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ABSTRACT

Background

Despite recent developments in preoperative breast cancer imaging, intraoperative
localization of tumor tissue can be challenging, resulting in tumor-positive resection
margins during breast-conserving surgery. Based on certain physicochemical simi-
larities between Technetium(**™Tc)-sestamibi (MIBI), a SPECT radiodiagnostic with
a sensitivity of 83-90% to detect breast cancer preoperatively, and the near-infrared
(NIR) fluorophore Methylene Blue (MB), we hypothesized that MB might detect
breast cancer intraoperatively using NIR fluorescence imaging.

Methods

Twenty-four patients with breast cancer, planned for surgical resection, were in-
cluded. Patients were divided in 2 administration groups, which differed with respect
to the timing of MB administration. N = 12 patients per group were administered 1.0
mg/kg MB intravenously either immediately or 3 h before surgery. The mini-FLARE
imaging system was used to identify the NIR fluorescent signal during surgery and
on post-resected specimens transferred to the pathology department. Results were
confirmed by NIR fluorescence microscopy.

Results

20/24 (83%) of breast tumors (carcinoma in N=21 and ductal carcinoma in situ in
N=3) were identified in the resected specimen using NIR fluorescence imaging. Pa-
tients with non-detectable tumors were significantly older. No significant relation to
receptor status or tumor grade was seen. Overall tumor-to-background ratio (TBR)
was 2.4 * 0.8. There was no significant difference between TBR and background sig-
nal between administration groups. In 2/4 patients with positive resection margins,
breast cancer tissue identified in the wound bed during surgery would have changed
surgical management. Histology confirmed the concordance of fluorescence signal
and tumor tissue.

Conclusions

This feasibility study demonstrated an overall breast cancer identification rate us-
ing MB of 83%, with real-time intraoperative guidance having the potential to alter
patient management.
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INTRODUCTION

Breast cancer is the most common malignancy in women worldwide and is a leading
cause of cancer-related mortality'. More than 1.2 million cases are diagnosed every
year, affecting 10-12% of the female population and accounting for 500,000 deaths
per year worldwide.

In early breast cancer, breast-conserving surgery (BCS) is the preferred standard
of care. Despite preoperative imaging modalities such as CT and MRI, intraoperative
identification of breast cancer tissue can be challenging. Previous studies reported that
the incidence of tumor cells at or near the cut edge of the surgical specimen ranged
from 5% to 82%, with the majority of studies indicating positive resection margins
in 20% to 40% of patients after resection of the primary tumor’. Positive margins
may lead to additional surgical procedures, delays in adjuvant treatment, increased
morbidity, poor aesthetic results, and increased healthcare costs. Therefore, there is
an urgent need for new technology to identify breast cancer tissue intraoperatively.

Technetium(*™Tc)-sestamibi (MIBI) is a lipophilic cation used for preoperative,
non-invasive identification of malignant tissue via SPECT imaging’. Using *"Tc-MI-
BI, preoperative identification of breast cancer is possible in approximately 83-90%
of patients’. Based on the lipophilic, cationic structure of Methylene Blue (MB),
and the fact that like ™ Tc-MIBI, MB can function as a perfusion tracer in vivo®’, we
hypothesized that it too might be able to detect breast tumors. Importantly, MB is a
clinically available tracer that can be used at relatively low dose (0.5-1 mg/kg) as a
fluorescent tracer during NIR fluorescence imaging. NIR fluorescence imaging is a
promising technique to assist in the intraoperative identification of sentinel lymph
nodes, tumors, and vital structures®.

During *"Tc-MIBI SPECT imaging, early (within 30 min after tracer administra-
tion) and delayed (3 h post tracer administration) imaging is performed in succes-
sion®”. The reason for this is to differentiate more accurately between malignant and
benign lesions because it is presumed that tracer uptake in malignant lesions might
persist, whereas clearance from benign lesions would be more rapid. Delayed imag-
ing could thereby result in higher tumor-to-background ratios (TBR) from lower
background signal.

The aim of this study was to determine the feasibility of using MB as a NIR fluo-
rescent tracer for the identification of breast tumor intraoperatively, and to compare
early and delayed imaging protocols.
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METHODS

Patients

Breast cancer patients planning to undergo breast surgery were eligible for par-
ticipation in the trial. Patients planned for either breast conserving surgery (BCS) or
modified radical mastectomy (MRM) were included. Consent was performed at the
department of Surgery. Exclusion criteria were pregnancy or lactation, and various
contraindications to MB including the use of serotonin reuptake inhibitors, serotonin
and noradrenalin reuptake inhibitors and/or tricyclic antidepressants, severe renal
failure, a G6PD-deficiency or a known allergy to MB. All patients gave informed
consent and were anonymized.

Clinical Trial

This clinical trial was approved by the Medical Ethics Committee of the Leiden Uni-
versity Medical Center and was performed in accordance with the ethical standards
of the Helsinki Declaration of 1975.

Patients were divided in 2 administration groups, which differed with respect to the
timing of MB administration. 12 patients per group were administered 1.0 mg/kg MB
intravenously over 5 minutes either immediately before surgery, or 3 h before surgery.
Distribution between groups was based on the logistics of the operating room time
on a particular day. Patients scheduled to be first on the day’s surgical program were
administered MB immediately before surgery (early imaging). Patients scheduled
later in the day were administered MB 3 hours before surgery (delayed imaging).

The mini-FLARE imaging system was used to identify the fluorescent signal dur-
ing surgery and on post-resected specimens transferred to the pathology department.
During surgery images were obtained from the surgical field, resected specimen,
and wound bed after resection. When fluorescent signal was observed, the operat-
ing surgeon could decide whether to resect the fluorescent tissue or not, based on
clinical judgment of the tissue. The resected specimen was sliced at the pathology
department, where images from the bisected tumor were obtained. When possible,
snap frozen tissue was collected for fluorescence microscopy images.

Intraoperative Near-Infrared Imaging System (Mini-FLARE)

Imaging procedures were performed using the Mini-Fluorescence-Assisted Resec-
tion and Exploration (Mini-FLARE) image-guided surgery system, as described

«

earlier'’. Briefly, the system consists of 2 wavelength isolated light sources: a “white”
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light source, generating 26,600 Ix of 400 to 650 nm light, and a “near-infrared” light
source, generating 1.08 mW/ca™ of = 670 nm light. Color video and NIR fluorescence
images are simultaneously acquired and displayed in real time using custom optics
and software that separate the color video and NIR fluorescence images. A pseudo-
colored (lime green) merged image of the color video and NIR fluorescence images
is also displayed. The imaging head is attached to a flexible gooseneck arm, which
permits positioning of the imaging head at extreme angles virtually anywhere over
the surgical field. For intraoperative use, the imaging head and imaging system pole
stand are wrapped in a sterile shield and drape (Medical Technique Inc., Tucson, AZ).

Ex vivo Imaging and Fluorescence Microscopy of Resected Lesion

After slicing of the resected lesion at the Pathology department, fluorescent imaging
was again performed with the mini-FLARE imaging system. Fluorescence micros-
copy images were obtained with the Odyssey Infrared Imaging System (LI-COR,
USA).

Statistical Analysis

For statistical analysis, SPSS statistical software package (Version 20.0, Chicago, IL)
was used. Graphs were generated using GraphPad Prism Software (Version 5.01, La
Jolla, CA). TBRs were calculated by dividing the fluorescent signal of the tumor by
fluorescent signal of surrounding tissue. Patient age and body mass index (BMI) were
reported in median and range and TBR was reported in mean and standard devia-
tion. To compare patient characteristics, independent samples t-test and chi-square
tests were used. To compare TBR and background signal between dose groups,
independent samples t-test was used. P < 0.05 was considered significant.

RESULTS

A total of 24 patients were included in this study. Patient and tumor characteristics
are detailed in Table 1. Mean patient age was 60 years (range 44 - 82 years); 21 patients
were planned for BCS, 3 patients received a MRM. Histopathological analysis showed
14 patients with infiltrating ductal adenocarcinoma, 4 patients with infiltrating lobu-
lar adenocarcinoma, 3 patients with ductal carcinoma in situ, 1 patient with a primary
mucoepidermoid carcinoma, 1 patient with a mucinous adenocarcinoma, and in 1
patient, no tumor was found in the resected specimen even though a preoperative
biopsy showed infiltrating adenocarcinoma. Although patients were not assigned to
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a specific administration group by randomization, groups were comparable as no
significant differences in patient or tumor characteristics were found (Table 1). All
patients received preoperative ultrasound, and 9 patients also underwent preopera-
tive MRI scan.

Table 1 - Patient and Tumor Characteristics

Total Early Delayed
Imaging Imaging
N=24 N=12 N=12 P
Characteristic Mean Range Mean Range Mean Range
Age 60  (44-82) 59  (44-82) 60  (46-71)  0.97
Body mass index 24 (19-37) 24 (19-37) 27 (22-37) 0.16
Pathological tumor size (mm) 15 (6-33) 14 (7-27) 16 (6-33) 0.58
N % N % N %
Clinical Stage 0.22
Stage 0 3 13 3 25 0 0
Stage 1A 13 54 7 58 6 50
Stage 1B 1 4 0 0 1 9
Stage 2A 4 17 2 17 2 17
Stage 2B 2 8 0 0 2 17
Stage 3C 1 4 0 0 1 9
Type of operation 0.54
Mastectomy 3 13 1 9 2 17
Wide local excision 21 87 11 92 10 84
Histological type 0.22
Infiltrating ductal type adenocarcinoma 15 63 6 50 9 75
Infiltrating lobular type adenocarcinoma 4 17 2 17 2 17
Mucinous adenocarcinoma 1 4 1 9
Primary mucoepidermoid carcinoma 1 4 1 4
Ductal carcinoma in situ 3 12 3 25
Receptor status
ER positive 19 79 8 67 11 92 0.83
PR positive 11 46 6 50 5 42 0.26
HER2/NEU positive 1 4 0 0 1 9 0.38
Triple Negative 2 8 1 9 1 9 0.95
Histological grade (Bloom-Richardon) 0.34
I 5 21 1 9 4 34
I 9 38 5 42 4 34
11T 4 16 2 17 2 17
No grading possible 6 25 4 34 2 17
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Color NIR Fluorescence Color-NIR Merge

Figure 1 - NIR fluorescence imaging of a tumor resection with negative margins:

A. Resected specimen after wide local excision. No fluorescent signal was seen at resection margins. B. Inspec-
tion of wound bed after resection. No fluorescent signal was seen at resection margins. C. Sliced resection speci-
men at Pathology department. A clear fluorescent spot (arrow) was seen at the location of the tumor. Tumor was
an infiltrating ductal adenocarcinoma, grade 2, ER+ PR+ Her2/neu-.

In 20 out of 24 patients (83%), breast tumors (carcinoma in N=21 and ductal car-
cinoma in situ in N=3) were identified in the resection specimen with NIR fluores-
cence imaging after bisection in the Pathology department. Tumors were identified
as a bright fluorescent spot in the sliced specimen (Figure 1). Table 2 shows patient
and tumor characteristics related to detectability of the tumor. Patients with non-
detectable tumors were significantly older (mean age 68 years old versus 58 years old;
P=0.03). Both infiltrating ductal type adenocarcinoma and infiltrating lobular type
adenocarcinoma were detectable. In patients with mucinous adenocarcinoma or pri-
mary mucoepidermoid carcinoma, no fluorescent tumor was found. No significant
relation was found regarding receptor status or tumor grade.

The overall TBR was 2.4 + 0.8 (Figure 2A). There was no significant difference be-
tween administration groups in TBR (2.5 £ 0.9 vs. 2.3 + 0.5; P=0.50) or background
signal in arbitrary units (333 + 215 vs. 262 + 134; P = 0.37, data not shown) in the
sliced specimens.
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Table 2 - Patient and Tumor Characteristics Related to Detectability

Detectable Not Detectable
N=20 N=4
Characteristic Mean Range Mean Range
Age 58 (44-71) 68 (56-82)
Body mass index 26 (19-37) 24 (22-26)
Pathological tumor size (mm) 16 (6-33) 10 (7-12)
N % N %
Clinical Stage
Stage 0 2 8 1 4
Stage 1A 10 42 3 13
Stage 1B 1 4 0 0
Stage 2A 4 17 0 0
Stage 2B 2 8 0 0
Stage 3C 1 4 0 0
Histological type
Infiltrating ductal type adenocarcinoma 14 59 1 4
Infiltrating lobular type adenocarcinoma 4 17 0 0
Mucinous adenocarcinoma 0 0 1 4
Primary mucoepidermoid carcinoma 0 0 1 4
Ductal carcinoma in situ 2 8 1 4
Receptor status
ER positive 17 71 2 8
PR positive 9 38 2 8
HER2/NEU positive 1 0 0
Triple Negative 2 0 0
Histological grade (Bloom-Richardon)
I 4 17 1 4
I 9 37 0 0
11T 3 13 1 4
No grading possible 4 17 2 8

Four patients (17%) were found to have positive resection margins. In case 1,
tumor tissue was identified both on the surface of the resected specimen (Figure 3A)
and intraoperatively in the wound bed using NIR fluorescence imaging (Figure 3B).
Direct re-resection was performed, and histopathological analysis confirmed that the
fluorescent resected tissue was tumor (data not shown). Both primary resected and
re-resected tumor tissue was an infiltrating lobular adenocarcinoma, grade 2, ER+
PR- Her2/neu -. In case 2, no fluorescent tumor signal was seen on the surface of
the resected specimen. In the bisected specimen, no fluorescent signal was seen at
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A Tumor-to-Background Ratio Between Groups
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*
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Figure 2 - Tumor-to-Background Ratio and microscopic images of resected lesion:

A. Overall Tumor-to-Background Ratio (TBR) and TBR per administration group are shown. No differences
in TBR between administration groups were observed (P = 0.50; 95% CI -0,49 - 0,96). B. Microscopic images
of Hematoxylin and Eosin staining of the resected lesion and fluorescent signal (Odyssey Infrared Imaging
System, LI-COR). At the NIR fluorescent image, fluorescent signal is seen as white, where surrounding breast
tissue remains black. A clear overlay between fluorescent signal and tumor tissue was seen. Normal breast tissue
was indicated by an asterisk (*). Tumor (indicated by arrowhead) was an infiltrating ductal adenocarcinoma,
grade 2, ER + PR + Her2/neu -.

location of the tumor. This could have been because of lack of uptake or intracel-
lular conversion of MB to its leuco'!, non-fluorescing form, but either way explains
the lack of fluorescent signal in the tumor-positive resection margin. Tumor was
a DCIS grade 3. In case 3, only images of the sliced specimen were available due
to logistics, so no intraoperative fluorescent images were available. In case 4, clear
fluorescent spots were identified in the wound bed intraoperatively, however, the
operating surgeon believed that they were a false positive and did not resect them.
Histopathology, though, confirmed positive margins at the location of the fluorescent
spots. Afterwards, patient underwent a mastectomy in which the residual lobular
infiltrating adenocarcinoma was found near the lumpectomy cavity.

In the patients with negative resection margins, median minimal distance of
tumor tissue to resection margin was 3 (range 1-20).
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Color NIR Fluorescence Color-NIR Merge

Figure 3 - NIR fluorescence imaging of a tumor resection with positive margins:

A. Resected specimen after wide local excision. Fluorescent signal was seen at the deep margin of the resection
specimen, indicated by arrows. B. Inspection of wound bed after resection. Fluorescent signal was seen at resec-
tion margins indicated by arrows. Direct re-resection of the fluorescent tissue was performed, which contained
malignant tumor tissue. Tumor was an infiltrating lobular adenocarcinoma, grade 2, ER+ PR- Her2/neu -.

Histological validation of MB positive tumors with fluorescence microscopy
showed a clear overlay between fluorescent signal and tumor tissue (Figure 2B).

Three patients in the early administration group experienced transient mild pain
of the lower arm during administration of MB, which disappeared after flushing the
intravenous cannula with saline. No other adverse reactions associated with the use
of MB or the Mini-FLARE™ intraoperative NIR fluorescence camera were observed.

DISCUSSION

The current study demonstrated feasibility of real-time identification of breast cancer
using NIR fluorescence imaging and MB. In 83% of patients, tumor demarcation
as identified by NIR fluorescence imaging corresponded to histological presence of
tumor. In addition, in one case surgical management was changed based on intraop-
erative NIR fluorescence findings, which avoided the need for re-resection.

During breast cancer surgery, the distinction between healthy and malignant tissue
is often not evident, resulting in positive resection margins in up to 40% of patients
undergoing breast conserving surgery'”". Despite major improvements in preop-
erative imaging, real-time intraoperative imaging modalities are lacking”. Therefore,
breast cancer surgeons often still have to rely on palpation and previously obtained
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mammography or MRI to determine the extent of resection. Optical imaging using
exogenous contrast agents could usher in a new era in surgical oncology. However,
to successfully use this modality both a clinical-grade intraoperative fluorescence
imaging system and a tumor-specific NIR probe are obligatory. To date multiple
camera systems have become clinically available, however FDA/EMA approved
tumor-specific probes are still lacking. Therefore, it is important to exploit clinically
available contrast agents, such as indocyanine green and MB'* whenever possible.

Several papers have reported the intraoperative use of MB for identification of
various tumors. As early as 1971, MB was used at high concentration as a visible blue
dye to stain parathyroid adenomas after systemic administration". Thereafter, it was
shown that there was a high uptake of the tracer in various kinds of neuroendocrine
tumors'®"®. One of the disadvantages of using MB is that the high dose (7.5 mg/kg)
used in these prior studies, which was needed for visualization of the blue colored
dye the human eye, brings substantial risk of serious adverse events, such as toxic
metabolic encephalopathy".

NIR fluorescence imaging permits visualization of MB at low concentration
because MB fluoresces at 700 nm. In transgenic mice, Winer et al® showed intraop-
erative identification of insulinoma, a pancreatic neuroendocrine tumor, using NIR
fluorescence imaging and MB. In a clinical setting, this technique has been used for
the intraoperative identification of parathyroid adenomas and a solitary fibrous tu-
mor of the pancreas™”. In these prior studies, a dose of only 0.5 - 0.1 mg/kg MB was
used, which resulted in clear fluorescent signal in the identified lesions. Although
we did not explore dose in this feasibility study, our results suggest that a formal
study of dose, which includes higher doses than 1.0 mg/kg, is warranted. Such a study
could answer definitively if the 17% of tumors that were not identified using MB were
because the dose was too low.

The exact mechanism of tracer uptake in these tumors is unclear. The physico-
chemical similarities of MB and *Tc-MIBI, both lipophilic and cationic, suggest a
possible common mechanism. Lipophilic captions were originally developed as myo-
cardial perfusion agents, and subsequently used as tumor-seeking agents in a variety
of tumors™. They emerged as suitable tools to explore specific cellular processes and
functions in malignant tumors. In several studies, it was shown that lipophilic cations
show passive influx into cells with large negative plasma membrane and mitochon-

drial membrane potentials***

, with influx being reversible. Cellular processes that
are associated with uptake of these tracers are apoptosis, proliferation, P-glycoprotein
expression, and neoangiogenesis. However, it has to be further explored whether any
of these mechanisms result in MB accumulation in breast cancer tissue.

Using T MIBI, a breast tumor identification rate of 83-90% has been reported.

Although our present study was small (N = 24 subjects), our identification rate is
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in agreement with the sensitivity of *"Tc-MIBI described in the literature. Based
on clinical experience with *"Tc-MIBI in breast cancer, early and delayed imaging
is used to discriminate between malignant and benign lesions, as tracer accumula-
tion is prolonged in malignant lesions. This is in contrary to MR imaging of breast
malignancies, where malignant lesions tends to enhance but also washout quicker
than benign lesions™. This is caused by endothelial fenestration in microvasculature,
which leads to increased capillary leakage, and connections between the arteriolar
and venular systems (arteriovenous shunting), which leads to less perfusion of the
capillary bed. Complicating the understanding of mechanism even further is the fact
that MB can be converted to a non-fluorescent leuco form under certain intracellular
redox and pH conditions''. Because the exact mechanism of *Tc-MIBI and MB
uptake in breast tumors is still unclear, future studies have to be done regarding this
effect. In the present study, though, no difference was seen between different admin-
istration groups in TBR and background signal, suggesting that the more convenient
early imaging protocol could be used in future studies.

As NIR fluorescence imaging is a surface technology (= 5 mm penetration depth),
it is important to understand its capabilities and limitations. To date, research and de-
velopment of new imaging modalities for oncology mainly focus on the detection of
small tumor deposits in the human body. In breast cancer, these small tumor deposits
can change surgical decision making, but do not provide such prognostic relevance in
breast conserving surgery, as postoperative radiation eliminates microscopic tumor
deposits in most cases”. For example, the rate of small tumor deposits is 2 to 3 times
higher than the incidence of local recurrence using preoperative MR imaging, result-
ing in mastectomies that may not be beneficial to patient survival”. On the other
hand, adequate visualization of tumor margins intraoperatively would be beneficial
to lower the number of R1 resections and to avoid the need for re-resections and
radiotherapeutic boost therapy”. Using intraoperative NIR fluorescence imaging, it
is not possible to image the whole breast for small tumor deposits due to the limited
penetration depth. However, the optical properties of NIR fluorescence are very well
suited for the visualization of possible residual tumor cells at the resection margin.
Additionally, NIR fluorescence has an exceptionally high spatial resolution compared
to conventional imaging techniques.

To benefit from the full potential for NIR fluorescence imaging several factors
are of paramount importance and need to be optimized: 1) the concentration of the
NIR fluorophore in the target tissue, 2) minimizing photon absorption and scattering
in the tissue, 3) maximizing excitation power of NIR excitation without inducing
photobleaching or photo damage to tissue, and 4) the sensitivity of the CCD chip on
the detector. Methylene blue becomes a moderate-strength fluorophore when used at
low concentrations, with an excitation maximum of 670 nm. Contrast agents with an
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emission peak of 700 nm have several limitations compared to 800 nm fluorophores
with respect to quantum yield, penetration depth, and autofluorescence. It is hoped
that new tumor-specific “800 nm” contrast agents will become widely available dur-
ing the next few years, although MB could fill the gap in the meantime. Improved
laser or LED light sources and cameras are under constant development to overcome
the imaging system associated factors.

Another important consideration is extraneous NIR fluorescence generated from
other drugs in the surgical field. During this study we found that Patent Blue, used
for sentinel lymph node mapping, exhibited a weak NIR fluorescence at 700 nm
that could confound the MB results (data not shown). Because we have previously
demonstrated that blue dye can be omitted from sentinel lymph node mapping when
indocyanine green (ICG) is used”], and the FLARE imaging system is capable of
imaging 2 independent channels of NIR fluorescence, e.g., NIR Channel 1 for MB-
guided breast cancer resection and NIR Channel 2 for ICG-guided sentinel lymph
node mapping, it should be possible to eliminate Patent Blue from future protocols
and thus eliminate this potential confounder.

The primary endpoint of this study was the identification ratio of breast cancer
using NIR fluorescence and MB and optimization of injection timing. As it was the
first feasibility study with MB in breast cancer, no outcomes data were collected to
correlate with intraoperative NIR fluorescence findings. Therefore, is not possible
to draw conclusions on the prognostic relevance of the technology, although one
might ponder that true negative MB uptake selected for tumors of low perfusion and
relatively low metastatic potential. Thereby only one patient directly benefitted from
this technique with respect to direct resection of residual tumor tissue due to the
reasons mentioned above. Future studies will need to address this and other remain-
ing questions.

In conclusion, this is the first study to demonstrate the use of low dose MB for
the real-time identification of breast cancer using NIR fluorescence and MB. No dif-
ference was seen between different administration groups in TBR and background
signal, suggesting that the more convenient early imaging protocol could be used in
future studies. Although larger studies are necessary to determine patient benefit,
results with MB are promising and improved contrast agents will likely become avail-
able in the future.
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