
Page 1 of 12

© Laparoscopic Surgery. All rights reserved. Laparosc Surg 2021;5:32 | http://dx.doi.org/10.21037/ls-20-108

Introduction

Colorectal cancer (CRC) is the third most common 
malignancy worldwide, and the second most lethal one, 
with the highest incidence rates in Europe and Australia (1). 
Secondary prevention measures in several western countries, 
such as population screening, has resulted in an initial increased 
incidence of CRC, and closer monitoring. Approximately 25–
30% of patients diagnosed with CRC either have synchronous 
or develop metachronous colorectal liver metastases (CRLM) 
(1-3). To this day, surgery remains the preferred curative 

treatment option for CRLM, with 5-year-survival rates 
ranging from 32–56% (2). Eligibility for resection of CRLM 
is determined by a multidisciplinary tumor board after four 
phase computed tomography (CT) in most countries. Some 
centers also perform magnetic resonance imaging (MRI) and/
or positron emission tomography computed tomography 
(PET-CT). Since the abovementioned imaging modalities all 
have their benefits and limitations, a combination of imaging 
strategies has become standard practice for tumor detection, 
staging and treatment planning and postoperative treatment 
evaluation.
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When considered suitable for resection, either open or 
minimally invasive surgery is performed, with or without 
radiofrequency ablation (RFA) or microwave ablation (MWA). 
To assist the surgeon in the hepatic resection(s), intraoperative 
ultrasonography (IOUS) is routinely performed, either 
by the radiologist or surgeon. IOUS provides the surgeon 
with the most up-to-date information on number and size 
of CRLM, and its relation to anatomical structures (e.g., 
vascular structures and the biliary tract). IOUS may identify 
additional lesions in up to 33% of patients undergoing 
hepatic resection compared to preoperative CT imaging (4). 
However, superficial and subcapsular lesions may easily be 
missed on IOUS, as well as lesions smaller than 3 mm (5,6). 
Furthermore, those lesions are also hard to identify with the 
naked eye. A shift from open liver surgery to laparoscopic 
and robot-assisted liver surgery has occurred in the past 
decade, and is expected to continue (7,8). IOUS is especially 
technically challenging in minimally invasive procedures 
given its limitations in free-range of motion. In open surgery, 
surgeons may also use tactile information as a diagnostic 
method and to evaluate tumor margins during parenchymal 
resections. However, palpation has low diagnostic value and is 
very limited in laparoscopic and robot-assisted surgery, since 
no haptic feedback is provided by the surgical console and 
tactile feedback is extremely limited in regular laparoscopic 
surgery.

Both minimally invasive techniques resulted in decreased 
complications, shorter hospital stay, and comparable 
oncological outcomes compared to open surgery (9,10). 
This shift combined with the limitations of IOUS and 
palpation have resulted in the increased interest in other 
intraoperative imaging modalities such as near-infrared 
fluorescence (NIRF) imaging (11-13). Since tactile 
information lacks in minimal invasive surgery, and small 
capsular and subcapsular lesions are easily missed by 
IOUS, NIRF imaging has even more potential benefits in 
these procedures. Furthermore, during minimally invasive 
procedures, NIRF imaging can be projected onto the 
regular laparoscopic video feed, creating a fluorescence-
overlay. This can be switched on and off according to the 
surgeon’s preference.

Extensive research in NIRF-guided surgery has been 
performed in the past decade, resulting in over 1,500 
published articles (PubMed) from 01-01-2008 until 30-
04-2020, and 730 publications specifically for hepatic 
surgery. NIRF surgery has proven to be an effective imaging 
technique in liver surgery (14). NIRF imaging is superior 
to US, CT and MRI in terms of spatial and temporal 

resolution. Moreover, NIRF does not produce ionizing 
radiation, making it safe for both the clinician and the 
patient (15,16). Indocyanine green (ICG) is the most widely 
used and studied fluorescent dye. Most surgical camera 
systems are optimized for the wavelength to excite and detect 
ICG (excitation wavelength: 780 nm, emission wavelength: 
805 nm) (17). This resulted in numerous clinically approved, 
ISO certified imaging systems able to produce NIRF overlay 
images during both open and minimally invasive surgery, 
providing the surgeon with real-time feedback.

In this paper, we have reviewed studies on the clinical 
applications, recent developments and future perspectives 
on NIRF-guided surgery in CRLM. Furthermore, we will 
elaborate on the physiology of ICG, and optimal dose and 
timing of currently used fluorescent dyes. Finally, different 
fluorescent enhancement patterns which may be present 
during fluorescence-guided resection of liver lesions will be 
discussed. We present the following article in accordance 
with the PRISMA reporting checklist (available at http://
dx.doi.org/10.21037/ls-20-108).

Literature search

The PubMed database was searched by the scientific 
librarian of the Leiden University Medical Center. 
Keywords of the search strategy consisted of “near-infrared 
fluorescence” AND “liver tumor(s)”. Inclusion criteria 
were: (I) use of intraoperative NIRF; (II) liver resection 
planned and/or performed; (III) human studies only; and 
(IV) English manuscripts only. Exclusion criteria were: (I) 
other malignancy than CRLM; (II) review articles; (III) less 
than five patients, and (IV) no full text available. Outcomes 
of interest were sensitivity, dose and timing of fluorescent 
dye injection and R0 and R1 resection rates.

Results

A total of 495 studies, published between 01-01-2005 
and 30-06-2020, were initially included. After removing 
studies where no full text was available, studies without 
human study subjects and studies that were not written in 
English, a total 249 studies were screened for eligibility on 
title and abstract. Screening by title and abstract excluded 
another 229 articles, mainly because studies were either 
not conducted on humans or focused on malignancies 
other than CRLM. Twenty full manuscripts were read, 
after which nine studies focusing on other malignancies 
were excluded. Figure 1 summarizes the selection of studies 
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showcased in a flowchart.

Basic properties of fluorescence imaging

The quantum yield of fluorescence depends on complex 
concepts of scattering, reflection, transmission and 
absorption of the emission and excitation light of the 
tissue molecules. Fluorescent imaging requires a light 
source sending out photons at a specific wavelength to 
excite an exogenous contrast agent, or fluorophore (e.g., 
ICG). Specifically to surgical use, these photons have 
to travel through tissue to reach the fluorophore in the 
target organ or lesion. Upon entering and passing through 
tissue, photons are either absorbed, reflected or refracted. 
When the photon enters the target tissue, absorption by 
a fluorophore leads to a gain of energy of the fluorophore 
which then enters the excited state for 10–8 seconds. After 
returning to the ground state the photon is emitted. The 
change in energy between the excitation photon and the 
emitted photon results in a wavelength change, known 
as the Stokes shift (18). The emitted photons are also 
influenced by reflection and refraction when traveling 
through different types of tissue again, resulting in 
scattering. This makes interpretation and quantification of 
NIRF images complex (19).

Physiology of ICG

ICG, the most frequently used fluorescent dye in hepatic 

surgery, is an amphiphilic molecule able to bind to either 
hydrophilic or lipophilic molecules. ICG transfers actively 
from the plasma into hepatic parenchymal cells, and is 
excreted exclusively via the biliary system (20). Polymers 
(aggregates) have weaker fluorescence yield than free 
ICG monomers or ICG bound to plasma proteins (20). 
Protein-bound ICG emits light that peaks at approximately 
832 nm when illuminated with near-infrared light (750– 
810 nm) (21). Water is the preferred solvent for intravenous 
injection of ICG for optimal fluorescent intensity, as saline 
promotes aggregation (17).

The fluorescence properties of ICG were already revealed 
in detail in the 1970s (22), and real-time fluorescence 
imaging using ICG began, with clinical application in 
the early 1990s in the field of ophthalmology for fundus 
angiography. In the twenty-first century, the application of 
ICG fluorescence imaging was extended to surgery as an 
intraoperative navigation tool for lymphatic flow, sentinel 
lymph nodes, blood flow during coronary artery bypass 
grafting and clipping of cerebral aneurysms. For assessment 
of liver function the ICG retention test (ICG R15) is a well-
known function parameter. Clearance of ICG is impaired 
when >15% of the dye remains in the plasma 15 minutes 
after injection of 0.5 mg/kg ICG (23). Interestingly, little 
attention had been paid to the fluorescence properties of 
ICG in the fields of hepatic surgery until Japanese groups 
started with intraoperative fluorescence cholangiography 
focusing on another properties of ICG (i.e., biliary 
excretion). During liver surgery a specific enhancement 

Articles identified in database
search PubMed n=495

Articles screened for eligibility
n=249

Articles included for full text reading
n=20

Articles included in the systematic 
review
n=11

Articles filtered out n=246
n=112 published before 2005
n=8 no full text available
n=111 animal studies
n=15 other language than English

Studies excluded based on title
and/or abstract n=229

Not meeting inclusion and exclusion
criteria

Studies excluded after reading full
article n=9

(other malignancies)

Figure 1 Summary of study selection.
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pattern of fluorescent light was observed after preoperative 
ICG injection in patients with hepatocellular carcinoma 
(HCC) (24). This discovery led to an increase in studies for 
the application of ICG in liver surgery.

Fluorescence imaging during CRLM surgery

Clinical applications

The typical enhancement pattern of ICG in CRLM after a 
single 24-hour preoperative IV-dose is a rim-shaped pattern 
(Figure 2A,B). ICG accumulates in the tumor periphery, 
which is unable to excrete ICG in the bile due to immature 
hepatocytes (25). In contrast, normal liver parenchyma 
excretes ICG into the biliary tract within 30 minutes to  
2 hours after injection; resulting in the typical enhancement 
pattern. However, care must be taken regarding the 
enhancement pattern, since the maximum penetration 
depth of fluorescent light is approximately 5–8 mm in liver 
tissue (26). One must imagine the fluorescent rim as a 
three-dimensional layer surrounding the complete tumor. A 
capsular hepatic metastasis shows the typical enhancement 
pattern, whereas subcapsular lesions may become visible as 
a circular shaped spot (Figure 2C). Consequently, lesions 

located more centrally in the liver (deeper than 8 mm below 
the capsula) are not directly visualized by NIRF imaging. 
However, these lesions are also surrounded by ICG. 
Therefore, NIRF imaging can also be used for assessment 
of the resection margins deeper in the liver parenchyma, 
for example during segmental or hemi-hepatectomies. 
An overview of studies focusing on intraoperative NIRF 
imaging of CRLM is displayed in Table 1.

Dose and timing

Essential in the use of NIRF-guided surgery is optimal dose 
and timing in order to obtain adequate contrast between 
the tumor and surrounding tissue; the signal-to-background 
ratio (SBR). Studies focusing on translating new fluorescent 
dyes always aim to establish information on safety and 
efficacy and the ideal dose and time of injection of the 
dye for optimal SBRs (27). The SBR of NIRF imaging 
with ICG is usually high (>5), mainly as a result of the 
optimization of imaging systems for ICG. SBRs of tumor-
specific imaging probes are usually lower, ranging from 
1.5–3.5 (28).

However, for CRLM, optimal dose and timing of ICG 
have not yet been standardized (29). Most studies used the 

Figure 2 Two images of fluorescent enhancement patterns surrounding CRLM. (A) Typical rim-shaped enhancement pattern of capsular 
CRLM with simultaneous IOUS guidance; (B) rim-shaped fluorescent enhancement pattern surrounding a capsular CRLM; (C) circular-
shaped enhancement pattern of subcapsular CRLM. CRLM, colorectal liver metastasis; IOUS, intraoperative ultrasonography.
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same dose of ICG (0.5 mg/kg) 1–14 days prior to surgery as 
in the ICG R15 test (30). van der Vorst et al. (25) compared 
four dose-timing intervals: two groups received a dose of  
10 mg 24 and 48 hours prior to surgery, respectively. The 
other two groups were injected with 20 mg either 24 or 
48 hours prior to surgery. No statistical difference was 
observed in the SBR in different groups. In most Asian 
studies however, a dose of 0.5 mg/kg is most frequently 
used. Recent preliminary results of a study in Italy 
concluded a dose of 0.2 mg/kg 24–48 hours prior to surgery 
was optimal when the ICG retention test was performed 
more than 7 days prior to hepatectomy. However, no 
correction for cirrhosis and ICG R15 was performed (31).

Patients initially considered to have unresectable disease 
at time of diagnosis of CRLM may receive neoadjuvant 
chemotherapy prior to surgery in order to reduce the 
amount and size of CRLM. In the United States of America 

all patients with CRLM are treated with chemotherapy 
prior to surgery (32). This hepatotoxic systemic neoadjuvant 
chemotherapy may result in impaired liver function due 
to chemotherapy-associated liver injury (33). Krieger  
et al. (34) reported that ICG retention rates at 15 minutes 
of patients after receiving chemotherapy was significantly 
higher compared to the non-chemotherapy group. van der 
Vorst et al. (25) report that neoadjuvant chemotherapy has 
no significant influence on SBR using their 24 hours prior 
to surgery injection. Currently, there is no consensus on 
whether patients pretreated with chemotherapy should 
receive a different dose at a different time point.

Applications of ICG fluorescence imaging during 
liver surgery

First ,  NIRF-guided surgery is  currently used for 

Table 1 An overview of available literature on the use of near-infrared fluorescent imaging with ICG in surgical treatment of CRLM

Author Year Country Design
#Patients 
[lesions]

Fluorescent 
dye

Dose & timing TP (%), FP (%)
Sensitivity (%), 

PPV (%)
#Additional 

lesions (%TP)
R0 (%),  
R1 (%)

Ishizawa  
et al.

2009 Japan Prospective 
cohort

12 [28] ICG 0.5 mg/kg, 
1–14 days

100, 0 100, 100 0 NR

Uchiyama 
et al.

2010 Japan Prospective 
cohort

32 [56] ICG 0.5 mg/kg,  
14 days

93.1, 6.9 98.1*, 96.3* 4 (50.0) NR

Peloso  
et al.

2013 Italy Prospective 
cohort

25 [78] ICG 0.5 mg/kg,  
24 hours

98.7, 1.3 NR 23 (95.7) 98.7, 
1.3

van der 
Vorst et al.

2013 Netherlands Prospective 
cohort

40 [97] ICG 10 or 20 mg, 
24/48 hours

100, 0 73§, NR 5 (100.0) NR

Kudo et al. 2014 Japan Prospective 
cohort

6 [16] ICG 0.5 mg/kg, 
1–14 days

NR 69, NR NR NR

Abo et al. 2015 Japan Prospective 
cohort

36 [36] ICG 0.5 mg/kg, 
4–7 days

NR 86, NR NR NR

Kaibori  
et al.

2016 Japan Prospective 
cohort

13 [NR] ICG 0.5 mg/kg, 
1–14 days

NR 96, NR 4 (100.0) NR

Terasawa 
et al.

2017 Japan Prospective 
cohort

NR [42] ICG 0.5 mg/kg, 
1–3 days

NR 85, NR 4 (100.0) NR

Handgraaf 
et al.

2017 Netherlands Retrospective 
cohort

86 [106] ICG 10 or 20 mg, 
24/48 hours

NR 83§, NR NR 83, 17

Boogerd  
et al.

2017 Netherlands Prospective 
cohort

12 [18] ICG 10 mg, 
24 hours

NR 92, 75 3 (100.0) 88, 12

Lieto et al. 2018 Italy Prospective 
cohort

6 [8] ICG 0.5 mg/kg,  
24 hours

100, 0 100, NR 1 (100.0) NR

*, Combined sensitivity for IOUS and NIRF imaging; §, 100% of superficial lesions. ICG, indocyanine green; CRLM, colorectal liver  
metastases; TP, true positive; FP, false positive; PPV, positive predictive value; R0, clear resection margin (≥1 mm); R1, positive resection 
margin (<1 mm); NR, not reported; IOUS, intraoperative ultrasonography; NIRF, near-infrared fluorescence.
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identification of liver lesions. Studies show sensitivities 
ranging from 73–100% for the intraoperative detection of 
CRLM (25,26,35-42). In a study consisting of 40 patients 
selected for NIRF-guided liver resections, 12% of subjects 
had additional metastases based on NIRF-imaging alone, 
compared to IOUS (25). In a retrospective multi-center 
analysis in 2017, significantly more additional metastases 
were identified in patients where NIRF imaging was 
performed compared to identification by inspection, 
palpation and IOUS (25% vs. 13%) (14). The additional 
lesions were mainly small lesions (mean size 3.2 mm) located 
at or right below the liver’s surface, in a region where IOUS 
has low sensitivity. A negative contrast technique can also 
be used for lesions identification. With this approach, ICG 
is administered during the surgical procedure leading to 
fluorescent enhancement of the entire liver except for the 
CRLM (43).

Since ICG is a non-specific fluorescent dye, one of the 
potential drawbacks of NIRF-guided surgery for detection of 
additional lesion in patients with CRLM is a high false-positive 
rate ranging from 2–20% in the literature (25,37,44,45). 
False-positive rates are higher in patients with impaired 
liver function, especially with a shorter administration-
to-surgery interval. Focal steatosis, cysts, hemangiomas, 

regenerative nodules and bile duct proliferations have been 
reported as false-positives (Figure 3A,B,C,D). An overview 
of histopathological findings of the abovementioned benign 
lesions is shown in Table 2.

Second, prediction of surgical margin after resection 
could be performed real-time using NIRF imaging, without 
delay of sending a frozen section specimen to a pathologist. 
Currently, 14–28% of liver resections are considered as 
an R1 resection, leading to decreased survival (46-48). In 
some cases, achieving an oncological complete resection 
with a 1 mm margin is not technically possible. However, 
in other cases a tumor-negative resection seems feasible 
and these patients might potentially benefit from NIRF 
with ICG. Studies have been published on the positive 
staining technique using the presence of NIRF signal in the 
resection specimen or liver parenchyma as an indication for 
a tumor-positive margin. However, these studies are mainly 
proof-of-concept studies with relatively low inclusion 
numbers. Aoki et al. (49) compared R0-resections in CRLM 
in 12 patients receiving ICG to 40 patients without ICG in 
a non-randomized setting. In the NIRF-guided resection 
group all resections were radical, compared to 95% in the 
conventional imaging group. Currently, a multicenter trial, 
focusing on minimally invasive liver resections, initiated in 

Table 2 An overview of malignant and benign hepatic lesions and their appearance with WLI and fluorescent enhancement patterns

Lesion type Appearance WLI Fluorescent enhancement pattern

Malignant

CRLM Hard, pale tumor Rim-shaped

Negative contrast

HCC Soft, pale tumor hemorrhage, necrosis and cirrhosis 
are common

Well-differentiated Rim-shaped

Poorly differentiated Tumorous

CCA Large, firm, white-gray tumor Rim-shaped

Benign

Von Meyenburg (bile duct 
proliferation)

Single or multiple subcapsular well circumscribed 
gray-white nodule

Small, well circumscribed lesion with ICG  
accumulation inside lesion

Hemangioma Solitary 2–4 cm, soft red lesion ICG accumulates around the lesion, blurry borders

Focal steatosis Yellow, greasy and soft Variable size and shape, usually blurry borders

Regenerative nodule Well circumscribed circular lesion Small, rim-shaped or well circumscribed ICG  
accumulation

WLI, white light imaging; CRLM, colorectal liver metastasis; HCC, hepatocellular carcinoma; CCA, cholangiocarcinoma; ICG, indocyanine 
green.
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our center is studying R1 resections in NIRF-guided liver 
metastasectomy.

Third, since ICG is cleared via the biliary tract, NIRF can 
be used for bile duct imaging. Intraoperative visualization 
of the biliary tract can aid the surgeon during left or right 
hemi-hepatectomy, for detection of bile duct injuries and for 
the evaluation of extrahepatic bile duct anatomy. Intravenous 
administration of 2.5 mg of ICG at least 15 minutes prior 
to imaging is the most common approach for fluorescence 
cholangiography (44,50,51). No clinical data is available on 
the visualization of bile duct injury with ICG. However, 
in patients with increased risk of bile duct injury NIRF 
imaging, compared to white light alone, can decrease the 
risk of injury (52,53).

Finally, selective liver segment staining can be used for 
segment resections. Either a negative or a positive contrast 
approach can be used. Negative contrast or the negative 
staining technique could be used for segment resection or 
hemi-hepatectomy. With this technique the liver remnant 
is stained whereas the part of the liver planned for resection 
lacks fluorescent enhancement (54).

A novel positive contrast technique for selective 

segmental staining has recently been described by Ueno  
et al. (55) ICG dissolved in an embolic solution was injected 
in the desired segmental artery, followed by embolization of 
the branch. With this technique only the desired segment 
will show fluorescent enhancement, guiding the surgeon in 
segment resection.

Recent developments and future perspectives

Recent developments of NIRF-guided liver surgery mainly 
aim to establish the clinical relevance of the technique. In 
this perspective, the MIMIC-trial, a prospective multicenter 
registration study is being performed by our study group 
(Dutch Trial Registry: NL7674). The MIMIC-trial aims 
to investigate whether the use of NIRF-imaging during 
minimally invasive resection of CRLM can predict the 
tumor-margin in vivo which may lead to higher radical 
resection rates. Consecutively, long-term disease-free 
survival and overall survival will be studied.

Although NIRF camera systems for open surgery are 
able to display an overlay image, the nature of the procedure 
will still force a clinician to use a screen outside the surgical 

A B

C D

Figure  3 Images of fluorescent enhancement patterns described in and surrounding benign liver parenchyma. (A) Focal steatosis showing 
diffuse fluorescent enhancement; (B) a regenerative nodule showing a circular-shaped fluorescent enhancement pattern; (C) hemangioma 
showing a rim-shaped fluorescent enhancement; (D) von Meyenburg complex showing fluorescent enhancement.
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field. To this day, the surgeon has to switch views from the 
patient on the operation table to a screen and vice versa. 
Therefore, new tools (e.g., by means of augmented reality) 
are being designed to create a true real-time fluorescent 
overlay over the operation bed (56).

Real-time overlay

In laparoscopic and robot-assisted (liver) surgery, a real-
time fluorescent overlay can be projected over the operation 
field and displayed on the operation screen(s). In open liver 
surgery this is not yet possible. Therefore, new technological 
advancements are required for optimal integration of 
fluorescence in open liver surgery. One of the possibilities 
for the implementation is a real-time augmented reality 
fluorescent overlay with the HoloLens 2. HoloLens offers 
a mixed reality experience by presenting holograms in the 
field of view of the surgeon. As a result, the surgeon is able 
to visualize the surgical field and the fluorescent overlay at 
the same time.

Back-table pathology

Besides direct intraoperative applications, NIRF-imaging 
is often used for real-time back-table pathology assessment 
of resection margins. The resected liver specimen will 
be analyzed directly after resection in a closed-field 
fluorescent camera and mapped for fluorescence patterns. 
In order to become a reliable evaluation method of 
resection margins the behavior of the particular fluorescent 
dye and its histopathological characteristics should be 
thoroughly understood and fluorescence patterns should be 
translational to pathology findings.

A recent study performed at Stanford University 
described real-time back-table specimen mapping of 
resected head and neck cancer specimen to detect closest 
tumor-to-margins areas for surgical margin prediction (57). 
A comparable strategy is currently being studied for CRLM.

Tumor-specific imaging probes

One of the drawbacks of NIRF imaging with ICG is 
the low specificity of the dye leading to false-positive 
results. Tumor-specific imaging using a binding moiety 
(e.g., antibodies) can help to reduce false-positive rates. 
Carcinoembryonic antigen is overexpressed in over 90% 
of colorectal adenocarcinomas (58). SGM-101 (anti-CEA 
antibody labeled to a fluorescent dye) showed promising 

results in NIRF-guided CRC surgery (27,59,60). Recently, 
SGM-101 has been studied by our group as tumor-
specific fluorescence imaging probe for CRLM. All 12 
liver metastases from colorectal origin were identified by 
NIRF imaging with SGM-101. Two false positive lesions 
were reported (61). The authors conclude SGM-101 is 
a promising alternative or adjunct to ICG. A larger trial 
should be conducted to study the added value of SGM-
101 compared to ICG. This probe may be especially useful 
in patients with their primary tumor still in situ, with 
lymph node metastases or peritoneal metastases as these 
lesions all express carcinoembryonic antigen. Furthermore, 
since more tumors express CEA (e.g., pancreatic ductal 
adenocarcinoma) this probe can be applied for tumor 
detection and resection margin assessment of various 
tumors and its metastases (27). For CRLM, or CRC in 
general, more valuable targets for imaging have been 
investigated, creating possibilities for CEA negative tumors.

NIR-II window

The second near-infrared wavelength window (NIR-II) 
ranges from 1,000–1,700 nm and enables contrast enhanced 
fluorescence imaging tissue at depths of several millimeters. 
The longer wavelengths utilized in the NIR-II window 
enable deeper tissue penetration than NIR-I imaging 
because of reduced photon absorption and scattering (62). 
First-in-patient results of NIR-II imaging are documented 
in a recently published article by Hu et al. (63). The authors 
included 23 patients with primary or metastatic liver tumors 
imaged in both the NIR-I and NIR-II window, and found 
higher sensitivity in tumor detection (90.6% vs. 100%), and 
higher SBR (1.45 vs. 5.33) in the NIR-II window. Another 
benefit from NIR-II imaging is the reduced influence 
from surrounding light. The authors have conducted all 
their experiments while surrounding operating lights were 
switched on, and reported no influence on the imaging data. 
However, several limitations need to be overcome before 
the clinical implementation of NIR-II fluorescence imaging. 
First, current problems regarding inorganic fluorophores 
are non-specific tissue targeting, slow metabolism and 
high toxicity (64). Second, organic NIR-II fluorophores 
lack fluorescence performance due to solvent interaction 
in the plasma in vivo (65). Third, various molecular 
interactions lead to a decreased intensity of emitted light 
from fluorescent molecules, i.e., quenching (65-67). Finally, 
current NIR-II fluorescent molecules are hydrophobic and 
have poor physiological stability (64).
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Conclusions

NIRF-imaging is being used in a growing number of 
hospitals for intraoperative detection and surgical guidance 
during minimally invasive resections of CRLM. Moreover, 
many studies are being conducted regarding the exact 
behavior of ICG. Thus far, the use of ICG during liver 
surgery is generally experience-based. For optimal and 
global implementation of NIR imaging with ICG ideal 
dose and timing guidelines still have to be developed. This 
requires larger patient series studying clinical benefit.

Furthermore, there is growing interest in new, tumor-specific, 
fluorescent probes for more accurate tumor detection, 
resection margin evaluation and lower false-positive rates 
leading to more parenchymal preserving surgery. Finally, 
research in the NIR-II spectrum is only at its starting point 
but may become an important emerging imaging strategy.
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