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Abstract

Background Indocyanine green fluorescence angiography (ICGFA) during colorectal surgery associates with reduced post-
operative anastomotic complication rates. Because its interpretation is subjective, quantification has been proposed to address
inter-user variability. This study reviews the published literature regarding ICGFA quantification during colorectal surgery
with a focus on impactful clinical deployment.

Methods A systematic review was performed of English language publications regarding clinical studies of ICGFA quan-
tification in colorectal surgery in PubMed, Scopus, Web of Science and Cochrane Library on 29th August 2024, updated to
18th November 2024, following PRISMA guidelines. Newcastle Ottawa scale (NOS) was used to assess quality.

Results A total of 1428 studies were screened with 22 studies (1469 patients) selected. There was significant heterogeneity
of ICGFA methodology, quantification methods and parameter selection and only three studies were NOS “high” quality.
Extracorporeal application was most common. Four studies (154 patients) conducted real-time ICGFA analyses (others
were post hoc) and four utilised artificial intelligence methods. Eleven studies only included patients undergoing left-sided
resection (six focusing specifically on rectal resections). Only one study employed the quantification method to guide intra-
operative decision-making regarding colonic transection. Twenty-six different perfusion parameters were assessed, with
time from injection to visible fluorescence and maximum intensity the most commonly (but not only) correlated parameters
regarding anastomotic complication (n=18). Other grounding correlates were tissue oxygenation (n=3, two with hyper-
spectral imagery), metabolites (n=2) and surgeon interpretation (n=35).

Conclusion Quantification of the ICGFA signal for colorectal surgery is feasible but has so far seen limited academic
advancement beyond feasibility.
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Colorectal surgery remains the mainstay of treatment for
both benign and malignant colorectal disease. One of its
most critical complications is anastomotic leakage (AL),
with recent randomised controlled trials (RCTs) reporting
an incidence of up to 23% following anterior resection of
the rectum [1-4]. AL is associated with increased secondary
complications, mortality, hospital length of stay and costs
and poorer oncological outcomes [5—11].
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Alongside many risk factors for AL following colorectal
resectional surgery such as smoking, male gender, obesity,
age, diabetes, neoadjuvant therapy, tumour location [12—-15],
ensuring appropriate perfusion of the anastomosis is a key
step in mitigating AL [16]. Traditionally, surgeons have
assessed bowel perfusion using various parameters such as
palpable pulsation of the mesentery, colonic discolouration
and active bleeding at the resection margin [12], however,
these factors have been found to be subjective and unreli-
able [17].

Recent large scale RCTs are now concluding that indo-
cyanine green fluorescence angiography (ICGFA) provides
a rapid and reliable intra-operatively bowel perfusion assess-
ment [3, 18-23] by presenting near-infrared (NIR) imagery
for the surgeon to interpret, that may become a new standard
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of care for restorative colorectal surgery. However poten-
tial barriers to its widespread adoption remain including
its subjective nature, with significant inter-user variability
[24-26] evident, and associated learning curve. Computer
vision methods of ICGFA quantification have been proposed
as a means of adding robustness to the technique and so it is
now timely to consider their merit in overcoming interpreta-
tion issues in the near-term and so be part of any technology
roll-out. Here we review the state of the art via published
literature regarding ICGFA signal quantification in colorec-
tal surgery with a focus on impactful clinical deployment.

Methods
Search strategy

This review did not meet the criteria for a systematic review
as per Prospero criteria as there was no unifying, single,
primary outcome [27] and so a systematic literature search
was carried out according to PRISMA-Search checklist
guidelines and recommendations [28]. PubMed, Scopus,
Web of Science and Cochrane Collaboration database were
searched for relevant publications initially from inception
to 29th August 2024 and then updated to 18th November
2024 using the following Medical Subject Heading (MESH)
search terms: “colorectal” (includes “colon” and “rectum’),
“bowel”, “anastomosis”, “anastomotic leak”, “outcome”,
“perfusion”, “assessment”, “evaluation”, “fluorescence”,
“angiography”, “indocyanine green”, “quantification”,
“computation”. All terms were “exploded” to include sub-
headings and the truncation symbol (*) used as appropri-
ate. The Boolean operator “OR” was used within concepts,
whilst “AND” was used to link concepts. Titles and abstracts
were then screened by two reviewers (PMcE and AS). Addi-
tionally, reference lists in relevant publications and Google
Scholar were screened for other relevant publications.

Study selection

For inclusion in analysis, studies had to meet the following
criteria:

e Publication of a clinical study in patients undergoing
colorectal surgery for benign or malignant disease

e ICGFA use for assessment of bowel perfusion

¢ A method to quantify the fluorescence imagery

e Full text available in English

Studies were excluded if any of the following criteria
were met:
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e No human patients (e.g. animal studies)
e Publication types such as systematic reviews, meta-anal-
yses, guidelines, conference abstracts.

Outcome of interest

The studies included were compared based on the method-
ology used, the ICG dosage, the NIR camera system and
the quantification software. Types of operations performed
and timing of ICG administration were recorded. Measured
parameters, endpoints of the studies, the rate of change of
mind based on fluorescence imaging and the anastomotic
complication rates were summarised.

Data extraction

The selection process was assisted by an online tool
(Rayyan®) [29].Two reviewers (PMcE and AS) indepen-
dently examined studies according to the predefined strat-
egy and criteria. Each extracted and recorded separately the
title and publication details in addition to population char-
acteristics. Databases were reviewed and compared at the
end of the reviewing process to limit selection bias, remove
duplicates and a third reviewer (PB) was used to clarify any
disputes.

Quality assessment

The quality assessment was performed by two authors
(PMCcE and AS) independently. Studies were assessed using
the Newcastle Ottawa Scale (NOS) [30]. In the case of any
disputes, a third author (PB) was consulted to clarify. Traffic
light plots to present NOS assessments were created using
the “robvis” package in RStudio 2023.12.0 [31].

Results
Study characteristics

The initial search yielded a total of 1428 studies, of which
84 met the criteria for full review, with 22 being finally
included in this study as depicted in the PRISMA flow dia-
gram (Fig. 1). All these studies were published after 2010,
with fifteen (68.1%) being published from 2020 onwards.
Together, the 22 studies included quantitative ICGFA analy-
sis data from a total of 1469 patients, with the number of
patients in each study ranging from 4 to 301. In four studies
(154 patients) real-time analysis of the fluorescence signal
was performed with the remainder (1315 patients) utilising
post hoc video recording analysis (Table 1) [12, 32-52]. The
senior corresponding author was a surgeon in twenty-one
studies with the other one being coordinated by a scientist
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Fig. 1 PRISMA flowchart of
study selection [ Identification of studies via databases ]
Records identified from Records removed before
PubMed, Scopus, Web of screening
Sdence, Cochrane Duplicate records removed
(n = 1428) (n = 560)
Records screened Records exduded
(n = 868) (n=784)
Reports sought for retrieval Reports not retrieved
(n=84) (n=0)
Reports assessed for eligibiity Reports excdluded
(n=84) (n=63)
Studies included in review
(n=22)

[44]. NOS evaluated 16 studies as moderate quality with
three each being high and low quality. (Fig. 2).

ICG protocol, visualisation and software

Most (n=20) studies assessed ICGFA of the colonic seg-
ment intended for anastomosis prior to anastomotic forma-
tion, with one other study assessing ICGFA both before
and after [12], and one after only anastomosis [37]. Eleven
studies included only patients undergoing left-sided resec-
tion, with six of these focusing specifically on rectal resec-
tions (576 patients). One of the included rectal-only stud-
ies assessed only the distal rectal stump after resection of
the specimen [49]. The remaining eleven studies included
patients undergoing resectional surgery for a variety of
benign and malignant pathologies throughout the colon,
rectum and small bowel. The dose of ICG given varied
significantly also. Eight of the studies administered a
weight-dependent dose of ICG, with ten studies using a

fixed dose regimen (four studies did not report dosing).
Various camera systems were used with manufacturers
including Stryker [32, 34, 42, 43, 49-52], Karl Storz [33,
37,40, 47], Novadaq [35, 38], Hamamatsu Photonics [36],
Pulsion Medical System [12], Quest Medical Imaging [39,
41], Olympus [44, 48], Medtronic [45], Intuitive [46, 48]
and Arthrex [52]. Thirteen studies performed extra-cor-
poreal ICG assessment of the region of interest, whilst
two studies performed intra-corporeal assessment, with six
studies using a mixture (one study did not report this). Of
the six studies examining rectal resections only, two each
performed ICGFA assessment extra-corporeally, intra-cor-
poreally or as a mixture. Eighteen of the studies reported
an image capture protocol, with twelve reporting a speci-
fied length of time, ten reporting a fixed distance between
the camera and the tissue of interest and five reporting
turning off the background lights for extracorporeal assess-
ment. ICGFA signal quantification was carried out using a
variety of commercially available [36, 37, 49] or bespoke
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Table 1 Study and patient characteristics. NR not recorded

Publication Patient number Study period Operations Analysis  Senior author

Park et al. (2020) 65 August 2018-May 2019 Anterior resection/low anterior Posthoc  Surgeon
resection

Son et al. (2019) 86 July 2015-December 2017 Anterior resection/low anterior Posthoc  Surgeon
resection

Son et al. (2023) + Hyper- 68 January 2021-December 2022 Sigmoid/rectal resection Real-time Surgeon

spectral Imaging

Protyniak et al. (2015) 77 June 2013-June 2014 Multiple sites within colon and Posthoc  Surgeon
rectum

Wada et al. (2017) 112 August 2013-April 2016 Left-sided colorectal resections Post hoc ~ Surgeon

Hayami et al. (2019) 22 December 2014—September 2015 Multiple sites within colon and Post hoc  Surgeon
rectum

Kudszus et al. (2010) 201 2003-2008 Multiple sites within colon and Post hoc  Surgeon
rectum

Bornstein et al. (2018) 49 NR Multiple sites within small bowel, Posthoc  Surgeon
colon and rectum

Faber et al. (2023) 20 NR Multiple sites within colon and Post hoc  Surgeon
rectum

D'Urso et al. (2021) 22 January 2017-November 2018 Left-sided colorectal resections Real-time Surgeon

Meijer et al. (2021) 4 NR Varied operations with mesenteric Post hoc ~ Surgeon
resection

Dalli et al. (2024) 23 NR Multiple sites within colon and Posthoc  Surgeon
rectum

Adams et al. (2024) 89 August 2021-June 2022 Multiple sites within colon and Post hoc  Surgeon
rectum

Arpaia et al. (2022) 11 NR Multiple sites within colon and Real-time Scientist
rectum

Gomez-Rosado et al. (2022) 70 July 2020-February 2021 Multiple sites within colon and Posthoc  Surgeon
rectum

Kim et al. (2017) 310 2013-2016 Low and ultra-low anterior resec-  Post hoc ~ Surgeon
tions

Aiba et al. (2021) 110 September 2017-January 2020 ~ Multiple sites within colon and Posthoc ~ Surgeon
rectum

Han et al. (2022) 22 February 2020-July 2020 Left-sided colorectal resections Posthoc  Surgeon

Iwamoto et al. (2020) 25 July 2016-June 2017 Anterior resection Posthoc  Surgeon

Egi et al. (2022) 12 January 2021-March 2021 Left-sided colorectal resections Post hoc  Surgeon

Soares et al. (2022) 18 May 2019-November 2019 Multiple sites within colon and Post hoc  Surgeon
rectum

Singaravelu et al. (2024) 53 NR Multiple sites within colon and Real-time Surgeon

rectum

[32, 38, 42, 52] software, however none of the latter seem
to have been made available yet online for use by others
(Table 2).

Perfusion parameters
In total, in included studies, 26 different perfusion param-
eters were defined and used being broadly categorisable

into intensity, inflow and outflow milestones (see Table 2
and Fig. 3 for details).

@ Springer

Intensity

Maximum fluorescence intensity (F,,) was the second
most frequently assessed parameter (n = 13). Other inten-
sity parameters included half of the maximum intensity
and the fluorescence intensity drop at 50 and 100 s after
maximum intensity (n=1 each).
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Fig.2 Traffic light plot for Newcastle Ottawa Scale
Newcastle Ottawa Score results
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Inflow

Time to reach maximum intensity from the beginning
of visible fluorescence (T,,,,) was the most frequently
assessed parameter (n=15). Time to reach half of maxi-
mum intensity from the beginning of visible fluorescence
(T 5max) and time from injection to visible fluorescence
(Ty) were also included in many studies (n=8 and 7,
respectively). Some of the calculated inflow parameters
included time ratio (T ./ Tmax)> relative slope (F,,,/
T,..x), time from injection to reach maximum intensity
(Ty+T,,,,), maximum inflow slope (ingress slope), maxi-
mum inflow slope in percentage per second (normalised
slope), rate of change and duration (timing) of the overall
intensity curve, slope at ten seconds after visible fluores-
cence (RS,,).

Outflow

Only three of the included studies assessed parameters
occurring after maximum fluorescence intensity. These
were the maximum outflow slope (egress slope), area
under the curve (AUC) in percentage after 30/60/120/180 s
from T, (AUC5¢60/120/130)> ©verall downslope, downslope
at 50/100 s, centre of mass, the fluorescence difference
between maximum intensity and intensity at a sharp drop
then gentle decrease (Fpj ,,). the time after maximum
intensity Fjyeqq 0cCurs (Tj,,) and the decreased fluo-
rescence slope (F divided by T

plateau plateau) .

@ Springer



Surgical Endoscopy (2025) 39:2677-2691

2682

0D “ladofsumoq
“0sadorsumo(q

pasn siapweled

waysAs uoneoynueng)

[0003014 21myded a3ew]

-BI}X9 IO -BI)U]

wo)sAs eIowe)) ageso  oAmerar) SuTwI],

‘adogsumoqq <0011 505 1 av1 90UQ0sAI
YL YL LD ALVINHIOYORIL NGL 0Ny 9[qISIA WO U PIXIN 1yAng Yutodurg 3yBwW 10 Jorid (¥200) "1 3 1red
SOISY ‘S Vg DV suonnjog [ed Sursew] [eOIPIN
P L I L -IPOIAL STASIN “qRISIAOIL AN [eerodiod-enxd [[y - 1senQ) ‘wnnoadg isenQy Swg VIN (1202) 'Te 10 Jalto]y
(a1
Aypear paoueyuo VAN
xewy Paseq-e0uadsaIony,y AN [eerodios-enxe [y ey ‘waisAs g WSi-q Sy/8w 70 Iong (1202) ‘Te 30 os1,a
sSumes e1owed
SO81/0Z1/09/0€ PaSIpIEpUE]S ‘anssT) 0]
2NV ‘adols ssa13g SurSewy $92139p ()6 ‘uondafur
‘ado[§ pasifewIoN ‘Sy [eOIPSJA] 39N oM I0)Je UIW G JOJ ‘Onssn SurSewy [eorpaI 1sonQ)
‘adog ssarSuy Mg U -owrerq yoIeasay I1seng) 9A0QE WD ()¢ BIOWER)  [ea10dI00-BNXO [V ‘0’z wnnoadg 1sen) Sw g Jong (£200) ‘Te 10 10qe]
woperd
SISA[euy uorsnjIoq
pue oryder3orSuy QArs uonoafur bepeaoN ‘wo)
Suruny, pue g -uayaidwo)) payIpoA I0Je s 8ZI—€11Jog [earodiod-enxa [y -SAS SuiSew] g XS AN Jond (8107) ‘Te 10 uraIsuiog
Q0UQIQJAI S QUNSAUI
[rews jo dooy ‘go siys1 woIsAS [ed
AN @JeD-DI ‘erowed payunow-podir],  [e1odiod-enxo [V -IPAJA UoIS[nd ‘MAIA-DI  SY/3W G 0—C'0 isod pue a1 (0102) 'Te 3 snzspny
uonoafur
so1uojoyq I9)Je UTW G JOJ ‘anssn 7101§
QY g oLy ey 0 nsjewrewey ‘S|OY wolj wo (g erowe)  [ea1odiod-enxe [y ey ‘walsAs d WSI-qQ Sw g 1504 (6102) 'Te 10 Twekeyy
SoTu0jOyg o sjySy ‘ons SOTu0jOYJ Nsjew
QY g Ly Xy nsjewewWey ‘S[OY ~ -S1 WOIj wo G elowe)  [ea10d10d-enxd [V -BWEH ‘WaISAS 09u-g(d Sw g Ioud (L107) 'Te 12 epemy
QoudosaIoOny bepeaoN ‘we)
UL 1¥AnS ‘O-AdS Q[qISIA 1o)je s 09 Io4 POXIA  -sKg SurSew] g AdS AN Jotid (S107) ' 10 yerukloig
KyisIoATUn) uonoafur 1ayye
[euoTEN UBSNJ ‘)'§  UTW 7 I0J ‘JJo sIy3I ‘ons
S YT L T ML weaSord 10zARUY DD -ST) WOI WO ¢—f vIdwe)  [8910dI00-81Xd [V INANS ‘INIV 88ST SyBw zo Ioud (£202) ‘Te 10 uos
uorsnjrod
901n0§ uad(Q ‘umorg J00d J1urw g 03 dn
SY M WL YL L seiSno( ‘L6 JoYoRAL  ‘UondS[ul oY uIw 7 104 PXIN  ZI0)S [1BY ‘S [HDOVINI  83/8w 70 Joud (6107) '[e 10 uog
uonoalur
SYIOA I9)Je UTW g IOJ ‘onssn
SY T WL YL UL -WRIN 610C AVILVIN WO} Ud -9 BIOUIL) POXII 1YANS NIV 88ST Sy/Sw o Ioug (0207) "Te 10 yred
JUQWISSISSE
DD [e210d10d (s1sowo)seue 0}

Todeq

s1o1owered uorsnjrad pue arem)jos ‘uonesiensia ‘jooojoxd DD g 3jqel

pringer

AQs



2683

Surgical Endoscopy (2025) 39:2677-2691

SSBUW JO QNUD JJ () ‘OAIND IOPUN BIIR /)Y ‘DIUDSAIONY J[QISIA 0} W) ()7 “d0udII[[oIul [RIOYNIR [ ‘9dO[s 9ANE[oI §y ‘ONel W Y[ ‘PIPIOIAL JOU YN

oxew

Sy q QmEN:rﬁ S%.E,H
xeur q
oL
xNErHL AO.H;
Baouﬁaomoﬁw
ENBNEHM :ﬂzc_a,ﬁ ,wwm c::.:.n~
.EE.r.~ ,MVH ,meNZrﬁ hmerﬁ
oL
(G—1 sopeid)
x.::m A:o_ouo,ﬁ EESOmoEo,H
¥ cloIxew q
.xaE.m ,O,H.Tme.H »me.H 0L
AN
Xew 1 oXew 1

SYIOM IR
‘ey70cd AV ILVIN

AN

VN
$O1U0JOYJ
nsjewrewey ‘S[0Y

qeTT 21eMIOS SIed

I “RZATeUY 03pIA "ISH

VN
JuI0gIomod 1jos
-OIOIJN ‘SpIepue)§ IO[0))

OTUONPIIA “Y] UOISIAS[T
ADUadQ ‘se1dy] ‘Mo
-I0SUQ]—/ "7 uoyikg
‘190N (ASSON)
Jo11g parenbg jo

wng ndinQ wnwiury

INANS ‘dO IHd-AdS

9)IS UON)OISUET) [enIoe

JO UOTIRIIPUT Y}IM UOT)
-o9fur DI 1034 S 06

eIoWED pjunow-podriy,

AN
uonoafur 191je urw g 1oy
‘anssI) WoIy Wwo ¢ vIowe))

aurfaseq
J10J 9seD JO 1Ie)s Je uon
-09[ur ‘ooudosalony
9[QISIA I9)je uru g
o Y31y ‘ons
-SI) 9A0QE WD ¢ BIdWE))
SUOTONIISUT S 191N}
-oejnuew 0} SuIpI0ddY

o s1yST[ ‘sua eIowed
PIsIpIepUE)S ‘Onssn
woly Wo G eIowe))

AN
Q0UQIOJaI Sk UISIew
uo103sa1 0) Tewrxold
wo ()] [9M0q “90U0SAI
-ony 9[qISIA WOIJ Ur ¢

PXIA
[ea1od109-211X0 [V

[ea1od109-e1X0 [V

[ea1od1oo-enul [V

[ea1od100-eNUI [V
[ea10d109-81X3 [V

[easodoo-enXo [V

PIXIA

AN

[ea1od109-e11X0 [V

XQIY)IY ‘UOISTA
AS10ukg pue 193K1S
‘8891 1o3jAngurodurq
I9yAng ‘qurodurg
I9yAng ‘qurodurg

I9yAnS ‘urodurg
AN

‘AgoIr OUIA B 10
sndwA[Q ‘9N BIOSIA

103§ 1o ‘1 TVdO
A1
-Imu[ ‘APaIL] 10UIA eQ

JIUONPIA
‘WNIPL] SA ISUISUOISIA

sndwA[Q ‘9N BIOSIA

INANS ‘dO IHd-AdS

38wy
Sw Q1 Joug
Swg Jotg
Swgy Jong
Swgy Jong
/8w 170 Joud
Sw Q1 Joug
Sw gy Joud
AN Joud
AN Joud

10ud  ($Z07) 'Te 1 npseIesuIg

(TT0T) T8 19 sareog
(2207) e 10 139

(0207) "Te 10 ojowrem|

(2z00) T8 10 ueH
(1200) Te 10 eqry
(L107) Te 10 Wy

(zz00)

‘[€ 10 OpESOY-Zowon)

(TT00) e 10 eredry

(¥207) T8 19 swrepy

pasn siapweled

waysAs uoneoynueng)

10003014 21yded aFew]

JUSWISSISSE
DD [eatodiod
-BI)X3 10 -enu[

wo)sAs eIowre))

(s1sowo)seue 0}
a8eso  oAmeraI) SUTWI],

Todeq

(ponunuoo) zsjqey

pringer

As



2684

Surgical Endoscopy (2025) 39:2677-2691

===

Fmax
T0
Tmax
Tyamax
RS

TR

(AV)

ty

O NN NN OO

Fyamax

cence Inensi

Fluores

- S —

H
' Fyamax

TR=
Typmax/ Tmax

Tmax

»
.................. -
'

'
¢

Fig.3 Schematic representation of the most commonly utilised perfu-
sion parameters. AU arbitrary units, s seconds, i time of ICG injec-
tion, v time of first visible fluorescence, TO time from ICG injection
to first visible fluorescence, Fmax maximum intensity, Tmax time
to reach maximum intensity from beginning of visible fluorescence,

Artificial intelligence (Al) models

Four studies used Al Park et al. [32] developed an unsuper-
vised machine learning model using a self-organizing map
(SOM) network to predict the risk of anastomotic compli-
cations focussing only on rectal resections. This model was
trained on 50 patient videos and tested on 15. The training
dataset included 10,000 ICG curves extracted from 200 dif-
ferent locations within the fluorescence videos. The average
intensity value was calculated from each region of interest
for 40 s (at 30 frames/second). SOM clustering of the train-
ing data resulted in 25 ICG curve patterns and each pattern
was risk-labelled (safe/intermediate/dangerous).

Dalli et al. [42] developed a patient calibrated quanti-
tative ICGFA bowel transection recommender. Initially, a
reference ICGFA curve was obtained from a 4-min ICGFA
video recorded from the colon before any tissue dissection
occurred. Subsequently, a second ICG dose was adminis-
tered to obtain a determinative ICGFA curve following dis-
section and vessel ligation. The ICGFA imagery was tracked
and quantified, producing ICG curves which underwent
smoothing and normalisation. The reference curve was then
scaled and shifted to match the determinative curve and if
narrower or wider than the determinative curve, brisker or

@ Springer

Time (s)

F1/2max half maximum intensity, T1/2max time to reach half maxi-
mum intensity from beginning of visible fluorescence, TR time ratio,
(n) number of studies where parameter was statistically significantly
correlated to endpoint

slower perfusion was inferred, respectively. A determina-
tive curve with >85% match to the reference curve indicated
sufficient perfusion. Consequently, the most distal region of
interest, characterised by sufficient perfusion in the determi-
native ICGFA imagery, was defined and recommended as a
safe transection site. The model was trained on 14 patient
videos and validated on 9 patient videos.

Arpaia et al. [44] developed a machine learning model
using the Feed Forward Neural Network algorithm (Adam
optimizer, cross-entropy loss function) to classify whether
perfusion was adequate or inadequate. In this, a region of
interest (rectangle) was selected and divided into 20 verti-
cal slices, and a histogram of the green band was generated.
A fast-tracking algorithm was used to track these selected
regions. The feature vector (20 vertical elements) was clas-
sified as either adequate or inadequate perfusion, with the
correctness confirmed by the operating surgeons. The model
was trained on eleven patient videos.

Singaravelu et al. [52] developed a deep learning bidi-
rectional long short-term memory model to predict where
an experienced ICGFA user would place the surgical sta-
pler based on their interpretation of the imagery. ICGFA
video frames underwent stabilisation and tracking. Training
involved the selection of four lines of different lengths and
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positions across the fluorescent-nonfluorescent boundary of
the region of interest, with the extraction of fluorescence
parameters from multiple regions centred on each line. The
site of stapling selected by the operating surgeon was then
labelled “expert”, with the perfused side labelled “good”
and the non-perfused side labelled “poor”. This model was
trained on 25 patient videos and tested on 28.

Clinical deployment and correlation
Clinical deployment

In only one of the included studies were the perfusion
parameters and quantification method actually used intra-
operatively. Son et al. [34] (n=68) developed a protocol
based on tissue oxygen saturation (StO,) and Ty, With
which they decided whether or not to change the intended
transection line to a more proximal segment (this occurred in
6/68 cases). Three other studies performed real-time analysis
of the ICGFA signal, but the operating surgeon was blinded
to the interpretation of the quantification method in these
cases. D’Urso et al. [40] (n=22) used fluorescence-based
enhanced reality (FLER) to superimpose the virtual perfu-
sion cartography onto the bowel to display perfusion values
with the aim of correlating this to intestinal lactates and
mitochondrial respiration. Arpaia et al. [44] carried out real-
time testing of their AI model in an unspecified number of
cases with the aim of correlating to surgical classification
of the region’s perfusion as adequate or inadequate. Sin-
garavelu et al. [52] carried out real-time testing of their Al
model with the aim of correlating to surgeon selection of the
transection point. In the remaining studies, analysis of the
ICGFA signal was conducted after the operation and so all
intra-operative decisions made were based on the independ-
ent ICGFA interpretation of surgeon.

Anastomotic complications

The most common outcome of interest in the studies was
anastomotic complication rate, with eighteen studies report-
ing this and eleven of these assessing for correlation between
perfusion parameters and anastomotic complication. Of the
26 parameters assessed, six were found to correlate with
anastomotic complication rate. T, and F,,, were the most
common (n=4), with slope (n=2), TR (n=2), T 5ax
(n=1)and T, ,, (n=1) also found to correlate. The Al model
generated by Park et al. [32] was more predictive of anasto-
motic complication than the perfusion parameters assessed
(AUC 0.842 Al vs 0.734 TR and 0.750 T 5)- Adams et al.
[43] reported no correlation between the studied parameters
and anastomotic complication, whilst Protyniak et al. [35],
Faber et al. [39] and Meijer et al. [41] reported their study

numbers as being too small to assess for correlation. When
comparing studies with intra-corporeal ICGFA assessment
versus extra-corporeal assessment, the study findings were
similar. Han et al. [48] (intra-corporeal) reported F, . was
lower in the AL group, in keeping the findings of Wada et al.
[36] and Kim et al. [46] (extra-corporeal). Iwamoto et al.
[49] (intra-corporeal) assessed the rectal stump after transec-
tion and found T, was higher in the AL group, in keeping
with the findings of Aiba et al. [47] and Hayami et al. [37]
(extra-corporeal).

Five of the six studies focussing on rectal resections
assessed for parameter correlation with anastomotic com-
plication. In these, T, F,,, and TR were most found to cor-
relate (n=2), with T 5.« also correlating in one study [34].

Tissue oxygen saturation

Three studies [34, 50, 51] assessed for correlation between
perfusion parameters and tissue oxygen saturation and in
these, T} omax> Tmaxs Lo and Fp,. (all n=1) were found to
correlate with the former two correlating in one study spe-
cifically including rectal resections. Two of the studies uti-
lised a hyperspectral imaging camera to assess tissue oxygen
saturation [34, 51] and the third study utilised near-infrared
spectroscopy [50].

Metabolic markers

D’Urso et al. [40] reported that T, ,, correlated with both
capillary lactates and mitochondrial respiration. Dalli
et al. [42] reported correlation of lactate ratio with both
downslope and F_ ., however the generated model did not
correlate.

max?

Surgeon interpretation

Whilst thirteen studies reported the rate with which the sur-
geon changed the surgical plan with ICGFA, only one cor-
related this with measured parameters. Adams et al. [43]
reported that in cases where the surgeon changed the surgical
plan, the F,, was significantly lower and T,,,, significantly
higher than in cases with no change. The Al model gener-
ated by Arpaia et al. [44] reported a prediction accuracy of
99.9% when comparing the perfusion of the selected region
of interest versus surgeon classification as adequate or inad-
equate. Three studies assessed whether the quantification
method matched the transection point selected by the operat-
ing surgeon. Bornstein et al. [38] reported disparity between
their system and the selected transection point in 11 of 72
cases, whilst Dalli et al. [42] found their system matched
the selected transection point in 10 of 11 bowel segments (9
patients). Singaravelu et al. [52] reported 85% accuracy at
pixel level versus expert surgeon interpretation in the overall
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Table 3 (continued)

Results

Anastomotic complication (AC) Other

Change of mind

Paper

66 in marginal flow group, 44 in direct flow T, significantly higher in AL in marginal flow

6/110 leaks

2/110 based on surgeon

Aiba et al. (2021)

0.046)
F,.x significantly lower in overall AL group

group (p

group
High and low ligation of the inferior mesenteric

2/22 leaks

NR

Han et al. (2022)

0.012)
T, significantly higher in AL group (p

(p:

artery, 11 in each group

0.03)

6/25 leaks

0/12

NR
NR
NR

Iwamoto et al. ((2020)
Egi et al. ((2022)

0.017)

Strong correlation with T and StO, (p

INVOS, Medtronic to measure StO,

Multispectral imaging using SpectroCam, Ocean  Strong correlation between F,,,, and StO2

NR

Soares et al. ((2022)

(»<0.001)
Deep learning model 85% accurate at pixel level

Insight to measure StO,

Surgeon selection of transection point

NR

3/53

Singaravelu et al. ((2024)

versus surgeon selection

NR not reported, ROC receiver operating characteristic, A/ artificial intelligence, TR time ratio, St0O, tissue oxygen saturation, AU arbitrary units, PPV positive prediction value, NPV negative

prediction value

set of 28 unseen cases and 89% accurate for the 15 real-time
testing cases. Kudszus et al. [12] did not report any correla-
tion of perfusion parameters and outcomes (Table 3).

Discussion

RCTs and meta-analyses report benefit of ICGFA in colo-
rectal surgery amongst regular users, without the need for
quantification methods, in relation to post-operative AL rates
[3, 19-23]. With widespread availability of NIR-capable
platforms, the use of ICGFA for perfusion assessment during
colorectal surgery may so become standard of care as profes-
sional society guidelines assimilate such level 1 evidence
irrespective of individual unit perception [53]. Potential bar-
riers to broad ICGFA implementation include the associated
learning curve [24-26], along with a lack of standardised
training pathways and any associated cognitive load with
adding a step into already complex procedures [54] as well
as need to document correct interpretation. Real-time quanti-
fication of the ICGFA signal has been proposed as a method
to offset these issues, especially for new adopters [55].

This review clarifies the current state of the published
art regarding quantification with a focus on useful clinical
deployment. Overall, experience remains at developmen-
tal stage with significant heterogeneity of study quality,
methodology and results. Whilst all the studies use a com-
mercially available NIR-capable platform, the outputs from
these platforms are variable (and all perform variable signal
processing in doing so) and so each quantification method
has been tailored to individual imagers. Even in studies uti-
lising the same imaging platform, different computational
approaches mean discrepancies in ICGFA quantification
that limit generalisability [56]. Furthermore, whilst fluores-
cence signal intensity varies significantly with factors such
as camera lens configuration (0 degrees versus 30 degrees)
and distance from as well as position of target (i.e. central
or peripheral placement in the field of view [57]), only some
studies standardise set-up protocols (although some work
suggests standardisation may worsen signal computational
inference [58]). Reflective perhaps of variance in clinical
practice [59], significant heterogeneity is also observed
regarding ICG dosing.

Whilst experiences to date demonstrate that quantifica-
tion of the ICGFA signal is feasible, there is still uncer-
tainty as to its value and purpose, and there remains no
fully validated system. Only a minority of studies focus
on rectal resections which is where the main (and per-
haps only) benefit of ICGFA is supported by clinical tri-
alling [21]. Anastomotic complication was the endpoint
most commonly assessed with half of studies attempting
to correlate the quantified parameters with this, with oth-
ers targeting alternative surrogates such as tissue oxygen

@ Springer
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saturation (despite this itself being in need of clinical
validation' [34], and measurement standardisation), met-
abolic markers or novel imaging methods such as hyper-
spectral imaging [60]. Perhaps more meaningful and
more achievable for clinical validation (given that ICGFA
is now known to associate with reduced AL rates when
used by ICGFA-experienced surgeons) are the quantitative
methods grounded in representing expert interpretation.
Another issue with ICGFA quantification may be the
focus on seemingly separate fluorescence parameters
although these are naturally interrelated as a time series.
Whilst appearing distinct metrics for characterising fluo-
rescence behaviour, they reflect connected dynamic, phys-
ical processes and their measurement may change with
altering measurement conditions. Al methods [34, 42, 44,
52] may provide better analytics for this and its use seems
likely to increase in this field and indeed others [61, 62].
Although uncommon as an endpoint as yet, ICGFA inter-
pretation seems apposite for Al systems as the founda-
tional phenomena are understandable even if the specifics
of deep learning methods that exploit them may not be.
Aside from uncertainty of quantification method of best
fit, there are other challenges to developing clinical com-
mercial systems. Whilst it does appear that small datasets
are sufficient to create and train quantification models, for
validation and testing larger volumes of patient data from
diverse populations is necessary, and there is no exist-
ing assessable warehouse of annotated imagery. Whilst
individual units may hold some libraries, current data
protection regulations make sharing this data with third
parties challenging, meaning development studies need to
perform their own prospective validations, including in
different centres. Furthermore, there is concern at regula-
tory level about the level of decision support provided
as this has liability impact. This concern could possibly
be minimised utilising the quantitative method grounded
in expert surgeon interpretation as it could, if proven to
be validated in clinical studies, provide the user with the
information of how an experienced ICGFA user would
interpret the imagery [63]. Lastly, the optimum method
for initial deployment is uncertain as introduction of algo-
rithms into imager camera heads or towers may impact
existing regulatory approvals, and so any new potential
systems need deployment in a separable device as seen
currently often in endoscopic polyp identification methods
[64, 65]. These factors may account for why ICGFA quan-
tification is still predominantly in the development phase
(only four studies in this review have managed to perform
real-time quantification of the ICGFA signal with only one
of these using the quantification to inform intra-operative
surgical decision making) in contrast to the use of ICGFA
which has progressed to the point of seven published RCTs

@ Springer

comparing the use of ICGFA to non-use [1-4, 18, 23, 66],
with others now completing enrolment/analysis [67-69].

In terms of study limitations, as discussed above, the big-
gest issue is the variability in study type which limited for-
mal aggregation and meta-analysis. It is possible of course
too that commercial entities developing systems are pro-
gressing without academic disclosure of their method and
efforts.

Conclusion

This review demonstrates that quantification of the ICGFA
signal during colorectal surgery appears confined to aca-
demic explorations and the absence of deployed methods
that would enable methodologically appropriate clinical
trialling highlights a critical gap in the current clinical lit-
erature. ICGFA can be used reliably with experience by
observation alone, computational methods may usefully aim
to replicate this evaluation by representing experience user
interpretation rather than aiming to simply provide further
ungrounded data for additional interpretation.
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