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ABSTRACT

Introduction:

Methylene blue (MB) also known as methylthioninium chloride was one of the
first widely used fully synthetic drug. It was discovered in 1876 by the German chemist
Heinrich Caro!. Since its discovery, it has been used in medicine in various clinical

situations, especially in surgery23,

This marker and indicator, is used infraoperatively in various situations, for
instance in the visuadlization of the presence of intestinal, entero-urinary or
bronchopleural fistulas#8. It is also used in other fields apart from surgery, such as, in
the freatment of methaemogolobinemia-induced encephalopathy orin dermatology
in herpes labialis, eczema herpeticum, oral candidiasis and cutaneous leishmaniasis2?-
14, This substance also has applications in treatment of cyanide poisoning. In the past,
it was used in urinary fract infections as an antiseptic and stimulating the mucosa
surface drug#'>. Nowadays, the main use of methylene blue is sentinel node biopsy
(SNB) in various cancers'¢2, SNB was first described in the beginning of nineties by
Morton and Giuliano for melanoma and breast cancers. In recent two decades the
development of image-guided surgery (IGS) has resulted in the use of more and more
dyes that have fluorescent properties. It is natural to use known compounds with

properties like MB.

MB, which is a thiazide dye, is very safe for patients. It can be used orally,
infravenously or administered intfradermally. Depending on the application, it is
administered in various concentrations. Infravenous use should be slow and last
between 3 - 10 minutes?!'22, Occasionally, a temporary decrease in the pulse oximetry
reading may occur when methylene blue is administered intravenously. This
phenomenon is apparent and has no real relationship with the decrease in oxygen
saturation of hemoglobin. This is due to a distorted pulse oximeter reading. After
infravenous administration its half-life is 5-6.5 hours and it is excreted in the urine after
about 4 to 24 hours's. Renal failure is no indication for decreasing the infravenous
dosage, nevertheless caution should always be exercised'. Patients with hepatic
insufficiency also do not require dosage changes?'. After many years of using MB, the
side effects are well known. Possible side effects of MB include: slight pain, burning,

rash, abscess, necrosis and even ulceration at the site of infravenous injection423-25,
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Sometimes the urine is green on the day it is administered*. Allergic reactions are
concentration-related. They may be more common at doses above 5 mg / kg2,
Therefore, the lowest effective dose should be used. A dose below 2 mg / kg is very

safe for the patient??,

IGS is a new and growing element in modern surgery. Near-infrared (NIR)
imaging is a technique that uses NIR light for intfra-operative imaging of anatomical
structures that are invisible under normal light. NIR fluorescence (NIRF) requires the use
of a fluorophore and an imaging system to detect and measure its fluorescence upon
excitation with an infrared light beam?®. Fluorescent dyes can be applied locally or
systemically as needed during surgery. This allows real-fime evaluation. The
fluorophore is excited by a specific wavelength of infrared light, and then using the
imaging system the length of the reflected light, which is longer, is measured?'. The
range of the near-infrared light is 700-200 nm and enables to distinguish structures
about 1 cm deep in the fissued233, NIRF imaging systems enable the selection of
different colors with a fluorescent signal of a specific length, which helps in the
infraoperative location of the structures. An essential element for the assessment of
NIRF in most of the available equipment on the market is the need to dim the lighting

in the operating room.

Methylene blue is not recognized as a perfect fluorophore due to the fact that
it has a visible light emission spectrum in the range of 400-700 nm. MB excitation peak
is about 700 nm - excitation 668 nm, emission 688 nm2?34, MB has a hydrophobic
character which results in less ftissue penetration with more background
autofluorescence. The use of the fluorescent blue properties is sometimes impossible
because some patients metabolize into the non-fluorescent form - leucomethylene

blue's.

Skin melanoma is a malignant neoplasm. Occurrence frequency has been
increasing in recent yearsss. The development of diagnostics, surgical freatment and,
in particular, systemic treatment made it possible to achieve better treatment
outcomes. It also reduces the scope of surgical procedures performed on patients
over the last decades in the direction of less invasive. A perfect example of this
procedure is the commonly performed sentinel lymph node dissection (SLND) in
patients without clinical signs of lymph node metastases3¢. An updated indication for

SLND includes melanomas in the stage greater than pTla. SLND is a common and



basic element of surgical treatment of melanoma. Due to the possible localization of
melanomas all over the skin, searching for the sentinel node may cause intraoperative
problems. Nodal status assessment is an essential element of further treatment, since
micrometastases may occur in up to 25% of clinically negative lymph nodes'8?7, The
first reports on performing a sentinel biopsy date back to 19928, Morton and
colleagues used blue dye to identify the node. In 1993, the first reports on the location
of the sentinel node using a radiofracer appear®. In 1996, Albertini and collaborators
described the combination of both methods for sentinel node identification. Currently,
the gold standard in the performance of SLND is the dual method of determination -
dye and isotope. The simultaneous use of both methods increases the probability of
correct node detection to 96-99%%. With the development of new surgical techniques
such as NIRF in 2005, Kitai and colleagues described sentinel node identification using
fluorescent properties of indocyanine green in breast cancer. Due to the standard
use of MB in SLND in melanoma, an attempt to use its fluorescent properties seems
natural. So far, there have been no reports on this in the literature. With the standard
double sentinel node detection method, the attachment of the NIRF system enables
the use of the fluorescent properties of MB. In the last few years infraoperative
fluorescence imaging presenting important results being one of the key elements in
IGS.

This doctoral thesis consists of two papers, one review paper about current frends and
emerging future of methylene blue usage in a special attention in fluorescence
prosperities, the second article is an original paper based on 20 melanoma patients
who underwent SLND procedure using two standard dyes whit additional visualization

of MB fluorescent properties.
Aims:
Publication 1

The aim of this article is description of 5 major domains where the MB near infrared

fluorescent guided imaging was used during surgical procedures.
Publication 2

The aim of the study was to present for the first time in clinical series of patient the
usage of MB as not only a dye visualized with naked eye but also with fluorescent

properties during sentinel biopsy procedures in melanoma patients.



Material and Methods:

Publication 1

A literature review of PubMed and Medline was conducted based on the
historical, current and future usage of MB within the field of medicine. We reviewed
not only the current usage but we also tried to grasp its function as a fluorophore in

five main domains
Publication 2

A prospective study of patients with melanoma of the trunk and extremities. The
study was approved by the bioethics committee (no. NKBBN / 99/2018). The study
included 20 patients who had standard indications for a sentinel node biopsy. In terms
of sex, the groups were equal - 10 women and 10 men. All patients underwent the
SLND procedure using a radioactive tracer and MB - standard naked eye visualization
and fluorescence properties. The median age of the subjects was 60 years (range 21-
85 years). In terms of melanoma localization, the study included 8 patients on the trunk,
3 on the upper limbs and 9 on the lower limbs. Melanoma advancement was in the
range between pTla to pT3b (patients with pTal were enrolled in the study if they had

additional risk factors such as ulceration or mitoses =2 1/mm?2).

According to the SLND protocol at the Department of Oncology Surgery in
Gdansk, Medical University, each patient before the procedure (1-3 hours before skin
incision) was given infradermally 1ml (ITmCi/ml) technetium 99m (Tc-99m). MB 1ml
(Metiblo 10mg /mil) was injected intradermally separately after induction of anesthesia

and prior to prepping the patient.

During the procedure, the near infrared light imaging system NIR Quest Artemis (Quest
Artemis, Netherlands) was used. This device includes a camera and an integrated NIR
light source intended to aid in the imaging of MB as a fluorophore — excited
wavelength of 680 nm, visualization at approximately 710 nm. The camera of the
device was positioned approximately 20-30 cm from the patient's skin. Lymph node
basin was examined with a handheld gamma camera system, Gamma Finder I
(W.O.M World of Medicine GMBH; Berlin, Germany), prior to making a skin incision,
along with assessment of the visibility of MB through the skin. The operating field was

monitored by the NIR Quest Artemis camera throughout the duration of the



procedure. During the procedure, the surgeon had the opportunity to observe the
camera image and operate in real time. It was necessary to dim the lighting in the
operating room. Further, the nodes were inspected for radiation markers. Each node
that was visible in one of the methods was treated as sentinel. The surrounding tissue
was chosen as the background. A signal to background ratio (SBR) 21.1 with NIRF was
considered positive. During imaging, a color image of the surgical field was visualized

simultaneously as the NIRF to assist in surgical guidance.

The results of the study were presented in a statistic analysis such as the median
with minimum and maximum values and the frequency expressed as a percentage
Chi-squared tests were used to test for differences between observed frequencies and
frequencies that were expected under the null hypothesis. A P- value < 0.05 was
considered statistically significant. All statistical analyses were performed using the

SPSS version 26.0 software package for Mac (IBM Corp, Chicago, IL, USA).

Results:

Publication 1

Utilizing the fluorescent properties of methylene blue, they can be used in five
main topics. Visualization of ureters, parathyroid gland identification, pancreatic
tumors imaging, detection of breast cancer tumor margins, as well as breast cancer

sentinel node biopsy.

Infraoperative visualization of the ureter is possible using MB and NIRF system
especial in laparoscopic procedure. Damage to the ureter during the procedure is a
relatively rare complication, but it is associated with serious complications. Methylene
blue excreted in urine after infravenous administration makes it possible to visualize the
ureter in NIRF. Infravenous doses of MB are in a range from 0.25 mg\kg to 1 mg\kg.
3441The ureteral fluorescence was visible 10 minutes after the administration, even 60
minutes. In all of these dosages a significant difference has been shown between the
mean signal-to-background ratio across all time points. Barenes et al. reported the
5.29, SD = 2.72, 95% Cl 4.84-
1.89, 95% CI 3.37-3.39)%4. A

limitation in the use of MB in the visualization of the ureter may be renal dysfunction

highest mean SBR using the 0.75 mg/kg dose (mean
5.75), and the lowest at 1 mg/kg (mean = 3.66, SD



and the conversion of MB to non-fluorescent form, which is caused by the reduction

and / or acidity of the environment.

MB has long been used in the intraoperative identification of parathyroid glands
using doses of 3.5 to 7 mg / kg and changes in the color of the parathyroid glands
seen with the naked eye#243, Such high doses may be associated with the occurrence
of side effects. NIRF makes it possible to visualize the parathyroid glands at lower doses.
The lowest dose of methylene blue that has been administered intravenously to
differentiate parathyroid glands from the surrounding tissue is 0.05 mg/kg. but the
fluorescence only lasts for a few seconds, which makes it less than ideal for resections
of the parathyroid glands'?. Additionally, the parathyroid glands show
autofluorescence at a wavelength of 750 nm to 785 nm#+4¢, The reason for this is
unknown, it may be related to the histological structure and blood supply

infraoperatively4547,

The infravenous supply of MB also causes its accumulation in the cells of
neuroendocrine tumors#44?. Due to NIRF, it is possible to visualize insulinomas with a
diameter of less than 1 mm#30, MB fluorescence can be used in the infraoperative
identification of pancreatic PNET. The use of MB fluorescence in this case is under

further research.

Tummers et al. used the fluorescent properties of MB to evaluate the margins of
excised breast cancers during conserving surgery?4. Preoperative intravenous
administration of methylene blue at a dose of 1 mg / kg allowed to visualize the

margins of the excised tumors using fluorescence NIR.

Jiang et al, demonstrated the possibility of using the properties of MB

fluorescence in the identification of sentinel node in breast cancer?.

Publication 2

Radioactive technetium was present in all cases 20/20 (100%). In 3/20 (15%) of
patients, the sentinel node was visible tfrough the skin by NIRF. The median SBR for the
sentfinel node visualization by florescence was 3,15 (range, 2,7 to 3,5). In 4 patients
(20%), the fluorescence lymphatic channels were seen in NIRF before it was visible to
the naked eye. The median SBR for lymphatic channel visualization by fluorescence

was 3.69 (range 2,7 to 4,2). Sentinel nodes were visible by fluorescence with MB in 14
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cases (65%). The median SBR for senfinel node visualization during lymphatic tissue
preparation by fluorescence was 2,49 (range, 1,5 to 5,7). Only two patients who
underwent SLND had metastases to these nodes, which required a total
lymphadenectomy at the next operation. In both of these patients, the sentinel node
was fluorescent. In 16 patients (80%) the lymph node was blue stained which allowed
identification with the naked eye. In three of these patients, the sentinel node was
blue, but no fluorescence was identified. In one patient, the lymph node showed
fluorescence but no blue discoloration was visible to the naked eye. Of the four
patients with fluorescence visible lymphatic channels, only one sentinel node was
stained blue, but no fluorescence was detected. The relationship between the sentinel
node fluorescence and factors such as gender, melanoma location and ulceration
was also analyzed. No significant association was found between fluorescence and
these factors. There were no adverse reactions associated with the use of methylene

blue during the clinical study. There were also no serious surgical complications.

Conclusions:
Publication

Methylene blue is used in medicine for decades especially because of its accessibility,
wide safety profile and proceed versality. Using its fluorescent properties it showed

wide variable application in different surgical technics.

Publication 2

For the first fime in a clinical sefting the usefulness of fluorescent properties of
methylene blue in sentinel biopsy in melanoma patients was described. Future studies

are awaited to proof its clinical potential.

11



STRESZCZENIE

Wstep:

Btekit metylenowy (MB) znany réwniez jako chlorek metylotioniniowy jest
jednym z pierwszych szeroko stosowanych w petni syntetycznych lekow. Zostat odkryty
w 1876 roku przez niemieckiego chemika Heinricha Caro'. W medycynie
wykorzystywany jest czesto w réznych sytuacjach klinicznych w szczegdlnosci w
chirurgii2s. Znajduje zastosowanie w Ssrédoperacyjnej wizualizacji\wykrywaniu
obecnosci przetok jelitowych, jelitowo-moczowych czy oskrzelowo-optucnowych#3,
Jest rowniez  wykorzystywany  w leczeniu encefalopatii wywotanej
methemogolobinemig. W dermatologii, w celu wspomagania gojenia opryszczki
wargowej, wyprysku opryszczkowego, kandydozy jamy ustnej i leiszmaniozy
skornej29-14, Jest rbwniez uzywany w przypadku zatrucia cyjankiem. W przesztosci byt
stosowany w infekcjach drég moczowych jako srodek antyseptyczny i stymulujgcy
dziatanie na powierzchni btony sluzowej*15. Obecnie gtownie jest wykorzystywany przy
procedurze biopsji wezta wartowniczego -sentinel lymph node dissection (SLND) w
wielu nowotworach'¢2, SNB zostata po raz pierwszy opisana w latach
dziewiecdziesigtych przez Mortona i Giuliano w przypadku czerniaka skory i raka piersi.
Rozwdj chirurgii sterowanej obrazem w ostatnich latach doprowadzit do zastosowania
zwigzkdw o wiasciwosciach fluorescencyjnych do tej procedury chirurgiczne;.
Natfuralne jest wykorzystanie znanych barwnikdw przy SNB w poszerzeniu o ich

wtasciwosci fluorescencyjne.

MB to barwnik fiazydowy o bardzo bezpiecznym profilu. Moze by¢ podawany
doustnie, dozylnie lub $rodskérnie. W zaleznosci od zastosowania jego stezenia sg
rébzne. Podawanie dozylne powinno by¢ powolne i trwa¢ od 3 do 10 minut2!22,
Czasami, po dozylnym podaniu btekitu metylenowego, moze wystgpic przejsciowy
spadek odczytu pulsoksymetrii. Jest to zjawisko pozorne, ktére nie ma realnego
zwigzku ze spadkiem nasycenia hemoglobiny tlenem. Spowodowane jest to
zaburzeniem odczytu pulsoksymetru. Po podaniu dozylnym jego okres potirwania
wynosi 5-6,5 godziny i jest wydalany z moczem po okoto 4-24 godzinach'. Nie ma
potfrzeby zmniejszania dawki dozylnej w niewydolnosci nerek, ale zawsze nalezy
zachowac ostroznosc'4. Pacjenci z niewydolnoscig wgtroby nie wymagajg zmiany

dawkowania?!. Po wielu latach stosowania MB skutki uboczne sg powszechnie znane
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i nalezg do nich: niewielki bdl, pieczenie, wysypka, ropien, martwica, a nawet
owrzodzenie w miejscu wstrzykniecia423-25, Przy podazy dozylnej mocz moze zmienic
kolor na zielony. Reakcje alergiczne sg zalezne od stezenia, mogqg wystepowac
czesciej przy dawkach powyzej 5 mg/kg?-28. Dlatego nalezy stosowac najnizszg

skuteczng dawke. Dawka ponizej 2 mg/kg jest bardzo bezpieczna dla pacjenta??.

Chirurgia sterowana obrazem (IGS) to nowy i rozwijajgcy sie element
nowoczesnej chirurgii. Obrazowanie w bliskie] podczerwieni (NIR) fto technika
wykorzystujgca wigzke Swiatta podczerwonego do srodoperacyjnego obrazowania
struktur anatomicznych, ktére sg niewidoczne w normalnym Swietle. Fluorescencja z
zakresu promieniowania podczerwonego - near infrared fluorescence (NIRF) wymaga
uzycia zwigzku z wtasciwosciami fluorescencyjnymi oraz specjalistycznego systemu
obrazowania do wykrywania i pomiaru jego fluorescencji po wzbudzeniu wigzkg
Swiatta podczerwonego®. Barwniki fluorescencyjne mozna stosowac miejscowo lub
ogdlnoustrojowo w zaleznosci od potrzeb podczas zabiegu pozwalajgce na ocene w
czasie rzeczywistym. Zwigzek fluorescencyjny jest wzbudzany przez okreslong dtugosc
fali swiatta podczerwonego, a nastepnie za pomocg systemu obrazowania mierzy sie
dtugosc wigzki Swiatta odbitego, ktéra jest dtuzsza. Zasieg bliskiej podczerwieni wynosi
700-200 nm i pozwala na rozréznienie struktur anatomicznych w badanej tkance na
gtebokosci do okoto 1 cm?3233, Systemy obrazowania NIRF umozliwiajg wybor réznych
kolorbw dla poszczegdinych dtugosci Swiatta odbitego co pomaga w

srodoperacyjnej lokalizaciji strukfur.

Btekit metylenowy nie jest uznawany za doskonaty zwigzek fluorescencyjny ze wzgledu
na to, ze ma widmo emisji Swiatta widzialnego w zakresie 400-700 nm. Pik wzbudzenia
MB to okoto 700 nm — (wzbudzenie 668 nm, emisja 688 nm)2?34, MB ma charakter
hydrofobowy co powoduje mniejszg penetracje do tkanek przy wiekszej auto
fluorescencji tta. Wykorzystanie wtasciwosci fluorescencyjnych btekitu jest czasem
niemozliwe, poniewaz niektdrzy pacjenci metabolizujg go do postaci

niefluorescencyjnej — btekitu leukoetylenowego's.

Czerniak skoéry jest nowotworem ztosliwym, ktérego czestos¢ wystepowania
wzrasta w ostatnich latach3. Rozwdj diagnostyki, leczenia operacyjnego, a w
szczegolnosci leczenia systemowego umozliwia uzyskanie lepszych wynikéw leczenia.
Zmniejszeniu ulega takze zakres zabiegdéw chirurgicznych wykonywanych na

przestrzeni ostatnich dziesiecioleci w kierunku mniej inwazyjnych. Doskonatym
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przyktadem tej tendencji jest powszechnie wykonywana biopsja wezta
wartowniczego (SLND) u pacjentéw bez klinicznych objawdw przerzutéw do weztdw
chtonnych, umozliwiojgca w duzej grupie chorych unikniecia catkowitej
limfadenektomii®é. Aktualne wskazanie do SLND obejmuje czerniaki w stadium
wiekszym niz pTla (klasyfikacji TNM czerniaka). SLND jest powszechnym i
podstawowym elementem chirurgicznego okreslenia stanu zaawansowania
czerniaka. Ze wzgledu na mozliwg lokalizacje czerniokdw na catej skorze ciata
poszukiwanie wezta wartowniczego moze powodowac problemy srédoperacyjne.
Ocena stanu weztdw jest niezbednym elementem dalszego leczenia, mikro przerzuty
mogqg wystgpic nawet w 25% klinicznie niepodejrzanych weztach chtonnych!8s7,
Pierwsze doniesienia o wykonaniu biopsji wezta wartowniczego pochodzg z 1992 roku.
Morton i wspotpracownicy uzyli niebieskiego barwnika do identyfikacji wezta. W 1993
roku pojawity sie pierwsze doniesienia o wykorzystaniu znacznika potgczonego z
radioaktywnym izotopemss. W 1996 roku Albertini i wspotpracownicy opisali
kombinacje obu tych metod identyfikacji wezta wartowniczego ktéra jest aktualnie
ztotym standardem w wykonywaniu SNB. Jednoczesne uzycie tych metod zwieksza
prawdopodobienstwo prawidtowego wykrycia wezta do 96-99%3°. Wraz z rozwojem
nowych technik chirurgicznych, takich jak NIRF w 2005 roku, Kitai i wspotpracownicy
opisali identyfikacje wezta wartowniczego przy uzyciu zieleni indocyjaninowej w raku
piersi‘0. Ze wzgledu na standardowe zastosowanie MB w SLND w czerniakach,
naturalna wydaje sie proba wykorzystania jego wtasciwosci fluorescencyjnych.
Jednoczasowe zastosowanie systemu NIRF podczas standardowej metody lokalizacja
wezta umozliwia dotqczenie do nich trzeciej zwigzanej z fluorescencjg btekitu. Jak

dotgd w literaturze nie ma na ten temat doniesien.

Niniejsza praca doktorska sktada sie z dwoch artykutow. Jednej pracy
przeglgdowej dotyczgcej aktualnych trenddw i pojawigjgcych sie przysztych
zastosowan btekitu metylenowego ze szczegdlnym uwzglednieniem jego wtasciwosci
fluorescencyjnych. Druga to praca oryginalna oparta na 20 pacjentach z czerniakiem
skory, ktorzy przeszli standardowq procedure SLND poszerzona o $rédoperacyjng
wizudlizacje wezta chtonnego wigzkg Swiafta podczerwonego w oparciu o

wtasciwosci fluorescencyjne btekitu metylenowy.
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Cele:
Publikacja 1

Celem artykutu jest przeglgd dostepnej literatury oraz zebranie materiatu na
temat pieciu gtownych zastosowan fluorescencji btekitu metylenowego podczas
zabiegdw chirurgicznych z wykorzystaniem obrazowania wigzkq Swiatta bliskiej

podczerwieni.

Publikacja 2

Celem pracy byto wykonanie badania klinicznego u chory z czerniakiem skory
podanych biopsji wezta wartowniczego przy wykorzystaniu standardowej metody —
radioizotop oraz btekit metylenowy poszerzonej o srobdoperacyjng wizualizacje wezta
za pomocgq systemu obrazowania wigzkg Swiatta bliskiej podczerwieni wykorzystujgc

wtasciwosci btekitu metylenowego.

Materiaty i metody:
Publikacja 1

Przeprowadzono przeglad literatury PubMed i Medline na podstawie
historycznego, obecnego i przysztego wykorzystania MB  w medycynie. W
szczegolnosci skoncentrowano sie na mozliwych zastosowaniach wtasciwosci

fluorescencyjnych btekitu metylenowego w chirurgii sterowanej obrazem.
Publikacja 2

Prezentuje prospektywne badanie dotyczgce pacjentéw z czerniakiem tutowia
i konczyn. Badanie zostato zatwierdzone przez komisje bioetyczng (nr NKBBN/99/2018).
Wtgczonych zostato 20 pacjentéw leczonych w Klinice Chirurgii Onkologicznej
Gdanskiego Uniwersytetu Medycznego ze standardowymi wskazaniami do biopsji
wezta wartowniczego. Pod wzgledem ptci grupy byty rowne — 10 kobiet i 10 mezczyzn.
Wszyscy pacjenci zostali poddani zabiegowi SLND z uzyciem znacznika
promieniotwérczego i MB - standardowa wizualizacja gotym okiem i ocena
wtasciwosci fluorescencyjnych. Mediana wieku badanych wynosita 60 lat (zakres 21-

85 lat). Pod wzgledem lokalizacji czerniaka badaniem objeto 8 pacjentéw ze zmiang
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na futowiu, 3 na konczynie gérnej i 9 na konczynie dolnej. Stopien zaawansowania
czerniaka waha sie od pTla do pT3b (do badania wtgczano pacjentéw w stadium
pTal, jesli spetniali dodatkowe czynniki w ryzyka, takich jak owrzodzenie lub mitoza =
1/mm2).

Zgodnie z protokotem SLND obowigzujgcym w Klinice Chirurgii Onkologicznej
Gdanskiego Uniwersytetu Medycznego kazdemu pacjentowi przed zabiegiem (1-3
godziny przed nacieciem skoéry) podano srodskornie Tml (1mCi/mil) technetu 99m (Tc-
99m). Dodatkowo wstrzyknieto $srédskornie MB 1ml (Metiblo 10mg/ml) po indukciji

znieczulenia i przed rozpoczeciem operacii.

Podczas zabiegu zastosowano system obrazowania w bliskiej podczerwieni NIR
Quest Artemis (Quest Artemis, Holandia). Urzgdzenie to zawiera kamere i zintegrowane
zrédto Swiatta bliskiej podczerwieni, ktdére ma umozliwi¢ obrazowanie MB jako
fluoroforu — wzbudzona fala o dtugosci 680 nm, wizuadlizacja przy okoto 710 nm.
Kamera urzgdzenia zostata umieszczona okoto 20-30 cm od skéry pacjenta. Obszar
ciata sptywu chtonki z miejsca lokalizacji ogniska pierwotnego czerniaka badano za
pomocqg podrecznego systemu kamery gamma, Gamma Finder II (W.O.M World of
Medicine GMBH; Berlin, Niemcy), przed wykonaniem naciecia skory, wraz z oceng
widocznosci MB przez skére. Przez caty czas frwania zabiegu pole operacyjne byto
monitorowane kamerg NIR Quest Artemis. Podczas zabiegu chirurg miat mozliwose
obserwowania obrazu z kamery i operowania w czasie rzeczywistym. Ponadto wezty
sprawdzono za pomocqg kamery promieniowa gamma. Kazdy wezet widoczny w
jednej z metod byt fraktowany jako wartownik. Jako tto do fluorescencji wezta
wybrano otaczajgcq tkanke. Za pozytywny w NIRF uznano stosunek sygnatu do tta
(SBR - signal to background ratio) 21,1. Podczas zabiegu kolorowy obraz pola
operacyjnego byt jednoczes$nie wizualizowany jako NIRF, aby utatwi¢ lokalizacje

wezta.

Wyniki badania przedstawiono w andlizie statycznej, takiej jak mediana z
wartosciami minimalnymi i maksymalnymi oraz czesto$S¢ wyrazona w procentach.
Testy chi-kwadrat zostaty uzyte do sprawdzenia rdznic miedzy czestosciami
obserwowanymi a czestosciami oczekiwanymi w ramach hipotezy zerowej. Za istotng

statystycznie uznano wartose p < 0,05. Wszystkie analizy statystyczne przeprowadzono
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przy uzyciu pakietu oprogramowania SPSS wersja 26.0 dla komputeréow Mac (IBM
Corp, Chicago, IL, USA).

Wyniki:
Publikacja 1

Wykorzystujgc wtasciwosci fluorescencyjne btekitu metylenowego, mozna go
stosowac¢ w pieciu gtéwnych aspektach klinicznych. Wizualizacja moczowoddw,
identyfikacja przytarczyc, obrazowanie guzdw trzustki, wykrywanie margineséw

podczas wyciecia raka piersi oraz biopsja wezta wartowniczego raka piersi.

Wizualizacja srédoperacyjna moczowodu jest mozliwa przy uzyciu systemu NIRF
oraz fluorescencji btekitu, szczegdlnie w procedurze laparoskopowej. Uszkodzenie
moczowodu podczas zabiegu chirurgicznego jest stosunkowo rzadkim powiktaniem,
ale wigze sie z powaznymi konsekwencjami klinicznymi. Btekit metylenowy wydalany z
moczem po podaniu dozylnym umozliwia wizualizacje moczowodu w NIRF. Dozylne
dawki MB mieszczqg sie w zakresie od 0,25 mg\kg do 1 mg\kg344!. Fluorescencja
moczowodu widoczna jest po 10 minutach od podania nawet do 60 minut. We
wszystkich dawkach w przeprowadzonych badaniach wykazano znaczgcg réznice
miedzy Srednim stosunkiem SBR we wszystkich punktach czasowych. Barenes i
wspotpracownicy odnotowali najwyzszy sredni SBR przy dawce 0,75 mg/kg (Srednia =
5,29, SD = 2,72, 95% CI 4,84-5,75), a najnizszy przy 1 mg/kg (srednia = 3,66, SD = 1,89,
95% Cl 3,37 -3,39)34. Ograniczeniem w wykorzystaniu MB w wizualizacji moczowodu
moze byc¢ dysfunkcja nerek i konwersjia MB do postaci niefluorescencyjnej, co

spowodowane jest redukcjq i/lub zakwaszeniem Srodowiska.

MB od dawna jest stosowana w srodoperacyjnej identyfikacji przytarczyc przy
zastosowaniu dawek od 3,5 do 7 mg/kg prowadzgc do zmiany zabarwienia
przytarczyc widocznych bez specjalnego sprzetu4243. Tak wysokie dawki mogg wigzac
sie z wystepowaniem skutkdw ubocznych. NIRF umoZzliwia wizualizacje przytarczyc przy
nizszych dawkach. Najnizsza dawka btekitu metylenowego podawana dozylnie w
celu odréznienia przytarczyc od otaczajgcej tkanki wynosi 0,05 mg/kg, ale
fluorescencja utrzymuje sie tylko przez kilka sekund, co czyni jg mniej niz idealng do

resekcji przytarczyc'”. Dodatkowo przytarczyce wykazujg autofluorescencje przy

17



dtugosci fali od 750 nm do 785 nm. Przyczyna tego nie jest znana, moze byc¢ zwigzana

z budowq histologiczng i srddoperacyjnym ukrwieniem4547,

Dozylna podaz MB powoduje rowniez jego akumulacje w komaorkach guzéw
neuroendokrynnych44?, Dzieki NIRF mozliwa jest wizualizacja insulinoma o Srednicy
mniejszej niz 1 mm48.%0, Fluorescencja MB moze by¢ wykorzystywana w sréddoperacyjnej
identyfikacji PNET trzustki. Zastosowanie fluorescencji MB w tym przypadku jest w

trakcie dalszych badan.

Tummers i wsp. wykorzystali wtasciwosci fluorescencyjne MB do oceny
marginesdw  wycietych rakdw piersi podczas operacji  oszczedzajgcej.
Przedoperacyjne dozylne podanie btekitu metylenowego w dawce 1 mg/kg

pozwolito na wizualizacje margineséw wycietych guzéw za pomocq fluorescenciji NIR.

Jiang i wsp. wykazali mozliwos¢ wykorzystania wtasciwosci fluorescenciji MB w

identyfikacji wezta wartowniczego w raku piersi®'.

Publikacja 2

W przeprowadzonym badaniu radioaktywny technet byt obecny we wszystkich
przypadkach 20/20 (100%). U 3/20 (15%) pacjentow wezet wartowniczy byt widoczny
przez skére w NIRF. Mediana SBR dla wizualizacji wezta wartowniczego wyniosta 3,15
(zakres 2,7 do 3,5). U 4 pacjentéw (20%), naczynia limfatyczne byty widoczne w NIRF
zanim byty widoczne gotym okiem. Mediana SBR dla wizudlizacji naczyn
limfatycznych za pomocqg fluorescenciji wyniosta 3,69 (zakres 2,7 do 4,2). Wezty
wartownicze byty widoczne przez fluorescencje MB w 14 przypadkach (65%). Mediana
SBR dla wizualizacji wezta wartowniczego podczas preparacii tkanki limfatycznej
metodq fluorescencji wyniosta 2,49 (zakres od 1,5 do 5,7). Tylko dwdch pacjentow
poddanych SLND miato przerzuty do tych weztdw, co wymagato catkowitej
limfadenektomii podczas nastepnej operacji. U obu tych pacjentow wezet
wartowniczy wykazywat fluorescencje. U 16 pacjentow (80%) wezet chtonny byt
zabarwiony na niebiesko, co pozwalato na jego identyfikacje gotym okiem. U trzech
z tych pacjentéw wezet wartowniczy byt niebieski, ale nie zidentyfikowano
fluorescencji. U jednego pacjenta wezet chtonny wykazywat fluorescencije, ale gotym
okiem nie byto widoczne niebieskie zabarwienie. Sposrdd czterech pacjentow z

widocznymi fluorescencyjnie kanatami limfatycznymi, tylko jeden wezet wartowniczy
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wybarwiono na niebiesko, ale nie wykryto fluorescenciji. Przeanalizowano réwniez
zwigzek miedzy fluorescencjg wezta wartowniczego a czynnikami, takimi jak ptec,
lokalizacja czerniaka i owrzodzenie. Nie znaleziono istotnego zwigzku miedzy
fluorescencjg a tymi czynnikami. Podczas badania klinicznego nie wystgpity zadne
dziatania niepozgdane zwigzane ze stosowaniem btekitu metylenowego. Nie byto

rowniez powaznych powiktan chirurgicznych.

Whioski:
Publikacjal

Btekit metylenowy jest stosowany w medycynie od dziesiecioleci, zwtaszcza ze
wzgledu na jego dostepnosc, szeroki profil bezpieczehstwa i wszechstronnosc
postepowania. Jego wtasciwosci fluorescencyjne znajdujg szerokie zastosowanie w
réznych przypadkach srddoperacyjnych zwiekszajgc doktadnosc identyfikacji struktur

anatomicznych.
Publikacja 2

Po raz pierwszy w warunkach klinicznych  opisano  przydatnosc
fluorescencyjnych wtasciwosci btekitu metylenowego w biopsji wartowniczej u
chorych na czerniaka. Oczekuje sie, ze przyszte badania udowodniq jego potencjat

kliniczny.
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Abstract: Methylene blue is a fluorescent dye discovered in 1876 and has since been used in different
scientific fields. Only recently has methylene blue been used for intraoperative fluorescent imaging.
Here, the authors review the emerging role of methylene blue, not only as a dye used in clinical practice,
but also as a fluorophore in a surgical setting. We discuss the promising potential of methylene blue
together with the challenges and limitations among specific surgical techniques. A literature review of
PubMed and Medline was conducted based on the historical, current and future usage of methylene
blue within the field of medicine. We reviewed not only the current usage of methylene blue, but we
also tried to grasp its” function as a fluorophore in five main domains. These domains include the
near-infrared imaging visualization of ureters, parathyroid gland identification, pancreatic tumors
imaging, detection of breast cancer tumor margins, as well as breast cancer sentinel node biopsy.
Methylene blue is used in countless clinical procedures with a relatively low risk for patients. Usage of
its fluorescent properties is still at an early stage and more pre-clinical, as well as clinical research,
must be performed to fully understand its potentials and limitations.

Keywords: methylene blue; fluorescence; fluorophore

1. Introduction

Ever since German chemist Heinrich Caro first prepared methylene blue in 1876, it has been
described as the first fully synthetic drug used in medicine [1]. Throughout many decades, a multitude
of usages have been discovered amongst the various fields of science including clinical medicine and
surgery [2,3].

Methylene blue is commonly used in medical practice, especially as a dye in microbiological
staining. This function has now lent itself to the operating theatre, where methylene blue is often used
as an marker and indicator in various surgical techniques [4-6]. Recently, it has been used for the
detection of intestinal, enterovesical, and bronchopleural fistulas [7,8]. It has been also used as a drug for
treating methaemoglobin-induced encephalopathy and often aids in treating dermatological diseases,
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such as herpes labialis, eczema herpeticum, oral candidiasis, and cutaneous leishmaniasis [2,9-14].
Another field where methylene blue (MB) can be used is as an antidote in cyanide poisoning [14-16].
Historically, it was used in patients with urinary tract infection—as an antiseptic and stimulant of
mucous surfaces, although it is no longer recommended in either [4,17]. Additionally, we can use MB
intravenously in different doses to visualize enlarged parathyroid glands, observe the ureters and
evaluate any potential damage [18,19]. Methylene blue (MB), also known as methylthioninium chloride,
is a thiazine dye that can be used as a medication, and can be administered orally, subcutaneously or
intravenously. The intravenous setting should be administered slowly—usually over 3 to 10 min [20,21].
Methylene blue is excreted in the urine 4 to 24 h after intravenous administration, with a half-life of 5
to 6.5 h [17]. Despite this, it is not necessary to reduce the dose in patients with renal insufficiency.
However, it should be used with caution [14]. There is no specific dosage guidance for patients with
liver failure [20].

Lastly, methylene blue can be used to detect lung nodules during thoracoscopic procedures [6]
Interestingly enough, some patients metabolize the methylene blue molecule into a non-fluorescent
leucomethylene blue with an unclear impact on the patient [17] Despite all of this, the most traditional
use of methylene blue remains the detection of sentinel nodes in different cancers [22-27] as initially
proposed by Giuliano et al. for breast cancer in 1994 [28].

The main effect of methylene blue on molecular level is through modulation of the cyclic guanosine
monophosphate (cGMP) pathway. Additionally, multiple cellular and molecular targets of the MB
compound have been identified. Many studies describe in detail the mechanisms of MB at the molecular
level [19,29].

2. Fluorescence

Near-infrared (NIR) imaging is a novel technique that uses near-infrared light to help surgeons
visualize different structures and allows them to see beyond the normal white light spectrum [30].
The NIR fluorescence visualization requires a fluorophore to work together with an imaging system to
detect and measure its fluorescence after excitation. Depending on the clinical situation, fluorophores
can be administered locally, but also systemically.

Fluorophores are excited by a specific wavelength of near-infrared light that reemits back an
appropriate light visualization. The wavelength of this light is a longer one [31]. Due to this,
near-infrared (NIR) light (700-900 nm) allows visibility of different structures about a 10 mm depth into
the tissue, in the distinction of visible light [32-34] Within the 700-900 nm spectrum, no autofluorescence
is detected in tissues. The NIR fluorescence imaging requires the fluorophore coupled with an
imagining system to show the fluorescence after excitation, then the compound detection is measured
afterwards [32]. Many of the NIR fluorescence systems available on the market can alter the fluorescent
signal with an overlaid color, which facilitates intraoperative orientation.

In most cases, lamps in the operating theatre have to be dimmed to the same level used during
laparoscopic procedures [26].

The Federal Drug Administration (FDA) and the European Medicines Agency (EMA),
have approved the clinical use of Indocyanine Green (ICG), Methylene Blue (MB) and 5-amino-levulinic
acid (5-ALA) fluorophores. In our review, we focus on methylene blue, emphasizing that it is not
considered a pure probe, due to its visual light emission spectrum of 400-700 nm [35]. Methylene blue
has an excitation peak of about 700 nm, an excitation wavelength of 668 nm, plus an emission of
688 nm, which is visible to the naked eye [35,36]. Similar results were presented by other laboratories.
Methylene blue presents with an absorption peak at 665 nm with a shoulder at 610 nm, presenting an
additional peak at 293 nm [37]. It has a quantum yield of 0.52. Moreover, the emission spectra of
MB is about 686 nm with a stoke shift of 21 nm. The clinical properties of MB are limited by its’
hydrophobic nature. This is the reason why methylene blue presents less tissue penetration while at
the same time, more autofluorescence of the background tissue. In comparison, the ICG fluorescence
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spectrum is about 800 nm, with 5-ALA has a spectrum of about 510 nm, outside of the NIR fluorescence
range [38,39].

3. Fluorescent Clinical Use

Methylene Blue when used together with a special NIR system for the detection of fluorescence,
allows for the visualization of previously hidden structures during surgery. Below, we describe the
major domains where the MB NIR guided surgical technique can be used.

3.1. Visualization of Ureters

Iatrogenic ureter injury during surgery is a rare adverse event, but is considered one of the
most serious complications. It is especially common during lower abdomen surgeries—especially
gynecological interventions, where the prevalence ranges between 0.15 to 1.5% [36,40-42]. In colorectal
procedures, the lower third of the left ureter is most prone to damage. [43]. Faster recognition of the
ureter, although challenging in cases of previous surgery or radiotherapy of the pelvic floor, not only
makes it easier to avoid potential damages, but it also helps in identifying different anatomical structures
such as nerves and gonad vessels [44]. Intraoperative diagnosis of ureteral injury enables immediate
repair and reduces negative consequences on patient’s health [45] Intra-operative localization of the
ureter often uses a light ureter catheter, particularly in laparoscopic surgery. However, this is an
additional invasive procedure for patients, with an increased risk for further complications [46].

Verbeek et al. was the first to report the use of NIR fluorescence-guided surgery to visualize the
ureters by intravenous injection of methylene blue [47]. In 12 patients, both ureters were detected 10 min
after peripheral vein injection, with the signal lasting up to 60 min after administration. Three different
doses of MB 0.25, 0.5, and 1 mg/kg were used. Statistically, these groups differed only in the time of
exposure. Conversely, Al Taher et al. managed to visualize both ureters in only 5 out of 10 patients [48].

Barnes et al. reported identification of 64 out of 69 ureters during colorectal surgery of
40 patients [36]. Moreover 14 of ureters were not visible under white light. A group of 50 ureters
were visible under both white and fluorescence light, but 14 of them were easier and faster to identify
using the NIR camera. From the anatomical point of view, in 10 cases ureter was seen in a different
localization than expected (14.5%). The authors divided patients into four groups based on MB
concentrations used: 0.25, 0.5, 0.75, or 1 mg/kg. A significant difference has been shown between
the mean signal-to-background ratio across all time points. The highest mean signal-to background
ratio was observed using the 0.75 mg/kg dose (mean = 5.29, SD = 2.72, 95% CI 4.84-5.75), and the
lowest at 1 mg/kg (mean = 3.66, SD = 1.89, 95% CI 3.37-3.39). On the other hand, Yeung et al. showed
that intra-operative concentrations of 1 mg/kg gave the strongest signal [49]. After administration of
methylene blue intravenously during surgery, the highest fluorescence was obtained between 9 and
20 min after administration with a peak at 14.4 min. In all cases, the autofluorescence was low and the
mean signal to the background ratio was 2.74. Figure 1 presents our experience in searching ureter
during anterior resection of the rectum using Quest Spectrum camera, Quest, Netherlands (Figure 1).

Figure 1. Fluorescent visualization of a ureter during rectal cancer anterior resection.

One of the limitations of using methylene blue to visualize the ureters is the potential impairment
of renal function because it is excreted by the kidneys. Another limitation is the restriction of MB use
only for patients who are capable of converting MB into the non-fluorescing leucomethylene blue,
which is caused by the reduction and/or acidity of the environment [17,50].
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Allergic reactions to MB occur more frequently at doses above 5 mg/kg, therefore, use of methylene
blue should be with the smallest efficacious dose [50-53]. With lower doses of MB used, it is
still possible to visualize ureters with NIR fluorescence and reducing the risk of side effects at the
same time [47]. The standard 1% concentration (i.e., 31.3 mmol/L) of MB used in clinical settings,
such as that used during sentinel node biopsy, for instance, presents no fluorescence due to the
quenching phenomenon [50]. The quenching threshold of MB diluted in urine is less than 20 umol/L.
In higher concentrations, moderately high NIR fluorescence is visible, with peak excitation at 668 nm,
extinction coefficient of 69,100 mol/L™! x em™!, peak emission at 688 nm [50].

When diuretics are used in conjunction with methylene blue, the increase in urinary excretion
does not affect the fluorescence of the MB dye. This could be related to the greater dilution of
urinary-methylene blue [50]. Matsui et al. assumed that this phenomenon is caused by furosemide,
which affects the conversion of methylene blue into non-fluorescent leucomethylene blue [50].

Novel experimental dyes are currently in development [50]. In the review by Slooter et al.,
eight experimental dyes that could be used to identify ureters were described [54]. Two of the
proposed dyes present interesting characteristics: CW 800-BK and ZW 800-1. Both are currently
being investigated in ongoing clinical trials and the results of those trials should be available soon.
The remaining six dyes are still in the earlier stages of research: CW 800-CA, Fluorescein, Liposomal ICG,
Genhance 750, UL-766, Ureter glow.

3.2. Thyroid and Parathyroid Glands

Localization and dissection of the parathyroid glands is still a formidable challenge during surgery.
Detection of the enlarged glands is often difficult due to their variability in number and location.
Incorrect diagnosis of the parathyroid glands during surgery may result in serious complications [55].
The first report of using methylene blue to visualize the parathyroid glands dates back to 1971,
when after injecting a high dose of MB (5 mg/kg) intravenously, surgeons noticed that the parathyroid
glands gradually changed in color (blue) for one hour, followed by a gradual change back to normal
after two and a half hours [56]. Moreover, the normal parathyroid gland tissue was stained blue only
at the periphery of the gland, while the adenomas completely changed color. Despite these results,
there are currently no prospective clinical trials using high doses of methylene blue during surgery on
the parathyroid glands [57]. This is most likely due to the increased risk of side effects associated with
the higher dose of MB [57].

Currently, there are nine parathyroid identification methods available on the market:
autofluorescence spectroscopy, autofluorescence imaging, ICG imaging, methylene blue fluorescence
imaging, 5-ALA, optical coherence tomography, laser speckle contrast imaging, dynamic optical
contrast imaging, and Raman spectroscopy [35,58-65].

Methylene blue is traditionally injected intravenously in a high dose (3-7.5 mg/kg) to allow for the
naked eye to be able to see the enlarged parathyroid glands as they are stained blue, but as mentioned
earlier, these doses are associated with many adverse effects and should be used with caution [66,67].
The NIR fluorescence technique makes it possible to detect the glands by using lower doses of MB.
According to Hillary et al. the optimal dose for this technique is 0.4 mg/kg, which makes it possible to
distinguish the parathyroid glands from the surrounding tissue for a reasonable amount of time [26].
However, directly after intravenous administration of this MB dose, there can be a temporary false
decrease in hemoglobin saturation, with values reading as low as 65%. This drop disappears after
about 30 s, and is due to a temporary impaired reading of the pulse oximeter—a disorder of light
absorption in the blood [68]. There are no hemodynamic changes observed, and the oxygen saturation
readings quickly return back to baseline [26].

The lowest dose of methylene blue that has been administered intravenously to differentiate
parathyroid glands from the surrounding thyroid tissue is 0.05 mg/kg, but the fluorescence only lasts
for a few seconds, which makes it less than ideal for resections of the parathyroid glands [26].
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Fluorescence of an abnormal parathyroid gland is greater than a normal one [26]. However,
the Mc Wade et al. study shows that there is no significant difference of near infrared fluorescence
visualization between a healthy parathyroid gland (signal-to-background ratio of 4.51 + 1.24) and
an abnormal one (4.81 + 0.80) [55]. During the injection of higher doses of MB, the fluorescence of
abnormal parathyroid glands increases more compared to the surrounding tissue, especially to that of
normal parathyroid glands [26].

Surprisingly, we can observe auto-fluorescence of parathyroid glands prior to fluorophore
injection [26]. De Leeuw et al. [58], Mc Wade et al. [55], and Paras et al. [69] all mention this
in their studies, where they detected the parathyroid glands by using their autofluorescence at
wavelengths of 750 nm and 785 nm, which is 2-11 times more visible then the thyroid and surrounding
structures [55,58,69]. Hillary et al. demonstrated the same phenomenon by using a wavelength of
680 nm [26]. The cause of parathyroid hyper-fluorescence is unknown and seems to be independent
from its” histological structure and intraoperative blood supply [58,70].

In search for parathyroid adenomas, Van der Vorst et al. administered 0.5 mg/kg of MB (at a
concentration of 10 mg/mL) intravenously for 5 min to a group of 10 patients after dissecting the neck
tissues [71]. This resulted in 9 out of 10 adenomas detected using the NIR methylene blue imaging
method during the operation. Furthermore, only 7 out of 9 patients had a positive preoperative
99mTC-sestamini single photon emission computed tomography scans and in 2 of the patients the
adenomas were only seen with the NIR MB visualization [71].

3.3. Pancreatic Neuroendocrine Tumor

Methylene Blue accumulates in neuroendocrine tumors when injected intravenously, but the
precise mechanism of this action is unknown. Initial reports of its clinical application have been
described [72].

The first neoplastic lesion of the pancreas (insulinoma) to be stained by using high doses (5 mg/kg)
of MB was seen in 1974 [73]. Winner et al. showed that by using MB as a fluorescent dye, it can be
useful in visualizing insulinoma in NIR light, in an animal model [72]. When intravenously injecting
MB, the NIR fluorescence from the pancreas remains relatively at the same level of a 3.0 signal to
background ratio for about 60 min. Depending on the usage of MB, a different signal to background
ratio can be achieved. A higher ratio is achieved when the MB administration occurs in a rapid bolus
(5-20 s), when compared to a slow infusion (15-20 min). However, both techniques of administering
MB displayed contrast within the pancreas. The animal models (pigs) were divided into individual
groups of test subjects and received different doses of methylene blue—0.25, 0.5, 1, and 2 mg/kg.
The signal to background ratio (SBR) was >1 in doses greater than 1 mg/kg, and was statistically
significant with the baseline (p < 0.05). The lack of statistical difference in SBR doses of 1 and 2 mg/kg
may be associated with a plateau phase of the signal strength, thus reaching the quenching threshold or
saturation of the signal absorption process. Neoplastic lesions (insulinoma) of the pancreas were able
to be distinguished from healthy tissue in NIR fluorescence within 2 min after intravenous injection
of MB. Furthermore, NIR fluorescence was able to detect neoplastic lesions of the pancreas with a
diameter less than 1 mm. The higher uptake of MB in the neoplastic tissue showed an insulinoma to
pancreas ratio of 3.7 + 0.5.

Preoperative and intraoperative difficulties of visualization of the pancreatic neuroendocrine
tumors (PNET) may lead to incomplete resection, but in the case of suspected PNET associated multiple
endocrine neoplasia type 1 and 2, surgeons have been able to use NIR imaging during surgery to
identify lesions [74]. In one particular case, tumors were identified using preoperative magnetic
resonance imaging studies. Only four lesions were visible during positron emission tomography (PET)
scans. Using near-infrared imaging with MB allowed for visualization of the neuroendocrine lesions
intraoperatively, with more than 20 fluorescent lesions detected in the entire pancreas. This discovery
led to a change in the surgical approach and a total pancreatectomy was performed.
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Pancreatic solitary fibrous tumors have also been detected using MB as a fluorescent dye with a
1 mg/kg dose, resulting in a SBR of about 3, which remained stable for nearly 15 min [75]. As a result,
it was possible to localize a tumor in the uncinate process of the pancreas by using NIR fluorescence.

The possibility of using MB in NIR visualizations of paraganglioma with a smaller second lesion
not seen by the naked eye has also been identified [76].

3.4. Breast

Intraoperative localization of breast cancer tumors is challenging and the high rate of positive
margin resections is still a vast problem [77]. Therefore, intraoperative techniques capable of visualizing
cancer cells are needed. Based on an analysis of different studies, a total of 402,357 patients diagnosed
with breast cancer (invasive and ductal carcinoma in situ) were identified, with a mean re-operation
rate (re-excision or mastectomy) of 27.49%, varying between treatment centers [78].

An interesting application of methylene blue and its fluorescent properties is its role in breast cancer
margin detection during breast-conserving treatment, as proposed by Tummers et al. [79] using NIR
fluorescence imaging, they detected tumors of the breast in 20 of 24 cases [40]. Patients were divided
into two groups: those with early imaging, with methylene blue administered intravenously 5 min
before the start of the operation, and those with delayed imaging, with methylene blue administered
3 h prior to the surgery. All patients received a 1 mg/kg dose of MB. [79]. There was no statistical
difference between the groups when analyzing the tumor to background ratio. Among these patients,
four had positive surgical margins. In two cases with the use of NIR fluorescence, a positive margin
was visible on the surface of the excised tissue in the post-operative bed and also in the cut margin.
In one of the cases, by using MB fluorescence, a second surgery was avoided. In one patient, the tumor
was not visible using the NIR fluorescence. The authors suggested that this may have been the result
of the transformation of methylene blue into a non-fluorescent form. Another negative case was the
result of logistical problems during the study. There were no statistical changes in the histopathological
type of breast cancer (p = 0.22).

Another study by Zhang et al. showed the possibility of using MB fluorescence imaging to identify
breast cancer [59]. This study involved 30 breast cancer patients divided into two groups—patients
who received pre-operative chemotherapy, and patients without neoadjuvant treatment. All patients
received a 1 mg/mL dose of methylene blue intravenously 3 h before their surgery. To aid in fluorescence
evaluation, a camera was used that had been prepared for methylene blue visualization. In 16 out of
20 patients (80%) who did not receive pre-operative chemotherapy, the dissected breast specimens
showed a fluorescent contrast (signal-to-background ratio: 1.94 + 0.71). In the group of patients that
received neoadjuvant chemotherapy fluorescence of the tumor could be observed in 3 of 10 cases
(30%), suggesting that neoadjuvant chemotherapy has an impact on the imaging result (p < 0.05) and
that the detection of breast cancer using MB fluorescent contrast was strongly affected. It is worth
mentioning that in 5 cases, the fluorescence showed additional tissue that was excised in the group of
patients without neoadjuvant chemotherapy. During the histopathological examination, this additional
tissue turned out to be benign hemorrhagic tissue. The statistical analysis of the 35 samples showed a
sensitivity of 0.63 and a positive predictive value of 0.79 by using MB-based NIR fluorescence.

In the paper by Jiang et al., the authors presented the first cases of sentinel node biopsy using
methylene blue together with fluorescence imagining [60]. These promising videos showed potential
benefits on the identification of lymph vessels, location of sentinel nodes, and the patterns of breast
lymphatic flow. Future studies on this topic are needed to show its real potential as well as limitations.

4. Side Effects

Methylene blue is a safe drug if used within therapeutic doses of <2 mg/kg [35]. Patients can
experience slight pain after intravenous injections, which resolves after flushing the access site
with saline [59,79]. Other adverse symptoms include a burning sensation, rash, abscess, necrosis,
and even ulceration [4]. Green colored urine can even be observed after administration of MB [4].



J. Clin. Med. 2020, 9, 3538 7 of 12

Intravenous injection of MB causes a temporary desaturation in blood, which can be measured
when using pulse oximetry, but oxygen levels return to a normal shortly thereafter [61,62,68].
High intravenous doses of methylene blue can cause nausea, vomiting, abdominal pain, precordial pain,
dizziness, headache, profuse sweating, dyspnea, hypertension, and mental confusion [4,17,20].
With subcutaneous and intradermal administration, adverse skin reactions, such as erythematous
macular lesions, superficial ulcers, and abscess formation may form [63,64]. In higher systemic doses,
toxic reactions may occur, such as cardiac arrhythmias, coronary vasoconstriction, lower cardiac
output, decreased renal function, as well as decreased mesenteric blood flow. Pulmonary vascular
pressure can increase together with pulmonary vascular resistance and impaired gas exchange can be
observed [35,62].

Localized skin and fat necrosis have been reported after subcutaneous injection during sentinel
lymph node biopsy [63]. Tattoo persistence has also been observed up to 1 year after the operation,
as well as prolonged postoperative radiotherapy and breast edema [65]. Severe immunoglobulin
hypersensitive reaction has been reported in 1% MB when used for tubal permeability during general
anesthesia [80,81]. According to the review by Bezu at al. [80], anaphylactic reaction to methylene blue
dye during sentinel node biopsy is extremely rare. The prevalence of reactions to other blue dyes,
namely isosulfan blue and patent blue V, varies between 0.07% and 2.7% [80].

Serotonin syndrome may occur after using methylene blue, especially if used together with other
serotonergic drugs like selective serotonin reuptake inhibitor (SSRIs) and serotonin-norepinephrine
reuptake inhibitor (SNRIs) drugs. Most cases of serotonin syndrome occurred after doses of 1-8 mg/kg
MB via intravenous injection used when trying to visualize the parathyroid glands [34,82] in
patients taking these medications. As such, the use of methylene blue should be avoided in these
patients [10,20,82].

Methylene blue is contraindicated in patients who experienced hypersensitivity reaction and in
patients with renal insufficiency because it is excreted through the kidneys [83]. It is also contraindicated
in glucose-6-phosphate dehydrogenase (G6PD) deficiency and in patients with Heinz body anemia [84].

Methylene blue is potentially teratogenic and should not be used during pregnancy [4,20,85,86].

5. Conclusions

Methylene blue has been used in the field of medicine for decades, due to its accessibility,
wide safety profile, and proved versatility. Despite its limitations, it has shown tremendous promise
when used as a NIR fluorophore, especially thanks to its fluorescent properties. The field of near-infrared
imagining with methylene blue as a fluorophore is an interesting surgical technique that demands
further clinical investigation.
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Abstract

Introduction: Fluorescence imaging of sentinel node biopsy in melanoma is a novel method. Both indocyanine green
(ICG) and methylene blue (MB) have fluorescent properties. The aim of this study was to present, for the first time in
a clinical series of patients, the possible usage of MB as a fluorescent dye for sentinel node biopsy during surgery for
melanoma.

Material and methods: Twenty patients with skin melanoma, who were candidates for sentinel node biopsy were
enrolled in our study. All patients underwent simultaneous use of standard nanocolloid and blue dye. Transcutaneous
visualization of the sentinel node, visualization of lymphatic channels as well as sentinel node fluorescent visualization
were all measured. We also performed calculations of Signal to Background ratios (SBR).

Results: In 15% (3/20) of patients, the fluorescent sentinel node was visible through the skin. The median SBR for the
sentinel node visualization by fluorescence was 3.15 (range, 2.7-3.5). Lymphatic channels were visible in lymphatic tissue
via fluorescence before visualization by the naked eye in 4 patients (20%). The median SBR ratio was 3.69 (range, 2.7-4.2).
Sentinel nodes were visible by fluorescence in |3 cases (65%). The median SBR ratio was 2.49 (range, 1.5-5.7). No factors
were found to be associated with fluorescent MB visualization of a sentinel node during biopsy.

Conclusion: This is the first clinical study presenting the usefulness of fluorescent sentinel node biopsy in melanoma
patients using MB as a fluorophore. Further studies are necessary to provide methods for its’ clinical implementation.

Keywords
image guided surgery, surgical oncology, surgical education

Introduction

Melanoma is a malignant tumor of the skin that has ex-
hibited a significant increase in incidence in the last few
decades worldwide.' Accurate determination of the stage
of the disease is key to determining the correct plan of
treatment. One of the main evaluation elements, apart
from the depth of infiltration of the primary lesion, is the
regional lymph node status.” Regional lymph nodes
should be evaluated for metastasis prior to initiating
melanoma treatment.” The patient’s lymph node status is
the single most important prognostic factor for those
patients who present with early-stage cutaneous mela-
noma.®> The biopsy of sentinel nodes in clinically non-
suspect lymph nodes is routinely performed to assess
disease advancement.” Micrometastases can occur in up to
25% of patients with clinically negative lymph nodes.’
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Morton was one of the first to describe the procedure of
sentinel node identification using blue dye in 1992.° In
1993, the use of radiotracers to detect the sentinel node in
melanoma was described in the literature.® Three years
later, Albertini et al. combined both methods—the use of
blue dye and radiotracers—which increased the sensitivity
of visualization of sentinel nodes.” Currently, the com-
bination of both methods is frequently used in cancer
treatment centers worldwide.” With the simultaneous use
of technetium-99m (99mTC) and blue dye, the frequency
of correct identification of the sentinel node location is
96-99%." Apart from methylene blue (MB) and radio-
active colloids, other dyes that can be used to visualize
sentinel nodes include indocyanine green (ICG), which
also has fluorescent propertiecs. A new age of image-
guided surgery began in 2005, when Kitai et al. pre-
sented the first clinical description of ICG as a fluorophore
for sentinel node biopsy in breast cancer using near-
infrared light.’

Interestingly, MB also presents with fluorescent prop-
erties and could potentially be used as a fluorophore.'®!!
Methylene blue works as a fluorophore when excited by
lights of 680 nm and can be visualized at approximately
710 nm.'® Methylene blue is currently used as a fluo-
rescent dye in the visualization of parathyroid glands
during surgery, the localization of the ureters to prevent
accidental damage during operations, and the localization
of different pancreatic tumors, as well as in breast cancer
margin detection during breast conserving treatment.'''®
Other fluorophores, such as fluorescein, are under in-
vestigation for their possible use in fluorescence-guided
sentinel node biopsy in melanoma patients.'®

However, ICG is not registered in some countries as
a standard dye for sentinel node biopsy in melanoma
patients still new fluorophores are searched for image-
guided navigation. Moreover, a revolution in camera
systems began and a camera system that visualizes not
only ICG but also methylene blue using its fluorescent
properties is available.

The aim of this study was to present, for the first time in
a clinical series of patients, the possible usage of MB as
a fluorescent dye for sentinel node biopsy during mela-
noma surgery.

Methods

Twenty patients with melanoma of the skin on the trunk or
extremities were prospectively enrolled in this study. This
study was approved by the institutional review board
(no. NKBBN/99/2018). All patients signed an informed
consent form. Every patient included in the study had
indications for sentinel node biopsy in accordance with
current guidelines.”’

All subjects were injected intradermally with *™TC prior
to surgery (1-3 h before operation) and with MB (MB) dye

in the operating room. Up to 1 mL of MB (Metiblo 10 mg/
mL, Laboratories Sterop NV, Brussels, Belgium) was in-
jected around the scar. The MB was injected into the dermis
separately after induction of anesthesia and prior to prepping
the patient. There were no adverse reactions to the MB.

Intraoperative near-infrared imaging was performed
using a handheld device, NIR Quest Artemis (Quest
Artemis, Netherlands). This device includes a camera and
an integrated near-infrared light source intended to aid in
the imaging of MB as a fluorophore when excited by the
wavelength of 680 nm, with visualization at approxi-
mately 710 nm. The camera was installed on the flexible
arm, and fluorescence imaging was performed at a dis-
tance of about 20-30 cm from the surgical field. Each
lymph node basin was examined with a handheld gamma
camera system, Gamma Finder II (W.O.M. World Of
Medicine GMBH; Berlin, Germany), prior to making
a skin incision, along with assessment of the visibility of
MB through the skin (yes or no). From the initial incision
of the skin until the sentinel lymph node was localized, the
image was continuously monitored using the NIR Quest
Artemis camera. While using the camera, it was necessary
to darken the operating room lights to avoid any visual
disturbances. Similar to laparoscopic procedures, the
surgeon was able to watch the image and operate at the
same time. The possibility of the camera system to vi-
sualize fluorescence images while “hands free” enabled
continuous visualization of the lymphatic vessels and
nodes during surgery. Further, the nodes were inspected
for radiation markers. Each node that was visible in one of
the methods was treated as sentinel. Whether an sentinel
lymph node (SLN) was fluorescent depended on the
Signal to Background ratio (SBR). A region of interest
(ROI) from adjacent tissue was selected as a background.
A SBR > 1.1 with NIR fluorescence was considered
positive. The Quest Artemis (Quest Medical Imaging,
Middenmeer, The Netherlands) is designed and developed
for open and minimally invasive image-guided surgery
using near-infrared fluorescence imaging (NIRF). The
fluorescence imaging system is designed to visualize
two types of fluorescent probes: Cy5.5 and ICG, or any
other probe that has similar fluorescence properties that
are not visible to the naked eye. For this study, the
Cy5.5 mode was used to visualize the MB. Methylene
blue in tissue is illuminated with light at a wavelength
of 680 nm and visualized at approximately 710 nm.
During imaging, a color image of the surgical field was
visualized simultancously as the NIRF to assist in
surgical guidance.

Statistical Analysis

Descriptive statistics were reported as median, with
minimum and maximum values or frequency with per-
centage. Chi-squared tests were used to test for differences



Cwalinski et al

Table 1. Clinico-pathological Characteristics of 20 Enrolled Patients.

Variable Category No Cases (%)
All patients 20 (100)
Age, years [median (min, max)] 60 (21, 85)
Sex Female 10 (50)
Male 10 (50)
BMI [mean (min, max)] 27.05 (19, 35)
Location of primary Head and neck 0 (0)
Trunk 8 (40)
Upper extremity 3 (15)
Lower extremity 9 (45)
Laterality Right 11 (55)
Left 7 (35)
Bilateral/midline 2 (10)

Table 2. Histopathologic Features of Enrolled Patients.

Variable Category No. Cases (Percentage)
Type of melanoma Superficial spreading 15 (75)
Lentigo maligna melanoma 2 (10)
Nevoid 3 (15)
Breslow, mm [mean (min, max)] [1.6 (.6, 5)]
Ulceration No 18 (90)
Yes 2 (10)
Mitotic rate [mean (min, max)] [1.6 (0, 9)]
pT stage TI 4 (20)
T2 16 (80)
T3 16 (80)
T4 4 (20)
PN stage NO 18 (90)
N+ 2 (10)

between observed frequencies and frequencies that were
expected under the null hypothesis. A P-value < .05 was
considered statistically significant. All statistical analyses
were performed using the SPSS version 26.0 software
package for Mac (IBM Corp, Chicago, IL, USA).

Results

The study enrolled 20 patients—10 women and 10 men as
clinical subjects—all of whom underwent SLN mapping
with both radioactive tracer and MB using standard naked
eye visualization and fluorescence guidance. The median
age of the subjects was 60 years (range, 21-85 years). A
list of the patients’ clinicopathological characteristics is
provided in Table 1. Anatomic locations of primary
melanoma sites were distributed accordingly: 8, trunk; 3,
upper extremity; and 9, lower extremity. Histopatholog-
ical data are listed in Table 2. Melanoma advancement
was in the range between pTla and pT3b (patients with
T1a were enrolled in the study if they had additional risk
factors such as ulceration or mitoses > 1/mm?).

In all cases, Tc-99m uptake was present. In 15% (3/20)
of patients, the sentinel node was visible through the skin
by NIR fluorescence (Table 3). The median SBR for the
sentinel node visualization by fluorescence was 3.15
(range, 2.7-3.5). Lymphatic channels were visible in
lymphatic tissue via fluorescence before visualization by
the naked eye in four patients (20%). The median SBR
ratio for lymphatic channel visualization by fluorescence
was 3.69 (range, 2.7-4.2). Sentinel nodes were visible by
fluorescence with MB in 13 cases (65%) (Figure 1). The
median SBR ratio for sentinel node visualization during
lymphatic tissue preparation by fluorescence was 2.49
(range, 1.5-5.7). From all the recorded sentinel nodes,
only in two patients were metastases identified that re-
quired lymphadenectomy as a second operation. In both of
these patients, the sentinel node was fluorescent.

The sentinel node was identified by the naked eye
when stained blue in 16 patients (80%). In three of these
patients, the sentinel node was blue, but no fluorescence
was identified. In one patient, the node was fluorescent but
was not visible as blue by the naked eye. Out of the four
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Table 3. Analysis of Sentinel Lymph Node Data.

Variable Category No. Cases (Percentage)
Radiocolloid nodes stained No 0
Yes 20 (100)
NIRF visibility through skin Negative 17 (85)
Positive 3 (15)
NIRF visibility of nodes Negative 7 (35)
Positive 13 (65)
Blue nodes stained (eye) Negative 4 (20)
Positive 16 (80)
NIRF visibility of lymphatic vessels No 16 (80)
Yes 4 (20)

NIRF: near-infrared fluorescence.

Figure |. Sentinel node whit lymphatic vessels visible in near
infra-red fluorescents using methylene blue.

patients presenting with fluorescent lymphatic channels,
only in one case was the sentinel node stained blue but did
not reveal fluorescence. We also performed analyses to
assess the differences between observed frequencies and
frequencies that were expected under the null hypothesis
among the transcutaneous sentinel visualizations, as well
as to identify the relationship between sentinel node
fluorescence and factors such as patient’s sex, localization
of melanoma, laterality, and ulceration. No significant
association was found between fluorescence and these
factors (Table 4). No adverse events related to the use of
MB occurred in this study. No major surgical compli-
cations were noted, and there were no operative fatalities.

Discussion

The primary endpoint of this study was the detection rate
of fluorescent lymph nodes during melanoma sentinel
node procedures. In our study, only 65% of subjects
exhibited fluorescence of sentinel nodes stained by MB. In
four patients, the node was visible only by the naked eye,

and in one patient, by fluorescent camera only. Due to the
limited research on the fluorescent use of MB, we had to
compare this data with that of other fluorescent dyes,
namely, ICG. According to a systematic review by Nie-
bling et al.,, in melanoma, the identification rate for
sentinel node biopsy using MB alone was 84%, for ra-
diocolloid alone 99%, and a combination of radiocolloid
and MB was 98%. The authors also analyzed the impact of
fluorescent dye on the identification rate in sentinel node
biopsy for melanoma.* They discovered that using ICG
alone yielded a 100% identification rate, and a combina-
tion of radiocolloid and ICG also yielded an identification
rate of 100%.* Here, we need to point out that MB and
ICG are different fluorophores. There are a few technical
issues that have to be analyzed that may explain the low
rate of fluorescent sentinel node identification when using
MB. First, both fluorophores are excited and detected by
different wavelengths of light.'"*'** Moreover, MB
presents with a lower tissue penetration capacity and
a higher rate of autofluorescence. Methylene blue’s depth
of detection through tissue is also much lower—Iless than
1 cm, compared with ICG, which can penetrate about
1.5 cm.”* Future research should thus focus on other
clinical advantages of the dye for patients, such as safety,
accuracy, and patients’ satisfaction.

In the initial reports describing the use of ICG as
a fluorophore, the authors pointed out that the possibly
lower identification rate could be due to the quenching
effect.”® This effect is associated with a reduction of
fluorescence emission as the concentration of the dye
increases.”® This can explain the lower rate of fluorescent
sentinel nodes in our study, as we used a standard con-
centration of MB that is widely available on the market.
Mieog et al. recommended a standard dose of .62 mg of
ICG to express optimal fluorescence, thus decreasing the
effect of quenching.*>*® However, in breast sentinel node
studies, various doses between .625-15 mg in a volume
range of 1-5 mL revealed similar high detection rates.”’
Clearly, future studies are necessary to eliminate the
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problem of quenching in fluorescent sentinel node bi-
opsy using MB. We hypothesize here that an optimal
concentration of MB may increase the detection rate
and help in a wider usage of its fluorescent properties.

Methylene blue is a common dye used in various
medical applications. Due to its properties, it is not a pure
fluorophore like ICG, but it can be used as a dye with
fluorescent properties, that is, as a near-infrared tracer.
Methylene blue has been used to locate sentinel nodes with
the naked eye for several years. However, the use of its
fluorescent properties in the location of the sentinel node is
a new application. By using the NIR camera, we may be
able to determine the course of the lymphatic pathway and
the location of the sentinel node, which permits real-time
transcutaneous and intraoperative visualization. The loca-
tion of the sentinel node in melanoma is very variable and
depends on the original site of melanoma.

An important problem to address with fluorophores used
in sentinel node biopsy in melanoma patients is that in
patients with localization of skin changes on the trunk,
lymphatic drainage is complex and can drain to different
regional stations. In our study, transcutaneous visualization
of lymph nodes was possible in three patients (15%). The
transdermal detection of sentinel nodes using ICG’s fluo-
rescent properties varies from 10% to 63.4% of pa-
tients.”**’ Transcutaneous visualization of lymphatic
vessels was possible in four (20%) of our patients. This
finding is of special interest, especially in patients who are
not good candidates for SPECT-CT. Here, we also have to
emphasize the fact that lymphatic channel identification
with fluorescence may improve the nodal extirpation as
well as minimize damage to other lymphatic channels
nearby, preventing further damage to lymphatic structures.
This could lower postoperative complications associated
with lymph collection. Future evaluations should include
a group of patients with sentinel nodes visible only with
fluorescence and not by naked eye. In our study, there was
only one such patient (5%), which presents an avenue for
further investigation. If the sentinel nodes are not visible by
the naked eye, we may be able to increase the sensitivity of
MB by adding fluorescence.

The most important advantage of MB is its safety
profile as well as the history of its clinical usage world-
wide.’*?! Methylene blue’s fluorescent properties have
been used in many clinical situations, especially in the
assessment of the parathyroid glands,®” visualization of
the ureters,'’ in breast cancer margin detection,'® and
pancreatic neuroendocrine tumor identification. Methy-
lene blue is a safe drug that has been used in surgery for
decades. However, severe immunoglobulin hypersensi-
tive reactions to 1% MB used for tubal permeability
during general anesthesia have been reported.*® Desatu-
rations may occur shortly after intravenous injection of
MB, but oxygen saturation levels return to normal within
seconds. Further, green discoloration of the urine can be

observed with the use of the dye. Bezu et al. reported no
cases of an anaphylactic reaction after MB usage.’*

Notably, the camera system that we used in this study
could work for two separate dyes, namely, ICG and MB.
This offers an opportunity to explore the use of both
fluorophores for more applications. The price for such
a system is comparable or just slightly higher than that of
other similar ICG-fluorescence-only devices available
worldwide. Further, the price for 1 mL of 10 mg/mL MB
vial is about 2 euros, and 1 vial of ICG 25 mg costs about
75 euros.

In conclusion, this is the first report of fluorescent
guided navigation surgery for sentinel node biopsy in
melanoma patients. Fluorescence lymphography using the
gold standard of the radiocolloid method together with
MB, which can be detected not only by naked eye but also
with fluorescent camera systems, might prove to be an
attractive option for improvement in surgical navigation.
Here, we have to point that results we obtained are far from
gold standard detection. Despite its promise, there are still
some issues that need to be addressed in the use of MB as
a fluorophore. First, the problem of the quenching effect
that is probably responsible for a smaller rate of detection
should not be ignored. Another important limitation is the
necessity of turning off the operating room lights during
the operation, as shadowless lights that are used in an
operating theater contain near-infrared light that can in-
terfere with the fluorescent camera system. Further in-
vestigation regarding improvements to camera technology
is necessary. The low penetration of fluorescent detection
is another limitation of the wider clinical application of
MB. Future studies will need to analyze the impact of high
BMI on this issue. There is also the need to use a special
camera system that is designed only for MB fluorescence
detection; however, such a system is already available on
market. Methylene blue as a gold standard dye in sentinel
node biopsy presents us with new physical possibilities
that allow us to visualize more with the use of new
technologies. Further development and investigation are
necessary to improve and standardize its usage in the field
of image-guided surgery.

Authors Note

This is the first clinical study presenting the usefulness of
fluorescent sentinel node biopsy in melanoma patients using MB
as a fluorophore. Methylene blue as a gold standard dye used in
sentinel node biopsy presents with new physical possibilities that
allow us to see more with the use of new technologies. Further
development and investigation is necessary to improve and
standardize its’ usage in the field of image-guided surgery.
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Gdanisk, dnia 18.02.2022

Dr n. med. Wojciech Polom
(tytul zawodowy, imig i nazwisko)

OSWIADCZENIE

Jako wspétautor pracy pt. Methylene Blue—Current Knowledge, Fluorescent
Properties, and Its Future Useoswiadczam, iz moj wiasny wkiad merytoryczny w
przygotowanie,przeprowadzenie i opracowanie badan oraz przedstawienie pracy w formie
publikaciji to:

Wspolpraca z autorem przy koncepcji pracy, zbieraniu materialu, poprawkach
merytorycznych publikaciji.

Jednoczesénie wyrazam zgode na przediozenie w/w pracy przez
lek Tomasza Cwalinskiego jako czes¢ rozprawy doktorskiej w formie spojnego tematycznie
zbioru artykutéw opublikowanych w czasopismach naukowych.

Oséwiadczam, iz samodzielna i mozliwa do wyodrebnienia czgsC ww. pracy
wykazuje indywidualny wkiad lek Tomasza Cwalinskiego przy opracowywaniu koncepcj,
wykonywaniu czesci eksperymentaine, opracowaniu

i interpretacji wynikow tej pracy.

llllllllllllllllllllllllllllllllllllllllllllllllll

(podpis wspolautora)



To: Karol Polom, Clinic of Surgical Oncology
Smoluchowskiego 17, Gdansk 80-214, Poland

Sienq, date 18.02.2022

Luigi Marano, MD PhD

STATEMENT

As a co-author of the work entitled “"Methylene Blue — Current Knowledge,
Fluorescent Properties, and Its Future Use". | certify that my own substantive
confribution to the preparation, conduct and development of research and
presentation of the work in the form of a publication are:

Cooperation with the author on the concept of the work, material collection,
analysis and substantive corrections of the work.

AT the same time, | consent to the submission of the above-mentioned work by
Tomasz Cwalinski as part of a doctoral dissertation in the form of a thematically
coherent set of articles published in scientific journals.

| declare that the independent and separable part of the above-mentioned work
shows the individual contribution of Tomasz Cwalinski in the development of the
concept, implementation of the experimental part, and development

and interpreting the results of this work.




Florence , date 18.02.2022

Giandomenico Roviello, MD PhD

STATEMENT

As a co-author of the work entitled ,, Fluorescence Imaging Using Methylene
Blue Sentinel Lymph Node Biopsy in Melanoma". | certify that my own substantive
contribution to the preparation, conduct and development of research and
presentation of the work in the form of a publication are:
Cooperation with the author on the concept of the work, analysis and substantive
comrections of the work.
At the same time, | consent to the submission of the above-mentioned work by
Tomasz Cwalinski as part of a doctoral dissertation in the form of a thematically
coherent set of articles published in scientific journals.
| declare that the independent and separable part of the above-mentioned work
shows the individual contribution of Tomasz Cwalifski in the development of the

concept, implementation of the experimental part, and development
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co-author signature

and interpreting the results of this work.



Bath , date 18.02.2022

Alberto D' Angelo

STATEMENT

As a co-author of the work entitled "Methylene Blue — Current Knowledge,
Fluorescent Properties, and Its Future Use": | certify that my own substantive
contribution to the preparation, conduct and development of research and
presentation of the work in the form of a publication are:

Cooperation with the author on the concept of the work, analysis and substantive
corrections of the work.

At the same time, | consent to the submission of the above-mentioned work by
Tomasz Cwalinski as part of a doctoral dissertation in the form of a thematically
coherent set of articles published in scientific journails.

| declare that the independent and separable part of the above-mentioned work
shows the individual confribution of Tomasz Cwalinski in the development of the
concept, implementation of the experimental part, and development

and interpreting the results of this work.
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Detroit , date 18.02.2022

Natalia Cwalina MD

STATEMENT

As a co-author of the work entitled ,, Fluorescence Imaging Using Methylene

Blue Sentinel Lymph Node Biopsy in Melanoma. | certify that my own substantive
contribution to the preparation, conduct and development of research and

presentation of the work in the form of a publication are:
Cooperation with the author on the concept of the work, analysis and substantive

cormrections of the work.
At the same time, | consent to the submission of the above-mentioned work by

Tomasz Cwalifiski as part of a doctoral dissertation in the form of a thematically

coherent set of articles published in scientific journals.
| declare that the independent and separable part of the above-mentioned work
shows the individual confribution of Tomasz Cwailifiski in the development of the

=
] =]

concept, implementation of the experimental part, and d
ondistpretiog e tesusofiikvene. - o

bt et

e

S
3

a4




Gdarnisk, dnia 18.02.2022

Prof. dr hab. n. med. Marcin Matuszewski
(tytud zawodowy, imie | nazwisko)

OSWIADCZENIE

Jako wspdtautor pracy pt. Methylene Blue—Current Knowledge, Fluorescent
Properties, and Its Future Use". Os$wiadczam, iz mo6j wiasny wkiad merytoryczny w
przygotowanie, przeprowadzenie i opracowanie badan oraz przedstawienie pracy w formie
publikacji to:

Wspdipraca z autorem przy koncepcji pracy, poprawkach merytorycznych publikacji.

Jednoczes$nie wyrazam zgode na przediozenie w/w pracy przez
lek Tomasza Cwalinskiego jako czes¢ rozprawy doktorskiej w formie spojnego tematycznie
zbioru artykutow opublikowanych w czasopismach naukowych.

Os$wiadczam, iz samodzielna i mozliwa do wyodrebnienia czgSC ww. pracy
wykazuje indywidualny wkiad lek Tomasza Cwalinskiego przy opracowywaniu koncepcji,
wykonywaniu czesci eksperymentalnej, opracowaniu

i interpretacji wynikow tej pracy.

(podpis wspolautora)



To: Karol Polom, Clinic of Surgical Oncology
Smoluchowskiego 17, Gdansk 80-214, Poland

Siena , date 18.02.2022

Franco Roviello MD, FACS

STATEMENT

As a co-author of the work entitled ,, Fluorescence Imaging Using Methylene
Blue Sentinel Lymph Node Biopsy in Melanoma”. | certify that my own substantive
contribution to the preparation, conduct and development of research and
presentation of the work in the form of a publication are:
Cooperation with the author on the concept of the work, analysis and substantive
corrections of the work.
At the same time, | consent to the submission of the above-mentioned work by
Tomasz Cwalinski as part of a doctoral dissertation in the form of a thematically
coherent set of articles published in scientific journals.
| declare that the independent and separable part of the above-mentioned work
shows the individual contribution of Tomasz Cwalinski in the development of the
concept, implementation of the experimental part, and development

and interpreting the results of this work.
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(Gdansk, dnia 18.02.2022

Dr hab. n. med. Karol Potom
(hytud zawodowy, imie i nazwisko)

OSWIADCZENIE

Jako wspdlautor pracy pt. Methylene Blue—Current Knowledge, Fluorescent
Properties, and Its Future Use". Oswiadczam, iz moj wiasny wkiad merytoryczny w
przygotowanie, przeprowadzenie i opracowanie badar oraz przedstawienie pracy w formie
publikaciji to:

Wspétpraca z autorem przy koncepcji pracy, metodologii, analizie wynikow oraz poprawkach
merytorycznych publikaciji.

Jednoczesnie wyrazam zgode na przedtozenie w/w pracy przez
lek Tomasza Cwalinskiego jako czes$¢ rozprawy doktorskiej w formie spéjnego tematycznie
zbioru artykutéw opublikowanych w czasopismach naukowych.

Oswiadczam, iz samodzielna i mozliwa do wyodrebnienia czesC ww. pracy
wykazuje indywidualny wkitad lek Tomasza Cwaliriskiego przy opracowywaniu koncepci,
wykonywaniu czesci eksperymentalnej, opracowaniu

i interpretacji wynikow tej pracy.
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(podpis wspdtautora)



Gdansk, dnia 18.02.2022

Prof. dr hab. n. med. Janusz Jaskiewcz
(tytut zawodowy, imig i nazwisko)

OSWIADCZENIE

Jako wspdtautor pracy pt. Methylene Blue—Current Knowledge, Fluorescent
Properties, and Its Future Use”. Os$wiadczam, iz moj wiasny wktad merytoryczny w
przygotowanie, przeprowadzenie i opracowanie badan oraz przedstawienie pracy w formie
publikacji to:

Wspdipraca z autorem przy koncepcji pracy, poprawkach merytorycznych publikacji.

Jednoczes$nie wyrazam zgode na przediozenie w/w pracy przez
lek Tomasza Cwalinskiego jako cze$¢ rozprawy doktorskiej w formie spéjnego tematycznie
zbioru artykutéw opublikowanych w czasopismach naukowych.

Os$wiadczam, iz samodzielna i mozliwa do wyodrebnienia czes¢ ww. pracy
wykazuje indywidualny wkiad lek Tomasza Cwalinskiego przy opracowywaniu koncepciji,
wykonywaniu czesci eksperymentalnej, opracowaniu

i interpretacji wynikow tej pracy.




Gdansk, dnia 18.02.2022

Dr n. med. Jarostaw Skokowski
(tytut zawodowy, imie i nazwisko)

OSWIADCZENIE

Jako wspoétautor pracy pt. , Fluorescence Imaging Using Methylene Blue
Sentinel Lymph Node Biopsy in Melanoma”. Oswiadczam, iz moj wiasny wkitad
merytoryczny w przygotowanie, przeprowadzenie i opracowanie badan oraz
przedstawienie pracy w formie publikacji to:

Wspétpraca z autorem przy koncepcji pracy, metodologii, analizie wynikow oraz
poprawkach merytorycznych publikacji.

Jednoczesnie wyrazam zgode na przedtozenie w/w pracy przez
lek Tomasza Cwalihskiego jako czes¢ rozprawy doktorskiej w formie spdjnego
tematycznie zbioru artykutow opublikowanych w czasopismach naukowych.

Odwiadczam, iz samodzielna i mozliwa do wyodrebnienia czes¢ ww. pracy
wykazuje indywidualny wktad lek Tomasza Cwalinskiego przy opracowywaniu
koncepcji, wykonywaniu czesci eksperymentalnej, opracowaniu

| interpretacji wynikow tej pracy.

(podpis wspotautora)



Gdansk, dnia 18.02.2022

Dr n. med. Wojciech Potom
(tytut zawodowy, imie i nazwisko)

OSWIADCZENIE

Jako wspétautor pracy pt. , Fluorescence Imaging Using Methylene Blue
Sentinel Lymph Node Biopsy in Melanoma”. Oswiadczam, 1z moj wtasny wkiad
merytoryczny w przygotowanie, przeprowadzenie | opracowanie badan oraz
przedstawienie pracy w formie publikacji to:

Wspbtpraca z autorem przy koncepcji pracy, metodologii oraz poprawkach
merytorycznych publikacji.

Jednocze$nie wyrazam zgode na przedtozenie w/w pracy przez
lek Tomasza Cwalifskiego jako czes$¢ rozprawy doktorskiej w formie spojnego
tematycznie zbioru artykutéw opublikowanych w czasopismach naukowych.

Oéwiadczam, iz samodzielna i mozliwa do wyodrebnienia czgsC ww. pracy
wykazuje indywidualny wkiad lek Tomasza Cwalinskiego przy opracowywaniu
koncepcji, wykonywaniu czesci eksperymentalnej, opracowaniu

i interpretacji wynikow tej pracy.
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(podpis wspdtautora)



To: Karol Polom, Clinic of Surgical Oncology
Smoluchowskiego 17, Gdansk 80-214, Poland

Siena, date 18.02.2022

Luigi Marano, MD PhD

STATEMENT

As a co-author of the work entitled ,, Fluorescence Imaging Using Methylene
Blue Sentinel Lymph Node Biopsy in Melanoma". | certify that my own substantive
contribution to the preparation, conduct and development of research and
presentation of the work in the form of a publication are:
Cooperation with the author on the concept of the work, analysis and substantive
corrections of the work.
At the same time, | consent to the submission of the above-mentioned work by
Tomasz Cwalinski as part of a doctoral dissertation in the form of a thematically
coherent set of articles published in scientific journals.
| declare that the independent and separable part of the above-mentioned work
shows the individual contribution of Tomasz Cwadlinski in the development of the
concept, implementation of the experimental part, and development

and interpreting the results of this work.




Gdansk, dnia 18.02.2022

Dr n. med. Maciej Swierblewski
(tytut zawodowy, imie i nazwisko)

OSWIADCZENIE

Jako wspétautor pracy pt. , Fluorescence Imaging Using Methylene Blue
Sentinel Lymph Node Biopsy in Melanoma”. Oswiadczam, iz moj wtasny wktad
merytoryczny w przygotowanie, przeprowadzenie i opracowanie badan oraz
przedstawienie pracy w formie publikacji to:

Wspétpraca z autorem przy koncepcji pracy oraz analizie wynikow.

Jednoczesnie wyrazam zgode na przedfozenie w/w pracy przez
lek Tomasza Cwalinskiego jako czeéé rozprawy doktorskiej w formie spojnego
tematycznie zbioru artykutéw opublikowanych w czasopismach naukowych.

Odwiadczam, iz samodzielna i mozliwa do wyodrebnienia czesC ww. pracy
wykazuje indywidualny wkiad lek Tomasza Cwalifskiego przy opracowywaniu
koncepcji, wykonywaniu czesci eksperymentalnej, opracowaniu

i interpretacji wynikéw tej pracy.
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Gdansk, dnia 18.02.2022

Dr n. med. Kamil Drucis
(tytut zawodowy, imie i nazwisko)

OSWIADCZENIE

Jako wspoétautor pracy pt. , Fluorescence Imaging Using Methylene Blue
Sentinel Lymph Node Biopsy in Melanoma”. Oswiadczam, iz moj wiasny wkitad
merytoryczny w przygotowanie, przeprowadzenie i opracowanie badah oraz
przedstawienie pracy w formie publikacji to:

Wspétpraca z autorem przy analizie wynikéw oraz poprawkach merytorycznych
publikacji.

Jednoczednie wyrazam zgode na przedtozenie w/w pracy przez
lek Tomasza Cwalifiskiego jako czeé¢ rozprawy doktorskiej w formie spojnego
tematycznie zbioru artykutéw opublikowanych w czasopismach naukowych.

Oéwiadczam, iz samodzielna i mozliwa do wyodrebnienia czesC ww. pracy
wykazuje indywidualny wktad lek Tomasza Cwalinskiego przy opracowywaniu
koncepc], wykonywaniu czescl eksperymentalne], opracowaniu

i interpretacji wynikow tej pracy.
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Florence , date 18.02.2022

Giandomenico Roviello, MD PhD

STATEMENT

As a co-author of the work entitled “Methylene Blue — Current Knowledge,
Fluorescent Properties, and Its Future Use"; | certify that my own substantive
contribution to the preparation, conduct and development of research and
presentation of the work in the form of a publication are:

Cooperation with the author on the concept of the work, analysis and substantive

comections of the work.
At the same time, | consent to the submission of the above-mentioned work by

Tomasz Cwalinski as part of a doctoral dissertation in the form of a thematically

coherent set of articles published in scientific journals.
| declare that the independent and separable part of the above-mentioned work

shows the individual contribution of Tomasz Cwalinski in the development of the

concept, implementation of the experimental part, and development
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co-author signature

and interpreting the results of this work.



Detroit , date 18.02.2022

Natalia Cwalina MD
STATEMENT

As a co-author of the work entitled “Methylene Blue — Cumrent Knowledge,
Fluorescent Properties, and Its Future Use"; | cerlify that my own substantive
contribution 1o the preparation, conduct and development of research and

presentation of the work in the form of a publication are:
Cooperation whﬂm author on the concept of the work, analysis and substantive

A!thnmﬂme lcmniimhasubnwonoﬁhacbwmnﬂmedwakbv

?mmwmmpmmumciordenhmaimafammw
mﬂmmmwmmahmnmpm e '




Gdarnisk, dnia 18.02.2022

Prof. dr hab. n. med. Leszek Kalinowski
(tytut zawodowy, imie i nazwisko)

OSWIADCZENIE

Jako wspotautor pracy pt. , Fluorescence Imaging Using Methylene Blue Sentinel
Lymph Node Biopsy in Melanoma". Oswiadczam, iz moj wiasny wkiad merytoryczny w
przygotowanie, przeprowadzenie i opracowanie badan oraz przedstawienie pracy w formie
publikaciji to:

Wspélpraca z autorem przy analizie wynikow oraz poprawkach merytorycznych publikacij.

Jednocze$nie wyrazam zgode na przediozenie w/w pracy przez
lek Tomasza Cwalinskiego jako czes$é rozprawy doktorskiej w formie spdjnego tematycznie

zbioru artykutéw opublikowanych w czasopismach naukowych.
Os$wiadczam, iz samodzielna i mozliwa do wyodrebnienia czgs¢ ww. pracy

wykazuje indywidualny wkiad lek Tomasza Cwaliriskiego przy opracowywaniu koncepciji,
wykonywaniu czesci eksperymentalnej, opracowaniu

| interpretacji wynikow tej pracy.

(podpis wspdfautora)



To: Karol Polom, Clinic of Surgical Oncology
Smoluchowskiego 17, Gdansk 80-214, Poland

Siena , date 18.02.2022

Franco Roviello MD, FACS

STATEMENT

As a co-author of the work entitled "Methylene Blue — Current Knowledge,
Fluorescent Properties, and Its Future Use"; | certify that my own substantive
contribution to the preparation, conduct and development of research and
oresentation of the work in the form of a publication are:

Cooperation with the author on the concept of the work, analysis and substantive
corrections of the work.

At the same time, | consent to the submission of the above-mentioned work by
Tomasz Cwalinski as part of a doctoral dissertation in the form of a thematically
coherent set of articles published in scientific journals.

| declare that the independent and separable part of the above-mentioned work
shows the individual contribution of Tomasz Cwalinski in the development of the
concept, implementation of the experimental part, and development

and interpreting the results of this work.
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Gdansk, dnia 18.02.2022

Dr hab. n. med. Karol Potom
(tytut zawodowy, imie | nazwisko)

OSWIADCZENIE

Jako wspétautor pracy pt. , Fluorescence Imaging Using Methylene Blue
Sentinel Lymph Node Biopsy in Melanoma”. Oswiadczam, iz moj wiasny wktad
merytoryczny w przygotowanie, przeprowadzenie i opracowanie badan oraz
przedstawienie pracy w formie publikacji to:

Wspotpraca z autorem przy koncepcji pracy, metodologii, analizie wynikdow oraz
poprawkach merytorycznych publikacji.

Jednoczesnie wyrazam zgode na przedtozenie w/w pracy przez
lek Tomasza Cwalinskiego jako czes¢ rozprawy doktorskiej w formie spdjnego
tematycznie zbioru artykutéw opublikowanych w czasopismach naukowych.

Oswiadczam, iz samodzielna i mozliwa do wyodrebnienia czes¢ ww. pracy
wykazuje indywidualny wktad lek Tomasza Cwalinskiego przy opracowywaniu
koncepcji, wykonywaniu CZesCi eksperymentalnej, opracowaniu

| interpretacji wynikow tej pracy.

(podpis wspotautora)



