Indocyanine green in gynecological surgery
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ABSTRACT

Indocyanine green (ICG) is a complex amphiphilic, tricarbocyanine iodide dye initially developed during World War Il for
infrared photography. It was tested and FDA approved for use in human medicine in the mid-fifties. When injected intra-
venously and revealed by near infrared light (NIR), ICG can highlight vascularization. ICG-NIR has emerged as an efficient
technology, valuably implemented intraoperatively in many gynecological surgeries. Although additional data are needed
to optimize protocols, it already stands as an excellent diagnostic and screening tool, which may advantageously replace
some established methods, especially for perfusion monitoring and sentinel lymph node mapping. In endometriosis
detection, ICG-NIR maps deep infiltrating occult lesions more efficiently than current white light (WL) does. Yet ICG-NIR
seems to show lower sensitivity for detecting peritoneal superficial nodules, which suggests that WL and ICG-NIR should
be used jointly to achieve optimal intraoperative endometriosis nodule detection.
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Introduction

Endometriosis is one of the most frequently encountered
gynecological diseases, occurring in ~10% of women of repro-
ductive age . It takes three major clinical forms: peritoneal
superficial endometriosis (PE), ovarian endometriosis, and en-
dometriosis deeply infiltrated in the rectovaginal septum (DIE)
(21, Medical treatments, while unable to cure the disease, can
reduce its symptoms; however, they are not devoid of side ef-
fects. Surgical resection is required when (mainly in DIE) asso-
ciated symptoms impair bowel, urinary tract and reproductive
function.

Three major surgical techniques for treating DIE lesions
have been described, resulting in various rates of complica-
tions . Rectovaginal digestive fistula appears to be a promi-
nent complication with technique-specific frequencies ranging
from 1.3 to 3.9% . It probably occurs after surgery-induced is-
chemia or vascular impairment, which underscores the need for
use of complementary intraoperative monitoring techniques.
Indocyanine green (ICG) use has been suggested as a potential
candidate for this purpose ¥, as well as for supporting other
gynecological tumor-related surgeries ). ICG, when injected
intravenously and revealed by near infrared light (NIR), can
highlight vascularization.

Use of ICG prior to endometriosis surgery can in help
identifying inflammation-induced hypervascularization of oth-
erwise occult lesions 7, and in selecting the transection line
accordingly ®1. When used at the end of surgery, ICG perfusion
can allow monitoring of vascularization near the resection area,
thereby allowing better surgical decisions to reduce the risk of
fistula .

This review aims to analyze current knowledge on and in-
terest in the use of ICG-NIR in gynecological malignancies and
endometriosis surgical treatments.
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Properties of indocyanine green

ICG is an complex amphiphilic, tricarbocyanine iodide dye
(molecular mass = 774.97), developed by the Kodak company
during World War II as a dye for infrared photography "% It
was tested and FDA approved for use in human medicine in the
mid-fifties '"!. ICG can be dissolved to produce a mildly acidic
(pH 6.5) aqueous solution for intravenous injection '?. With its
spectral absorption peaking at about 780 nm, it is revealed by
NIR (750 to 800 nm), allowing excitation of structures at depths
of up to several millimeters with high contrast and sensitivity
at a wavelength of ~830 nm "% '¥), The maximum absorbance
wavelength of ICG corresponds to that of hemoglobin and
oxyhemoglobin, which therefore show minimal interference
with ICG fluorescence measurements 4. Consequently, ICG is
used as a vasculature indicator substance (e.g. for photometric
hepatic function diagnostics and fluorescence angiography) in
cardiac, circulatory, hepatic and ophthalmic conditions .

ICG binds tightly to plasma proteins and remains confined
in the intravascular space until hepatic uptake and excretion
into bile13. Serum albumin and, less importantly, serum o-and
[-lipoproteins bind to the lipophilic part of ICG without being
functionally altered. As a consequence, 98% of injected ICG
is bound to proteins, with the molecules remaining separated
as monomers, while the complementary 2% remains free in
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the serum and has a tendency to aggregate. Free ICG is more
rapidly eliminated in bile by glutathione S-transferase than the
protein-bound fraction I'”. Moreover, it could have a tendency
to bind to the phospholipid bilayer of the endothelium after be-
coming more hydrophobic due to the local microenvironment,
with a maximum fluorescence wavelength shifting from 826
to 835 nm; this could explain some of the reported variability
during ICG use for angiography [°!.

ICG hepatic clearance is quick, reaching ~20% per minute.
More precisely, after intravenous injection, ICG is cleared fol-
lowing a bimodal curve. The first exponential stage lasts for 10
to 20 minutes after injection, with a half-life of 3 to 4 minutes.
Afterwards, clearance slows down allowing trace amounts to
be detected in serum for more than one hour "7, Contrary
to other clinical fluorescent dyes with longer half-lives (e.g.
bromsulphthalein), the quick clearance rate of ICG allows for
repeated ICG injections during the same procedure, allowing,
for example, timely monitoring of vascularization changes "%,
The Vmax of clearance for ICG usually exceeds 3.6 mg/kg/
minute in humans with normal hepatic function, the limiting
step being hepatocyte uptake via specific carriers "”. The clear-
ance curve closely correlates with standard enzyme kinetics,
bilirubin acting as a competitive inhibitor during hepatic up-
take!"”). Some decomposition of ICG occurs in the bloodstream,
more quickly for the free forms, leading to the release of singlet
oxygen molecules that bind to the breakdown product, result-
ing in the formation of carbonyl compounds of low toxicity !'*.

Provided that patients do not develop iodide allergy, hepat-
ic clearance and trapping of the singlet oxygen species by the
degraded products renders ICG virtually non-toxic. The LD50
dose reaches 50 to 80 mg/Kg, greatly exceeding standard work-
ing doses, i.e. less than 2 mg/Kg 3. A thorough study of the
physiologic effects of ICG has confirmed its safety in a wealth
of clinical applications "',

The abovementioned properties of ICG allow its safe clin-
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ical use. Intravenous ICG injections and the use of NIR have
proven to reveal fluorescence in vasculature lying at depths of
several millimeters with high contrast and sensitivity, rendering
the tissues more translucent than with other fluorescent dyes '),
Nevertheless, to ensure efficient use, the tendency of free ICG
to aggregate and its intrinsic instability when exposed to light
must be taken into consideration. Since saline solutions and
high ICG concentrations promote aggregation, a maximum of
80 mg/L in water is the preferred combination for intravenous
injection, ensuring a maximum plasma concentration of 15
mg/L. Beyond this limit, aggregation and quenching mitigates
fluorescence "%, The instability of ICG solutions, especially
when exposed to light, makes it necessary to inject them no
later than 6 to 10 hours after resuspension of the dry powder .

Medical uses of indocyanine green

As previously mentioned, ICG was developed as a dye
for infrared photography during World War 1110, and rapidly
thereafter (in the mid-50s) it was tested as a dye for recording
time-varying dilatation of blood vessels and cardiac output in
valvular and septal defects . ICG was approved by the FDA
for general use in human medicine in 1956 "', Its use rapid-
ly expanded to monitoring of hepatic clearance '), and in the
seventies it was extensively studied in the field of ophthalmic
angiography ¥, where it remains a reference tool. Peculiar
applications relating to interventional surgery were approved
later, in the 2000s 131,

Indeed, the advent of digital imaging in the 2000s opened
up a wealth of new avenues for ICG-based angiography (ICGA)
applications, allowing dynamic recording of tissue perfusion,
tumor detection, and intraoperative identification of vascular-
ized structures ") Figure 1 schematizes a canonical ICGA-NIR
detection system.

Figure 1 Schematic representation of a canonical ICGA-NIR detection system. ICG solution is injected intravenously. Incident NIR light provokes ICG-
dependent fluorescence which is captured and processed by an image analysis system.
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In ophthalmology, beyond angiography applications, ICG
is used as a tool for visualizing the internal membrane of the
vitreous humor, to allow its peeling from retinal adhesion areas
25, Toxicity of ICG degradation products on retinal pigment
epithelial cells of the subretinal space has been suggested, pro-
moting either the use of safer dosages or investigations on low-
er-toxicity analogs such as infracyanine green ).

ICGA has several advantages over digital subtraction angi-
ography (DSA), which is frequently used in neurological sur-
gery. It does not require use of radioactive isotopes or X-ray
irradiation; it does not necessitate in situ bolus injection, which
can provoke bleeding or obstruction at the injection site, and it
is by far less technically and equipment demanding *!. Moreo-
ver, unlike DSA, ICGA, often integrated within image analysis
systems (e.g. FLOW-800, Carl Zeiss Surgical, Germany), can
be performed throughout the surgical procedure 22,

ICGA has been widely developed for assessing tissue per-
fusion during reconstructive surgery, especially for skin flap
design after mastectomy, and panniculectomy, which may or
may not be associated with open ventral hernia repair. Inte-
grated systems such as the SPY Elite® system (Bridgewater,
NJ) associates laser-assisted ICGA with real-time image anal-
ysis during open surgeries to evaluate regional blood supply
and help in designing the best surgical approach to maximize
wound perfusion and repair ***?. ICGA-assisted reconstructive
surgery has significantly reduced hypoperfusion-dependent
wound complications, with calculated perfusion indexes accu-
rately predicting post-surgery recovery success P34

ICGA has been applied successfully to guide digestive
surgeries where resection/anastomosis of the esophagus 53¢,
stomach B!, small bowel *¥ or rectal ** portions were at risk
of hypoperfusion. The benefits of adapting surgical approaches
so as to integrate ICGA-NIR in robotic-assisted laparoscopic
rectal surgery are significant 4%,

In addition to its traditional role in hepatic clearance mon-
itoring, ICG, due to its excretion into bile, accumulates along
bile ducts and in the gallbladder, thereby helping to visualize
the biliary anatomy and thus to guide cholecystectomies41 and
pancreaticoduodenectomies *?, as well as to prevent partial
hepatectomy-induced bile leaks **). Another technique is ICG
lymphangiography (ICGLA), which can be used, to monitor
lymphatic flow after surgery44 or to identify sentinel lymph
nodes (SLNs) downstream of tumors. Using the abovemen-
tioned SPY Elite system during breast cancer surgery allows
SLN detection rates of up to 94%, similar to the rate with com-
bined use of lymphazuran blue and technetium-9945.

A similar rate is reported for colon cancer surgery, where
ICG infusion allows an up to 96% SLN identification rate,
equivalent to the performance of the technetium-99/lymphazu-
ran blue method46. ICG thus emerges as a strong competitor
to the traditional isotopic method since it requires only 1 to 2
minutes to visualize the region of interest and does not need
radioisotopes or gamma probe-mediated comparative radioac-
tivity readings to assess accurate removal of SLNs #71.

The use of ICGA-NIR for intraoperative purposes is fre-
quently coupled with robotic devices (e.g. da Vinci®, Sunny-
vale, CA), especially for identifying vascular and tumor tissue
in complex areas such as in the pelvic region (64048491,
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ICG may play a role in anti-cancer phototherapy, its pho-
to-induced degradation products (singlet oxygen) killing co-
lonic cancer cells in vitro after intracellular lipid peroxide ac-
cumulation %%, Transposing this property in vivo is impeded by
quick protective trapping of ICG by serum albumin/proteins
and rapid hepatic clearance.

Nanoencapsulation systems drastically slow down clear-
ance and extend tissue distribution in vivo 552, while coating
with selected antibodies, whether or not in association with
lymphocytes (NK cells), allows precise targeting of specific
cancer cells in vitro (e.g. cervical cancer cell or head and neck
squamous cancer cell lines), where ICG-induced phototherapy
can induce up to 90% to 100% apoptosis 4.

ICGA and ICGLA have many useful applications in gyne-
cology as well, be it for detecting SLNs, for revealing cryptic
tumor or endometriosis-specific vasculature, or for monitor-
ing effective vascularization at the end of a resection process.
These applications will be described and discussed in the fol-
lowing sections.

Use of ICG in gynecology

As mentioned above, ICGA and ICGLA assets and efficien-
cies have been demonstrated in various surgical applications,
be it for real-time SLN mapping, to help in decision making on
surgical approaches involving vessels, or for evaluating perfu-
sion rates at the end of procedures. The same needs and con-
straints apply in gynecology, too, where efficient use of ICG for
similar purposes is consistently reported.

The first reports mentioning ICGLA-NIR for SLN identi-
fication during gynecological surgery date back to 2010 5561,
Subsequently, ICGLA and ICGA became increasingly popular
as intraoperative tools (i) for mapping SLNs57, (ii) when vas-
culature alteration can be a concern, e.g. to support transection
and anastomosis design decisions ! and for monitoring post-
operative perfusion, and (iii) for detecting minute tumors or
cryptic endometriosis foci”.

Quantifying gynecology-related literature

reports on ICG

Table 1 estimates the number of PubMed hits when combin-
ing indocyanine green and other gynecology-related keywords.
Two hundred fifty-eight results were generated in a general
search, simply by adding the gynecological keyword, reaching
a maximum of 66 hits in 2019.

However, at the time of writing this review (May 2020) 1421,
publications have already been recorded for 2020, confirming a
strong upward trend. When searching with endometriosis, this
rising curve is found to be even sharper, with the 2020 hits to
date "' already double the number for 2019 ¥, This rough ex-
amination does not take into account that some hits do not pre-
cisely fit the search scope. Nevertheless, careful examination
of the endometriosis results shows that this was the case for
only 2 out of 25 citations. Clearly, the use of ICG in gynecolo-
gy-related surgery, and particularly in endometriosis treatment
procedures, appears to be attracting increasing attention from
researchers and clinicians.
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Table 1 Number of PubMed hits when combining indocyanine green and other gynecology-related keywords. This table reports the PubMed search
results when using indocyanine green and other gynecology-related keywords. Each search scope is mentioned above the keywords. The numbers of results
are listed for the publication years 2016 to 2020. The peak years and corresponding publication numbers are indicated, as well as the first year with a

reported hit (first occurrence).

Scope Scope Scope
general outcome anastomosis keywords endometriosis
keywords gynecological anastomosis indocyanine keywords
gynecological indocyanine green green endometriosis indocyanine green
Year
2020 42 2 12
2019 66 5 6
2018 48 1 5
2017 58 2 0
2016 44 1 2
Peak yr 2019 2019 2020
nr 66 5 12
First occurence 1993 2012 2013
nr 1 1 1
Total 258 11 25
Scope Scope Scope
Sentinel lymph node Sentinel lymph node Sentinel lymph node
in breast cancer in endometrial cancer in cervical cancer
keywords gynecological anastomosis keywords
sentinel nodes breast indocyanine green sentinel nodes endometrial indocyanine green | sentinel nodes cervical indocyanine green
Year
2020 2 8 9
2019 15 17 16
2018 13 15 20
2017 13 19 24
2016 17 17 17
Peak yr 2015 2017 2017
nr 18 19 24
First occurence 1999 2011 2005
nr 1 1 1
Total 60 76 86
ICGLA for SLN mapping loids (technetium-99), and more recently fluorescent dyes like

The practice of mapping and analyzing of LNs downstream of
malignancies for metastasis prediction dates back to a study on
penile carcinoma treatment in 1977 81, when the SLN concept
was first introduced. Hence, biopsy of SLNs identified as drain-
ing the tumor region can help in making the decision either
to preserve the integrity of the downstream lymphatic system
(in the event no metastasis is found in biopsy), or to perform a
morbidity-prone complete lymphadenectomy (in the event of a
positive biopsy or of SLN mapping failure). SLN analysis was
soon incorporated into the routine management of breast cancer
(59601 "early gastric cancer ®!, and skin melanoma 2. In gyne-
cological malignancies, the SLN concept was first accepted for
vulvar carcinoma ¥ and is now extended to early ovarian [,
cervical and uterine6 cancers, where its safety (i.e. accuracy
for detecting metastases) has been demonstrated %), as have its
postoperative advantages compared with extensive lymphad-
enectomy . Yet, SLN predictive value relies primarily on
mapping accuracy, which in turn depends on sensitivity in de-
tecting lymphatic vessel-driven migration of a tracer introduced
at the tumor site. Three main tracer families have been used for
this purpose: blue dyes, such as lymphazuran or isosulfan blue,
which may or may not be associated with radioisotopic col-
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ICG. The abovementioned ergonomic advantages of ICG over
blue dyes/technetium-99 have been confirmed for gynecologi-
cal SLN mapping in open, laparoscopic, and robotic surgeries
(5767481 JTCGLA allows better bilateral SLN detection sensitivity
(consistently more than 80% — the only clinically relevant score
since lymphatic drainage in the pelvis is bilateral) and detection
of SLN in unexpected body regions ). The latter finding is
important since in up to 10% of uterine and cervical malignan-
cies, ICGLA maps SLNSs in the aortic region or in the presacral
space, which are unlikely to be explored during traditional lym-
phadenectomy approaches 1. ICGLA-mediated SLN mapping
efficiency appears to be dependent on the patient’s BMI, with
heavier patients showing lower bilateral SLN mapping success
161, However, this high BMI-dependent reduced efficiency ap-
pears less pronounced when ICGLA is compared with the use
of radiocolloid/blue dye in SLN mapping %

ICGA for monitoring perfusion

Gynecological surgeries, either for treating malignancies or
for resecting endometriosis nodules or more extensive lesions,
can lead to hypoperfusion problems and ultimately necrosis,
fistulae or other ischemia-dependent complications requiring

25



Nisolle M et al.

secondary interventions. Intraoperative ICGA-NIR for moni-
toring anastomotic perfusion has been assessed and found to
be a good decision-making tool in gynecological oncology, e.g.
after bowel resection and rectal anastomosis *%). Similarly, in
conservative surgery for ureteral endometriosis, affecting up to
50% patients with DIE ", ICGA-NIR, coupled with endoscop-
ic surgery, appears to be an accurate intraoperative means of as-
sessing ureteral perfusion after ureterolysis or nodule removal,
allowing selective ureteral stent placement .

Hence, ICGA-NIR in gynecological conservative surgery
appears straightforward, showing good inter-operator repro-
ducibility, allowing repeated intraoperative perfusion monitor-
ing within minutes of intravenous bolus injection, and suggest-
ing adaptive modification of initial operative plans if required.

ICGA for localizing endometriosis nodules

Identifying endometriosis lesions may be challenging due ei-
ther to polymorphic appearances (mainly when superficial and
peritoneal - PE) or to the small size or hidden localization of
lesions (mainly in DIE). Failure to identify and resect all en-
dometriosis nodules often leads to persistence and/or recur-
rence of symptoms and associated complications ", Although
traditional white light (WL) imaging is still the gold standard
for detection, with this method recurrence or persistence of
symptoms after laparoscopic resection occurs in up to 50% of
patients at 5 years 2. This emphasizes the need for enhanced
endometriosis lesion detection solutions. ICGA-NIR imaging
appears to be a good candidate for this purpose since PE and
DIE are usually associated with hypervascularization 773!, Us-
ing ICGA-NIR does not lengthen the operative process since
ICG injection can be performed during the preparation of the
operating field in order to reach maximum fluorescence upon
laparoscopic exploration. Yet, the optimal doses and the time
needed to attain maximum sensitivity are still under debate
(74751 Qvarian and fallopian tube endometriosis lesions may not
be detected with ICGA-NIR due to lack of fluorescence and hy-
pervascularization, respectively I"l. Nevertheless, pilot studies
show high sensitivity and specificity of ICGA-NIR mainly for
DIE screening. For PE, although specificity of ICGA-NIR ap-
pears to be superior to that of WL detection, its sensitivity was
inferior 747!, Even though additional data are needed to opti-
mize the detection protocols, ICGA-NIR already stands as an
excellent diagnostic and screening tool, especially for detecting
DIE occult lesions 74, Since the optimal detection range of
each method, although largely overlapping, retains some spe-
cificities, WL and ICGA-NIR detection should be used jointly
to achieve optimal intraoperative endometriosis nodules detec-
tion 761,

Discussion and perspectives

From as early as the mid- and late 1950s, ICG has been test-
ed for medical applications, i.e. as a fluorescent dye for mon-
itoring cardiac ejection flows and volumes ™! and to evaluate
hepatic clearance !'”. It was FDA approved for general use in
human medicine in 1956 "V, In the seventies, its use was ex-
tensively studied in the field of ophthalmic angiography -4,
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where it continues to be a reference tool. Applications relating
to interventional surgery were approved later, in the 2000s (31,
boosted by the advent of digital imaging. Three major ICG-
NIR application fields can be distinguished, related to blood,
bile and lymph flow visualization. ICGA-NIR allows intraop-
erative and dynamic recording of tissue perfusion, tumor detec-
tion, and identification of otherwise occult vascularized struc-
tures ('8, ICG hepatic clearance helps in visualizing bile ducts
and the gallbladder, thereby guiding cholecystectomies “! and
pancreaticoduodenectomies *?, as well as preventing partial
hepatectomy-induced bile leaks **). ICGLA allows monitoring
of post-surgical lymphatic flow ! and identification of SLNs
downstream of tumors 1. More speculatively, ICG may play a
role in anti-cancer phototherapy .

Beyond rare sodium iodide allergic reactions, ICG appears
virtually non-toxic with reassuring useful dosage safety ['%). Its
short half-life, quick distribution and easy detection throughout
tissues several millimeters thick explain the appeal of ICG-NIR
as a real-time intraoperative detection method. Furthermore,
NIR excitation detection systems can be integrated into endo-
scopic or robotic devices, further increasing the interest in min-
imally invasive surgical approaches 64048491,

The assets of ICGA and ICGLA have been demonstrated in
various gynecology-related surgical procedures, and these tech-
niques have become increasingly popular amongst researchers
and clinicians as shown by a PubMed search for reports.

The intraoperative efficiency of ICGA-NIR has been con-
firmed for monitoring perfusion before and after gynecolo-
gy-related resections/anastomoses, allowing direct modifica-
tion of operative plans if required %7,

ICGLA-NIR appears to be more ergonomic and sensitive
than classical blue dyes/technetium-99 tracing for bilateral
SLN mapping in uterine and cervical malignancies . It allows
SLN detection in body regions unlikely to be explored during
usual lymphadenectomy approaches 67\, Hence, in up to 10%
of uterine and cervical malignancies, ICGLA maps SLNs in
the aortic region or in the presacral space ). ICGLA-mediated
SLN mapping efficiency dependency on patient BMI appears
to be less pronounced when ICGLA is compared with the use
of radiocolloid/blue dye 8.

The identification of endometriosis lesions remains chal-
lenging since current WL imaging fails to detect all endome-
triosis nodules, leading to recurrence or persistence of symp-
toms after laparoscopic resection in up to 50% of patients at 5
years ). ICGA-NIR imaging appears to be a good candidate
for improving this rate since PE and DIE are usually associat-
ed with hypervascularization "7, Using ICGA-NIR does not
lengthen the operative process ”. High sensitivity and specific-
ity of ICGA-NIR have been demonstrated, especially for DIE
screening. For PE, although the specificity of ICGA-NIR ap-
pears superior to that of WL detection, its sensitivity is lower
(774731, Ovarian and fallopian endometriosis lesions may not be
detected with ICGA-NIR only due to lack of fluorescence and
hypervascularization, respectively 7).

In short, ICG-NIR appears to be an efficient technology
that may be valuably implemented intraoperatively in many
gynecological surgeries. Although additional data are needed
to optimize protocols, it already stands as an excellent diag-
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nostic and screening tool, which may advantageously replace
some established methods especially for perfusion monitoring
and SLN mapping. For detecting endometriosis lesions, ICG-
NIR maps DIE occult lesions more efficiently than WL imag-
ing does "#, Yet the sensitivity of ICG-NIR for detecting PE
nodules appears inferior, suggesting that WL and ICGA-NIR
detection should be used jointly to achieve optimal intraopera-
tive endometriosis nodule detection 7761,
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