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Abstract: Fluorescence-guided surgery (FGS) is used in many pediatric subspecialties but there are
currently no standard guidelines or outcome data. We aimed to assess the current status of FGS in
pediatrics using the Idea, Development, Exploration, Assessment, and Long-term study (IDEAL)
framework. Clinical papers on FGS in children published from January 2000 to December 2022 were
systematically reviewed. The stage of research development was measured considering seven fields
of application: biliary tree imaging, vascular perfusion for gastrointestinal procedures, lymphatic flow
imaging, tumor resection, urogenital surgery, plastic surgery, and miscellaneous procedures. Fifty-
nine articles were selected. For each field of application, the overall IDEAL stage was determined to
be 2a for biliary tree imaging (10 publications, 102 cases), 1 for vascular perfusion for gastrointestinal
procedures (8 publications, 28 cases), 1 for lymphatic flow imaging (12 publications, 33 cases), 2a for
tumor resection (20 publications, 238 cases), 2a for urogenital surgery (9 publications, 197 cases), and
1-2a for plastic surgery (4 publications, 26 cases). One report did not belong to any categories. FGS in
children is still in an early phase of adoption and development. We recommend using the IDEAL
framework as a guide and suggest developing multicenter studies to define the standard guidelines,
effectiveness, and outcomes.

Keywords: fluorescence-guided surgery; pediatric surgery; IDEAL framework and recommendations;
indocyanine green; fluorescence imaging

1. Introduction

Fluorescence imaging is an emerging intraoperative technique used in a broad range
of surgical applications (e.g., to visualize tissue perfusion, vascularization, lymphatic flow,
biliary tree anatomy, and tumors).

Recently there has been an increasing use of fluorescence-guided surgery (FGS) in
several fields of pediatrics. However, as a surgical innovation, there is still a lack of
guidelines for the use of FGS in children.

The assessment of innovative procedures is always a challenging process as the evo-
lution of the technique itself, the surgeons’ learning curves, and the risk of subjective
procedural quality are factors that need to be considered. The identification of these dif-
ficulties has led to the creation of the Idea, Development, Exploration, Assessment, and
Long-term follow-up (IDEAL) framework that describes five stages of assessment. Each of
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these stages is based on the types of articles already published in which the technique was
used (Figure 1) [1-3].

¢ IDEA (1) )
e First-in-human study
® Only case reports or very small case series )
e DEVELOPMENT (2a) h
¢ Small number of reports and patients
e Single-centre study )
e EXPLORATION (2b) h
e Increasing number of reports and patients
* Prospective studies )
N
e ASSESSMENT (3)
e Multicenter randomized clinical trial (RCT)
J
N
* LONG-TERM (4)
¢ Long-term monitoring and registry
J

Figure 1. The IDEAL staging system.

In 2021, in response to the widening use of FGS, Ishizawa et al. used the IDEAL
framework to identify the state of research for the use of fluorescence imaging across
surgical fields and applications in adults [1].

We decided to perform a systematic review of the current applications of FGS in
pediatrics using the IDEAL framework, to assess its current status and suggest further
developments in this field.

2. Material and Methods

This systematic review was made according to the Preferred Reporting Items for Sys-
tematic Reviews and Metanalysis Statement (http:/ /www.prisma-statement.org/ accessed
on 20 September 2022).

A broad search was carried out in the electronic database MEDLINE from January
2000 to December 2022 using combinations of keywords such as “Fluorescent-guided” [All
Fields] OR “Fluorescence-guided” [All Fields] AND “Surgery” [All Fields]. Further records
were identified by hand-searching the references cited in each article. Two researchers
conducted data extraction and quality assessment independently.

The inclusion criteria were original studies; written in English; reporting only cases
of fluorescence imaging for the surgical treatment of pediatric patients (0-18 years old)
affected by thoracic, abdominal, and urogenital diseases, malformations, or tumors. Pre-
clinical studies, papers not reporting own clinical experience, and studies employing
fluorescent dyes for diagnostic reasons only and/or describing neurosurgical, vascular,
ophthalmological, otolaryngological, and maxillofacial surgical procedures were excluded.

The selected articles were classified according to their field of application in seven
categories: biliary tree imaging, vascular perfusion for gastrointestinal (GI) procedures, lym-
phatic flow imaging, tumor resection, urogenital surgery, plastic surgery, and miscellaneous
procedures in case the reports did not belong to any of the previous categories.
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Each article selected was assessed by using the IDEAL framework, as previously described
(https:/ /www.ideal-collaboration.net/ the-ideal-framework accessed on 20 September 2022).

The IDEAL stage for each field of application was determined by calculating the mode
from the papers collected in the specific category.

3. Results

As shown in the PRISMA flow diagram (Figure 2), 1228 papers were screened. In total,
799 were excluded on a title basis and 214 were excluded on an abstract basis such that
242 studies were evaluated on a full-text basis. Out of these, 183 were excluded because
they were either focused on the adult population (n = 123), they were preclinical studies
(n = 41), review articles (n = 8), articles describing otolaryngology (n = 1), neurosurgery
procedures (n = 2), or the topic was not pertinent (n = 8). Overall, 59 studies were included
in the systematic review, reporting on 558 patients in total.

[ Identification of studies via databases and registers ]
c Records identified from: Additional records
] identified through other
3 PUBMED (n = 1203) sources (n = 52)
E
Q
=)
S
v A
2 Records screened Records excluded
= >
$ (n = 1255) (n =1013)
@
Y
v
2 Full-text reports assessed for Reports excluded (n=183):
g eligibility Preclinical study (n = 41)
E (n=242) Adult surgery (n = 123)
h— ENT (n=1)
) Neurosurgery (n = 2)
Not pertinent (n = 8)
3 o L
3 Studies included in review Review (n = 8)
[*]
£ (n=159)
N —

Figure 2. PRISMA flowchart. Abbrev. ENT: otolaryngology.

Out of the 59 studies included in the final analysis, 7 (12%) articles focused on the real-
time imaging of the biliary tree only, 8 (14%) on the vascular perfusion for GI procedures
only, 12 (20%) on lymphatic flow only, 18 (30%) on tumor resections only, 6 (10%) on
urogenital surgery only, and 4 (7%) on plastic surgery only. Three (5%) papers described
several indications in the same case series, including urogenital surgery, biliary tree imaging,
and tumor resection. One case report (2%) did not belong to any of these previous groups
as the dye was administered via the mouth to assess the patency of the duodenum in
a neonate with a duodenal web.

Three dyes were used in these studies: indocyanine green (ICG) was the most used
dye (58 out of 59 studies), whereas fluorescein sodium and methylene blue were used in
only one study each.
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Focusing on imaging devices, the fluorescence signal was detected by different optical
systems marketed by: Karl Storz in 14/59 (23%), Stryker in 11/59 (18%), Hamamatsu Pho-
tonics in 11/59 (18%), Firefly /Intuitive in 4/4 applications with robotic surgery, Medtronic
in 5/59 (8%), Zeiss in 1/59 (1.7%), Sony in 1/59 (1.7%), Mizuho Medical Co. in 1/59 (1.7%),
Panasonic AVC Networks Company in 1/59 (1.7%), and Zhuhai Dipu Medical Technology
Co. in 1/59 (1.7%). Twelve articles (20%) did not disclose the imaging system employed.

3.1. Current Applications and the IDEAL Stage for Each Category
3.1.1. Biliary Tree Imaging

Our search yielded 10 eligible studies focusing on biliary tree imaging. Out of these studies,
2 were case reports, 7 were retrospective studies, and 1 was a prospective study. In total,
102 cases were published in this field with the highest number of patients in any study
being 31. (Table 1)

Seven papers described the use of ICG for guiding pediatric cholecystectomy
(n = 86) [4-10]. Two studies explained the application of FGS during Kasai procedures
(n =15) [11,12]. One case report employed the use of ICG for the visualization of biliary
leakage after hepatectomy [13]. Intravenously injected ICG was the dye used in each study.

A dose of 0.4 mg/kg was the most commonly used to identify the biliary structures
for laparoscopic cholecystectomies (range from 0.1 to 0.5 mg/kg) [4,8,10]. The median
timing of administration was 15 h preoperatively. Only in two papers was ICG directly
injected intravenously in the operating room before trocar placement for laparoscopic
cholecystectomies [7,9]. Although Esposito et al. supported the preoperative injection
to avoid fluorescence from the liver parenchyma [8], the different times of injection did
not affect the usefulness of ICG [7,9]. Considering the effectiveness indeed, Esposito et al.
stated that the intraoperative ICG visualization rate was 95.2% during cholecystectomies [5].
Only one study reported that ICG did not provide adequate information for dissection in
a case of gallbladder duplication [6]. No adverse or allergic reactions were reported.

Considering the application of fluorescence imaging during Kasai procedures, there
is no consensus about the dose administered: 0.5 mg/kg of ICG was injected by Yanagi
etal. and 0.1 mg/kg of ICG was administered by Hirayama et al. In both cases, ICG was
intravenously injected 24 h before surgery [11,12], proving to be particularly beneficial for
the delicate dissection of the proximal biliary tree in biliary atresia. Yanagi et al. observed
that the fluorescence arising from the dissected plane at the porta hepatis helped the
surgeon to visualize biliary juice leaking from the raw liver in 80% of cases [11]. No adverse
or allergic reactions were reported in any studies.

Even though FGS applied to biliary tree surgery is safe and effective, the lack of
multicenter studies, prospective cohort studies, and randomized controlled trials (RCTs)
suggest that the level of IDEAL is only Stage 2a.

Certainly, prospective cohort studies are now needed to assess the advantages of
fluorescence in biliary tree imaging compared to the standard technique.

Table 1. Summary for biliary tree imaging.

No. of . . IDEAL
Authors Year  Procedures Mzarzpt Indication PSurgécal Dose of Dye Ién 2%;;? ghsl.dy Framework
Performed 8 rocedure Yy esign Stage
. . - ICG ;
Esposito median I Laparoscopic Retrospective
etal. [5] 2022 21 122y Cholelithiasis cholecystectomy 0.35 Ii‘[‘llg /kg Karl Storz study 2a
Karl
; ; Storz + da ;
Esposito P Laparoscopic ICG . Retrospective
etal. [10] 2020 12 16.8 y Cholelithiasis cholecystectomy 0.4 mg/kg iv F\ngclly study 2a
Intuitive
Esposito T Laparoscopic ICG Retrospective
etal. [8] 2019 15 nd Cholelithiasis cholecystectomy 0.4 mg/kg iv Karl Storz study 2a
Esposito e Laparoscopic ICG Retrospective
etal. [4] 2019 5 158y Cholelithiasis cholecystectomy 0.4 mg/kg iv Karl Storz study 2a




Children 2023, 10, 689

50f19

Table 1. Cont.

No. of . . IDEAL
Authors Year  Procedures Mzan pt Indication PSurgacal Dose of Dye Ién a%mg Stufiy Framework
Performed ge rocedure ystem esign Stage
Fernandez .
- e Laparoscopic ICG .
eB’ta;llt.leﬁ 2019 1 8.6y Cholelithiasis cholecystectomy 0.2 mg/kg iv Stryker Case series 1
Bryant Gall bladder Laparoscopic
etal. [6] 2020 1 17y duplication cholecystectomy nd nd Case report 1
Symptomatic . .
Calabro o Laparoscopic ICG Prospective
etal. [7] 2020 31 15y dki)élelzz}e,s cholecystectomy 2.5 mgiv Stryker study 2a
Kasai
. . portoenterostomy .
Yanagi 519 10 748d Biliary (n=9); hepaticoje- 5 1% . Karl Storz Retrospective 2a
etal. [11] atresia junostomy .5 mg/kg iv study
(n=1)
Hirayama Biliary Kasai ICG Retrospective
etal. [12] 2015 5 52d atresia portoenterostomy 0.1 mg/kg iv Hamamatsu study 2
; Biliary .
Hanaki Suture repair of ICG
etal. [13] 2022 1 nd ﬁ?(;iitzfr’f; biliary leak 2 mg iv Stryker Case report 1

Abbrev. d: days; y: years; iv: intravenously; pt: patient, nd: no data.

3.1.2. Vascular Perfusion for Gastrointestinal (GI) Procedures

Our search yielded 8 articles regarding vascular perfusion applied for GI procedures.
Six of them were case reports, one was a retrospective study, and one was a prospective
study. In total, 28 cases were reported, with 13 being the maximum number of patients
reported in any study. (Table 2).

A total of 5 articles described fluorescent angiography to assess bowel perfusion:
8 bowel resections and stoma creations for necrotizing enterocolitis [14], 1 PSARP [15],
9 PSARVUPD, 4 pull-through [16], 1 primary intestinal anastomosis in small bowel volvu-
lus [17], 2 colostomy closures for anorectal malformations (ARM) [18]. ICG fluorescence
imaging was used to identify and manage insufficient graft perfusion in a boy who under-
went liver transplantation [19]. In one case, fluorescence helped to detect the blood supply
during a re-do Nissen [20] and, in another case, it was useful to validate blood perfusion of
the esophageal wall and anastomotic site during esophageal atresia repair [21].

ICG was the dye employed in 7 out of 8 studies: it was injected intravenously (iv)
intraoperatively in all 7 cases. Different doses were administered for each application. An
amount of 0.2 mg/kg of ICG was injected during PSARP (n = 1), PSARVUP (1 =9), and
pull-through (n = 4) [15,16]. The dye was injected iv in all procedures. There were no
intraoperative adverse events during surgery, or any side effects related to the injection
of the dye. ICG signal was detected in 100% of the cases. In particular, Rentea et al. [16]
reported four patients with Cloaca and Hirschsprung’s disease where the bowel seemed
well-perfused before ICG injection, but the fluorescence showed a hypoperfused bowel
which was therefore resected.

An amount of 25 mg of ICG diluted with distilled water to a concentration of
2.5 mg/mL was injected into a peripheral vein just before surgery in a 15-year-old boy who
developed delayed intestinal stricture after undergoing massive intestinal resection due to
a small intestinal volvulus [17]. No side effects were reported. ICG fluorescence angiogra-
phy showed abnormal vascular flow patterns in the distal part of the jejunum, despite the
apparent improvement of the serosal surface color. A retrospective quantitative analysis
of the fluorescence intensity was conducted using a software program: changes in the
fluorescence intensity over time were noted as the fluorescence intensity at the mesentery
gradually increased over time; however, that observed at the distal jejunum demonstrated
the absence of gradual increases over time. The authors of this case suggested that the
measurement of intestinal perfusion based on conventional clinical assessment does not
necessarily reflect the precise perfusion status in the intestine as intraoperative ICG does.



Children 2023, 10, 689 6 of 19

An amount of 0.3 mg/kg of ICG was administered during colostomy closure
(n =2) in patients with ARM [18]. The dye was intravenously injected after dissection of the
colonic mesentery. Effective fluorescence was visualized within 30 s from injection in both
cases. No adverse effects were reported. The authors suggested that the ICG fluorescence
system was useful for pediatric colostomy closure to evaluate the intestinal perfusion before
anastomosis and to evaluate the postoperative bowel function by detecting endoluminal
ICG passage with the stool.

Intraoperative administration of 0.05 mg/kg of ICG was used to assess perfusion of
the liver graft [19]. No side effects were shown.

A total of 0.125 mg/kg of ICG was infused to achieve visualization of the operative
field in the case of re-do Nissen [20]. The dye was intravenously administered during
surgery. Paraboschi et al. [20] suggested that the use of FGS significantly impacted intraoper-
ative decision making as ICG helped identify and spare left gastric artery and intrabdominal
esophagus blood supply and establish an adequate length of intra-abdominal esophagus.
No postoperative complications occurred.

A total of 0.5 mg/kg of ICG was injected from a peripheral vein in a case of esophageal
atresia to validate intraoperative blood perfusion of the esophageal wall and anastomotic
site [21]. The fluorescence signal was easily recognized, and no side effects were reported.

Lastly, the only study that did not involve the use of ICG was that of Numanoglu et al.
who employed fluorescein sodium (14 mg/kg injected during surgery) to detect bowel
perfusion in patients affected by necrotizing enterocolitis (n = 8). The fluorescence signal
was detected in 100% of cases, in particular, the fluorescein allowed the recognition of
ischemic bowel segments in three patients which were not visible to the naked eye [14]. No
side effects were reported.

Overall, FGS has proved to be effective in this field, both to detect blood perfusion
during complex reconstructive procedures such as pull-throughs in cloacal reconstructions,
Hirschsprung disease, PSARP, and re-do Nissen as well as to provide objective data about
abnormal vascular flow patterns in cases of intestinal ischemia. However, prospective
cohort studies need to be conducted to assess the advantages against the current standard
technique. The nature of current studies places the FGS for this field in IDEAL Stage 1.

Table 2. Summary for vascular perfusion for gastrointestinal procedures.

No. of Mean pt Imagin Stud IDEAL
Authors Year Procedures A p Indication Surgical Procedure Dose of Dye ging ey Framework
ge System Design
Performed Stage
Paraboschi ICG .
etal. [15] 2022 1 6m ARM PSARP 0.2 mg/kg iv Medtronic Case report 1
ot zid[al 8] 2020 3 13.5m ARM Colostomy closure 03 rrllgg:?kg iv Stryker Case series 1
PSARVUP (1 =9)
ARM, cloaca, - ¢ ICG (range .

Rentea - primary and redo Retrospective

etal. [16] 2019 13 19y leighsprung pull-through 0.1-0-3 mg/kg) Stryker study 2a
isease iv
(n=4)
Paraboschi ICG
etal. [20] 2022 1 17y GERD Re-do Nissen 0.125 mg/kg Medtronic Case report 1
. iv

Onishi Esophageal Thoracoscopic ICG

etal. [21] 2022 1 led atresia anastomosis 0.5 mg/kgiv Stryker Case report 1
. Maple Syru : :

Kisaoglu PESYIUP 1 iver resection after ICG
etal. [19] 2019 1 4y D?;ég:e transplantation 0.05 mg/kg iv nd Case report 1

linuma Intestinal Primary intestinal ICG
etal. [17] 2013 1 15y volvulus anastomosis 25 mg iv Hamamatsu Case report 1

Laparoscopic bowel . :

Numanoglu . Fluorescein Prospective
etal. [14] 2011 8 245d NEC resecg)orrrln 2rtlic(i) Isl’toma 14 mg/kg iv Karl Storz study 2a

Abbrev. d: days; m: months; y: years; iv: intravenously; pt: patient; ARM: anorectal malformation; PSARP:
posterior sagittal anorectoplasty; GERD: gastroesophageal reflux disease; NEC: necrotizing enterocolitis.
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3.1.3. Lymphatic Flow Imaging

Our search yielded 12 articles regarding ICG fluorescent lymphography. Nine were
case reports and three were retrospective studies. No multicenter study or RCT had been
published yet. Overall, 33 cases were reported in this field, and the maximum number of
patients reported in any study was 11. (Table 3).

In total, 6 authors reported 16 cases of FGS applied to identify iatrogenic vascular
lesions or sites of primary leak in cases of chylothorax and chylous ascites [22-27]. ICG
was the dye employed in each study; however, there is no consistency in the timing, dose,
or site of injection. Some authors suggested injecting the ICG inter-toe one hour prior
to surgery [22], others suggested multiple injections every 20 min, the first one into the
dorsum of the left foot, the second one into the dorsum of the right food, and the third one
into the dorsum of the left hand [23]. Moreover, Chang et al. [24] performed intraoperative
fluorescence lymphography by injecting ICG subcutaneously at the bilateral inguinal region.
Only in two cases was ICG not able to identify the site of the lymphatic leak [23,25]. In the
remaining cases, fluorescence lymphatic imaging allowed the successful visualization of
abnormal lymphatic drainage both in cases of postoperative chylous leakage and in cases
of primary chylous ascites [22-24,26,27].

FGS was also employed in patients diagnosed with lymphatic malformations (LM)
and lymphedema: 3 authors reported 14 cases of lymphedema where ICG was employed
to guide lymphovenous anastomoses [28-30] and 3 articles showed 3 cases of ICG lym-
phography guiding resection of LM [31-33]. There is no clear indication about the dose
and timing of the administration of ICG. Drobot et al. [32] reported a case of ICG lymphog-
raphy in a 14-year-old girl suffering from an axillary macrocystic LM. Just before surgery,
between 0.2 mL and 0.3 mL of 2.5 mg/mL of ICG solution was injected subcutaneously
between the second and third digits and between the third and fourth digits of the left
hand. Lymphography showed two functional lymphatic vessels that reached the cystic
lesion margin, although LM itself did not have any fluorescent signal. Therefore, surgeons
were able to perform a complete excision of the LM while avoiding unnecessary dissection
of unconnected lymphatic vessels. Furthermore, postoperative lymphography confirmed
the preservation of functional lymphatics and ruled out any damage or lymphatic leak.

Kato et al. [33] showed a case of a 11-month-old girl diagnosed with a large LM on
her face. Through 12 injections of 0.02 mL of 0.25 mg/mL of ICG solution around the
peri-orbital lymphangioma and observations with an infrared microscope, the authors
were able to detect the exact location of lymphatic vessels and to reach the target lymphatic
vessels with a small skin incision.

Shirota et al. [31] reported a case of abdominal LM resected using subcutaneous and
intradermal injection of 0.05 mL (0.125 mg) of ICG 20 h prior to surgery. The fluorescence
signal provided a real-time image of the LM, allowing the complete resection of the lesion.
No side effects were reported in any cases.

Indubitably, fluorescence lymphography can potentially be a precise tool for the
identification of a chylous leakage site and lymphatic vessels; however, recommendations
about the dose of dye, timing, and sites of injection need to be defined to demonstrate the
benefits of fluorescent lymphography in pediatric surgery. The nature of the current studies
in this field suggest that the evidence base is still at IDEAL Stage 1.
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Table 3. Summary for lymphatic flow imaging.

No. of . . IDEAL
Authors Year  Procedures Mzar;pt Indication PS(l)lrg(ljcal Dose of Dye Ién 2%;11;:5 ghsld3;1 Framework
Performed 8 rocedure Yy esig Stage
Repairing of leak
Yokoyama Chylous fibrin sealant with ICG0.1mL  Hamamatsu
etal. [27] 2020 1 25m ascites polyglycolic acid id Photonics Case report 1
felt
Laparoscopic
e t(?ﬁal[(;z()] 2015 1 13y Ca};}clilt(gs ligation of the nd nd Case report 1
’ leakage site
; Transcatheter ICG 0.05 mL
Pham_ 2020 1 6m Postoperative 1, sion of the of 0.25 nd Case report 1
etal. [25] chylothorax thoracic duct mg/mL id
Esooh 1 First thoracoscopic
sophagea TEF repair (n = 8)
Shirotsuki ~ 5; 11 range atresia + and thoracoscopic ICG 0.025 mg 1 Retrospective 5
etal. [22] 018 1-25d postopera- repair of chylous inter-toe Karl Storz stud a
tive p 4 injection y
chylothorax leakage points
(n=3)
ICG (id, 1st
. . inj. 25 mcg,
Tan et al. 2014 1 1m Postoperative Bilateral 2n]d inj. 12?5 nd Case report 1
[23] chylothorax pleurodesis meg, 3rd inj
12.5 mcg)
Chang Postoperative  Open ligation of
etal. [24] 2014 1 3m chylothorax fistula ICG2mLsc nd Case report 1
Pri Lymphovenous
rimary anastomosis or i
tC}Ie‘[‘%gO] 2020 8 92y lym- vascularized ICGOSmL— Sony Cor- Retrospective 2a
etal. [C phedema lymph node p Sty
transfer
: Generalized .
M ams s msmo hmphaic  mPhoenenjccormuse Hymameu Remepene o,
] dysplasia y
Lymphedema .
t
OPBL 71 Ry ofteloe Dmphaicownlar1CG02RL Homamat Cogerpon 1
: extremities
Lymphatic
etDarlc.) kfgé] 2020 1 14y magg;ma- Surgical excision ICGH%? Stg 04 Stryker Case report 1
Lymphatic .
Kato et al. Lymphatic venous ICG 0.02mL .
[33] 2017 1 11m magg;ma- anastomosis s Zeiss Case report 1
. Lymphatic
Shirot . . ICG 0.125 m, H t:
ot af‘fﬁl 2017 1 15y magg;ma- Surgical excision seandid g Pahnc}taomniacssu Case report 1

Abbrev. d: days; m: months; y: years; id: intradermal; pt: patient; sd: subdermally; sc: subcutaneously; TEF:
tracheoesophageal fistula; inj: injection.

3.1.4. Tumor Resection

Our search yielded 20 eligible studies focusing on fluorescence imaging during benign
and malignant tumor resections. Out of these 20 articles, 8 were case reports, 11 were
retrospective studies, and 1 was a multicenter study involving 2 tertiary lever referral
centers [34]. Each study described less than 100 procedures. In total, 238 cases were
reported, with the maximum number of procedures performed in any study being 65 in
55 patients. (Table 4).

FGS was applied to identify a broad range of pediatric tumors, to visualize not only
the primary tumor, the resection margins, and metastatic disease, but also key vasculature
and lymphatic drainage.

In total, 10 out of 20 articles explored the use of fluorescence for liver resection and
metastasectomies in cases of hepatoblastoma (HB). Overall, 136 fluorescence-guided pro-
cedures for HB have been published [35-44]. Intravenously injected ICG at a dose of
0.5 mg/kg was mainly used to identify the lesions. Regarding the timing of injection, the
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recommended interval between the injection of ICG and the surgery was approximately
72 h for primary liver HB. This is to allow greater washout of ICG from the adjacent
normal liver tissue and increase the tumor-to-background ratio. Some authors advo-
cate that longer intervals may reduce the sensitivity for detection of smaller lesions [37].
When resecting pulmonary metastases or other lesions, ICG was injected approximately
24 h before the surgery since there is no concern about background fluorescence. In all
the studies mentioned, fluorescent imaging was able to provide clear visualization of the
HB lesions or metastases [35-44]. Additionally, Cho et al. stated that in one case of their
series, ICG was also able to reveal a nodule that was not detected during the preoperative
scan which was subsequently pathologically diagnosed as HB [41]. Moreover, Shen et al.
showed in their series that multiple small lesions, detected by intraoperative ICG fluores-
cence, were not previously demonstrable at the preoperative CT/MRI scans. These lesions
were confirmed to be HB in the histopathology report [43]. Despite the clear accuracy of
fluorescence in identifying HB lesions in certain cases, a high rate of false-positive lesions
must also be taken into consideration: Kitagawa et al. indicated that among the 250 lung
lesions resected, 29 specimens with fluorescent signal were actually pathologically negative.
It is likely that the resected lesions were too small for histopathological detection or that
tissues other than hepatoblastoma can radiate fluorescence. Further studies are needed to
assess these hypotheses [39].

As for other tumors, 3 articles were published about fluorescence applications on
Wilms tumor resection. Overall, 22 procedures were described [34,45,46]. ICG (1.5 mg/kg)
was intravenously administered 24 h before surgery, with the aim of distinguishing be-
tween the tumor and the healthy kidney tissue similar to what was reported for liver
tumors [45]. Interestingly, Abdelhafeez et al. demonstrated that Wilms tumors are hypo-
fluorescent compared to healthy kidney tissue. Nevertheless, distinguishing renal tumors
from surrounding normal kidneys was feasible and helpful in cases of nephron-sparing
surgery [45].

A case report also showed the benefits of ICG injection into the normal renal parenchyma
near the tumor in order to identify and sample lymph nodes after nephroureterectomy [46].

Additionally, in a multicenter study, two tertiary-level referral centers independently
began ICG fluorescence-guided nodal mapping: in one center they performed mapping
with ipsilateral intra-parenchymal injection of ICG during minimally invasive tumor
nephrectomy and in the other center they conducted mapping with peri-hilar injection dur-
ing open tumor nephrectomy. Lymphatic mapping was successful in 88% of patients [34].

Moreover, Esposito et al. [8,10] showed the application of FGS in cases of ovarian mass
resection, lymph node thoracoscopic biopsy, and abdominal lymphoma excision. For the
latter application, ICG (0.5 mg/kg) was administered intraoperatively to obtain a real-time
visualization of bowel perfusion, define the ideal level of resection from the mass, and
confirm adequate perfusion in cases of anastomosis.

Additionally, several papers explored the application of fluorescence in non-neoplastic
lesions: one case of lung lesion resection entailed granulomatous inflammation with focal
necrosis [47], one case of laparoscopic resection of a pancreatic nodule entailed a case of focal
congenital hyperinsulinism [48], and one case of laparoscopic partial splenectomy entailed
a splenic cyst [49]. Additionally, there was one case of thoracoscopic cystic adenomatoid
malformation resection and one case of thoracoscopic pulmonary extra-lobar sequestration
resection [10].

To conclude, as the largest published study in this field [42], by using ICG a broad
range of pediatric malignant tumors consistently exhibited fluorescent signal compared to
background tissue. These tumors included liver tumors (HBs, hepatocellular carcinomas),
neuroblastomas, rhabdomyosarcomas, non-rhabdomyosarcomas, osteosarcomas, Ewing
sarcoma, chondroblastoma, germ cells tumors, solid pseudopapillary neoplasms of the
pancreas, lymphoma, and myoepithelial carcinoma. The sensitivity and specificity of ICG
in detecting intraoperatively malignant tumor tissue was 88 and 77%. Additionally, the use
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of ICG in this study resulted in the recognition of four (6%) malignant lesions which would
not have been identified by the alternative standard of care.

Despite the variety of the published literature in this field and the consensus reached
on the time and dose of ICG injection, the lack of larger multicenter studies and prospective
clinical trials suggests that the evidence base is still at IDEAL Stage 2a.

Table 4. Summary for tumor resection.

No. of Mean Imagin Stud, IDEAL
Authors Year Procedures t age Indication Surgical Procedure Dose of Dye S s%e n:g, Desi y Framework
Performed ptag ¥ esign Stage
ICG 5 mg intra- Karl Storz
. Nephroureterectomy with parenchymal n=4)+ .
Astdaellkia%t;jez 2022 8 mzeglan Wilms tumor lymph node sampling, (n=4)or Visionsense Ml;ltﬁilenter 2a
b e MIS (1 = 4), open (1 = 4) peri-hilar Corp Y
(n=4) (n=4)
Bilateral nephron-sparing
Bilateral Wilms surgery
. tumor (n=7) + (n = 3) + radical - .
Abtdellkﬁff]ez 2022 12 m%dlan epithelioid nephrectomy s IC/Gk . V151Consense REtrosC]l::ectlve %a
etal. 1% y angiomyolipoma (n = 1) + unilateral > me/Ke v orp study
n=1) nephron-sparing surgery
(n=5)
Laparoscopic
Pac[h41 6? al 2021 1 2y Wilms tumor nephroqreterectomy + 2. 5n%gr?11;1€fICG Karl Storz rgg(s)it 1
resection of nodes
M]?elllgél\d?;l 2022 1 3m Focal congenital Laparoscopic resection of ICG 2 me /ke iv Stryker Case 1
g[fs]e : hyperinsulinism pancreatic nodule 8758 yxe report
Chung et al. Hepatocellular Laparoscopic segment 5th 1CG Case
[24] 2020 1 oy carcinoma resection 0.5 mg/kg iv nd report 1
Bada-Bosch . Laparoscopic partial ICG Case
ctal. [49] 2020 1 13y Splenic cyst splenectomy 0.2 mg/kg iv Stryker report 1
Mansfield . Retroperitoneal lymph Retrospective
etal. [50] 2020 4 157y Paratesticular RMS node dissection nd nd study 2a
Methylene blue
(0.5 mL) and
; : 1CG
Fungetal. »pq 1 4y Lung lesion Thoracoscopic resection of o 5\ 1) i Karl Storz Case 1
[47] the lesion report
around the
lesion via the
guiding needle
Abdominal . .
lymphoma (n = 3) + Laparoscopic abdominal
ovarian tumors lymphoma excisions Karl Storz
Esposito 2020 1 62 (n :(n5 ):q)CfM (11 = 3) + robotic oxiasrlan ICG 0.5 +Davinci  Retrospective 9
1. [10] 2y mass excision (1 =5) + mg/mL/ke iv Firefl stud a
eta pulmonary thoracoscopic lobectomy g & LY, y
sequestration (n = 2) + thoracoscopic Intuitive
(n=1) + lung hilar biopsy (n = 1)
lymph node (n = 1)
Abdominal
Esposito lymphoma (n = 3) + . .. ICG 0.5 mg/kg Retrospective
ctal. [8] 2019 6 38y bdominal fumor Laparoscopic excision iv Karl Storz study 2a
(n=3)
Shepgtel 2o 16 median HB Liver resection ICG 0.5 mg/kg nd Retrospective 5,
m iv study
Excision of HB (n =9) +
HCC (n=2)+0S (n=9) +
NB (1 = 6) + NRSTS (1 = 6)
. . +RMS(n=5)+ES(n=3)+
Thoraciclesions — GCT (n=2) + CB (n=1) +
Abdelhafeez  505¢ 5 median (#=37)+a dOMeNn  SPNP (n=1) + Lymphoma  ICG15mg/kg  Visionsense Retrospective
y masses (n =19) + _ S - 2a
etal. [42] 10y lesions trunk and (n = 1) + myoepithelial iv Corp study
it - carcinoma of the chest
extremities (1 =9) wall (1= 1) + ACT (1 = 2)
+ metastasectomy (1 = 4) +
non tumor resection
(n=13)
Liver resections (n = 17) +
liver transplants (n = 2) +
Cho et al. lung metastasectomy ICG 0.3 mg /kg Retrospective
[41] 2021 22 3y HB (n=2) + lymph-node v Karl Storz study 2a

metastasis sampling
(n=1)
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Table 4. Cont.
No. of . IDEAL
Authors Year Procedures Ntliar; Indication Surgical Procedure Dose of Dye Ién z%;;? g;:ld }1’1 Framework
Performed ptag Y 8 Stage
Extended right
Primary liver hepatectomy (1 = 3) +
Souzaki 2019 10 25 tumors (n =4), liver transplantation ICG 0.5 mg/kg Karl Storz Retrospective %a
etal. [35] 2y lung metastases (n = 1) + lung partial iv study
n=6) resection (n = 5) +
lobectomy (n =1)
Takahashi 2019 1 14y HB peritoneal Surgic%gi;ifi&% ;rrLiving ICG05mg/kg  Hamamatsu Case 1
etal. [36] dissemination ReTransplantation iv Photonics report
Primary HB
(n=12), HB lung
metastases ﬁn =7),
meltgggal:is:l(za—l 1) Liver resection (n = 13),
Yamada - C lung metastasectomies ICG0.5mg/kg  Hamamatsu Retrospective
etal. [37] 2019 36 5y perlt(?neal (n =15), other iv Photonics study 2
metastasis (1 = 1), metastasectomies (1 = 5)
pancreatic
metastasis (n = 1),
bone metastasis
(n=1)
Chen- Panasonic
Yec;s;ik[a;év]a 2017 1 3y HB lung metastasis Lung metastasectomy 1cG O.Slvmg/ kg N e?xgrk s rS;(S;t 1
b Company
Kitagawa HB lung Lung metastasectomy (n = ICG0.5mg/kg  Hamamatsu Retrospective
etal. [39] 2015 37 35y metastases (1 = 10) 37) iv Photonics study 2
Primary HB (1 =1), 8 SR N Mizuh
Yamamichi recurrent HB (n = s . _ ICG 0.5 mg/kg 1211ho .
; 2015 3 3y diaphragm resection (n = H Medical Case series 1
etal. [40] 1), HB lung iv
. 1), lung metastasectomy (1 Co
metastasis (n = 1) _
Mita}n/i etal 2014 1 26y HB Tumor resection ICG0.5mg/kg  Hamamatsu Case 1
[44] iv Photonics report

Abbrev. m: months; y: years; MIS: minimally invasive surgery; iv: intravenously; inj: injected; pt: patient;
OS: osteosarcoma; HB: hepatoblastoma; ES: Ewing sarcoma; RMS: rhabdomyosarcoma; NRSTS: non-
rhabdomyosarcoma soft tissue sarcoma; CB: chondroblastoma; NB: neuroblastoma; HCC: hepatocellular carci-
noma; GCT: germ cell tumor, SPNP: solid pseudopapillary neoplasm of the pancreas; ACT: adrenocortical tumor,
CAM: cystic adenomatoid malformation.

3.1.5. Urogenital Surgery

Our search yielded 9 articles focusing on FGS employed during urogenital procedures.
All 9 articles were retrospective studies, involving less than 100 patients each. In total,
197 cases were reported, the maximum number of procedures performed in any study
being 57. (Table 5).

The main applications were the detection of blood and lymphatic vessels during
varicocelectomies (n = 137) [8-10,51,52], the visualization of hilar vessels and kidney
perfusion during heminephrectomies (1 = 36) [8,10,52-54], nephrectomies (n = 11) [8-10,52],
renal cysts deroofing (1 = 10) [10,52,55], and the detection of ureteral perfusion after ureteral
reconstruction (n = 3) [56].

During laparoscopic varicocelectomies, according to Esposito et al., 2 mL of ICG
solution (25 mg of ICG with 8ml of sterile water) was intraoperatively injected into the
testis to detect and spare the lymphatics avoiding the risk of postoperative hydrocele. Under
near-infrared light, the lymphatics were identified, appearing fluorescent. No adverse
reactions were reported [8,10,51,52]. In one study, Fernandez-Bautista et al. administrated
ICG intravenously at a dose of 0.2 mg/kg, showing good results and no side effects [9].

During heminephrectomies, according to Esposito et al.,, ICG was injected into
a peripheral vein at a dosage of 0.3 to 0.5 mg/kg just after the dissection of Gerota’s
fascia. No adverse effects were reported. According to Herz et al., 0.5-1.0 mL of ICG
solution (2.5 mg/mL), administered 30-60 s prior to surgery also showed good results and
no side effects. Herz et al. described the advantages of arterial mapping during pediatric
heminephrectomies attesting that ICG imaging helped detect the correct area of excision
and in one case helped avoid a potential critical complication by identifying an artery to
the healthy moiety [53]. In 2021 Esposito et al. [54] standardized the technique of ICG
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injection for partial nephrectomy in three different steps: the first injection was performed
just prior to surgery into the ureteral catheter to identify the ureter. Then, ICG was injected
intravenously to identify the hilar vessel and the vasculature of the non-functioning portion.
After ligation of the vessels supplying the non-functioning renal part, the third injection
was performed intravenously to identify the boundary plane between the avascular and
the perfused pole and correctly guide the resection of the parenchyma. In this study,
Esposito et al. showed that in the group of ICG-guided laparoscopic nephrectomies no
intraoperative complication occurred, and the incidence of postoperative renal cysts was
also significantly lower compared with the standard technique.

Considering nephrectomies, Esposito et al. [10,52] showed that ICG (dosage
0.3 mg/mL/kg) was injected intravenously just after the division of the Gerota’s fas-
cia and the fluorescence signal was visualized in the hilar renal vessels in less than 2 min
and in the renal parenchyma within a few seconds after the renal vessels. No intra or
postoperative complications occurred. In another study, Esposito et al. [8] showed that ICG
was injected using a dosage of 0.5 mg/kg. with the same good results and no complications
or side effects. In one study, Fernandez-Bautista et al. administrated ICG intravenously at
a dose of 0.2 mg/kg with good results [9].

During renal cyst deroofing, ICG (dosage 0.3 mg/mL/kg) was injected intraopera-
tively and intravenously just after the division of the Gerota’s fascia. In just one minute
the fluorescence allowed the “non-fluorescent” area corresponding to the avascular cyst to
be clearly distinguished from the “fluorescent green” area corresponding to the perfused
renal parenchyma. No complications or side effects occurred [10,52,55].

Finally, Carty et al. [56] showed that ICG injected intravenously at a dosage of
0.039-0.086 mg/kg was used to elucidate blood supply to the affected segment of the
ureter within 60 s of administration in cases of ureteral reconstruction.

Overall, the modality, timing, and dosage of ICG administration seem to be standard-
ized for each procedure in this category; however, the main limitation is that only single
centers’ experiences have been reported. Multicenter studies and prospective clinical trials
need to be performed to demonstrate the clear advantages of FGS for such indications. The
evidence base for this field is still at IDEAL Stage 2a.

Table 5. Summary for urogenital surgery.

No. of . IDEAL
Authors Year  Procedures Mean pt Age Indication Surgical Procedure Dose of Dye Ign aging Study Framework
ystem Design
Performed Stage
el . . ICG 0.3 mg/kg .
Ebpl"?_t% 2021 12 median 4.1y Duplex idney Lapamshwp‘tc partial ivorintothe  Karl Storz Re*‘fsge““’e 2a
etal. b nephrectomy ureteral catheter study
e . Da Vinci 5
Hef; 37e]’c al. 2016 6 56y Duplex kidney RObO}: a5§1sted laparoscopic ICG 1.25-2.5 mg Firefly, Retrospective 2a
g eminephrectomy iv Intuitive study
Congenital
ureteral stricture .
- 4 ICG Da Vinci
Cart%/ :t al. 2021 3 8y mlld-ué?te;al Ureteral reconstruction 0.039-0.086 Firefly, Case series 1
[561 Pf) yp disease, mg/kg iv Intuitive
distal-ureteral
polyp disease
Esposito . . X ICG Retrospective
etal. [55] 2020 3 nd Solitary renal cyst Robotic deroofing of cyst 0.35mg/kg iv nd study 1
Varicocele
(n=41)+
median 15.7 y non-functioning Laparoscopic left
(varicocele) kidney (n =3) + varicocelectomy (n = 38) +
+87y SY'?PtOIf‘ath robot-assisted left 1cG Karl Storz
Esposito (nephrectomy) non-functioning varicocelectomy (n = 3) + + Da Vinci Retrospective
etal. [52] 2020 57 +4.3 y (partial obstructive upper nephrectomy (n = 3) + 03 mgi/VmL/kg Firefly, study 2
nephrectomy) pole moiety or partial nephrectomy (1 = 9) Intuitive
+10.8 y (renal lower pole + robot-assisted deroofing
cyst) moiety (n=9) + of simple renal cyst (1 = 4)

simple renal cyst
(n=4)
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Table 5. Cont.

No. of Imagin Stud IDEAL
Authors Year  Procedures Mean pt Age Indication Surgical Procedure Dose of Dye ging ey Framework
System Design
Performed Stage
Varicocele
(n=40) +
non-functioning ‘ICG 62? mg
kidney (1 =3) + Left varicocelectomy m(t‘fgiiecs(t)lccéil:r Karl St
. non-functioning (n = 40), partial i art storz .
Esposito 2020 53 109y symptomatic nephrect Onfy n=7), 03 reP;lr){/k + Da Vinci Retrospective 2a
etal. [10] obstructive upper nephrectomy (1 = 3), renal o MM/ KE IF"?f.ly’ study
pole or lower td G Z3 iv (nephrectomy ntuitive
. cyst deroofing (1 = 3) and renal cyst
pole moiety d fi
(n=7) + + simple eroofing)
renal cyst (1 = 3)
Esp051_to 2019 o5 187y Varicocele Laparos_coplc Palomo left ) ICG 0.1 mg nd Retrospective 2a
etal. [51] varicocelectomy intratesticular study
Varicocele
(n=30)+
rllqg'fu“(dionai;’lg Laparoscopic Palomo left ICG 2 mL
Esposito 1dney (n =3) + varicocelectomy (n = 30) + intratesticular + Retrospective
etal. [50] 2019 3 84y non-functioning nephrectomy (1 = 3) + 0.5 mg/kgiv Karl Storz study 2a
upper pole in partial nephrectomy (1 = 2) (renal surgery)
duplex kidney
(n=2)
F q Vari le (1= 1) Laparoscopic Palomo
ernandez aricocele (n = : _
Bautista 2019 3 8.6y + renal failure Varlcocelegtomy (n=1)+ 1CG 0.2 mg/kg Stryker Case series 1
etal. [9] (n=2) laparoscopic nephrectomy iv

(n=2)

Abbr. y: years; iv: intravenously.

3.1.6. Plastic Surgery

Our search yielded four articles regarding fluorescent imaging applications in plastic
surgery. Two of them were case reports and two were retrospective studies. In total,
26 cases were reported with the maximum number of patients reported in any study being
13. (Table 6).

The main applications were the detection of flap perfusion, the assessment of vessels
patency during revascularization procedures, and the visualization of vessels’ course and flow.

In this field, intraoperative ICG angiography has the potential to be an objective
method to assess intraoperative flap perfusion, thus enabling the surgeon to take additional
measures to avoid any ischemic problems.

Martins et al. [57] showed how to assess skin flap perfusion for pediatric autologous
ear reconstruction using relative and absolute perfusion units (RPU and APU) color maps
generated intraoperatively by the SPY-Q software. In particular, they suggested that in
cases of skin flap necrosis, the lowest APU was < 20. However, low APU values need to
be clinically related to ascertain that the irregularity of the tissue is not responsible for
the decreased fluorescent signal. Their study concluded showing a decreased number of
surgical revisions in cases treated with ICG injection versus those without ICG, suggesting
that greater certainty in skin flap perfusion is related to a reduction in revision surgeries [57].

Fluorescence imaging was also applied during percutaneous sclerotherapy of venous
malformations, especially in the face and hands, allowing non-invasive assessment of the
real-time distribution of sclerosant [58].

Only a few studies have been published on this technique, therefore, more cases and
multicenter studies are needed to demonstrate the benefits of ICG fluorescence imaging
in plastic surgery. The nature of the current studies for this field places the FGS in IDEAL
Stage 1/2a.
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Table 6. Summary for plastic surgery.

No. of . . IDEAL
Authors Year  Procedures Mzanept Indication PSué‘gacal e Dose of Dye Ién 2%;11;:5 Shsld3;1 Framework
Performed 8 rocedur Yy esig Stage
Free latissimum
Fried dorsi
etal. [59] 2019 1 6m Teratoma myocutaneous nd nd Case report 1
flap
First-stage
Martins autologous rib . Retrospective
etal. [57] 2016 11 88y nd cartilage ear ICG 5mgiv Stryker study 2a
reconstructions
A ) Reconstruction
Hinchcliff nterior pla-  for left unilateral .
etal. [60] 2013 1 ly giocephaly coronal ICG25mgiv Stryker Case report 1
synostosis
0.04 mL of
ICG (0.01
Ishikawa Venous mal- mg/mL) Hamamatsu Retrospective
etal. [58] 2013 13 105y formations Sclerotherapy injected Photonics study 2a
inside the
malformation
Abbr. m: months; y: years; iv: intravenously; pt: patients.
3.1.7. Miscellaneous
Only one case report could not be assigned to any of the previously described main
groups: it reported a case of a 13-day-old patient who underwent ICG administration
into the stomach during a laparoscopic duodenal web excision [61]. (Table 7). Just after
anesthesia, 5 mL of ICG solution (2.5 mg/mL) was injected via the nasogastric tube, then
the location of the duodenal web was accurately identified in real-time. After the excision
of the duodenal web, another dose of 5 mL was injected to confirm the patency of the
duodeno-duodenostomy.
Table 7. The only case not belonging to any of the other groups.
No. of . . IDEAL
Authors Year Procedures M[e:m Indication PSurglcal Dose of Dye Imaging Study Framework
Performed  PtA8e rocedure System Design Stage
ICG 5 mL of Zhuhai Zhuhai
Duodenal Laparoscopic a0.125 mg/mL Dipu Dipu
LiSetal [61] 2022 1 13d u‘?\] ele)na resection of diluted solution Medical Medical 1
duodenal web through Technology  Technology
a nasogastric tube Co Co

Abbr. d: days; pt: patients.

Determining the exact location of a duodenal web can be challenging, especially
during minimally invasive surgery or if the web has a wind-sock shape. In this case report,
fluorescence allowed the surgeon to identify the exact location of the web and guided the
location of the proximal and distal duodenotomies. No intraoperative complications or
side effects occurred.

This application could be expanded for each intestinal atresia to assess the patency of
the bowel and exclude multiple areas of atresia.

A limitation of this study was that as this procedure was only used for one patient,
more research is needed to fully understand the benefits.

4. Discussion

This systematic review is the first study publishing data about the development
status of FGS in pediatric surgery using the IDEAL framework. Our aim was not only to
identify the state of research of FGS in pediatrics but also to suggest further studies to be
performed in the future, to mature this novel surgical technique into a standardized and
effective technique.
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Since the last systematic review [62], the number of cases published has tripled,
showing that interest in FGS in pediatric surgery has been increasing steadily and widely
in the last few years. However, there is still a lack of robust evidence supporting its use in
the pediatric population.

The most important limit is the nature of the studies published, which are mostly
small case series and single-center studies. Moreover, for some applications, there is an
extraordinary heterogeneity across the studies: indications, ICG dose, and outcomes of
FGS are extremely variable. A uniform consensus on the dose and timing of ICG injection
is not reached even in similar indications.

Besides this, the level of evidence varies across the different surgical fields. For
example, fluorescence imaging appears mostly beneficial for delineating hepatobiliary
structures and vascular perfusion in urogenital surgery and tumor resection. Indeed, our
IDEAL framework analysis indicates that the evidence base is in Stage 2a (Development)
for these three fields, as the technique is considered safe and has been standardized.
Prospective and collaborative cohort studies are now appropriate to finalize the consensus
on methods and outcome measures for a future RCT.

In the oncological field, FGS has been developing as a cutting-edge improvement in
which precise margin definitions have the potential to lead to more radical tumor resections
and better outcomes. The recent increase in publications in this field makes the tumor
resection category almost ready to proceed to IDEAL stage 2b. Prospective studies to assess
the effectiveness of the new technique against current standards will be pivotal to reaching
this next stage.

To reach the next IDEAL stage, it is not only important to accumulate more cases, but
it is also important to achieve a more uniform protocol for establishing the optimal timing
and dosage for ICG injection and for a more defined selection of patients with regard to
tumor depth from the surface. In fact, as Cho et al. stated, tumors at a depth of <10 mm in
the liver/lung surface were all visible under the ICG camera but one of the clear current
limitations for its clinical use is related to the limited tissue penetration (up to 10 mm) of
near-infrared light [42,60].

On the other hand, some fields of pediatric surgery are still in the early phase of
adoption. For example, fluorescence imaging for vascular perfusion in GI procedures and
lymphatic flow imaging are at an IDEAL stage 1. The reason for this is that most articles
report single-center experiences for a small number of patients involved. To make more
broad conclusions about the effectiveness of FGS, more studies need to be published to
assess its effectiveness in these fields of pediatrics.

Although the literature supports the useful role of ICG imaging in the evaluation of
flaps perfusion, there seems to be less interest in employing fluorescence imaging in plastic
surgery considering that only four reports emerged from our research. An explanation
could be that, despite the clear benefits of fluorescence imaging, equipment and ICG access
and time constraints in the operating theatre may limit its daily adoption.

Despite the recent advances in FGS, further developments are still feasible. In this
regard, in the field of pediatric cancer surgery, preclinical studies are investigating new
technologies to maximize the fluorescent signal from the tumor and to minimize the
background noise. NIR-II (wavelength: 1000-2000 nm) fluorophores and tumor-targeted
fluorescent probes seem to be promising tools for achieving higher contrast, increased
sensitivity, and improved tissue penetration depths [63,64].

Finally, complementary analytical tools, such as artificial intelligence (AI), will be
integrated into an FGS system to enhance the decision-making capability of fluorescence
optical imaging. In this aspect, one of the most revolutionizing breakthroughs was the
introduction of the Internet of things (IoT) concept within surgical practice. Internet-based
image-guided surgery has a lot to offer by incorporating data from different sources and
making them available to the surgeon in real-time, for example by allowing the surgeon to
visualize preoperative and intraoperative images of the anatomical structures of interest
overlaid in real-time [65].
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5. Conclusions

FGS applied to biliary tree imaging, urogenital surgery, and tumor resection is safe and
feasible in pediatric surgery, providing real-time information for surgical decision-making.
Multicenter, prospective clinical studies, and RCT are required to standardize the use of
FGS in these fields of application.

Lymphatic flow evaluation, vascular assessment for GI procedures, and plastic surgery
are other promising applications of fluorescent optical imaging in children, but more cases
need to be published to evaluate their effectiveness in pediatrics.
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