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Abstract
Karakatsanis, A. 2018. Sentinel Node Biopsy for Breast Cancer. Aspects and evolution.
Digital Comprehensive Summaries of Uppsala Dissertations from the Faculty of Medicine
1491. 78 pp. Uppsala: Acta Universitatis Upsaliensis. ISBN 978-91-513-0423-6.

Sentinel Node Biopsy (SNB) in clinical practice was pivotal to the shaping of modern
diagnosis, staging and treatment of patients with breast cancer. The use of radioisotope (RI)
and blue dye (BD) has led to high detection rates with low false negatives, but delivery-of-care
limitations connected to these tracers as well as the need for methods addressing new clinical
conundrums delineates the urge for new tracers with comparable performance, easier logistics
and, ideally expanded implementations. Aim of the present thesis is to examine the outcomes
of Superparamagnetic Iron Oxide (SPIO) nanoparticles, a new tracer based on magnetism for
the detection of the sentinel nodes.

Paper I is a prospective multicentre trial comparing SPIO to RI+BD, with all tracers injected
at the same patient. In 206 patients, SPIO had a similar detection rate (97.6 vs 97.1%, p=0.76)
whereas concordance between methods was 98%. The study was completed by a meta-analysis
of similar trials published until that point. The detection rates were comparable (fixed OR:1.10;
0.67,1.79, p=0.71), and so was concordance between tracers (fixed RD: 0.00; -0.01, 0.01,
p=0.82). Discoloration was present after periareolar SPIO injection in 39% of patients, almost
exclusively treated with breast conservation, which reduced to 8.6% after 15 months of follow-
up.

Paper II was a pilot study of twelve patients with breast cancer and SNB performed where
SPIO and the combination of RI+BD were injected, but SPIO was injected up to 15 days
preoperatively, with total success in detection and complete concordance.

Paper III tested the performance of SPIO as a sole tracer in a pragmatic double-arm non-
randomised trial comparing it to the combination of RI+BD. Detection was 95.7% for SPIO and
96.8% for RI (p = 0.59). The preoperative injection of SPIO (1-27 d) enhanced SPIO specific
detection (95.7 vs 86%, p=0.002).

Paper IV is an interim analysis of a multicentre cohort study including patients with high-risk
DCIS planned for breast conservation or any DCIS planned for mastectomy. SPIO was injected
to “mark” the sentinel node but SNB was performed in a second operation only if invasive
cancer was found at the first operation. In 151 included patients, this technique led to avoidance
of 81.5% SNB, with a cost reduction of 14.1% for the entire cohort and 25.8% for the patients
that did not have invasive cancer. The detection rate at reoperation was superior for SPIO and
comparable with SNB detection at primary operation.

In conclusion, SPIO is a novel tracer for SNB in breast cancer with comparable performance,
fit for performance in a global setting and with wider clinical implementations compared to RI
+BD.
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To the patients we lose. It is for them we need to be better. 
 

 To young doctors in the making. 
We have to make sure that they will 

become better than we ever have. 
 
          Σην χάριν. 
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1. Introduction 

Breast cancer is one of the most common human malignancies. It is almost 
exclusively a female disease, since only 0.5-1% of new breast cancer cases 
involves males. In the course of recent years, advances in our understanding 
of the disease seem to challenge our traditional views and reshape clinical 
practice. Furthermore, breast cancer awareness initiatives have raised discus-
sions and have given breast cancer the additional dimension of a social phe-
nomenon. The aforementioned result in a constantly evolving landscape pos-
ing challenges alike for health providers and researchers. 
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2. Breast cancer. A brief overview 

2.1. History 
Tumours of the internal organs were essentially invisible to ancient medicine. 
This, however, was not the case with breast cancer, since it could be palpated 
and, later on in its clinical course, seen as fungating lesions as ulcerations de-
veloped. The oldest discovered evidence of breast cancer dates back 4200 
years, to the Sixth Dynasty in Ancient Egypt. The Edwin Smith Papyrus de-
scribes eight cases of tumors or ulcers of the breast that were cauterized. The 
conclusion was emphatic: "There is no treatment." (1) For centuries, physi-
cians described similar cases in their practices, with the same conclusion. 
From Hippocrates through to the 17th century, it was believed that breast can-
cer was caused by imbalances in the fundamental fluids that controlled the 
body; in particular, it was attributed to excess of black bile (2). Alternatively, 
patients often saw it as divine punishment. Later on, a wide variety of medical 
explanations would be proposed, such as lack of sexual activity, too much 
sexual activity, physical injuries, curdled breast milk, and various forms of 
lymphatic blockages, either internal or due to restrictive clothing. In the 19th 
century, the observation that breast cancer had the tendency “to run in the 
family” led the Scottish surgeon John Rodman to state that “fear of cancer 
caused cancer”, and that this anxiety was learned from the mother (3,4). 

Although breast cancer was known in ancient times, it was uncommon until 
the 19th century, when improvements in sanitation and control of deadly in-
fectious diseases resulted in dramatic increases in lifespan. Previously, most 
women had died too young to have developed breast cancer. Additionally, 
early and frequent childbearing and breastfeeding probably reduced the rate 
of breast cancer development in those women who did survive to Middle Age 
(4). 

Mastectomy for breast cancer was performed at least as early as 548 A.D., 
when it was proposed by the court physician Aetius of Amida to the Byzantine 
Empress Theodora (5). It was not until doctors achieved greater understanding 
of the lymphatic system in the 17th century, that the spread of breast cancer to 
the lymph nodes in the axilla was described. The French surgeon Jean Louis 
Petit (1674–1750) performed total mastectomies which included removing the 
axillary lymph nodes, as he recognized that this reduced recurrence (6). Petit's 
work was built on by another French surgeon, Bernard Peyrilhe (1737–1804), 
who additionally removed the pectoral muscle underlying the breast, as he 
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judged that this greatly improved the prognosis (7). The Scottish surgeon Ben-
jamin Bell (1749–1806) advocated removal of the entire breast, even when 
only a portion was affected (8). That work was carried on by William Stewart 
Halsted, whose name has been linked with the surgical management of breast 
cancer in the late 19th century.  Halsted started performing radical mastecto-
mies in 1882, helped greatly by advances in general surgical technology, such 
as aseptic technique and anesthesia. The Halsted mastectomy, known thereaf-
ter as radical mastectomy, involved removal of the breast, the regional lymph 
nodes in the axilla, and the underlying pectoralis major, whereas the procedure 
was often bilateral. The Halsted mastectomy was a morbid and amputating 
procedure which often led to long-term pain and disability, but was then seen 
as necessary in order to prevent the cancer from recurring. Before the advent 
of the Halsted radical mastectomy, 20-year survival rates were only 10%; 
Halsted's surgery raised that rate to 40%, without perioperative mortality. Fol-
lowing this doctrine, Owen Wangensteen described the technique of the ex-
tended or super-radical mastectomy, co-resecting the latissimus dorsi (9), 
whereas other surgeons included standard supraclavicular or internal mam-
mary dissections, in order to minimize the risk for regional dissemination (10-
12). Already by 1943 and based on the Halstedean concept, Haagensen et al. 
had described criteria of operability, describing those clinical features (13) 
that are today known to be associated with locally advanced breast cancer set-
ting the bases for the Columbia Classification System that was one of the first 
breast cancer staging systems.  

However, survival data from these maximalistic surgical approaches did 
not seem to justify their conduct. On the other hand, advances in the under-
standing of breast cancer together with the concept of disatant metastasis, led 
to perceiving cancer as a systemic illness as well as a localized one, and more 
sparing procedures were developed that proved equally effective provided that 
adjuvant treatment was given. After the conduct of the landmark 1977 study 
by the National Surgical Adjuvant Breast and Bowel Project (NSABP B-04), 
led by Bernard Fisher, radical mastectomies were largely abandoned, as study 
results showed that there was no statistical difference in survival or recurrence 
between radical mastectomies and less invasive surgeries (14).  

2.2. Epidemiology 
According to WHO and SEER data, the life-long risk for breast cancer in 
women is 12.4%, meaning that every eighth woman will be diagnosed with 
breast cancer at some point in her life. Further age adjusted data from SEER 
demonstrate that the number of new cases of female breast cancer was 125.0 
per 100,000 women per year with median age 62 years, whereas the number 
of deaths was 21.5 per 100,000 women per year with a median age of 68 years. 
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In 2016, new breast cancer cases responded to 14.6% of all new cancer diag-
noses, whereas breast cancer mortality accounted for 6.8% of all cancer-re-
lated deaths (15). Epidemiological data from Sweden (16) demonstrate simi-
larities in prevalence, with 9444 new cases and 1431 deaths for the year 2015; 
in addition, it is the most common form of cancer (ca. 30%) among women. 
Internationally, there is a common observation that an increase in prevalence 
has been noted in the last 40 years which has been related with advances in 
diagnosis, life-style, parity pattern and hormonal replacement therapy. On the 
other hand, this is countered by a significant increase in overall survival with 
data demonstrating a 5-year overall survival higher than 90% in 2015 com-
pared to approximately 60% in 1970, as shown by the Association of the Nor-
dic Cancer Registries (NORDCAN) (17). This improvement is attributed in-
ternationally to timely diagnosis and advances in treatment.   

2.3.  A summary of histopathological and intrinsic 
biological features 
2.3.1. Histopathology 
Whereas malignancies may also arise from components of mesenchymal 
origin in the breast, which correspond to sarcomas, the standard when discuss-
ing breast cancer, is the malignancies arising from the epithelial component, 
that is, the carcinomas. Although discussed and referred to as a single disease, 
the constitute a diverse group of lesions that differ in microscopic appearance 
and biologic behavior.  

Epithelial breast malignancies arise from the cells that line the breast lob-
ules and the lactiferous ducts. Earlier, it was thought that there were more 
distinct features in the origin of these cells, but in later years, when the termi-
nal ductal lobular unit (TDLU) was described, it has been shown that there is 
histologic continuity and that the heterogeneity of malignancies that may arise 
is associated predominantly with molecular characteristics (18).  

Breast cancer has two important phases in its evolution: the in situ phase 
and the invasive phase. In situ, or pre-invasive carcinoma, is confined within 
the epithelial compartment. Invasive carcinoma, on the other hand, has 
breached the basement membrane, which is the barrier of the epithelium and 
infiltrates the connective tissue of the breast. Invasive carcinoma has per se 
the potential for metastasis, that is to establish secondary deposits at distant 
sites.  

In situ carcinomas have traditionally been classified as either ductal carci-
noma in situ (DCIS) or lobular carcinoma in situ (LCIS). The nomenclature 
relates neither to the sites of origin nor to the sites of the established diseases. 
DCIS is more often associated with invasive carcinoma of ductal type (IDC) 
and LCIS is more often associated with invasive carcinoma of lobular type 
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(ILC), but these associations are not exclusive. A rather more concrete differ-
ence between the two is the constant finding of the absence of E-cadherin ex-
pression in LCIS, a feature which is constantly present also in ILC (19). Re-
cently, LCIS has been re-classified from being considered as a cancerous le-
sion to being considered as a risk factor for breast cancer, with an annual risk 
of 2 % (20). Therefore, aggressive surgical treatment is no longer advocated, 
and surveillance is recommended instead. It is currently registered as a “non-
cancerous breast condition” by the American Cancer Society (21) and has 
been removed from the 8th edition of the TNM staging manual (22). It has also 
been suggested that it may be classified under the wider term lobular neoplasia 
(LN) instead (23). The only exception to this, is a pleomorphic variant 
(PLCIS), which should be surgically treated as DCIS (24). DCIS, on the other 
hand, is a heterogeneous clinicopathological entity which is considered a non-
obligatory precursor to invasive breast cancer, accounting for approximately 
85% of in situ breast carcinomas. If left untreated, it is estimated that up to 
50% will upgrade to invasive cancer within 10 years (25). DCIS is generally 
treated similar to small, node negative invasive breast cancers. When breast 
conservation is performed, it has been shown that whole breast irradiation 
(WBI) reduces the risk of local recurrence (26,27). 

IDC is the most common form of invasive breast carcinomas, accounting 
for approximately 75 to 80%, followed by ILC, at 15%. Apart from distinct 
morphological features, the expression of E-cadherin in IDC is a typical dif-
ference between IDC and ILC. Other, more uncommon invasive types are mu-
cinous, tubular, comedo, inflammatory, medullary, and papillary carcinomas, 
and these together account for the remaining 10% of all cases (28). 

2.3.2. Grading systems 
Both in situ and invasive carcinomas are further sub-classified according to 
histopathological grade. Tumour grade is known to be a significant prognostic 
factor for breast cancer outcomes. Grading systems are commonly built on 
histopathological microscopic features.  As far as DCIS is concerned, low- 
and intermediate- grade DCIS require cytologic, architectural and size criteria 
to be met, whereas high-grade DCIS requires only cytologic criteria. Features 
for low-grade DCIS (or grade 1) include round, regular to mildly irregular 
nuclei up to 2-3 times the size of a red blood cell (RBC) and complete absence 
of comedo necrosis whereas intermediate-grade DCIS (grade 2) is character-
ized by round, regular to mildly irregular nuclei up to 2-3 times the size of a 
RBC and substantial comedo necrosis. Finally, high-grade DCIS (grad 3) is 
characterized by pleomorphic nuclei more than 3 times the size of a RBC. 
Substantial comedo necrosis is also usually present, but not required for the 
diagnosis. Diagnostic criteria in clinical practice however, are clear for grades 
1 and 3, with all intermediate cases classified as grade 2 (29). The grading by 
Holland is widely used in Europe and, apart from the present classification, it 
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considers cyto-nuclear differentiation and secondarily architectural differenti-
ation, that is, cellular polarization (30). The Lagios system classifies DCIS as 
low grade (low nuclear grade and no necrosis), intermediate grade (interme-
diate nuclear grade and focal or absent necrosis), or high grade (high nuclear 
grade and extensive necrosis) (31). The different grading systems have been 
compared in intra-observer agreement studies with varying results (32,33). 
However, despite discrepancies, DCIS treatment outcomes are not dependent 
of the pathological features only, and other factors such as size, margin status, 
radiological features are important (34).  

In invasive breast cancer, the most common and widely accepted grading 
system is the Nottingham score or, as otherwise known, the Elston-Ellis mod-
ification of the Scharf-Bloom-Richardson classification. It is a tri-variate score 
taking into consideration tubule formation, nuclear pleomorphism and mitotic 
activity, expressed as number of mitoses per high power field (HPF). Each 
variable is scored from a minimum of 1 to a maximum of 3. Total scores of 3-
5 respond to grade 1, 6-7 to grade 2 and 8-9 to grade 3 (36,37). 

2.3.3. Immunohistochemistry 
Immunohistochemical (IHC) techniques provided the ground for further 
standardization and classification of breast tumours as well as therapeutic de-
cision making. analysis of protein gene products.  

2.3.3.1 Estrogen receptor (ER) 
There are two isoforms of ER receptors, type α, which is the one used in clin-
ical practice and type β, whose role in clinical routine is still a matter of on-
going research. Most human breast cancers (80-85%) are initially estrogen-
dependent and undergo regression when deprived of their supporting hor-
mone. The presence of significant amounts of ERα in breast cancer at the time 
of diagnosis is taken as an indication of hormone dependence (37). The pri-
mary ligand is 17-β-oestradiol which binds to the receptor and stimulates cell 
growth by transcription.  Its impact on prognosis is favourable but can differ 
between treatment groups (38).  

ER positivity is considered to reflect tumour sensitivity to endocrine ther-
apy. The current recommendations from 2010 by the American Society of 
Clinical Oncology (ASCO) (39), including the 2017 St Gallen consensus 
statement (40), suggest that positivity >1% suffices to characterize a tumour 
as ER positive. However, it seems that tumours low in positivity are less re-
sponsive to endocrine treatment, as demonstrated in a retrospective study from 
the MD Anderson, based on 9639 women, where ER positive tumours with 
positivity <10% did not seem to benefit from endocrine therapy (41). 
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2.3.4.2 Progesterone receptor (PgR) 
Despite that the role of progesterone receptors in breast cancer was unclear in 
the past, it is becoming increasingly clear that PgR-status is an independent 
prognostic factor in breast cancer. Two progesterone receptor targets, receptor 
activator of NfκB ligand and Wnt4, serve as downstream paracrine mediators 
of progesterone receptor-induced cell proliferation and stem cell activation, 
respectively (42). It has been found to be the major mitogen in human breast 
tissue thus playing a pivotal role in breast neoplasia (44) and has been also 
shown to affect the activity of the ER type α receptors, functioning as a mo-
lecular regulator to control ERα chromatin binding and transcriptional activ-
ity, which has important implications for prognosis and therapeutic interven-
tions (45). PgR negativity has been demonstrated to be associated with poorer 
response to endocrine therapy and to poorer prognosis, which in some cases 
maybe comparable to hormone negative breast cancer (45,46). 

2.3.4.3 HER-2neu (erbb-2) 
The human epidermal growth factor (HER) subtype 2 is a tyrosine kinase re-
ceptor located on the cell surface. It is coded by the erbb-2 gene and is over-
expressed in approximately 15% of all breast cancers. Biologically, tumours 
with HER-2 overexpression is associated with a more aggressive natural 
course, with higher recurrence rates and shorter overall survival, compared to 
their HER-2 negative counterparts. HER2-status is assessed with immuno-
histochemistry, and equivocal cases are further analysed with in situ hybridi-
zation. In this case, ratio of copies defines whether a tumour is amplified. Tu-
mours with equivocal amplification are characterized after discussion on a 
multidisciplinary meeting (47). 

2.3.4.4 Ki-67 
Ki-67 is a monoclonal antibody directed against an antigen (Ki-67 protein) 
expressed only in proliferating cells. It is expressed as a percentage and re-
sponds to the of the fraction of proliferating tumour cells. Ki-67 values are 
reproducible and clinically useful, but only for clearly high or clearly low val-
ues. There is no standardized cut-off level for intermediate values. Therefore, 
it is advised that each pathology laboratory evaluate their median regularly, in 
order to allow for cut-off values (48-50).  

2.3.4. Intrinsic subtypes  
The heterogeneity of breast cancer prompted further investigation that led to 
extensive molecular tumour profiling. The hypothesis investigated, and 
proven right was that the phenotypic variability of breast tumours accompa-
nied by differences in response to therapy, prognosis and survival, responded 
to different genomic characteristics. The ground-breaking research by Perou 
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et al. (51) managed to define “molecular portraits” with different profiles of 
gene expression. Subsequently, distinct gene signatures were found to be re-
lated with particular molecular characteristics, and subtypes were developed. 
More recent investigation by the Cancer Genome Atlas Network (52), led to 
a comprehensive definition of the subtypes. These were the ER positive/ lu-
minal-like, the basal-like and the erbb-2 positive. The ER positive/luminal-
like are a large subgroup of breast tumours, being the most heterogeneous in 
terms of gene expression, mutation spectrum, copy-number changes and pa-
tient outcomes. Basal-like tumours are also typically referred to as triple-neg-
ative breast cancers, since they are negative for ER, PgR and HER2. HER2 
positive tumours, on the other hand, are characterised by HER2 DNA ampli-
fication and overexpression of the HER2-amplicon-associated genes. HER2 
positive tumours present with two clinically distinct subtypes, each account-
ing for approximately 50%; one where the HER21 protein and HER2E mRNA 
subtypes overlap, where a strong signal of EGFR, pEGFR, HER2 and pHER2 
is observed, and the other, where HER2 overexpression is observed in the 
ER+/luminal-like subtypes. 

This led to the definition of the intrinsic subtypes, which are as follows: 
 

• Luminal A: ER and PgR strongly positive, HER2 negative, low 
grade and low to intermediate Ki67 

• Luminal: ER positive and PgR weak positive or negative, HER2 
positive or negative, high grade and high Ki67 

• Non Luminal HER2 positive: ER and PgR negative, HER2 posi-
tive, high grade and high Ki67 

• Basal like or Triple-negative: ER, PgR and HER2 negative, high 
grade, high Ki67 
 

In the discrimination between Luminal A and Luminal B intrinsic ER pos-
itive subtypes, it has also been described that clinical factors such as positive 
nodal status or clinical primary size should affect the characterization of a tu-
mour as either Luminal A or Luminal B (53). This subtypes are in accord, not 
only with the biological behaviour of the tumour, but also with response to 
different types of systemic treatment. TNBC tend to recur earlier but, 5–8 
years after diagnosis, their annual hazard of recurrence drops below the level 
of ER-positive tumours. Relapse of breast cancer may occur as late as >20 
years after the initial diagnosis, particularly in patients with ER/PgR-positive 
disease (54).   

Luminal A subtypes are the most responsive to endocrine treatment and 
least responsive to chemotherapy. Standard endocrine treatment consists of 
tamoxifen in premenopausal women or an aromatase inhibitor in postmeno-
pausal women. As proliferation increases, so does effect of chemotherapy. 
Standard chemotherapy for breast cancer consists of a combination of an-
thracycline with a taxane. ER negative subtypes are chemo-sensitive, whereas 
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HER2 positivity means response towards monoclonal antibodies such as 
trastuzumab, pertuzumab, and lapatinib.  

2.3.5. Gene signature arrays 
Despite that intrinsic subtype classification guides the systematic treatment 
which is to be administered, there are always cases that are “between” sub-
types, which is particularly true for ER positive, HER2 negative and node 
negative tumours. In such cases, commercially available molecular signatures 
for ER-positive breast cancer, such as Oncotype DX, EndoPredict, PAM50, 
Prosigna, and for all types of breast cancer (pN0–1), such as MammaPrint and 
Genomic Grade Index, may be used in conjunction with all clinicopathologi-
cal factors, to help in treatment decision making.  

The Oncotype DX, otherwise known as a the 21-gene signature panel, is 
the one most validated. The assay algorithm is based on the expression of 16 
cancer-related and 5 reference genes, and provides a result (range: 0–100) rep-
resenting estimated 10-year risk of distant recurrence with 95% confidence 
intervals (CIs). Based on their Recurrence Score results patients are classified 
into the low (<18), intermediate (18–30), or high (≥31) Recurrence Score 
group (55). It is a predictor of recurrence risk in ER positive, node-negative 
tumours as well as a predictor of response to chemotherapy, so as to allow for 
precision and avoidance of overtreatment. Results from the recent Tailor-
Xtrial depicted that adjuvant endocrine treatment alone worked as well as en-
docrine treatment and chemotherapy together not only for cases with low, but 
also with cases of intermediate risk, as it was predicted by the genomic score. 
After 9 years of follow-up, the rates of invasive disease-free survival were 
83.3% for hormone therapy alone and 84.3% for hormone therapy and chem-
otherapy, and for overall survival, the rates were 93.9% and 93.8%, respec-
tively (56).  

The MammaPrint uses a microarray technology to assess the expression of 
70 genes. Its development involved a cohort of 78 patients <55 years with 
ER+, HER2-negative or positive, and triple-negative early breast cancer who 
underwent surgery without systemic therapy and had long-term clinical fol-
low-up. The genes assessed are associated with cell cycle, invasion, angiogen-
esis and metastasis. MammaPrint classifies patients into two groups: low risk 
and high risk. 

Apart from original validation, the 70-gene signature was evaluated in a 
large prospective randomized trial. The “Microarray In Node-negative and 1–
3 positive lymph node Disease may Avoid ChemoTherapy” (MINDACT) is a 
prospective trial which investigated whether adjuvant chemotherapy could be 
spared in patients who are low-risk by MammaPrint. Patients in MINDACT 
included those with ER+, HER2-negative, HER2+ or triple negative disease, 
and only those with discordant risk assessments (MammaPrint vs. Adju-
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vant!Online) were randomized to chemotherapy vs no chemotherapy. The re-
sults demonstrated that, among women with early-stage breast cancer who 
were at high clinical risk and low genomic risk for recurrence, the receipt of 
no chemotherapy on the basis of the 70-gene signature led to a 5-year rate of 
survival without distant metastasis that was 1.5 percentage points lower than 
the rate with chemotherapy. The authors concluded that, given these findings, 
approximately 46% of women with breast cancer who are at high clinical risk 
might not require chemotherapy (57). 

2.4. Staging 
The primary breast tumour is staged according to size and direct invasion of 
surrounding structures. The common pattern of spread is via the lymphatic 
pathway, which in turn leads to metastases in the regional lymph nodes. The 
lymphatic vessels of the breast drain both medially to the internal mammary 
lymph nodes and laterally to the axillary lymph nodes. Even from the most 
medial aspect of the breast, both lymphoscintigraphy and analysis of lymph-
node metastases suggest that the majority of lymphatic flow is toward the ax-
illary lymph nodes so that the axilla is considered to be the most common 
regional nodal basin. Subsequently, the axillary lymph nodes were divided in 
three levels according to their anatomical relation to the pectoralis minor mus-
cle. The common pattern of spread from the axilla involves further nodal ba-
sins, such as those of the sub-clavicular and supra-clavicular region and con-
sequent haematogenous spread to distant sites. The most usual organs har-
bouring metastases from breast cancer are the liver, the pleura, the lung, the 
bones and the brain. However, knowledge of breast cancer biology is an evolv-
ing landscape, with significant impact on staging, treatment and prognosis. At 
present, the 8th edition of the AJCC TNM classification is the first to include 
information derived from immunohistochemistry and genomic signatures to 
classify tumours and possibly modify treatment recommendations, thus im-
plying that tumour stage and prognosis is in direct association with intrinsic 
characteristics and biology.  

At present, early breast cancer is characterized by the presence of lesions 
smaller than 5 cm and absence of clinically detectable axillary disease, with 2 
cm being the cutoff between T1 and T2 lesions. T3 tumours are characterized 
by size larger than 5 cm but absence of invasion in surrounding structures. 
Finally, T4 tumours are by definition classified as locally advanced breast can-
cer and are characterized by direct invasion of the chest wall, the skin or both 
or by the entity known as inflammatory breast cancer. In cases of multifocal 
tumours, T-stage is defined by the size of the largest tumour rather than the 
total extent of the lesions and the prefix “m” is used to denote multifocality. 

Clinical nodal status is defined by the presence of palpable nodes with the 
prefix “c” to indicate clinical impression. Subsequently, cN1 refers to mobile 
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palpable axillary nodes, cN2 to matted axillary nodes and cN3 to palpable 
axillary and parasternal nodes, or subclavicular nodes or supraclavicular 
nodes.   

Finally, the absence of distant metastases is classified as M0, whereas clin-
ical or radiological metastases is classified as M1. The detection of metastatic 
disease by molecular methods in absence of clinicoradiological signs of dis-
tant disease is characterized as cM0(i+) (22,55). 

2.5 Treatment of the axilla. A paradigm shift  
Nodal status in breast cancer has clinical significance. This is old and objec-
tive knowledge, a truth that has been there from the time of Halstead, despite 
the fact that it was viewed under a different prism then. Therefore, the first 
surgical approach to the treatment of breast cancer included the radical mas-
tectomy, with removal of the entire target organ, the underlying pectoralis ma-
jor muscle and all the anatomically relevant lymph nodes. The progression in 
our understanding of the disease and the advances in the field of clinical on-
cology and systemic therapy gradually reduced the need for a priori extended 
surgical procedures. The introduction of whole breast irradiation therapy 
(WBI) marked a significant cornerstone in breast surgery, allowing for breast 
conservation with comparable results to mastectomy in terms of local recur-
rence (59).  

The paradigm shift of performing necessary-only surgery was also focused 
in the management of the axilla. It was seen that routine axillary dissection 
resulted in the retrieval of healthy lymph nodes in about 70% of cases, a per-
centage that has been stable despite the improvement in early diagnosis. At 
the same time, axillary lymph node dissection (ALND), as routinely per-
formed (dissection in levels I and II), was shown to be accompanied by mor-
bidity as high as 40% (60). Therefore, there was a clear need for a procedure 
providing staging information with less complications.  

2.6 Sentinel Node Biopsy 
Sentinel node biopsy (SNB) for breast cancer was introduced and validated in 
the middle of the 1990s (61,62) and became established as the golden standard 
for axillary staging in patients with breast cancer who present with a clinical 
and radiological negative axilla (63). The concept of sentinel node, as” the 
first lymph node in line draining the lymph from the primary tumour site” was 
introduced in surgical oncology with melanoma. The rationale was that, if the 
first node was not afflicted, no other nodes would. Once the oncological safety 
of the procedure was established (64), axillary sampling and blind axillary 
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dissections were practically removed from clinical practice, resulting in sub-
stantial decrease in associated surgical complications such as vascular and 
neural injuries, lymphedema, chronic pain and wound infections (65). Liter-
ally all studies have demonstrated the efficacy of SNB in the accurate deter-
mination of lymph node status and its superiority when related to ALND con-
cerning procedure related complications. 

2.6.1. Principles and technique 
The golden standard for the mapping and identification in SNB has tradition-
ally been the combination of radioactive colloid (Tc99, hereafter RI) on a usual 
dose of 40-60 mBq with a blue dye (BD) for visual aid. The isotope is injected 
subareolarly or peritumourally a few hours before the operation or intraoper-
atively. The BD is injected intraoperatively and after the induction of anaes-
thesia, so that vital functions are secure, as its injection has been associated 
with anaphylactic shock in a frequency of 0.1% in the literature. The tracers 
reach the SN via the lymphatics. Thereafter, the SN site in the axilla is detected 
with the use of a hand-held gamma probe. Skin incision is performed and the 
SN is sought with the help of the gamma probe and the visual aid of the BD. 
The biopsy is considered completed when the probe signal in the axillary 
background is less than 10% of the SN signal without any remaining palpable 
LNs. The combination of RI and BD results in successful detection rates as 
high as 99% with a false negative rate of less than 5% (65,66). The procedure 
is illustrated in Figure 1 (67).   
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Fig.1 Sentinel node biopsy. Free for non-commercial reproduction from Heerdt AS. 
Lymphatic Mapping and Sentinel Lymph Node Biopsy for Breast Cancer. JAMA 
Oncol. 2018;4(3):431. doi:10.1001/jamaoncol.2017.4000. 
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There are, however, some drawbacks involved with the procedure. The use of 
RI demands a nuclear medicine department and complicated legislation and 
restrictions regulate the handling and disposal of radioactive material. The 
short half-life (6 hours) of the RI limits its usefulness and RI also confers pos-
sible hazards to the patient and staff. All this limit the access to the method. 
Interestingly, recent literature reports that only 60% of patients in developed 
countries have access to the procedure, with this figure dropping down to 5% 
in China and even lower in other parts of the world. The BD, on the other hand 
is allergenic, and has been associated with a few serious events (68). 
SNB is a part of the surgical routine for breast surgeons but, despite reduced 
morbidity when compared to more extended procedures, it is not an indolent 
one (69,70). A recent meta-analysis has demonstrated early and late postoper-
ative morbidities such as restricted shoulder range of motion (up to 37.8% two 
years after surgery), pain (up to 56.6% one month after surgery), paraesthesia 
(up to 15.8%), axillary web syndrome (20%) and lymphedema (8.2% two 
years after surgery) among others (71). This means that, despite being less 
morbid compared to ALND, refinement of indications and technique will be 
beneficial for patient care and quality of life.  

These facts stress the need for developing non-radioactive and non-aller-
genic tracers with comparable performance, but fewer side effects. In an opti-
mal setting, it could provide novel clinical implementations, to establish min-
imally invasive or non-invasive methods to stage the axillary status  

2.6.2 Superparamagnetic Iron Oxide Nanoparticles 
A non-radioactive method for identifying the sentinel node using a superpar-
amagnetic iron oxide (SPIO) tracer and a hand-held magnetometer has been 
developed. SPIO coated in biocompatible molecules have been used in the 
past as contrast agent for magnetic resonance imaging (MRI) for almost 20 
years and has been proven to be non-toxic when injected intravenously. The 
use of SPIO in a clinical context as a tracer for SNB in breast cancer was first 
reported in 2013 (72). In the same way as for RI and BD the SPIO drains 
through the lymphatics and accumulates in the SN. A handheld probe is used 
to identify the SN, in the same way as the gamma probe is used for detection 
of RI containing lymph nodes. 

The SPIO solution is dark brown, and the SNs are often colored, the brown-
black appearance acts as a visual stain aiding intra-operative identification. 
Sienna+, a sterile aqueous suspension of SPIO coated with carboydextran, is 
the magnetic tracer that is intended and calibrated for use together with the 
SentiMag device. The carboxydextran coating prevents agglomeration while 
maintaining biocompatibility. The Z-averaged particle diameter, including the 
organic coating, is 60nm (<0.25 polydispersity). The diameter enables the SNs 
to selectively filter out the particles. After subcutaneous Sienna+ injection into 
the subareolar interstitial tissue, Sienna+ particles drain naturally to the lymph 
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nodes via the lymphatic system where they are physically filtered, trapped and 
concentrated. This allows them to be used as a lymph node marker, which can 
be identified by the SentiMag device. The magnetic probe (SentiMag) is pa-
tented and received a CE mark as medical device class IIa in December 2010. 
SPIOs exhibit superparamagnetic properties, characterized by a response to 
an external magnetic field while retaining no magnetic remnant in its absence. 
Additionally, the presence of SPIO in the tissue has not been shown to affect 
the accuracy of the pathologic examination or the conduct of immunohisto-
chemistry in breast or nodal tissue (73).  
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3. Aims 

3.1 Paper I 
To compare the outcomes of SPIO with the combination of RI and BD in terms 
of detection rate, number of SN retrieved and concordance between methods. 
Secondarily, to perform a systematic review and meta-analysis of available 
studies.  

3.2 Paper II 
To investigate the feasibility of injecting SPIO in the preoperative period for 
a successful SNB. 

3.3 Paper III 
To investigate the performance of SPIO as a sole method for SNB. 

3.4 Paper IV  
To investigate the possibility of sparing unnecessary SNB procedures in pa-
tients with a preoperative diagnosis of DCIS with the help of SPIO. 
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4. Patients and Methods 

4.1 Patient inclusion criteria 

4.1.1. Papers I-III 
Patients were eligible for recruitment if they were older than 18 years, diag-
nosed with invasive breast cancer or DCIS, with clinically negative axilla, and 
scheduled for a SNB.  Exclusion criteria were hypersensitivity to dextran com-
pounds, iron or Sienna+, intolerance to the isotope, iron overload disease, 
pregnancy, pacemaker or other implantable metallic devices close to the ax-
illa, or mental condition rendering the patient incapable of giving informed 
consent to the study. All patients had to be available for postoperative follow-
up. Appropriate candidates were identified from case presentations in the mul-
tidisciplinary rounds. In paper II, a healthy volunteer was also recruited. 

4.1.2. Paper IV 
Patients were eligible for inclusion if they were preoperatively diagnosed with 
DCIS any size and nuclear grade 3; nuclear grade 2 and preoperative size 
>20mm on imaging; mass effect on imaging or clinical examination; and fi-
nally, any grade or size DCIS planned for a mastectomy. Exclusion criteria 
were: intolerance or hypersensitivity to iron or dextran compounds; iron over-
load disease; pacemakers or other implantable devices in the chest-wall and 
pregnant or lactating patients. Direct reconstruction in cases of mastectomy 
was not considered an exclusion criterion. 

4.2 Study design and setting 

4.2.1. Paper I 
Prospective, non-randomized double-arm comparative multicentric trial. Con-
ducted in five Swedish and two Danish hospitals. The design of the systematic 
review and meta-analysis is described in the respective section. 
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4.2.2. Paper II 
Prospective, comparative pilot study conducted in the Breast Unit of Uppsala 
University Hospital.   

4.2.3. Paper III 
Prospective, pragmatic non-randomized double-arm comparative trial. Con-
ducted in two Swedish Hospitals.  
 
4.2.4. Paper IV 
Single-arm, multicentre prospective cohort study. Results presented in the 
paper stem from the interim analysis. In this phase of the study, the study 
was conducted in four Swedish hospitals.  

4.3 Methods and considerations  

4.3.1. Paper I 
Landmark SNB trials were initially performed on a background of axillary 
clearance, allowing for results on the sensitivity, the accuracy and the false 
negative rate of the procedure. This has led to the establishment of RI and BD 
as tracers for SN with an anticipated FNR of 5-10%. The conduct of similar 
trials for SPIO would be ethically questionable, as ALND is to be avoided in 
the negative axilla. Therefore, it had to be assessed whether SPIO not only 
detects a SN, but, most importantly if it detects the same SN as the combina-
tion of RI and BD, which is expected to be the true SN, with the expected 
FNR mentioned above, Therefore, the methods would have to be tested sim-
ultaneously on the same patient.  

Patients were injected with the radioactive tracer ( mTc), usually 40-60 
mBq, either the day of surgery or the day before. Injection site was chosen 
according to local standards. A vital blue dye (1-2 ml of Patent Blue V ®) was 
injected in standard fashion after the onset of anesthesia. Two ml of Sienna+ 
diluted with 3 ml saline was injected subareolarly either shortly before or after 
induction of anesthesia. The injection site was massaged for 5 minutes, and 
the operation was not to start until at least 20 minutes had elapsed. During 
operation, transcutaneous signal in the primary and the axilla was recorded, 
first with a handheld probe (SentiMag®, Endomagnetics Ltd, UK) to detect 
magnetic uptake and afterwards with the gamma probe. A short incision was 
made in the axilla over the area with the greatest uptake, and the sentinel node 
was sought for primarily using the SentiMag probe. Metal retractors and in-
struments were removed and plastic ones were used at that point. Thereafter 
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the finding was confirmed with the gamma probe and the SN(s) removed. All 
sentinel nodes were excised until the counts were lower than 10% of the high-
est count or a maximum of four nodes per patient were removed. Blue and/or 
brown nodes were also regarded as SNs. Magnetic and gamma- counts in the 
SNs were registered before the skin incision; in situ and ex vivo; and in the 
remaining axilla. 

Patients were followed postoperatively and any discoloration was regis-
tered and measured repeatedly. The study flow is described in Figure 1. 
 
 

 
Fig.1 Schematic flowchart for the Nordic SentiMag trial. 
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4.3.2. Paper II 
For this pilot study (“MagPilot”), two ml of SPIO (Sienna+®, Sysmex Europe 
GmBH, Hamburg, Germany) diluted with 3 ml local anesthetic (Xylocain®, 
10mg/ml) was injected subareolarly during the preoperative visit in the outpa-
tient clinic. The methods were otherwise identical to what has already been 
described for Paper I. The healthy volunteer injected with SPIO underwent 
follow-up in order to define how long there was transcutaneous ferromagnetic 
signal in the axilla. 

The flow of the study is depicted in Figure 2. 
 

 
Fig.2 CONSORT Flowchart for MagPilot Study 
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4.3.3. Paper III 
This pragmatic non-randomized trial investigating the performance of SPIO 
as a sole (”μόνος” in Greek, pronounced “monos”) was conducted in two 
centres with comparable demographics and similar outcomes in SNB.  

At Västmanlands County Hospital where SNB was performed with RI 
and BD, 40 or 60 mBq of RI was injected interstitially the morning before 
surgery, or the day before, -respectively-, at the Nuclear Medicine Depart-
ment. At Uppsala University Hospital, SPIO (Sienna+®, 2ml blended with 
3ml of local anaesthetic - Xylocain®, 10mg/ml) was injected interstitially ei-
ther during the preoperative visit to the outpatient clinic (one to four weeks 
before the operation) or perioperatively, about one hour but, at least 20 
minutes before the operation. Massage for five minutes at the injection site 
was performed only in perioperative administration. Patients planned to un-
dergo a preoperative MRI were not injected prior to the MRI to avoid arte-
facts and were injected perioperatively, as described above. On the day of 
surgery, transcutaneous counts were registered with the respective probe 
(Neo 2000, Neoprobe 2100, Neoprobe Corp, Dublin OH, USA or Senti-
Mag® Gen2, Endomagnetics Ltd, UK) after the induction of anaesthesia. In 
the SPIO arm, 1-2 ml of Patente Bleu® (Laboratoire Guerbet, Aulnay-Sous-
Bois, France) were administered interstitially at the areolar border 10 
minutes before skin incision, only if the transcutaneous signal was deemed 
inadequate by the operator. In the isotope arm, blue dye was injected rou-
tinely. 
The study was designed according to the extension of the CONSORT state-
ment for pragmatic trials19 and is summarized in the flow chart in Figure 3. 
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Fig. 3 CONSORT flowchart for MONOS trial 

4.3.4. Paper IV 
The concept of this study (SentiNot: “Senti” nel node biopsy in ductal cancer 
in situ; how to “Not” do it) is to investigate whether the feasibility of a suc-
cessful SPIO guided SNB may help avoid SNB in patients with a preoperative 
diagnosis of DCIS by marking the sentinel node with SPIO at the first opera-
tion and remove it in a second operation, only if IBC is confirmed. On the day 
of surgery, patients were injected interstitially with 2 ml of SPIO (Sienna+®, 
Sysmex Europe GmBH, Hamburg, Germany) diluted with 3 ml of NaCl 0.9% 
or local anesthetic (Xylocain®, 10mg/ml) at least 20 minutes before the oper-
ation, followed by 5-minute massage, so as to allow for tracer migration. 
Breast procedure was performed as planned and in the end, the transcutaneous 
magnetic signal in the axilla detected by the SentiMag® probe (Endomagnet-
ics, Cambridge, UK) was registered. If IBC was confirmed in final pathology, 
a SNB was performed in another session. Axillary mapping was performed 
with SPIO and radioisotope (Tc99) was used for comparison. Blue dye was 
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strongly recommended. In cases of breast conservation, injection site was de-
fined by local routines. If a mastectomy had been performed, the radioisotope 
was injected intradermally, near the scar.  

Transcutaneous magnetic- and isotope signals in the axilla, were detected 
and registered. SNB was conducted with the SentiMag® probe. After SN re-
trieval, the presence of radioisotope signal or BD was also registered; thereaf-
ter, the axilla was explored for radioactive and blue nodes, but not magnetic. 
Intraoperative frozen section was performed in order to avoid a third opera-
tion. If SNB failed, axillary dissection was performed according to surgeon's 
decision. In order to investigate the impact of the implementation of SentiNot 
policy on a national level, synchronous data on patients with a postoperative 
DCIS diagnosis were retrieved from the Swedish Cancer Registry. The Swe-
dish Cancer Registry was founded in 1958 and the coverage for breast cancer 
is estimated to be 100% Appropriate potential candidates for the SentiNot 
study were identified, so as to assess how many SNB could have been spared. 

Paper IV presents the results of a pre-specified interim efficacy analysis of 
the primary endpoint at 50% of recruitment. 

4.4 Endpoints and statistical analyses 

4.4.1. Paper I 
The study assumes a 97% proportion detected by conventional SNB and SPIO 
SNB, a limit difference for equivalence of -4% and the expected difference 
between the proportions detected under both arms as 0%. This means that 
equivalence is accepted if the proportion detected under the SPIO arm is as 
low as 93%. Detection rate was additionally tested in a right-sided binominal 
test with the alternative hypothesis that the proportion of successful SNBs was 
greater than 93% for each tracer. Prospective sample size for a paired test with 
a 0.05 one-sided significance level and 80% power to reject the null hypothe-
sis was 214 cases. 

The primary end point of the study is the proportion of successful SNBs 
(DR per case) with either the standard (RI+BD/ or RI alone) or the magnetic 
technique (SPIO). Secondary end points included the proportion of SN de-
tected (nodal DR) as well as the proportion of pathologically positive results 
(malignancy rate) per case and per node with either the standard or the mag-
netic technique. Moreover, the concordance and reverse concordance for suc-
cessful detections (per patient and per node overall and in terms of malig-
nancy) are compared. Concordance is defined as the number of both standard 
(RI+BD/ or RI alone) and SPIO positive patients or nodes, divided by the 
number of patients or nodes marked by the standard method (standard+ and 
SPIO+ ⁄standard+). Reverse concordance is defined as the number of both 
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standard- and SPIO- positive patients or nodes, divided by the number of pa-
tients or nodes marked by the SPIO tracer (standard+ and SPIO+ ⁄SPIO+). 
Only tumor positive patients and nodes are included in the respective malig-
nancy concordance rates. Additionally, the false negatives of the method and 
the overlap between the conventional and the magnetic technique has been 
addressed. Finally, skin discoloration is followed and registered. For all data, 
a 95 % confidence interval (95%CI) will be calculated. Means (95% CI) or 
medians (interquartile range, IQR) are presented as appropriate after Kolmo-
gorov Smirnov and Shapiro Wilk tests of normality are performed. Rates are 
presented with 95% CI. A p-value of < 0.05 will indicate that the null hypoth-
esis was rejected. Values will be calculated using SPSS (V 22.0. Armonk, NY: 
IBM Corp.). 

A systematic review and meta-analysis of available literature will be un-
dertaken according to Cochrane Database methodology for interventions. The 
reason that it is not performed as a meta-analysis of accuracy for diagnostic 
studies is that, in the absence of an axillary clearance background, the FNR of 
SPIO, on the one hand, and RI and BD on the other poses a severe restriction 
for results and conclusions (74). Study selection and data extraction will be 
performed independently by two authors. Endpoints from the data extraction 
and calculation included detection rates per case and per node, including ma-
lignancy, where available. Heterogeneity among studies will be assessed by 
means of the I2 statistic. Dichotomous data analyses will be performed by 
estimating the pooled odds ratio (OR), according to the Mantel Haenszel 
method. Concordance rates are also recalculated and presented, according to 
the current definition. Rate comparison was performed using the inverse var-
iance method. All studies included in the meta-analysis will be evaluated ac-
cording the MINORS revised criteria for prospective non-randomized trials 
(75) by an independent author so as to ensure objectivity. Analysis will be 
conducted using the RevMan5.3 software. 

4.4.2. Paper II 
Descriptive values are presented as medians with range and interquartile 
range, due to the small number of participants. Comparisons are performed 
with the Wilcoxon signed rank test. Correlation is performed with Spearman’s 
ρ. Rates are given as percentages (%) and comparison between detection rates 
is performed with the Mc Nemar’s test. Detection rates and comparisons are 
performed for tracer per tracer separately, but also between SPIO and the dual 
technique. Successful localization with the dual technique was considered as 
every case were SN was detected by the isotope, the blue dye or both. Con-
cordance, as defined in paper I was also calculated. All analyses were per-
formed with SPSS V 23.0 (Armonk, NY: IBM Corp). All tests were two-sided 
and a p-value lower than 0.05 was considered significant. 
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4.4.3. Paper III 
MONOS was conceived as a prospective pragmatic trial, aiming to examine 
the feasibility of SPIO as the sole tracer of SNB in patients with early breast 
cancer. For that reason, a synchronous cohort of patients treated with the es-
tablished standard dual technique (radioisotope and dye) had to serve as a con-
trol arm. Due to the nature of the intervention, blinding is not feasible for nei-
ther surgeons nor patients. 

A standard DR of 97% for SNB is assumed from the literature.  The con-
sideration concerning sample size was the unforeseen difference in detection 
rates (R) as to those expected, so as to terminate the study prematurely. For 
that, a one-sided hypothesis had to be constructed so as to fill the condition 
that Ractual - Rexpected < δ, where δ set to 5%. Aiming for a 0.05 one-sided sig-
nificance level and 80% power to reject the null hypothesis, the minimum 
sample size for each arm, is 127 cases. 

Study primary endpoint is the detection rate for each method. Secondary 
endpoints ae the number of nodes retrieved, as well as the effect of injection 
timing and injection site in SNB DR. Moreover, a follow-up will be performed 
every three months in the patients who were enrolled in the SPIO arm in order 
to define the size and fading of skin staining in the postoperative period. The 
size of staining was measured in maximum dimensions and the intensity of 
the staining were registered. Moreover, the patients with a remaining skin 
staining were asked if they were affected by that (Yes or No). Regardless of 
how they felt, they were asked to evaluate if staining affected the aesthetic 
outcome by filling in a Likert item from 0 (not at all) to 5 (very much). The 
question is addressed at the last two follow up dates with a three months´ in-
terval. Individual scores are documented, as well as the difference (Δ) between 
assessments per patient. Likert items are selected in the absence of a relevant 
validated questionnaire in available literature. Finally, the primary cost per 
case with the use of SPIO will be calculated and compared it to the use of RI 
and BD in the same health care setting. For that purpose, the costs of tracers 
per patients will be taken up, as well as the cost of the preoperative visit of the 
patient to the Nuclear Medicine Department. 

Kolmogorov-Smirnov tests of normality are conducted where appropriate 
and descriptive values are presented accordingly as means (95% CI) or medi-
ans (iqr). Comparisons between arms are conducted with parametric tests 
where appropriate. Detection rates per case are calculated for each arm, taking 
into account the total detection rate (cases that were successful with either the 
tracer or the addition of patent blue or both) as well as the tracer specific de-
tection rate (cases in which the sentinel node is detected with the tracer, re-
gardless of the addition of patent blue). Separate calculations will be per-
formed in the presence of malignancy. Comparisons between rates will be 
conducted using Fischer’s exact test. The z-test is to be used for the compari-
son of proportions between independent populations (study arms). Likert item 
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data shall be treated with non-parametric procedures as indicated. Statistical 
analysis is performed using SPSS (V 23.0. Armonk, NY: IBM Corp.). 

4.4.4. Paper IV 
In order to approach an appropriate sample size with the study, one would 
require that only patients that upgrade to IBC are operated with a SNB. Data 
from the Uppsala Örebro regional breast cancer registry (2014) depict that 
20% of patients with a preoperative diagnosis of DCIS will upgrade to IBC. 
In the same region, following guidelines results in that approximately 50% of 
patients with DCIS undergo SNB. A total of 246 with a preoperative diagnosis 
of DCIS is required to demonstrate that the true proportion that will upgrade 
to IBC is 20% accepting 5% uncertainty (corresponding to confidence limits 
of +/- 5%). Given that SNB is performed in an observed proportion of 50% of 
DCIS cases (Clopper Pearson 95% CI: 43.6%, 56.4%), the study aims that 
SNB will be performed only if IBC is diagnosed, that is, to an expected 20%. 
The sample size is adequate to demonstrate that an anticipated reduction in 
SNB by 60% is significant (z-statistic=11.763, p<0.0001).  

An interim efficacy analysis of the primary endpoint using the O’Brien-
Fleming procedure (76) was pre-specified at 50% of recruitment. The 2-sided 
p-value for the primary endpoint was subsequently set to 0.0054. For all other 
comparisons, a 2-sided p-value of 0.05 was considered significant. 
In order to investigate the impact of the implementation of SentiNot policy on 
a national level, synchronous data on patients with a postoperative DCIS di-
agnosis were retrieved from the Swedish Cancer Registry. Appropriate poten-
tial candidates for the SentiNot study were identified, so as to assess how 
many SNB could have been spared. Additionally, costs of inpatient and out-
patient care were retrieved from the respective hospital registries and respond 
to actual healthcare expenses from 2015 to present day. Fixed estimates of 
costs for healthcare per year and per region were calculated by the pricing lists 
provided by the respective economic departments of the centres participating 
in the study, with a model provided by Uppsala-care. 

Actual total cost per patient included admission on an outpatient or inpa-
tient basis, operation and anesthesia per minute and SNB pathology, either 
standard or intraoperative frozen section. Results were reported according to 
the CHEERS statement (77). Descriptive values are presented as means with 
95% confidence intervals (m, 95%CI) or medians with interquartile range 
(med, iqr) as appropriate. Continuous variables are compared with Student’s 
t-test or non-parametric tests, depending on variable distribution. Dichoto-
mous data were analyzed with Pearson’s χ2 test or Fisher’s exact test and the 
McNemar’s test is used for paired observations. All analyses of outcomes 
were performed per protocol. Statistical analyses were performed with SPSS 
v 24.0 (IBM, Armonk, USA) and R (R Foundation for Statistical Computing, 
Vienna, Austria). 
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4.5 Ethical considerations, ethics committee approval 
and trial registration 
All the projects involved in the present thesis did not involve controversial or po-
tentially harmful procedures for the patients. All studies were conducted accord-
ing to the Helsinki declaration (78). All projects were approved by the ethics com-
mittee in Uppsala. Projects described in Papers II, III and IV were registered in a 
public trial registry. (https://doi.org/10.1186/ ISRCTN14097881 and 
https://doi.org/10.1186/ISRCTN18430240). 
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5. Results 

5.1 Paper I 
A total of 206 patients and procedures were included in the study. Mean age 
was 61.7 years and median BMI 25.4. Mean tumor size was 19.0 mm with 
values ranging from 1 to 150 mm. BD was used in 127 patients (61.7%). Pa-
tient and tumor characteristics are shown in Table 1.  

The transcutaneous detection with Tc was successful in 202 of 206 patients 
(98.1%), and with Sienna+ in 189 (91.7%), resulting in a 6.4% difference 
(p=0.0036). Correlation analysis showed that the presence of the transcutane-
ous signal for both tracers was associated with BMI (Spearman’s ρ for RI: -
0.167, p<0.05 and Sienna+ -0.191, p<0.01). Age, tumor size, time between 
injection and previous surgery or type of surgery did not correlate with 
transcutaneous detection. 

SN detection with the standard technique succeeded in 200 patients (97.1%) 
and 201 with Sienna+ (97.6%), displaying no difference (p=0.76). Both tech-
niques were successful concomitantly in 196 cases (95.1%). Subsequently, per 
patient concordance was 98.0% and reverse concordance was 97.5%. Total 
failure for both techniques occurred in only one patient (0.48%), who had 
multiple macrometastases. Metastases were noted in 54 patients (26.2%). 
These were detected by both methods in 52 cases (96.3%), Tc in 53 (98.1) and 
Sienna+ in 52 (96.3%) resulting in concordance and reverse concordance per 
malignant case of 98.1% and 100% respectively. Per patient data of the Nordic 
study and studies included in the meta-analysis are presented in Tables 2 and 
3. 
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Table 1. Patient characteristics 

    n % 
Menopau-
sal status      
  Premenopausal 30 14.6 
  Postmenopausal 140 68.0 
  Perimenopausal 6 2.9 
  Not assessed 30 14.6 
       
Type of 
surgery      
  Mastectomy 52 25.2 

  
Breast conserving 
surgery 154 74.8 

       
pT      
  Tis 10 4.9 
  T1 126 61.1 
  T2 56 27.2 
  T3 7 3.4 
  Not assessed 7 3.4 
       
pN      
  N0 152 73.8 
  N1mi 20 9.7 
  N1 27 13.1 
  N2 6 2.9 
  N3 1 0.5 
  Not assessed 0 0.0 
       
Grade      
  G1 37 18.0 
  G2 74 35.9 
  G3 32 15.5 
  Not assessed 62 30.1 
       
Ki67%      
  >15% 106 51.5 
  <15% 60 29.1 
  =15% 18 8.7 
  Not assessed 22 10.7 
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A total of 403 SNs were retrieved.  Out of these, 353 were detected by both 
techniques, (87.6%); 368 with the standard technique, (mean 1.79 and detec-
tion rate 91.3%); 376 with Sienna+, (mean 1.83 and detection rate 93.3%, 
p=0.34). The nodal concordance and reverse concordance were 95.9% and 
93.9% respectively.  Out of the total 403 nodes, 68 (16.9%) were malignant. 
RI detected 63 (92.6%) and Sienna+ 62 (91.2%), whereas both succeeded sim-
ultaneously in 60 nodes (88.2%). The concordance and reverse concordance 
for malignant nodes were 95.2% and 96.8%.  Per node data of the Nordic study 
and studies included in the meta-analysis are presented in Tables 4 and 5. 

Table 2. Per patient figures from the studies used in the meta-analysis. (nd: not de-
fined, na: not applicable.) 

 

Table 3: Rates per patient from the studies used in the meta-analysis. (nd: not de-
fined, na: not applicable. The denominator is always the total of patients per study. 
95%CI: 95% confidence intervals using the Wilson procedure with a correction for 
continuity. Rate differences are given as |Standard-SPIO|. Fisher's exact test is per-
formed and 2-tailed p-values are given. p-values<0.05 are considered significant.) 

Discoloration 
Follow up data were available in 186 of 206 patients (90.3%). The initial pro-
tocol stated a follow-up visit after 6 months, but since a marked discoloration 
was found in a considerable amount of women, the follow-up period was ex-
tended. Thus, median follow up was 310 days (IQR 182). Correlation analysis 
showed that the incidence of discolouring was strongly associated with breast 
conserving surgery (Kendall tau= -0.416, p<0.001), since 95.6% of patients 
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with discoloration had been treated with BCS. Age, BMI or the incidence of 
perioperative staining were not correlated (p>0.5).  

Discoloration was present in 35.5% of patients postoperatively (0-3 
months) and faded progressively in size and colour over time to 21% of pa-
tients after a year. Staining remained present in 8.6% 15 months after the op-
eration, but much smaller and paler. Discoloration for the entire cohort and 
the BCS group are essentially the same (within 95%CI). Additionally, the 
curve demonstrated below in Figure 1 is identical for both. Finally, all the 
patients who had discolouration and were checked with the probe presented 
magnetic activity (positive prognostic value 100%); however, no correlation 
of the transcutaneous counts was found with size, intensity or duration of the 
skin discoloration. 

 

 
 

                                                 Months 
0-3 4-6 7-9 10-12 12-15 15+ 

Staining 
Rate  

 

35.5 
 

32.3 
 

29.0 
 

24.7 
 

21.0 
 

8.6 
 

Figure 1. Discoloration in the follow up cohort; size and colour of the spheres repre-
sent the median of the discoloured surface in cm2 in the discoloured proportion of 
the cohort and the fading respectively. 
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Meta-analysis 
Seven studies were included (see PRISMA flow below) with a total of 1118 
cases performed and 2300 nodes retrieved. 

 

 
 
Figure 2.  PRISMA flow chart for the systematic review. Numbers in parentheses re-
fer to respective references from the published version of paper I. 

The included studies were all graded according to the MINORS criteria, as 
previously stated. The scoring is illustrated in Table 4. 
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Table 4. Rating of studies according MINORS criteria. 

 

As far as results are concerned, no difference was observed in the detection 
rates per case in any of the studies (fixed OR:1.10; 0.67,1.79, p=0.71) between 
SPIO and conventional methods (Table 5).  
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Table 5. Detection rate per case 
 

 

However, moderate heterogeneity was present (I2=48%) among the studies as 
far as nodal detection rate was concerned (table 5). The random OR was 1.84 
(1.37,2.47), resulting in significant difference in favor of SPIO (table 6).  

Table 6. Detection rate per node 
 

 

The detection rates in cases with a positive SNB were comparable for both 
methods (fixed OR:1.33; 0.63, 2.81, p=0.45) as well as detection rates per 
malignant nodes (fixed OR:1.55; 0.86, 2.79, p=0.14). 

Concordance rates were recalculated for all included studies according to the 
definitions (standard+ and Sienna+ ⁄standard+) with 95% CI. No substantial 
differences were noted (Fig. 3). 

Subsequent inverse variance analysis was conducted using “risk differ-
ence” defined as |Concordance-Reverse concordance|, depicting similar rates 
per case among studies (p=0.82) (table 7). The comparison of concordance 
rates per node however revealed heterogeneity among the studies (I2=54%), 
as well as that more SNs are detected with SPIO (table 8). The same compar-
isons were conducted in the presence of malignancy, without any evidence 
that imply a difference per case (RD=0.00, 95% CI: -0.03, 0.02, p=0.73)) or 
per node (RD=-0.03, 05%CI: -0.06, 0.01, p=0.10). 
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Figure 3. Forest plot depicting concordance rates for all included studies. 
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Table 7.  Comparison of concordance versus reverse concordance rates per case. 

 

 Table 8.  Comparison of concordance versus reverse concordance rates per node. 

 

5.2 Paper II 
Twelve consecutive patients were included, operated from September 2014 to 
October 2014. Clinicopathological characteristics are presented in Table 1. 
SPIO was injected three to fifteen days before the operation (median eight 
days). Transcutaneous magnetic signal was present in all patients at operation 
and radioactivity was present in ten. In nine patients (75%), the SN was iden-
tified with all three methods. Blue dye was successful in nine cases (75%) and 
Tc99 in ten (83.3%). The dual technique was subsequently successful in ten 
cases (83.3%).  SPIO was successful in all cases (100%). Therefore, no dif-
ference was noticed in detection rates between SPIO and isotope (p=0.500) or 
between SPIO and dye (p=0.250) and SPIO and the combined dual technique 
(p=0.500). Concordance between RI (and the dual technique) and SPIO per 
case was 100%. In these ten patients, there was complete nodal concordance 
for retrieved nodes (13/13, 100%), demonstrating that the exact same nodes 
were identified as sentinels by SPIO and RI.  Nodal concordance between 
SPIO and the dual standard was 81.25% (13/16), because of three nodes that 
were colored but neither radioactive nor magnetic. A median of one sentinel 
(Table 1) was retrieved totally as well as per tracer. No differences were found 
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in the number of nodes retrieved with either SPIO or the dual technique 
(p=1.000). Metastases were found in three patients (25%). None of the three 
nodes detected only by the dye harbored metastasis. 

The cases that blue dye and isotope failed were examined separately. One 
of the patients detected only with SPIO had undergone neoadjuvant therapy 
for an 85 mm gr 2 lobular cancer. The axillary sentinel node contained a mac-
rometastasis and in the subsequent axillary clearance, nine out of 20 nodes 
contained macrometastases. The other patient where isotope and dye failed 
did not present any specific features. Finally, the patient in which only blue 
dye failed had previously been operated with a wide local resection because 
of DCIS. 

In the present series, transcutaneous magnetic signal was a predictor of 
successful detection (positive prognostic value 100%).  
In the first three patients with palpable lesions, the surgical specimen includ-
ing the injection site of SPIO was sent for postoperative mammography. 
SPIO artefacts could not be detected on mammograms and no disturbance in 
the visualization of the breast lesions was noted. Then, in patient number 
four with a non-palpable lesion, SPIO was injected and pre-operative guide 
wire localization was performed. The SPIO was not detectable on mammo-
grams before or after surgery and the lesion was clearly seen both pre-opera-
tively and in the surgical specimen (Fig. 1a-c). An MRI was performed also 
after SPIO injection. SPIO induced artefacts were evident in imaging (Fig. 
2d). 

Table 1. Clinicopathological data. 
Age (median, iqr) 70.5 yrs, (18) 
BMI (median, iqr) 24.7 kg/m2  (6.3) 

 
Sex Female 11 91.7% 

1 8.3% Male 
   

  
Primary Systemic Treat-
ment 

No 11 91.7% 
1 8.3% Yes 

Clinical tumour size (median, iqr) 30 mm                           
(26) 

Multifocality 
 

No 7 58.3% 
5 41.7% Yes 

Primary tumour size (median, range) 20 mm                      (4,85) 
Histological type DCIS 1 8.3% 

8 66.7% 
2 16.7% 
1 8.3% 

IDC 
ILC 
Mixed type 

Nuclear grade In situ, grade 3 1 8.3% 
2 16.7% 
5 41.7% 
4 33.3% 

1 
2 
3 
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Receptor status ER+HER2- 9 75.0% 

1 8.3% 
1 8.3% 
1 8.3% 

ER+HER2+ 
ER-HER2- 
Not assessed (DCIS) 

T-stage Tis 1 8.3% 
6 50.0% 
3 25.0% 
2 16.7% 

T1 
T2 
T3 

Days between SPIO injection and operation (median, range) 8                        (3,15) 
Transcutaneous axillary counts at the day of the operation 
(median, range) 

282                                 
(50,1314) 

Ex vivo signal on SN (median, range) 4300            (200,9999) 
SNs retrieved (median, range) 1                           (1,3) 

 
Figure 1. a. Preoperative mammography after SPIO injection. b. Placement of a lo-
calization guidewire without problems. c. Specimen mammogram. d. MRI after 
SPIO injection. 

At histopathology, SPIO deposits were examined in relation to the breast le-
sion and in the SLN. There was an uptake of SPIO in macrophages subcuta-
neously at the injections site and in histiocytes in the SLN but there was no 
uptake in the primary tumors or in lymph node metastases (Figure 2a-b). On 
the contrary, the examination of frozen sections of SLNs was easier as the 
SPIO was not accumulated in metastatic cells. We could not see any disturb-
ance of the following cytokeratin MNF (CKMNF) staining. The yellow-
ish/brownish SPIO granules in the cytoplasm of the histiocytes were easily 
separated from the distinct CKMNF staining of the membranes and cytoplasm 
of tumor cells (Figure 3c). 
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Figure 2.  Histopathology in the tumor (a) and SLN (b) without any SPIO artefacts 
present. c. CytoKeratin MNF (CKMNF) staining of the membranes and cytoplasm is 
not distorted by the easily identified yellowish/brownish SPIO granules in the cyto-
plasm of the histiocytes. 

The decline of the magnetic signal was followed in the volunteer injected with 
SPIO. The counts in the axilla increased with a peak three weeks after the 
injection and remained high for more than four weeks (Figure 4). Fifteen days 
after the injection, the volunteer passed a metal detector (Ceia02PN20) at Ar-
landa International airport without the detection of ferromagnetic signal. 

 
Figure 4. Transcutaneous axillary ferromagnetic signal curve in a volunteer. No side 
effects were reported by the patients or the volunteer.  

5.3 Paper III 
A total of 343 SNBs in 338 consecutive patients with breast cancer were in-
cluded. The 99mTc arm included 159 SNBs in 155 patients, whereas the SPIO 
arm included 184 procedures in 183 patients. Three patients were not included 
owing to lack of SPIO during 1 week. In the SPIO arm, BD was used in 92 
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procedures (50.0%). Characteristics of the study arms are summarized in Ta-
ble 1. The only difference between groups was in BMI (P = 0.008).  
 
- Detection rates and node retrieval 
The DR was 95.7% in the SPIO arm and 96.8% in the RI arm (p = 0.586), and 
no difference was noted in tracer-only detection rates (93.4 vs 95.5%; p = 
0.481). Multinomial logistic regression for BMI resulted in no difference, ei-
ther in the overall (expB 0.989, 95% CI 0.869 to 1.126; p = 0.869) or the 
tracer-specific (expB 1.077, 0.990 to 1.172; p = 0.083) DR. No difference be-
tween arms was noted in patients with SN metastases (overall: 92.3 vs 89.8%, 
p= 1.000; tracer only: 92.3 vs 83.3%, p = 0.431). BD did not increase the 
detection rate (P = 0.491 for SPIO and P = 0.770 for RI).  

In the SPIO arm, the nodal DR for the tracer was 93.5%.  The mean number 
of sentinel nodes retrieved per procedure was 1.35 and the tracer-specific 
mean was 1.26. The nodal detection rate for RI-only was 90.3%, with a total 
mean of 1.89 nodes and a tracer-specific mean of 1.70. Comparison of means 
between the two groups verified that SPIO yielded fewer nodes, regardless of 
the use of ink (p< 0.001). However, no difference was demonstrated between 
nodal detection rates (p = 0.177). Previous surgery, age, BMI or presence of 
metastases were controlled as factors in the cases that SPIO or RI failed to 
detect the SNB and no association was found. 
 
- Influence of timing of superparamagnetic iron oxide injection  
In the SPIO group (183), a total of 108 patients (58.7%) had the nanoparticles 
injected a median of 16 (range 2–27 days) before surgery. BD was injected in 
26 of these patients (24.1%). 

Subgroups according to timing of injection were comparable, with the ex-
ception of incidence of BCS (P = 0.018) (Table 2). Data were available for 
107 of the 108 patients who received SPIO before surgery, with a successful 
detection of SNB in 102 who had SPIO alone, and in 105 with the addition of 
BD, resulting in detection rates of 95.3 and 98.1% respectively. On the other 
hand, in the 76 patients who had a perioperative SPIO injection, SNB detec-
tion was successful in 65 who received SPIO alone and in 70 who had SPIO 
and BD; detection rates were thus 86 and 92% per cent respectively. There 
was a difference in DR for SPIO only between preoperative and perioperative 
administration (95.3 vs 86%; P = 0.031). In multinomial logistic regression 
analysis for timing of SPIO injection and type of surgery, the latter did not 
affect the detection rate (expB 1.383, 95 per cent c.i. 0.498 to 3.840; P = 0.534) 
and only preoperative injection was associated with increased tracer-specific 
detection (expB 3.255, 1.063 to 9.965; P = 0.039). The difference in sentinel 
node detection between preoperative and perioperative SPIO administration 
did not reach statistical significance when blue dye was added (98.1 vs 92%; 
p = 0.068). BD was used more frequently in patients who received a periop-
erative SPIO injection (66 patients; 88%; p < 0.002).  
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Preoperative SPIO injection also resulted in the harvesting of more SN. The 
mean number of SN retrieved when SPIO was used with or without BD was 
1.21 for the perioperative injection group and 1.45 for the preoperative injec-
tion group (P = 0.029). The difference was more obvious for the number of 
sentinel nodes detected only by SPIO; preoperative injection was associated 
with the retrieval of 1.43 (1.28 to 1.58) nodes versus 1.03 (0.89 to 1.17) for 
perioperative administration (P < 0.001). All nodes retrieved in patients who 
received a preoperative injection were brown (Fig. 1), facilitating identifica-
tion. 

 
Fig. 1 a.  In situ and b. ex vivo sentinel node in a patient injected with Sienna+® 

Table 1. Characteristics of patients per study arm. Values in parentheses are percent-
age of patients unless indicated otherwise; values are *median (95 per cent c.i.) and 
†median (range). n.a., not applicable. §z test for independent samples, except ¶Stu-
dent’s  t test, #Mann–Whitney U test and **Fisher’s exact test. 

 
 SPIO RI Total P§ 
No. of patients 183 155 338  
No. of procedures 184 159 343  
Age (years)* 63.5 (61.8, 65.1) 65.0 (64.0, 68.0) – 0.256¶ 
BMI (kg/m2)* 25.8 (25.1, 26.4) 27.2 (26.4, 28.1) – 0.008¶ 
Tumour size (mm)†  16 (2–80) 15 (2–83) – 0.411# 
Nuclear grade  

1 
2 
3 
Missing 

 
33 
80 
53 
18 

 
32 
79 
34 
14 

 
65 

159 
87 
32 

0.233** 

Histological type  
In situ 
IDC 
ILC 
Other 
 

 
18 

132 
30 
4 

 
12 
114 
26 
3 

 
30 

246 
56 
7 

0.935** 

Intrinsic subtype‡  
Luminal A 
Luminal B/HER2– 
Luminal B/HER2+ 

 
78 
46 
20 

 
92 
29 
10 

 
170 
75 
30 

0.093** 
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HER2+ 
Triple-negative 
Unknown 

6 
13 
21 

4 
11 
12 

10 
24 
33 

Type of operation  
Mastectomy 
BCS 
SNB 

 
57 (30.6) 

126 (68.9) 
1 (0.5) 

 
52 (32.7) 
105 (66.0) 

2 (1.3) 

 
108 
231 
3 

 
0.670 
0.579 
0.481 

Nodal metastasis (%) 21.9 (16.2, 28.7) 25.8 (19.3, 33.4) – 0.390 
Successful procedures  

Tracer only 
Tracer and dye 
Malignant 
Malignant detected 

by tracer only 
Malignant detected 

by tracer and dye 

 
171 
175 
26 
24 
24 

 
152 
154 
30 
25 
27 

 
 
 

 

  

Lymph nodes  
Total 
Tracer only 

 
247 
231 

 
300 
271 
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Table 2. Characteristics of SPIO patients per injection timing.   

 

 

Timing of SPIO injection 

P† Preoperative Perioperative 

Median age (years)  65 68 0.116‡ 

Median BMI (kg/m2)  25.2 25.6 0.416‡ 

Type of operation   0.018 

BCS  81 46  

Mastectomy 27 30 

SN detected   0.068 

Yes 105 70  

No 2 6 

No. of SNs* 1.45 (1.30, 1.59) 1.21 (1.05, 1.37) 0.029§  

SPIO-specific SN detected   0.031 

Yes 102 65  

No 5 11 

No. of SNs* 1.43 ( 1.28, 1.58) 1.03 (0.89, 1.17) < 0.001§ 

Histological type   0.107 

In situ 12 6  

IDC 79 53 

ILC 13 17 

Other 4 0 

T category   0.124 

Tis 12 6  

T1a 4 1 

T1b 43 24 

T1c 19 18 

T2 23 24 

T3 4 3 

Intrinsic subtype   0.145 

Luminal A 40 38  

Luminal B/HER2– 30 16 

Luminal B/HER2+ 10 10 

HER2+ 3 3 

Triple-negative 10 3 

In situ 15 6 

Metastasis in SN   0.316 

Yes 15 15  

No 93 61 
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- Follow-up, discoloration and patient satisfaction 
Median follow-up in the SPIO group was 398 (i.q.r. 84) days. Some 39.9% of 
patients presented with skin staining that faded slowly in size and color over 
time. Albeit much smaller and paler, staining was still present in 35.9% after 
15 months (Fig.2). BCS had been performed in 97%, representing a strong 
correlation (P < 0.001). Patients who received a deeper peritumoural injection 
of SPIO had less staining immediately after surgery, as well as less staining 
over time. In total, 58 of 73 patients who developed staining had received a 
periareolar injection, whereas only 15 had had a peritumoural injection (p = 
0.046) (Table 3). No other characteristics or outcomes varied according to site 
of injection (periareolar versus peritumoural) in univariate analysis (Table 3).  

All 65 patients with discoloration remaining after more than 10 months re-
sponded to the questionnaire at both time points. Only two patients in this 
subgroup (3%) complained that they were affected by the stain. Views regard-
ing skin staining and cosmesis were mixed. The majority of patients consid-
ered staining a minor problem, if an issue at all (60% at the first assessment 
and 61% at the second). No substantial change in views was noted between 
the two time points (p = 0.280). The radar plot in Fig.3 depicts the answers of 
the interviewed patients on the two different time points. 

 
Fig. 2 Scatter plot showing the rate of discoloration in the cohort over time. Median 
stained areas are shown for discolored surfaces after exclusion of patients with no 
staining. The fading effect is given schematically with a preselected visual analogue. 
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Fig.3 Radar plot depicting the views of the patients on the cosmetic outcome. 
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Table 3. Characteristics of SPIO patients per injection site. 
Site of SPIO injection 

P† Periareolar Peritumoural 

Median age (years)  65 66 0.265‡ 

Median BMI (kg/m2)  25.2 25.5 0.901‡ 

SN detection   0.444 

Yes 124 51  

No 7 1 

No. of SNs* 1.32 (1.20, 1.45) 1.42 (1.21, 1.64) 0.400§ 

SPIO-specific SN detected   0.563 

Yes 118 49  

No 13 3 

No. of SNs* 1.21 (1.09, 1.34) 1.38 (1.16, 1.61) 0.158§ 

Histological type   0.665 

In situ 15 3  

IDC 91 41 

ILC 22 8 

Other 3 1 

T category   0.124 

Tis 15 3  

T1a 2 3 

T1b 49 18 

T1c 26 21 

T2 34 13 

T3 3 4 

Intrinsic subtype   0.295 

Luminal A 58 20  

Luminal B/HER2– 29 17 

Luminal B/HER2+ 16 4 

HER2+ 5 1 

Triple-negative 6 7 

In situ 15 6 

Metastasis in SN   0.660 

Yes 20 10  

No 111 43 

Skin staining   0.046 
Yes 58 15  

No 72 38  
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- Cost analysis 
Logistics were simplified in the SPIO arm, as the preoperative visit to the de-
partment of nuclear medicine could be omitted. As far as the tracer and injec-
tion expenses per procedure were concerned, the average was €225 for the 
SPIO arm versus €252 for the RI arm, with SPIO being slightly cheaper by 
approximately €27. 

Compared with perioperative administration, preoperative injection of 
SPIO saved an additional minimum of 20 min in the operating theatre, which 
is the time needed for SPIO to migrate to the axilla. With an average cost of 
€17.6 per min for the operating theatre in the Uppsala Örebro Region, (€352.7) 
was saved per procedure. 

5.4 Paper IV 
For the interim analysis, 151 patients (61.4%) had been recruited (Table 1).  
IBC was detected in 32. No differences in characteristics were demonstrated, 
when compared to the entire cohort (Table 2). In four, tumour size was <1 mm 
and no SNB was performed. The incidence of upgrade to invasive cancer 
(21.2%; 95%: CI 15.1, 28.7) was comparable to the 20% of the hypothesis, 
(p=0.607), as was the proportion that SN was performed (18.5%; 95% CI: 
12.9, 25.6, p=0.258).  The reduction in SNB was 81.5% (Chi square=174.726, 
p<0.0001) and an average of 4.4 SNBs were spared for each performed.     

At reoperation (median 27 days, range 9-46), transcutaneous magnetic sig-
nal was present in all cases. Protocol violation led to exclusion of one, leaving 
27 for analysis. The combination of SPIO and BD localized the SN in all cases 
(100.0%), whereas Tc and BD were successful in 18 cases (66.7%) resulting 
in a difference (Mc Nemar’s, p=0.004). Similar were the differences in SPIO-
only detection [(SPIO-only detected the SN in 24 cases (89.0%) and Tc-only 
in 16 (59.3%), p=0.039]. In univariate analysis, the factors related with a suc-
cessful SPIO specific SNB biopsy on reoperation were type of surgery (mas-
tectomy vs breast conservation 57.4 vs 100%, p=0.012), and surgeon’s famil-
iarity with the technique (100% vs 70%, p=0.041).  However, none of these 
factors retained significance on multivariate logistic regression. Analysis of 
these cases revealed that, in the three cases SPIO “failed”, it was the first at-
tempt of the surgeon with the magnetic technique and in two cases, mastec-
tomy had been performed. The nodes were specifically assessed afterwards by 
the pathologist and found to contain SPIO, just like the probe-detected nodes. 
The addition of BD eliminated this difference for type of surgery (100% vs 
100%, p=1.000). Both tracers retrieved same number of SN (median 1, 
p=0.385). No adverse effects were noted. SPIO skin discoloration rate was 
19.3% in the entire cohort, presented exclusively in BCS, with a mean stain 
of 3.4 cm2. In patients who underwent SNB, SPIO discoloration was present 
in six (25.0%),  
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Table 1. Patient characteristics in the interim cohort. 
SentiNot interim analysis cohort (n=151) 
Age (mean, 95% CI) 59.8 (58.0, 61.6) 
Radiologic DCIS size (mean, 95% ci) 39.6 (35.0, 44.1)  
Size cut-off <40mm 89 58.9% 

≥40mm 62 41.1% 
Nuclear Grade on Core 

Biopsy 
2 41 27.1% 
3 100 66.2% 

Unknown 10 6.7% 
Detection mode Screening 134 88.7% 

Clinical 17 11.3% 
Palpable lesion or radi-

ologic mass effect 
Yes 21 13.9% 
No 130 86.1% 

   
Type of Breast Sur-

gery 
BCS 102 67.5% 

Mastectomy 49 32.5% 
Transcutaneous  

axillary signal at the 
end of the operation 

Yes 132 87.4% 
No 2 1.3% 
Na 17 11.3% 

   
Pathologic DCIS size (mean, 95% CI)  40.8 (36.2, 45.3) 

Nuclear Grade on 
Specimen 

2 27 17.9% 
3 123 81.5% 

Unknown 1 0.7% 
Invasive cancer in 

specimen  
Yes 32 21.3% 
No 119 78.7% 

Invasive cancer size (mm) (mean, 95%CI)  8.9 (3.1, 14.7) 
    

SPIO induced skin 
staining 

Yes 29 19.3% 
No 121 80.7% 

SN as a second  
operation 

Yes 28 18.5% 
No 123 81.5% 

 

whereas BD staining in eleven (54.2%, Mc Nemar’s p=0.092). SentiNot pol-
icy resulted in substantial cost containment of surgical care, with a mean re-
duction of 812 USD (95% CI: 543, 1081) per patient, corresponding to a re-
duction of 14.1% (4953 vs 5765 USD, p<0.001) for the entire cohort. When 
addressing patients that would have been treated with SNB without having 
IBC, the mean reduction was 1477 USD (95% CI: 1422, 1533), resulting in a 
25.8% reduction (4242 vs 5719, p<0.001). 

During the same period, 1688 patients in Sweden were treated for a pre-
operative diagnosis of DCIS but had pure DCIS confirmed by specimen pa-
thology. Clinicopathological features were similar to the SentiNot cohort (Ta-
ble 3). Totally, 1005 (59.5%) underwent axillary evaluation. As shown in Ta-
ble 4, predictive factors in multivariate analysis were younger age (58.9 vs 
61.2 years, p<0.001), larger DCIS size (36.7 vs 22.0 mm, p=0.005), and mas-
tectomy (axillary evaluation in 85.4% of mastectomies, p<0.001). Regarding 
nuclear grade, less axillary surgery associated with grade 1 (29.5% vs 70.5%, 
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p<0.001) and grade 2 (50.9% vs 49.1%, p<0.001); grade 3 did not retain sig-
nificance as a predictive factor (77.5% vs 22.5%, p=0.083).   

Thirteen patients (1.3% of those sampled and 0.8% of the entire cohort) 
had metastases. Of the 24 patients that underwent ALND, only three were due 
to metastasis and the rest were due to SNB failure. Application of the SentiNot 
inclusion criteria would reduce SNB from 59.5% to 13.3% (McNemar’s 
p<0.001), considering that the remaining cases would not have been consid-
ered for SNB (DCIS grade I or grade II and <20mm, treated with breast con-
servation). However, all cases could have been treated within the SentiNot 
concept. 

 

Table 2: Preoperative descriptive values of patients with invasive breast cancer. In 
the last column, p-values from the indicated tests are provided with respect to 
whether these parameters are different from the cohort or the non-invasive cancer 
group. a: Student’s t-test. b: Fisher’s exact test. 

SentiNot patients who upgraded to IBC (n=32) 
Age (mean, 95% ci) (median ,iqr) 59.8 (57.7, 61.9)  0.955 a 

Radiologic DCIS size (mean, 95% ci) 
(median, iqr) 47.8 (35.9, 59.6) 0.103 a 

Nuclear Grade on 
Core Biopsy 

2 10 31.3% 
0.461b 3 19 59.4% 

Unknown 3 9.4% 

Detection mode Screening 28 87.5% 0.760b Clinical 4 12.5% 
Palpable lesion or 
radiologic mass ef-

fect 

Yes 7 21.9% 
0.158b No 25 78.1% 

 
Type of Breast  

Surgery 
BCS 22 68.8% 1.000b 

Mastectomy 10 31.3% 

SPIO Stain 
BCS 9 100% 

0.336b 

Mastectomy 0 0% 

Transcutaneous  
axillary signal at the 
end of the operation 

Yes 32 100% na 
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Table 3.  Characteristics of patients in Sweden diagnosed with pure DCIS postopera-
tively from 2015 to 2017. 
 

Patients with postoperative DCIS in Sweden (2015-2017). N=1688 
Age (mean, 95% ci) (median ,iqr) 60.0 (59.4, 60.6) 
DCIS size (mean, 95% ci) (median, 
iqr) 

30.8 (29.5, 32.1) 

 
Detection mode Screening 1226 72.6% 

Clinical 460 27.3% 
Unknown 2 0.1% 

Type of Breast 
Surgery 

BCS 1094 64.9% 
Mastectomy 567 33.5% 

Missing 27 1.6% 
Nuclear Grade 1 122 1.2% 

2 535 31.7% 
3 612 36.3% 

Unknown 419 24.9% 
 

Axillary surgery None 669 39.6% 
SNB 981 58.1% 

ALND 24 1.4% 
Missing 28 1.7% 
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Table 4. Characteristics of patients in Sweden diagnosed with pure DCIS postopera-
tively from 2015 to 2017 as to whether axillary surgery was undertaken. Continuous 
variables are presented as means with 95% CI and categorical variables as observa-
tions (%). a: Student’s t-test, b: Chi-square, c: for mastectomy. 

 
N=1688 Axillary Surgery Univariate 

analysis 

p-value 

Multivariate 
analysis 

Yes No Odds ratio, 
(95% CI) 

p-value 

Age (y) 58.9 (58.2, 
59.6) 

61.2 (60.3, 
62.1) 

<0.001a 0.986 
(0.976, 
0.996) 

<0.001 

DCIS Size (mm) 36.7 (35.0, 
38.5) 

22.0 (20.4, 
23.5) 

<0.001 a 1.013  
(1.006, 
1.019) 

0.005 

Nuclear  

Grade 

1 36 (29.5%) 86 (70.5%) <0.001 b 0.244 
(0.137, 
0.433) 

<0.001 

2 272 (50.8%) 263 (49.2%) 0.480 
(0.318, 
0.724) 

<0.001 

3 474 (77.5%) 138 (22.5%) 1.444 
(0.953, 
2.186) 

0.083 

Unknown 94 (52.5%) 85 (47.5%)   

Missing 97 (63.4%) 56 (36.6%) 

Type of 
Breast 
Surgery 

BCS 521 (47.6%) 573 (52.4%) <0.001 b 4.389c 

(3.242, 
5.942) 

<0.001 

Mastec-
tomy 

484 (85.4%) 83 (14.6%) 
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6. Discussion 

The role of SNB in the clinical decision making process for patients with 
breast cancer is pivotal.  Ever since the first landmark SNB trials were con-
ducted, the combination of RI and BD was quickly established for the standard 
of care in clinical practice with a standardized technique, detection rated as 
high as 99% and acceptable FNR (65).  However, the drawbacks related with 
difficulty to access, manipulate and dispose the RI, as well as the allergenic 
properties of the BD prompted the investigation for new tracers. But, which 
properties should be sought in a novel tracer? It has become increasingly clear 
that increasing implementations for SNB in clinical practice are mandating for 
a technique with high accuracy, low learning curve, ease of execution and un-
hindered access. 

As far as accuracy in SN DR is concerned, the studies conducted within the 
present thesis have succeeded in presenting comparable results for SPIO with 
the dual combination of RI and BD. The non-inferiority trial design was se-
lected because the Nordic trial (Paper I) and the MONOS trial (Paper III) with 
the following rationale: the conduct of trials designed for superiority or statis-
tical equality would result in a very large sample size required in order to reject 
the null hypothesis, since the margin for improvement of the DR from a rough 
approximate of 96-97% is rather narrow. From a pragmatic point of view, the 
clinical value of such a result would be relevant, but would not probably suf-
fice to accumulate all the amount of evidence to motivate change of practice. 
The DR of 97.6% for SPIO achieved in the Nordic trial and 95.7% in MONOS 
are not only statistically comparable to the RI and BD combination, but prob-
ably represent a very satisfactory tracer performance in everyday clinical prac-
tice. This fact was confirmed in the meta-analysis performed and, interest-
ingly, another systematic review conducted in the same material, reproduced 
a weighted pooled DR of 97.1%, which is also representative, albeit method-
ologically more crude (79). 

The issue of obtaining direct information on a tracer-specific FNR was ad-
dressed within the Nordic trial and the meta-analysis by addressing concord-
ance per patient and per node. The reason for selecting this method was that, 
despite that a rough FNR for the combination of RI and BD is expected in the 
literature, largely depending on the number of SNs retrieved, it is not possible 
to define what the FNR would be for each given patient. On the other hand, 
performing background axillary clearance in order to define the true FNR for 
each tracer is not ethically or scientifically acceptable. Therefore, considering 
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the synchronous administration of SPIO as an “intervention” to the “control 
arm” of RI and BD allowed for the comparison of DR between methods and 
concordance allowed for an estimate of whether the tracers detected, not only 
as many, but also the same nodes. With concordance rates as high as 100% 
and a pooled weighted average of 98.1%, the results were deemed satisfactory. 
In the meta-analysis conducted within the project, this was explained by de-
picting the “Risk Difference” as an effect size, by calculating the difference 
in each study between concordant patients/nodes in relation to the Tc and BD 
and “reverse” concordance, that is concordant patients/nodes in relation to the 
SPIO positive ones. The hypothesis would be that, a high risk difference with 
a p-value that would denote significance would imply that one of the two 
methods detects either more or less patients/nodes and that a high concordance 
rate as to one method only may not reflect the truth. The fact that “risk differ-
ences” were near zero demonstrates that the methods are indeed highly con-
cordant and it may safely be concluded that a comparable FNR for the SPIO 
to that of the combination of RI and BD may be assumed.  

 Data from the meta-analysis demonstrated a higher number of nodes re-
trieved with SPIO than with RI. This, however was not a finding that was not 
confirmed in the Nordic trial. Moreover, in the MONOS, less nodes were re-
moved with the SPIO method but with similar detection rates per patient and 
per node. This implies that some of the previous reports might have been af-
fected by the simultaneous use of both methods, making it difficult to disen-
tangle detection by either method and to define possible overlapping. Addi-
tionally, it might suggest that SPIOs tend to accumulate in higher concentra-
tions on the first node/-s in line, a hypothesis enhanced by the intraoperative 
observation that, in cases where more than one nodes were retrieved, they 
were all coloured, in anatomical proximity to each other and most often in the 
expected location (80). No residual signal in the axilla was found after their 
removal. The clinical importance of this fact remains to be elucidated; it seems 
however reasonable to assume that a biopsy which avoids extensive axillary 
dissection takes less time to perform and is accompanied by lower morbidity 
(81). On the other side, it is of interest to see if the removal of less nodes is 
related with more frequent regional recurrences, since the FNR has been 
shown to be higher with the removal of one node only (82).    

SPIO induced skin discoloration was extensively described in papers I and 
III.  Out of the previously published studies (83-90), discoloration in the form 
of a brown-greyish tattoo had been briefly mentioned in some publications. 
Rubio et al (85), reported discoloration in 19%, which faded progressively 
after 6 months, comparable to the effect produced by blue dye. Piñero et al 
(86) report the pigmentation, whereas Ghilli et al (87), report an incidence of 
40% at six months which is transient in 91% of pigmented cases. Similar ob-
servations regarding staining were made with the use of another type of SPIO, 
ferucarbotran, in which a skin stain that lasted 2 months and resolved sponta-
neously thereafter was described (90). The absence of data motivated follow-
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up and quantification of this effect. Postoperatively, it was present at 35.5% 
of patients and faded slowly over time. In 8.6%, a pale discoloration was pre-
sent after 15 months.  

The discoloration found after Sienna+ injections implies that the substance 
remains for a long time in the breast. In the Nordic trial, this was confirmed 
since magnetic counts were present in the tissue up to 515 days after the op-
eration. Therefore, injection of Sienna+ could be administered prior to the op-
eration, thus facilitating planning and logistics. Moreover, it implies that a 
deeper peritumoral injection with subsequent excision of that area, such as that 
proposed by Ghilli et al (87), may result in smaller or no discoloration.  

The feasibility of a preoperative SPIO injection was subsequently exam-
ined in paper II. In this pilot study, the feasibility of preoperative SPIO injec-
tion is demonstrated in a variety of patients. An obvious advantage is that the 
intervention is simple and does not require specialized personnel or the pres-
ence of a physician, since the injection can be administered by the breast nurse 
in the outpatient clinic. In this study, successful SNB was performed up to 
fifteen days after SPIO injection. However, considering the positive prognos-
tic value of the transcutaneous signal for a successful SNB, since it is present, 
it may be assumed that a SNB should also be feasible within this interval. 
Apart from the obvious simplification of logistics, this suggests flexibility in 
the timing of the operation. This hypothesis constituted the basis for the pro-
ject described in Paper IV.   

After the conduct of the pilot study described in paper II, a novel finding 
of considerable importance for the SPIO described in paper III is the feasibility 
of injecting the tracer in the preoperative setting with superior results to that 
of the perioperative injection. Compared to the isotope, logistics are simpli-
fied, since there is no need for extra preoperative visits at the Nuclear Medi-
cine Department. Compared to SPIO perioperative injection, more SNs are 
identified, higher tracer-specific detection rates are achieved and no extra in-
traoperative time or massage on the injection site is required for the tracer to 
migrate in the axilla, meaning shorter operating time. Furthermore, the need 
for blue dye is limited, and the staining of the nodes functions as an optical 
aid.  In contrast to the Nordic trial, in the current data set there was no corre-
lation between transcutaneous detection rates and BMI or interval between 
SPIO injection and operation. In routine, this means that clear cut off values 
for transcutaneous counts so as to predict if blue dye is necessary or a predic-
tive model for the ideal time interval between SPIO injection and operation 
could not be deduced. Reviewing the results, it was seen that, whereas blue 
dye was injected in 93 patients, it proved necessary only in four. Additionally, 
data overview showed that it was administered more often in the beginning of 
the trial, and its use decreased as the operators felt more comfortable with the 
method.   

The feasibility of preoperative injection led to an interesting clinical imple-
mentation, concerning SNB in patients with a preoperative diagnosis of DCIS 
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which is described in Paper IV. A shown in the results section, the practice is 
not clear and the criteria for upgrade result in an over treatment of patients 
with DCIS in almost 60% of cases on a national level, when one examines 
Swedish data. The preoperative marking of the SN for a biopsy, only in cases 
of upgrade to IDC resulted in a significant reduction in the conduct of SNB 
with important gains, not only by morbidity that was spared but also by spar-
ing resources involved in delivery of surgical care. The DR at reoperation was 
satisfactory in cases of mastectomy, thus challenging the view that SNB 
should be conducted at the time of mastectomy whereas in cases of BCS, the 
problems of a lower DR or the question of finding the “correct” SN have been 
addressed. This implies that the marking of the SNB may have broader clinical 
applications, even in the conduct of risk-reducing mastectomies, where certain 
centers have the practice of performing a SNB with the rationale that it cannot 
be performed at another session. 

The conduct of studies on novel techniques always poses the challenges of 
feasibility, applicability, methodology and lack of reference values, which dic-
tate the context of limitations. In all the projects included in the present thesis, 
a logical stepwise approach from one to another was pivotal for the deduction 
of safe conclusions, and in that way mandated the type of trials to be con-
ducted. The Nordic trial, example given, included patients that were their own 
controls, as this was the most efficient way to assess concordance between 
SPIO and RI. The pilot study described in paper II included consecutive pa-
tients being their own controls, in order to assess, not only DR, but also con-
cordance between methods in the context of a preoperative injection. Lack of 
randomisation may be considered a limitation of paper III; however, the in-
vestigators took a pragmatic approach to determine whether the magnetic 
technique is functional under normal conditions. The isotope and dye method 
has been the standard for many years, with identification rates up to 99.5%. A 
very large number of participants would be required to demonstrate the supe-
riority of another method. According to a prospective sample size calculation 
with results from the Nordic trial, with DR of 97.1 and 97.6% for RI and SPIO 
respectively, a total sample of 32 390 patients would be required, for 80% 
power and P < 0.05, to demonstrate that SPIO is superior as a method of de-
tection. In this context, an explanatory RCT would be useful and methodolog-
ically appropriate, but rather difficult to carry out because of the large sample 
needed. However, the purpose of the MONOS study was not to demonstrate 
statistical superiority. On the contrary, the advantage of a pragmatic approach 
is that allows documentation of the feasibility of a new method in the appro-
priate context that ensures high quality in a trial, such as a low-risk, simple 
intervention and cluster-level application in a healthcare system with compre-
hensive electronic records and condition-specific registries (91,92). All of 
these were present for the MONOS trial. Another issue is whether randomisa-
tion would actually affect issues such as discoloration, patient satisfaction or 
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costs. It is clear, however, that it would have been methodologically more ap-
propriate.         

 A consideration regarding Paper IV was that the study hypothesis was log-
ically expected to be proved. This factor, together with the anticipated slow 
recruitment, due to the inclusion criteria, mandated an interim analysis. The 
conduct of interim analyses within clinical trials is challenging. In order to 
avoid overestimating the effect size, the O’Brien-Fleming procedure was se-
lected (93).  Despite reaching the primary endpoint, the interim analysis was 
pre-specified mainly as means to evaluate the study concept, rather than to 
terminate prematurely. The results presented in Paper IV are very encouraging 
and seem to allow for tailored treatment in DCIS, enabling for necessary-only 
interventions, with favorable effects on health economy.  
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7. Future perspectives 

As stated earlier, the quest for a “better” novel tracer in SNB needs to aim for 
more than statistical superiority. The use of SPIO as a tracer for SNB seems 
to have promising clinical implementations, that are currently accruing data 
in ongoing studies. 

The SentiNot concept, described in Paper IV, is an ongoing and recruiting 
study, and a protocol amendment in inclusion criteria is expect to broaden 
inclusion and allow for robust clinical conclusions on the use of SPIO in this 
setting.   

On ongoing multicenter dose-and-timing optimization study, approved by 
the Swedish Medical Products agency is hoping to allow for definitive results 
on the dose and time-frame of SPIO injection for SNB (94).  

 Marking of the SLN with isotope does not give a precise preoperative lo-
calization since lymphoscintigraphy techniques have poor spatial resolution. 
This makes preoperative biopsies impossible with technetium as a marker. Su-
perparamagnetic iron oxide (SPIO) can identify SLN in axillary MRI in pa-
tients with breast cancer and recently the feasibility of a SPIO injection as a 
contrast material in MRI sentinel lymphography and as a tracer for SLN bi-
opsy using an integrated method with CT was demonstrated, with excellent 
three dimensional imaging quality. An additional advantage of SPIO already 
reported is that it remains in the tissue for up to four weeks, making it ideal to 
trace and investigate on the SLN preoperatively. Moreover, current data have 
shown that an ultrasound (US) guided biopsy of lymph nodes with suspect 
metastases will be successful up to 93% of cases, demonstrating sensitivity of 
65% and specificity of 100%.  These data suggest that preoperative MRI in 
the axilla after the injection of Sienna+ could be used as an adjunct to a mini-
mally invasive staging procedure, but also enable targeted biopsies. 

The ongoing “Mag” netic tracer for an enhanced “U”ltra “S”ound (MagUS) 
pilot study aims to evaluate the efficacy of MRI in the preoperative evaluation 
of the SLN status as well as the efficacy of the implementation of MRI guided 
SLNB through a core needle biopsy facilitated through an US (95). 

Moreover, skin staining is the most common side effect of SPIO injection. 
It has been shown to be related to the prolonged residence of the substance in 
the tissue, a remark that is enhanced by the facts that stained tissue has mag-
netic signal and that it is almost exclusively observed in breast conserving 
surgery (BCS). This is a matter of interest for patients who need to be followed 
postoperatively with MRI. Despite the fact that the indications are few, the 
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long lasting staining may pose a restriction since MRI will be contaminated 
by SPIO artefacts. The aim of the PostMagMRI study is to address the com-
patibility of postoperative MRI in patients that have undergone SNB with 
SPIO mapping, where the association between the presence of ferromagnetic 
signal and skin staining will be associated to the presence of SPIO specific 
artefacts on MRI (96).  

Finally, the introduction of a new magnetic seed (Magseed, Endomagnet-
ics, Cambridge UK) for the localization of non-palpable tumours has gained 
interest. Currently, a peritumoural injection of SPIO is used for SNB by our 
unit. In the MONOS study, a deeper peritumoural injection demonstrated 
comparable SN detection rates to a subareolar injection earlier used, with the 
advantage of less skin staining. For the present combined technique, the hy-
pothesis was that SPIO injected dorsally to a lesion would amplify the 
transcutaneous magnetic signal in tumours located deep in the breast. In-
traoperatively, the surgeon could be guided by the maximum focal signal pro-
vided by the Magseed® placed ventrally to the lesion. This focal signal was 
easily distinguished from the background signal of the SPIO. The hypothesis 
is also that injecting the SPIO close to the lesion will result in a surgical re-
moval of the majority of the SPIO in the breast with less skin staining and 
reduced risk of MRI artefacts postoperatively (which has to be proved). A 
pilot study has recently been completed and a randomised control trial is cur-
rently accruing data within our group (97). 
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8. Conclusions 

SPIO seems to be a promising method with novel applications for the evalua-
tion of the SN in patients with breast cancer. Favorable characteristics include 
applicability in a global setting, no need for extra resources and an isotope free 
method with comparable detection rates. Further studies will elucidate the im-
portance of this novel method. 
  



 70 

9. Acknowledgements 

Being very bad at these things, I need to clarify that I am forgetting many 
people. I do not even remember who I am forgetting. However, I wish to thank 
the following people (among so many more): 

Fredrik Wärnberg, for making order out of (my) chaos. My chief supervisor, 
mentor and friend.  

Peter Stålberg, the academic and clinician who defined “role model” for me. 
Co-supervisor in the present thesis, but so much more. 

Helena Olofsson, co-supervisor. Timely, positive and effective. An honor for 
me. 

Per Hellman. “The man”. Now there will be more time for riffs and solos, I 
promise.  

Ola Hessman, for the trust and faith in me and for his resolution and effectivity 
to build an endocrine surgeon out of a breast surgeon. 

Olov Norlèn, the only other I have met who spontaneously spoke of the Hand 
Schüller Christian syndrome. The planet felt a less lonely place all of a sudden. 

Staffan Eriksson, fierce and dedicated, for the creation of a research group 
with only the brightest future. 

Linda Adwall, for her active interest in the conduct of these projects. 

Hella Hultin, for recruiting patients for the projects. 

Kosmas Daskalakis, for being very interested in being part of these articles. 

Lena Asp, Barbro Jung, Anna Andersson and Anna Gustafson for a promising 
outpatient breast clinic.  

Anna Stanell and Gunilla Bjälmen for interpreting my babblings and ram-
blings. I will never know how you do it. 



 71 

All colleagues at the Department for Surgical Sciences for contributing to the 
creation of a (–sometimes- inspiring and –sometimes- challenging, but never 
boring) academic environment.  

Last but not least: 

Dionisios Voros, professor emeritus of Surgery at the University of Athens, 
Chair and Director of the Second Department of Surgery during my residency, 
and main supervisor of my first PhD. Dedicated physician and teacher. I am 
here now because he told me once:” I have got an idea. Why not try for a 
fellowship in Uppsala?” 

Alexios Fotopoulos, professor emeritus of Surgery at the University of Ath-
ens, the man who infused me with the qualities of a thinking surgeon and an 
ever-evolving physician by teaching me the simplest and most important se-
cret there is. I will not tell. 

Georgios Gkiokas, my teacher, mentor and loving friend, Associate Professor 
of Surgery and Intensive Care at the University of Athens. Not only did he 
guide me into the magical world of Intensive Care, but also taught me that 
sometimes it takes greater courage to “not do” rather than “do just to do some-
thing” and introduced me to the structured world of wonders that evidence-
based medical practice is. 

 

The Co-Founders of the Invisible Journal Club, a group of people who may 
not wish or plan to take over the world, but have realized a simple truth: When 
life is not the colossal thing it usually is, it is just a joke. 
  



 72 

10. References 

1. https://ceb.nlm.nih.gov/proj/ttp/flash/smith/smith.html 
2. Karpozilos A, Pavlidis N. The treatment of cancer in Greek antiquity. Euro-

pean Journal of Cancer. 2004; 40 (14): 2033–40. 
doi:10.1016/j.ejca.2004.04.036. PMID 15341975. 

3. Yalom, Marilyn. A history of the breast. 1997; New York: Alfred A. Knopf. p. 
234. ISBN 0-679-43459-3. 

4. Aronowitz, Robert A. Unnatural history: breast cancer and American society. 
2007; Cambridge, UK: Cambridge University Press. pp. 22–24. ISBN 0-521-
82249-1. 

5. Olson, James Stuart. Bathsheba's breast: women, cancer & history. 2002; Bal-
timore: The Johns Hopkins University Press. pp. 9–13. ISBN 0-8018-6936-6. 

6. Faguet, G. The Conquest of Cancer: A Distant Goal. Chapter 2: An Historical 
Overview: From Prehistory to WWII. From Medieval Europe to World War 
II. 2015; p. 24. ISBN 9789401791656. 

7. Kaartinen, M. 2013; Breast cancer in the eighteenth century. "Chapter 2: "But 
Sad Resources": Treating Cancer in the Eighteenth Century". London: Picker-
ing & Chatto. p. 53. ISBN 978-1-84893-364-4. 

8. Macintyre, IM. Scientific surgeon of the Enlightenment or 'plagiarist in every-
thing': a reappraisal of Benjamin Bell (1749-1806). The journal of the Royal 
College of Physicians of Edinburgh. 2011; 41 (2): 174–81. 
doi:10.4997/JRCPE.2011.211. 

9. Wangensteen OH, Lewis J, Arhelger SW. The Extended or Super-Radical 
Mastectomy for Carcinoma of the Breast. Surg Clin N Am. 1956; 36 (4): 1051-
1063. 

10. Sugarbaker, E. D. Radical mastectomy combined with in-continuity resection 
of the homolateral internal mammary node chain. Cancer.1953; 6 (5): 969–
979. doi:10.1002/1097-0142(195309)6:5<969::aid-
cncr2820060516>3.0.co;2-5.  

11. Urban, J. A. "SURGICAL EXCISION OF INTERNAL MAMMARY NODES 
FOR BREAST CANCER". The British Journal of Surgery.1964; 51: 209–212. 
doi:10.1002/bjs.1800510311.  

12. Dahl-Iversen, E.; Tobiassen, T. Radical mastectomy with parasternal and su-
praclavicular dissection for mammary carcinoma. Ann Surg. 1969; 170 (6): 
889–891. doi:10.1097/00000658-196912000-00006. 

13. Haagensen CD, Stout AP. Carcinoma of the breast. II. Criteria of operability. 
Ann Surg 1943; 118:857-870, 1032-1054.  

14. Fisher B, Montague E, Redmond C, Barton B, Borland D, Fisher ER, et al. 
Comparison of radical mastectomy with alternative treatments for primary 
breast cancer. A first report of results from a prospective randomized clinical 
trial. Cancer. 1977 Jun;39(6 Suppl):2827-39. 

  



 73 

15. Noone AM, Howlader N, Krapcho M, Miller D, Brest A, Yu M, Ruhl J, Tatalo-
vich Z, Mariotto A, Lewis DR, Chen HS, Feuer EJ, Cronin KA (eds). SEER 
Cancer Statistics Review, 1975-2015, National Cancer Institute. Bethesda, 
MD, https://seer.cancer.gov/csr/1975_2015/, based on November 2017 SEER 
data submission, posted to the SEER web site, April 2018. 

16. http://www.socialstyrelsen.se/publikationer2017/2017-1-14 
17. Engholm G, Ferlay J, Christensen N, Hansen HL, Hertzum-Larsen R, Johan-

nesen TB, Kejs AMT, Khan S, Ólafsdóttir E, Petersen T, Schmidt LKH, Vir-
tanen A and Storm HH: Cancer Incidence, Mortality, Prevalence and Survival 
in the Nordic Countries, Version 8.0 (20.12.2017). Association of the Nordic 
Cancer Registries. Danish Cancer Society. Available from http://www.ancr.nu, 
accessed on 08/06/2018. 

18. Mastropasqua M.G. Breast Cancer Pathology. In: Urban C., Rietjens M. (eds) 
Oncoplastic and Reconstructive Breast Surgery. Springer, Milano; 2011. 

19. Fentiman IS, D'Arrigo C. Pathogenesis of breast carcinoma. Int J Clin Pract. 
2004 Jan;58(1):35-40. 

20. King TA, Pilewskie M, Muhsen Sh, Patil S, Starr K. Mautner SK, Park A, et 
al.  Lobular Carcinoma in Situ: A 29-Year Longitudinal Experience Evaluating 
Clinicopathologic Features and Breast Cancer Risk. J Clin Oncol. 2015; 33:33: 
3945-3952.  

21. https://www.cancer.org/cancer/breast-cancer/non-cancerous-breast-condi-
tions/lobular-carcinoma-in-situ.html 

22. American Joint Committee on Cancer (AJCC). AJCC Cancer Staging Manual. 
8th ed. New York: Springer; 2017.  

23. Reis Filho JS, Pinder SE. Non operative breast pathology: lobular neoplasia. J 
Clin Pathol. 2007 Dec; 60(12): 1321–1327. 

24. Dabbs DJ, Schnitt SJ, Geyer FC, Weigelt B, Baehner FL, Decker T, et al. Lob-
ular neoplasia of the breast revisited with emphasis on the role of E-cadherin 
immunohistochemistry. Am J Surg Pathol. 2013; 37:e1–11. doi: 
10.1097/PAS.0b013e3182918a2b. 

25. Ward EM, DeSantis CE, Lin CC, Kramer JL, Jemal A, Kohler B et al. Cancer 
statistics: Breast cancer in situ. CA Cancer J Clin. 2015 Nov-Dec;65(6):481-
95. doi: 10.3322/caac.21321.  

26. Early Breast Cancer Trialists' Collaborative Group (EBCTCG) Overview of 
the randomized trials of radiotherapy in ductal carcinoma in situ of the breast. 
J Natl Cancer Inst Monogr. 2010;2010(41):162-77. doi: 10.1093/jncimono-
graphs/lgq039. 

27. Wadsten C, Heyman H, Holmqvist M, et al. A validation of DCIS registration 
in a population-based breast cancer quality register and a study of treatment 
and prognosis for DCIS during 20 years. Acta Oncologica. 2016;55(11):1338-
1343. doi:10.1080/0284186x.2016.1211317. 

28. Li CI, Anderson BO, Daling JR, Moe RE. Trends in incidence rates of invasive 
lobular and ductal breast carcinoma. JAMA 2003;289: 1421–1424. 

29. Pinder SE. Ductal carcinoma in situ (DCIS): pathological features, differential 
diagnosis, prognostic factors and specimen evaluation. Mod Pathol. 2010 
May;23 Suppl 2:S8-13. doi: 10.1038/modpathol.2010.40. 

30. Holland R, Peterse JL, Millis RR, Eusebi V, Faverly D, van de Vijver MJ, et 
al. Ductal carcinoma in situ: a proposal for a new classification. Semin Diagn 
Pathol. 1994;11(3):167-80. 

31. Scott MA, Lagios MD, Axelsson K, Rogers LW, Anderson TJ, Page DL. Duc-
tal carcinoma in situ of the breast: reproducibility of histological subtype anal-
ysis. Hum Pathol. 1997 Aug;28(8):967-73. 



 74 

32. Schuh F, Biazús JV, Resetkova E, Benfica CZ, Edelweiss MI. Reproducibility 
of three classification systems of ductal carcinoma in situ of the breast using a 
web-based survey. Pathol Res Pract. 2010 Oct 15;206(10):705-11. doi: 
10.1016/j.prp.2010.06.004. Epub 2010 Jul 21. 

33. Schuh F, Biazús JV, Resetkova E, Benfica CZ, Ventura Ade F, Uchoa D. His-
topathological grading of breast ductal carcinoma in situ: validation of a web-
based survey through intra-observer reproducibility analysis. Diagn Pathol. 
2015 Jul 10;10:93. doi: 10.1186/s13000-015-0320-2. 

34. Shoker BS, Sloane JP. DCIS grading schemes and clinical implications. His-
topathology. 1999 Nov;35(5):393-400. 

35. Elston, C.W. and Ellis I.O. Pathological prognostic factors in breast cancer. I. 
The value of histological grade in breast cancer: experience from a large study 
with long-term follow-up. Histopathology. 1991;19: 403-410. 

36. Simpson, J.F., Gray R., Dressler L.G., Cobau C.D., Falkson C.I., Gilchrist 
K.W., et al. Prognostic value of histologic grade and proliferative activity in 
axillary node-positive breast cancer: results from the Eastern Cooperative On-
cology Group Companion Study, EST 4189. J Clin Oncol. 2000;18:2059-
2069. 

37. Haldosén LA, Zhao C, Dahlman-Wright K. Estrogen receptor beta in breast 
cancer. Mol Cell Endocrinol. 2014 Jan 25;382(1):665-672. 

38.  Leong AS, Zhuang Z. The changing role of pathology in breast cancer diag-
nosis and treatment. Pathobiology : journal of immunopathology, molecular 
and cellular biology. 2011;78(2):99-114. 

39. Hammond ME, Hayes DF, Dowsett M, Allred DC, Hagerty KL, Badve S, et 
al. American Society of Clinical Oncology/College Of American Pathologists 
guideline recommendations for immunohistochemical testing of estrogen and 
progesterone receptors in breast cancer. Journal of clinical oncology : official 
journal of the American Society of Clinical Oncology. 2010;28(16):2784-95. 

40. Curigliano G, Burstein HJ, P Winer E, Gnant M, Dubsky P, Loibl S, et al; St. 
Gallen International Expert Consensus on the Primary Therapy of Early Breast 
Cancer 2017. De-escalating and escalating treatments for early-stage breast 
cancer: the St. Gallen International Expert Consensus Conference on the Pri-
mary Therapy of Early Breast Cancer 2017. Ann Oncol. 2017 Aug 
1;28(8):1700-1712. 

41. Yi M, Huo L, Koenig KB, Mittendorf EA, Meric-Bernstam F, Kuerer HM, et 
al. Which threshold for ER positivity? a retrospective study based on 9639 pa-
tients. Annals of oncology : official journal of the European Society for Med-
ical Oncology / ESMO. 2014;25(5):1004-11. 

42. Brisken C, Hess K, Jeitziner R. Progesterone and Overlooked Endocrine Path-
ways in Breast Cancer Pathogenesis. Endocrinology. 2015 Oct;156(10):3442-
50.  

43. Brisken C. Progesterone signalling in breast cancer: a neglected hormone com-
ing into the limelight. Nat Rev Cancer. 2013 Jun;13(6):385-96.  

44. Mohammed H, Russell IA, Stark R, Rueda OM, Hickey TE, Tarulli GA et al. 
Progesterone receptor modulates ERα action in breast cancer. Nature. 2015 Jul 
16;523(7560):313-7. 

45. Bae SY, Kim S, Lee JH, Lee HC, Lee SK, Kil WH, Kim SW, Lee JE, Nam SJ. 
Poor prognosis of single hormone receptor- positive breast cancer: similar out-
come as triple-negative breast cancer. BMC Cancer. 2015 Mar 18; 15:138. 

  



 75 

46. Purdie CA, Quinlan P, Jordan LB, Ashfield A, Ogston S, Dewar JA, et al. Pro-
gesterone receptor expression is an independent prognostic variable in early 
breast cancer: a population-based study. British journal of cancer. 
2014;110(3):565-72. 

47. Qaiser T, Mukherjee A, Reddy Pb C, Munugoti SD, Tallam V, Pitkäaho T, et 
al. HER2 challenge contest: a detailed assessment of automated HER2 scoring 
algorithms in whole slide images of breast cancer tissues. Histopathology. 
2018 Jan;72(2):227-238. 

48. Denkert C, Loibl S, Müller BM et al. Ki67 levels as predictive and prognostic 
parameters in pretherapeutic breast cancer core biopsies: a translational inves-
tigation in the neoadjuvant GeparTrio trial. Ann Oncol 2013; 24: 2786–2793. 

49. Denkert C. Developing Ki67 as a useful marker. Breast 2015; 24(Suppl 1), PG 
7.04. 

50.  Polley MY, Leung SC, Gao D et al. An international study to increase con-
cordance in Ki67 scoring. Mod Pathol 2015; 28: 778–786. 

51. Perou CM, Sørlie T, Eisen MB, van de Rijn M, Jeffrey SS, Rees CA, et al. 
Molecular portraits of human breast tumours. Nature. 2000 Aug 
17;406(6797):747-52. 

52. Cancer Genome Atlas Network. Comprehensive molecular portraits of human 
breast tumours. Nature. 2012 Oct 4;490(7418):61-70. doi: 10.1038/na-
ture11412. Epub 2012 Sep 23. 

53. Coates AS, Winer EP, Goldhirsch A, Gelber RD, Gnant M, Piccart-Gebhart 
M, et al. Tailoring therapies—improving the management of early breast can-
cer: St Gallen International Expert Consensus on the Primary Therapy of Early 
Breast Cancer 2015. Annals of Oncology 2015; 26: 1533–1546.  

54. Park S, Koo JS, Kim MS et al. Characteristics and outcomes according to mo-
lecular subtypes of breast cancer as classified by a panel of four biomarkers 
using immunohistochemistry. Breast 2012; 21: 50–57. 

55. Markopoulos C, van de Velde C, Zarca D, Ozmen V, Masetti R. Clinical evi-
dence supporting genomic tests in early breast cancer: Do all genomic tests 
provide the same information? Eur J Surg Oncol. 2017 May;43(5):909-920. 
doi: 10.1016/j.ejso.2016.08.012. Epub 2016 Aug 31. 

56. Sparano JA, Gray RJ, Makower DF, Pritchard KI, Albain KS, et al. Adjuvant 
Chemotherapy Guided by a 21-Gene Expression Assay in Breast Cancer. N 
Engl J Med. 2018 Jun 3. doi: 10.1056/NEJMoa1804710. 

57. Cardoso F, van't Veer LJ, Bogaerts J, Slaets L, Viale G, Delaloge S, et al; 
MINDACT Investigators. 70-Gene Signature as an Aid to Treatment Decisions 
in Early-Stage Breast Cancer. N Engl J Med. 2016 Aug 25;375(8):717-29. 

58. Giuliano AE, Connolly JL, Edge SB, Mittendorf EA, Rugo HS, Solin LJ, 
Weaver DL, Winchester DJ, Hortobagyi GN. Breast Cancer-Major changes in 
the American Joint Committee on Cancer eighth edition cancer staging man-
ual. CA Cancer J Clin. 2017 Jul 8;67(4):290-303. 

59. Veronesi U, Luini A, Del Vecchio M, Greco M, Galimberti V, Merson M, et 
al. Radiotherapy after breast-preserving surgery in women with localized can-
cer of the breast. N Engl J Med. 1993 Jun 3;328(22):1587-91. 

60. Mamounas EP, Kuehn T, Rutgers EJT, von Minckwitz G. Current approach of 
the axilla in patients with early-stage breast cancer. Lancet. 2017 Aug 14. pii: 
S0140-6736(17)31451-4. 

61. Giuliano AE, Kirgan DM, Guenther JM, Morton DL. Lymphatic mapping and 
sentinel lymphadenectomy for breast cancer. Ann Surg 1994;220:391-401. 

62. Krag D, Weaver D, Ashikaga T, et al. The sentinel node in breast cancer -- a 
multicenter validation study. N Engl J Med 1998;339:941-946. 



 76 

63. Veronesi U, Paganelli G, Viale G, Luini A, Zurrida S, Galimberti V, et al. A 
randomized comparison of sentinel-node biopsy with routine axillary dissec-
tion in breast cancer. N Engl J Med. 2003;349(6):546-53. 

64. Veronesi U, Paganelli G, Viale G, Luini A, Zurrida S, Galimberti V, et al. 
Sentinel-lymph-node biopsy as a staging procedure in breast cancer: update of 
a randomised controlled study. Lancet Oncol. 2006;7(12):983-90. 

65. Kuehn T, Bauerfeind I, Fehm T, Fleige B, Hausschild M, Helms G, et al. Sen-
tinel-lymph-node biopsy in patients with breast cancer before and after neoad-
juvant chemotherapy (SENTINA): a prospective, multicentre cohort study. 
Lancet Oncol. 2013;14(7):609-18. 

66. Krag DN, Anderson SJ, Julian TB, Brown AM, Harlow SP, Ashikaga T, et al. 
Technical outcomes of sentinel-lymph-node resection and conventional axil-
lary-lymph-node dissection in patients with clinically node-negative breast 
cancer: results from the NSABP B-32 randomised phase III trial. Lancet Oncol. 
2007;8(10):881–8. 

67. Heerdt AS. Lymphatic Mapping and Sentinel Lymph Node Biopsy for Breast 
Cancer. JAMA Oncol. 2018;4(3):431. doi:10.1001/jamaoncol.2017.4000. 

68. Ahmed M, Purushotham AD, Douek M. Novel techniques for sentinel lymph 
node biopsy in breast cancer: A systematic review. Lancet Oncol. 
2014;15(8):e351-62. 

69. Kootstra JJ, Dijkstra PU, Rietman H, de Vries J, Baas P, Geertzen JH, et al. A 
longitudinal study of shoulder and arm morbidity in breast cancer survivors 7 
years after sentinel lymph node biopsy or axillary lymph node dissection. 
Breast Cancer Res Treat. 2013;139(1):125-34. 

70. Helms G, Kühn T, Moser L, Remmel E, Kreienberg R. Shoulder-arm morbid-
ity in patients with sentinel node biopsy and complete axillary dissection--data 
from a prospective randomised trial. Eur J Surg Oncol. 2009 Jul;35(7):696-
701.  

71. Verbelen H, Gebruers N, Eeckhout FM, Verlinden K, Tjalma W. Shoulder and 
arm morbidity in sentinel node-negative breast cancer patients: a systematic 
review. Breast Cancer Res Treat. 2014 Feb;144(1):21-31. 

72. Shiozawa M, Lefor AT, Hozumi Y, Kurihara K, Sata N, Yasuda Y, et al. Sen-
tinel lymph node biopsy in patients with breast cancer using superparamag-
netic iron oxide and a magnetometer. Breast Cancer. 2013;20(3):223-9. 

73. Johnson L, Pinder SE, Douek M. Deposition of superparamagnetic iron-oxide 
nanoparticles in axillary sentinel lymph nodes following subcutaneous injec-
tion. Histopathology. 2013;62(3):481-6. 

74. Higgins JPT, Green S (eds). Cochrane Handbook for Systematic Reviews of 
Interventions Version 5.1.0 [updated March 2011]. The Cochrane Collabora-
tion, 2011. Available from www.cochrane-handbook.org. 

75. Slim K, Nini E, Forestier D, Kwiatkowski F, Panis Y, Chipponi J. Methodo-
logical Index for Non-randomized Studies (MINORS): Development and val-
idation of a new instrument. ANJ J Surg 2003; 73:712-16. 

76. O'Brien PC, Fleming TR. A multiple testing procedure for clinical trials. Bio-
metrics. 1979;35(3):549-56. 

77. Husereau D, Drummond M, Petrou S, et al. Consolidated health economic 
evaluation reporting standards (CHEERS)—Explanation and elaboration: A 
report of the ISPOR health economic evaluations publication guidelines good 
reporting practices task force. Value Health 2013;16:231-250. 

78. https://www.wma.net/policies-post/wma-declaration-of-helsinki-ethical-prin-
ciples-for-medical-research-involving-human-subjects/ 



 77 

79. Zada A, Peek MCL,Ahmed M, Anninga B,Baker R, Kusakabe M, et al. Meta-
analysis of sentinel lymph node biopsy in breast cancer using the magnetic 
technique. Br J Surg. 2016; 

80. Clough KB, Nasr R, Nos C, Vieira M, Inguenault C, Poulet B. New anatomical 
classification of the axilla with implications for sentinel node biopsy. Br J 
Surg. 2010;97(11):1659–65. 

81. Lucci A, McCall LM, Beitsch PD, Whitworth PW, Reintgen DS, Blumencranz 
PW, et al. Surgical complications associated with sentinel lymph node dissec-
tion (SLND) plus axillary lymph node dissection compared with SLND alone 
in the American College of Surgeons Oncology Group Trial Z0011. J Clin On-
col. 2007;25(24):3657–63.  

82. Krag DN, Anderson SJ, Julian TB, Brown AM, Harlow SP, Ashikaga T, et al. 
Technical outcomes of sentinel-lymph-node resection and conventional axil-
lary-lymph-node dissection in patients with clinically node-negative breast 
cancer: results from the NSABP B-32 randomised phase III trial. Lancet Oncol. 
2007;8(10):881–8. 

83. Douek M, Klaase J, Monypenny I, Kothari A, Zechmeister K, Brown D, et al; 
SentiMAG Trialists Group. (2014). Sentinel node biopsy using a magnetic 
tracer versus standard technique: the SentiMAG Multicentre Trial. Ann Surg 
Oncol 2014; 21: 1237-1245.  

84. Thill M, Kurylcio A, Welter R, van Haasteren V, Grosse B, Berclaz G, et al. 
The Central-European SentiMag study: sentinel lymph node biopsy with su-
perparamagnetic iron oxide (SPIO) vs. radioisotope. Breast 2014;23: 175-179.  

85. Rubio IT, Diaz-Botero S, Esgueva A, Rodriguez R, Cortadellas T, Cordoba O, 
et al. The superparamagnetic iron oxide is equivalent to the Tc99 radiotracer 
method for identifying the sentinel lymph node in breast cancer. Eur J Surg 
Oncol 2015;41: 46-51. doi: 10.1016/j.ejso.2014.11.006. 

86. Piñero-Madrona A, Torro-Richart  JA, de Leon-Carrillo JM, de Castro-Parga 
G, Navarro-Cecilia J, Domingez-Cunchillos F, et al, on behalf of the “Grupo 
de Estudios Senologicos de la Sociedad Española de Patologia Mamaria 
(SESPM). Superparamagnetic iron oxide as a tracer for sentinel node biopsy 
in breast cancer: A comparative non-inferiority study. Eur J Surg Oncol 
2015;41: 991-997.  

87. Ghilli M, Carretta E, Di Filippo F, Battaglia C, Fustaino L, Galanou I, et al. 
The superparamagnetic iron oxide tracer: a valid alternative in sentinel node 
biopsy for breast cancer treatment.  European Journal of Cancer Care. 2015. 
doi: 10.1111/ecc.12385. 

88. Houpeau JL, Chauvet MP, Guillemin F, Bendavid-Athias C, Charitansky H, 
Kramar A, Giard S. Sentinel lymph node identification using superparamag-
netic iron oxide particles versus radioisotope: The French Sentimag feasibility 
trial. J Surg Oncol. 2016 doi: 10.1002/jso.24164.  

89. Coufal O, Fait V, Lžičařová E, Chrenko V, Žaloudík J. [SentiMag--the mag-
netic detection system of sentinel lymph nodes in breast cancer]. Rozhl 
Chir.2015;94 :283-288.   

90. Shiozawa M, Lefor AT, Hozumi Y, Kurihara K, Sata N, Yasuda Y, et al. Sen-
tinel lymph node biopsy in patients with breast cancer using superparamag-
netic iron oxide and a magnetometer. Breast Cancer 2013; 20:223-229. doi: 
10.1007/s12282-011-0327-9. 

91. Califf RM, Sugarman J. Exploring the ethical and regulatory issues in prag-
matic clinical trials. Clin Trials 2015; 12: 436–441. 

92. Ford I, Norrie J. Pragmatic trials. N Engl J Med 2016; 375: 454–463. 



 78 

93. Schulz KF, Grimes DA. Multiplicity in randomised trials II: subgroup and in-
terim analyses. The Lancet. 2005;365(9471):1657-1661. doi:10.1016/s0140-
6736(05)66516-6. 

94. SentiDose, https://doi.org/10.1186/ISRCTN11156955 
95. Karakatsanis A, Obondo C, Abdsaleh S, Wärnberg F. Preoperative axillary 

MRI with superparamagnetic iron oxide (SPIO) nanoparticles to localise and 
assess sentinel nodes for a US guided biopsy. Preliminary results of the MagUS 
feasibility trial. European Journal of Surgical Oncology. 2018. 44(6):910 DOI: 
10.1016/j.ejso.2018.02.216 

95. POSTMAG MRI, https://doi.org/10.1186/ISRCTN85167182  
96. MAGnetic marker TO detect primary lesion and sentinel node in breast cancer. 

The randomised MAGTOtal trial. https://doi.org/10.1186/ISRCTN11914537. 
 





Acta Universitatis Upsaliensis
Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Medicine 1491

Editor: The Dean of the Faculty of Medicine

A doctoral dissertation from the Faculty of Medicine, Uppsala
University, is usually a summary of a number of papers. A few
copies of the complete dissertation are kept at major Swedish
research libraries, while the summary alone is distributed
internationally through the series Digital Comprehensive
Summaries of Uppsala Dissertations from the Faculty of
Medicine. (Prior to January, 2005, the series was published
under the title “Comprehensive Summaries of Uppsala
Dissertations from the Faculty of Medicine”.)

Distribution: publications.uu.se
urn:nbn:se:uu:diva-358236

ACTA
UNIVERSITATIS

UPSALIENSIS
UPPSALA

2018


	Abstract
	List of Papers
	Contents
	Abbreviations
	1. Introduction
	2. Breast cancer. A brief overview
	2.1. History
	2.2. Epidemiology
	2.3. A summary of histopathological and intrinsic biological features
	2.3.1. Histopathology
	2.3.2. Grading systems
	2.3.3. Immunohistochemistry
	2.3.4. Intrinsic subtypes
	2.3.5. Gene signature arrays

	2.4. Staging
	2.5 Treatment of the axilla. A paradigm shift
	2.6 Sentinel Node Biopsy
	2.6.1. Principles and technique
	2.6.2 Superparamagnetic Iron Oxide Nanoparticles


	3. Aims
	3.1 Paper I
	3.2 Paper II
	3.3 Paper III
	3.4 Paper IV

	4. Patients and Methods
	4.1 Patient inclusion criteria
	4.1.1. Papers I-III
	4.1.2. Paper IV

	4.2 Study design and setting
	4.2.1. Paper I
	4.2.2. Paper II
	4.2.3. Paper III

	4.3 Methods and considerations
	4.3.1. Paper I
	4.3.2. Paper II
	4.3.3. Paper III
	4.3.4. Paper IV

	4.4 Endpoints and statistical analyses
	4.4.1. Paper I
	4.4.2. Paper II
	4.4.3. Paper III
	4.4.4. Paper IV

	4.5 Ethical considerations, ethics committee approval and trial registration

	5. Results
	5.1 Paper I
	5.2 Paper II
	5.3 Paper III
	5.4 Paper IV

	6. Discussion
	7. Future perspectives
	8. Conclusions
	9. Acknowledgements
	10. References



