 12 (5.7) 15 (7.1)

Preoperative MRI, No. (%)

No 133 (75.1) 115 (66.5)

Yes 44 (24.9) 58 (33.5)

Lateralization, No. (%)

Right breast 104 (49.5) 101 (47.9)

Left breast 106 (50.5) 110 (52.1)

Location, No. (%)

Upper outer quadrant 119 (56.1) 115 (54.8)

Upper inner quadrant 33 (15.6) 40 (19.0)

Lower inner quadrant 22 (10.4) 20 (9.5)

Lower outer quadrant 29 (13.7) 20 (9.5)

Central/retroareolar 7 (3.3) 15 (7.1)

Multifocal/multicentric 2 (0.9) 1 (0)

Lesion size, median (IQR), mm 10 (8-15) 11 (8-15)

Histology, No. (%)

IDC (NST) 170 (80.2) 174 (84.1)

ILC 27 (12.7) 16 (7.7)

DCIS 3 (1.4) 3 (1.4)

Otherb 12 (5.7) 14 (6.8)

Nuclear grade, No. (%)

Grade 1 52 (25.2) 63 (31.5)

Grade 2 123 (59.7) 105 (52.5)

Grade 3 31 (15.0) 32 (16.0)

Intrinsic subtype, No. (%)

Luminal A 138 (69.0) 117 (59.7)

Luminal B, ERBB2 negative 41 (20.5) 62 (31.6)

Luminal B, ERBB2 enriched 4 (2.0) 6 (3.1)

Basal-like, ERBB2 enriched 5 (2.5) 3 (1.5)

Triple-negative breast cancer 12 (6.0) 8 (4.1)

Primary systemic therapy

Yes 7 (3.3) 7 (3.3)

No 205 (96.7) 204 (96.7)

Type of surgery

Simple WLE 180 (84.9) 169 (81.3)

OPBCS level I 24 (11.3) 26 (12.5)

OPBCS level II 8 (3.8) 13 (6.3)

Abbreviations: DCIS, ductal cancer in situ; IDC (NST), invasive ductal cancer
(nonspecific type); ILC, invasive lobular cancer; MRI, magnetic resonance
imaging; OPBCS, oncoplastic breast-conserving surgery; WLE, wide local
excision.
a Calculated as weight in kilograms divided by height in meters squared.
b Other refers to mucinous breast cancer, medullary breast cancer, tubular

breast cancer.
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Continuous variables were summarized as means with SD
or medians with IQR, depending on data distribution. Com-
parisons were performed using a t test for means and the Mann-
Whitney U test or the Kruskal-Wallis test for medians. Likert
items were analyzed as ordinal data (median, IQR) and com-
pared with nonparametric tests, as appropriate. Categorical
variables were summarized as numbers and proportions with
95% CIs and comparisons were performed with Fisher exact
test for unpaired data (Wald test for differences) and McNemar
test for paired data. Multivariable regression analysis was per-
formed if significant univariate associations of clinically rel-
evant variables were demonstrated. Intention-to-treat and per-
protocol analyses were performed for the primary end points,
and per-protocol analyses were performed for the secondary
end points. Effect sizes (odds ratios [ORs] for logistic regres-
sion and β coefficients for linear regression) were reported with
95% CIs. Analyses were performed with Stata 17 (StataCorp)
and SPSS, version 28 (IBM Corp).

Results
Of the 445 assessed patients, 430 were deemed eligible. After
consent withdrawal from 4 patients, 426 women (median [IQR]
age, 65 [56-71] years; median [IQR] tumor size, 11 [8-15] mm)
were randomly assigned to 2 well-balanced arms of 213 par-
ticipants (Table 1). In the per-protocol analysis, the totally mag-
netic arm included 215 participants whereas the guidewire arm
included 208 (Figure); however, the discordance was not sig-
nificant (McNemar test: difference, −0.9%; 95% CI, −2.6% to
0.8%; P = .34).

Re-excision Rates, Resection Ratios, and SLND Outcomes
The overall re-excision rate was 2.90% (95% CI, 1.60%-
4.80%). No differences were found between the guidewire and
the paramagnetic seed (intention-to-treat analysis, 6 of 211
[2.84%] vs 6 of 209 [2.87%]; difference, −0.03%; 95% CI,
−3.20% to 3.20%; P = .99 and per-protocol analysis, 6 of 206
[2.91%] vs 6 of 214 [2.84%]; difference, 0.07%; 95% CI, −3.10%

to 3.30%; P = .95). Only the recruiting site was associated with
re-excision rate in the univariable analysis (Uppsala: 0.9%; 95%
CI, 0.2-2.7; Västerås, 3.8%; 95% CI, 1.3-8.7; Gothenburg, 7.6%;
95% CI, 3.2-15.0; P = .004), with logistic regression suggest-
ing similar outcomes (1 [Reference] for free margins Uppsala;
Västerås: OR, 0.219; 95% CI, 0.039-1.215; P = .08; Gothen-
burg: OR, 0.104; 95% CI, 0.020-0.529; P = .006).

The median (IQR) overall resection ratio was 1.96 (1.15-
3.44). The outcomes were equivalent between the guidewire
and the paramagnetic seed (intention-to-treat analysis: me-
dian, 1.93; IQR, 1.18-3.43 vs median, 2.01; IQR, 1.11-3.47; P = .70;
per-protocol analysis: median, 1.96; IQR, 1.22-3.48 vs me-
dian, 1.97; IQR, 1.11-3.46; P = .82). In univariable analyses, re-
section ratio was associated with body mass index, recruiting
site, diffusely palpable lesion, preoperative MRI, and type of
breast conservation. In multivariable analyses, only body mass
index, type of breast conservation, and recruiting site were
found to affect the resection ratio (Table 2). Sites interacted
with re-excision rates and were a surrogate of experience with
the magnetic technique and (possibly) different operating
styles; further analyses conducted showed that in the center
with the longest experience with the probe, resection ratios
and re-excision rates were the lowest. In this setting, the re-
section ratio for the paramagnetic seed was 0.3 lower than
the guidewire (1.26 vs 1.57), but this did not reach statistical
significance (eTable 1 in Supplement 2).

Overall SLN detection was (98.6%; 95% CI, 97.1%-
99.4%). SLN detection rates were similar between the experi-
mental and the control arms (203 of 207 [98.1%] vs 204 of 206
[99.0%]; difference, −0.9%; 95% CI, −3.6% to 1.8%; P = .72).
A median (IQR) of 2 (1-3) SLNs were retrieved in both arms
(P = .68). The prevalence of metastasis was also comparable
(32 of 212 [15.1%] vs 21 of 204 [10.3%]; difference, −4.8%; 95%
CI, −11.7% to 2.1%; P = .19) and did not affect detection rates
or nodal yield.

Procedural Outcomes and Patterns of Implementation
Median (IQR) time to specimen excision was significantly
shorter for the paramagnetic marker (15 [10-22] minutes vs

Figure. MAGTOTAL Trial Consolidated Standards of Reporting Trials (CONSORT) Flow Diagram

213 Randomized to receive paramagnetic seed localization
212 Received localization as randomized

1 Did not have surgery
215 Randomized after tolerance amendment to receive

paramagnetic seed localization 

213 Randomized to receive guidewire localization
211 Received localization as randomized

2 Withdrew consent
208 Randomized after tolerance amendment to receive

guidewire localization 

212 Included in intention-to-treat analysis
215 Included in per-protocol analysis

211 Included in intention-to-treat analysis
208 Included in per-protocol analysis

445 Patients assessed for eligibility

19 Excluded
11 Did not meet inclusion criteria
8 Declined to participate

426 Randomized
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18 [12-30] minutes; P = .01) as was the total operative time
(69 [56- 86] minutes vs 75.5 [59-101] minutes; P = .03)
(Table 3). These outcomes were associated with type of
breast surgery on univariable analysis, too. Multivariable
regression demonstrated that the use of a paramagnetic
marker for lesion localization still resulted in shorter exci-
sion and operative times.

The rate of failed localizations in the trial was 5.9% (95%
CI, 3.9-8.6). There were significantly more failed localiza-
tions in the guidewire arm compared with the paramagnetic
marker (21 of 208 [10.1%] vs 4 of 215 [1.9%]; difference, 8.2%;
95% CI, 3.3%-13.2%; P < .001). From the 4 failed seed local-
izations, 1 was due to failed deployment and a guidewire was
used instead; 3 were intraoperative due to superficial lesions,
with the seed dislocated during dissection; in all cases, the
tumor was identified with the SPIO magnetic signal. In the
guidewire arm (n = 21), 8 localizations failed preoperatively due
to tumor location or dense parenchyma and were replaced with
a seed, and the remaining 13 were intraoperative disloca-
tions, where resection was guided by the magnetic signal
and brown staining of the SPIO. Re-excision was more com-
mon in failed localizations (2 of 25 [8%] vs 10 of 395 [2.5%]),
but the difference was not significant (5.5%; 95% CI, −5.3% to
16.2%; P = .11) and did not differ per localization technique.

Postoperative SPIO-induced skin staining at the postopera-
tive visit was 10.5% (95% CI, 7.7%-13.8%) and was associated
only with nonradiology-guided, free-hand peritumoral injec-
tion (17 of 108 [15.7%] vs 27 of 313 [8.6%]; difference, 7.1%; 95%
CI, 0.04%-15.6%; P = .04; OR, 1.979; 95% CI, 1.032-3.795;
P = .04). The rate of postoperative complications was 8.6%
(95% CI, 6.1%-11.7%) and did not differ between the paramag-
netic marker and the guidewire in frequency (9.8% vs 7.3%;
difference, 2.5%; 95% CI, −3.3% to 8.3%; P = .45) or type
(eTable 2 in Supplement 2).

There was significant variability in how lesion localiza-
tion and SPIO administration were implemented (Table 4).
However, none of these interacted with re-excision rates, re-
section ratios, or SLN detection. The localization time was
shorter in the totally magnetic arm (median [IQR], 4 [3-5] min-
utes) than the guidewire arm (median [IQR], 5 [5-6] minutes)
across all centers (P < .001).

Ease of Implementation
All the disciplines involved graded their experience on a Likert
scale of 0 to 10 with higher scores denoting higher satisfac-
tion. Overall, 15 surgeons, 4 radiologists, and 6 surgical coor-
dinators were involved. Satisfaction was higher with the para-
magnetic marker across all disciplines, with the difference

Table 2. Univariate and Multivariable Analysis for the Resection Ratio

Site/variable

Univariate analysis Multivariable analysis

Resection ratio (IQR) P value β coefficient (95% CI) P value
Per intention-to-treat analysis

Magnetic marker 2.01 (1.11-3.47) .70a

NA NA
Guidewire 1.93 (1.18-3.43)

Per-protocol analysis

Magnetic marker 1.97 (1.11-3.46) .82a

NA NA
Guidewire 1.96 (1.22-3.48)

Recruiting site 1.269 (0.763-1.775) <.001

Uppsala 1.45 (0.78-2.13) <.001b 1 [Reference] NA

Västerås 3.33 (2.13-5.39) 2.478 (1.650-3.036) <.001

Gothenburg 2.87 (2.00-4.38) 1.729 (0.805-2.653) <.001

Body mass indexc 0.307 (0.213-0.395)d <.001d 0.181 (0.101-0.260) <.001

Palpable lesion

No 2.00 (1.18-3.52) .03a −0.957 (−2.491-0.577) .22

Diffusely palpable lesion 1.60 (0.90-2.23)

Preoperative MRI

Yes 2.55 (1.50-4.27) <.001a −0.156 (−1.115-0.802) .75

No 1.61 (0.95-2.83)

Multifocal disease

No 1.98 (1.18-3.46) .13a

NA NA
Yes 1.37 (0.56-3.15)

Histology

IDC (NST) 1.95 (1.15-3.54) .53b

NA NA
ILC 2.00 (1.04-2.81)

DCIS 2.25 (1.57-3.06)

Other 1.79 (1.07-2.85)

Type of breast-conserving surgery 1.188 (0.475-1.901) <.001

Simple WLE 2.07 (1.26-3.60) <.001b 1 [Reference] NA

OPBCS level I 1.37 (0.70-1.85) −0.029 (−1.105-1.047) .96

OPBCS level II 2.69 (1.05-5.57) 4.916 (3.367-6.466) <.001

Overall 1.96 (1.15-3.44)

Abbreviations: DCIS, Ductal cancer in
situ; IDC (NST), invasive ductal cancer
(nonspecific type); ILC, invasive
lobular cancer; MRI, magnetic
resonance imaging; reference
category; NA, not applicable;
OPBCS, oncoplastic
breast-conserving surgery;
WLE, wide local excision.
a Mann-Whitney U test.
b Kruskal-Wallis test.
c Calculated as weight in kilograms

divided by height in meters
squared.

d Spearman ρ (95% CI in
parentheses).
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being more pronounced for surgeons and coordinators (eTable 3
in Supplement 2).

Discussion
In this pragmatic, multicenter RCT, a paramagnetic marker was
equivalent to the guidewire in terms of re-excision rates and
excess tissue removal regardless of physician experience or
localization routines. These results corroborate findings from
previous cohort studies16,23,29 and provide stronger evi-
dence. Moreover, the implementation of a totally magnetic
technique for lesion removal and SLND was favorable com-
pared with the guidewire in terms of shorter operative times
and easier logistics, as shown by the preferences of all health
care practitioners that were involved.

One of the concerns expressed regarding the combina-
tion of a paramagnetic marker for lesion localization and a peri-
tumoral SPIO injection was that the overlapping signal might
lead to the excision of larger specimens.24 Clearly, the combi-
nation is successful, regardless of SPIO injection location
(subareolar or intraparenchymal in another quadrant of the
breast), as smaller studies that tried to address this concern
have suggested.24,30 Reassuringly, resection ratios in this RCT
were similar between the trial arms, regardless of previous phy-
sician experience or practice patterns, suggesting that adap-
tation is safe. Moreover, in the center with the highest expe-
rience, the resection ratio in the totally magnetic arm was 0.3
lower (1.26 vs 1.57) and one of the lowest reported in the lit-
erature with only 0.9% re-excisions. Although this did not reach
statistical significance, it is indicative of how familiarization
with the technique yields potential for precision surgery and

Table 3. Univariate and Multivariable Regression for Time To Specimen Excision and Operative Time

Marker/surgery type

Univariate analysis Multivariable analysis

Median (IQR) P value β coefficient (95% CI) P valuea

Time to specimen excision, min

Type of marker 3.768 (1.623-5.917) .001

Magnetic marker 15 (10-22) .01b 1 [Reference] NA

Guidewire 18 (12-30) 3.763 (1.613-5.913) .001

Type of breast-conserving surgery 4.913 (2.895-6.931) <.001

Simple WLE 16 (11-24.5) .01c 1 [Reference] NA

OPBCS level I 20 (14-30) 5.079 (1.819-8.339) .002

OPBCS level II 30 (11.5-36) 9.656 (4.831-14.479) <.001

Total operative time, min

Type of marker 10.227 (4.634-15.820) <.001

Magnetic marker 69 (56- 86) .03b 1 [Reference] NA

Guidewire 75.5 (59-101) 10.442 (4.873-16.011) <.001

Type of breast-conserving surgery 23.121 (17.782-28.460) <.001

Simple WLE 69 (55-86) <.001c 1 [Reference] NA

OPBCS level I 78.5 (66-103) 15.505 (6.969-24.041) <.001

OPBCS level II 115 (102-143) 54.236 (41.505-66.967) <.001

Abbreviations: NA, not applicable;
OPBCS, oncoplastic
breast-conserving surgery;
WLE, wide local excision.
a P value refers to the outcomes of

the multivariable regression analysis
(linear regression).

b Mann-Whitney U test.
c Kruskal-Wallis test.

Table 4. Patterns of Lesion Localization and Superparamagnetic Iron Oxide (SPIO) Administration

Localization/administration Guidewire Magnetic marker P value
Localization modality, No. (%)

Ultrasound 194 (93.3) 189 (92.2) .71a

Stereotactic 14 (6.7) 16 (7.8)

Days from localization to surgery, median (IQR) 0 5 (1-8) <.001b

Time for lesion localization, median (IQR), min 5 (5-6) 4 (3-5) <.001b

SPIO administration, No. (%)

Surgeonc 86 (40.6) 22 (10.5) <.001a

Radiologist 126 (59.4) 188 (89.5)

SPIO volume, mL, No. (%)

1.0 187 (89.0) 195 (92.9) .23a

1.5 23 (11.0) 15 (7.1)

Days from SPIO injection to surgery, median (IQR) 7 (0-15) 6 (1-8) .04b

Single localization procedure (breast and axilla), No. (%)

Yes 74 (34.9) 180 (85.3) <.001a

No 138 (65.0) 31 (14.7)

a Fisher exact test.
b Mann-Whitney U test.
c Surgeon denotes free-hand SPIO

injection around the tumor.
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resection of smaller specimens. It seems that the totally mag-
netic technique for nonpalpable tumor localization used in the
MAGTOTAL trial allows for the creation of a magnetic halo
around the lesion, with the seed placed in the anterior aspect
of the tumor, whereas the brown staining from SPIO in the sur-
rounding tissue enables additional intraoperative visual
navigation. This technique had lower failed localization rates
than the guidewire, a finding similar to previous nonrandom-
ized comparisons.16 Furthermore, injecting SPIO close to the
tumor, especially under ultrasonographic guidance, results in
reduced skin staining because the bulk of SPIO is removed.
This may contribute to minimizing postoperative MRI arti-
facts, which has been a concern with SPIO-guided SLND.21,22

Currently, this hypothesis is being investigated in a prospec-
tive study from our group.31

Previous studies have investigated solely magnetic
lesion localization and others solely magnetic SLN detec-
tion; the outcomes were comparable with the guidewire
and, respectively, RI with or without BD.16,20 Paramagnetic
markers and SPIO both have the benefit of decoupling the
respective procedure from the day of surgery17,32,33; how-
ever, if not combined, this benefit is not being fully utilized.
In this RCT, the combination was successful and was posi-
tively met by all health care professionals involved in plan-
ning and performing breast cancer surgery. The present RCT
showed that the totally magnetic technique for nonpalpable
tumor localization is currently the only wire- and RI-free
technique, to the authors’ knowledge, where both lesion
localization and SLN detection can be performed with the
same probe, suggesting that the technique can be imple-
mented in any setting.

Strengths and Limitations
Multiple, nonrandomized comparisons of the paramagnetic seed
to the guidewire that had suggested similar outcomes served
in providing baseline comparative evaluation. Therefore, an RCT

was necessary for a definitive comparison of main efficacy and
safety aspects, as suggested by the Idea, Development, Explo-
ration, Assessment, and Long-term Follow-Up (IDEAL)
Framework.34 The trial did not investigate superiority, but
equivalence, as the rationale that a device per se can improve
outcomes had not been demonstrated in similar trials11; how-
ever, because the investigated technique had other presumed
benefits, an RCT was necessary, as relevant literature suggests.35

The pragmatic design ensures the external validity and that the
intervention can be implemented with ease and flexibility and
without expertise or previous familiarization.

On the other hand, the trial has several limitations. Dif-
ferences in surgical style are hard to account for, which may
be the reason for differences among sites, but, reassuringly, not
between trial arms. Moreover, the inherent inability to mask
the intervention may account for performance bias and the
Pygmalion effect, but we chose end points that would mini-
mize this as we investigated both re-excision and excess ex-
cision of healthy tissue at the same time.36 Finally, cost effi-
cacy analyses are still pending, but the shorter localization and
operating time, along with the ease of preoperative planning,
may compensate for the higher cost of the device.

Conclusions
In this RCT, a paramagnetic marker was equivalent to the
guidewire in re-excisions and excised specimen volumes, with
advantages of shorter operative time, safer localization, and
preferable logistics. Additionally, familiarization with the tech-
nique may offer the potential for more precise surgery. More-
over, a totally magnetic technique for lesion localization and
SLND relieves the health care system from the restrictions
posed by guidewire localization or radioisotope-based
methods, making it an attractive alternative for numerous and
diverse clinical settings.
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