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ABSTRACT

Background. Indocyanine green (ICG) is a widely avail-

able dye of clinical importance that has been used for more

than 50 years. Near-infrared (NIR) ICG fluorescence

imaging has found a niche in cancer care since 2005, and

was reviewed in 2011. There is a need for a comprehensive

update and we aim to provide this through a review of the

most recent literature.

Methods. A systematic review of the literature using

PubMed, EMBASE, and MEDLINE databases of articles

published from 2000 to June 2015 evaluated topics perti-

nent to NIR fluorescence imaging with ICG in the

diagnosis and surgical treatment of cancer. Articles previ-

ously referenced in a 2011 review and a 2015 meta-

analysis were excluded, while articles that referenced

future directions and economics were included in this

current review.

Results. Since 2011, the literature has grown exponen-

tially, with significant advances at the molecular level.

Significant findings from 89 select articles and 10 reviews,

most of which were published between 2011 and 2015, are

summarized. Preclinical studies are currently underway

investigating tumor-specific fluorescence and targeted

therapeutic delivery. The potential for ICG exists at every

level of cancer care, from diagnosis to surveillance.

Conclusion. The indications, applications, and potential

for ICG have grown exponentially in the past decade; an

updated review of the literature is overdue and we present

the most comprehensive review to date.

In the war against cancer, myriad emerging technologies

offer promise in improving accuracy and efficiency in

cancer diagnosis, treatment, reconstruction, and surveil-

lance. One medium has existed for the better part of a

century and has proven feasible in accomplishing every

aforementioned goal. Indocyanine green (ICG) was intro-

duced as a photographic dye after World War II, before

hepatologists, cardiologists, nephrologists, and ophthal-

mologists used it as a diagnostic aid. Decades later, the dye

was rediscovered as a fluorophore that absorbed and

emitted light in the near-infrared (NIR) spectrum. Co-

evolution of imaging technologies has generated a power-

ful tool that has found its place in almost every surgical

field and at every level of comprehensive cancer care, from

diagnosis to reconstruction.

After a quick PubMed search query for ‘ICG’, it is plain

to see that the number of topical articles has grown expo-

nentially, with paradigm shifts in its utility as a dye, a

fluorophore, and a perfusion assessment aid (Fig. 1). Today

a ‘fourth paradigm’ of ICG use is its role in so-called

theranostic nanoparticles that diagnose and treat cancer.

Preclinical trials of ICG-loaded nanoparticles for tumor-

specific diagnosis and therapy are underway.1–13 In 2011,

Polom et al. presented a thoughtful review of the trends and

future directions of ICG in surgical oncology, focusing on

its role as an NIR fluorophore that facilitates sentinel

lymph node (SLN) mapping.14 Since then, many series

have been published.

In a recent meta-analysis, Xiong et al. reported 96 %

SLN detection using NIR fluorescence, with 86 % sensi-

tivity and 100 % specificity of various tumors citing 15

series.15 However, to the authors’ knowledge, ICG fluo-

rescence imaging and its role in the war against cancer has

not been comprehensively summarized since 2011.14 An

organized update is overdue. To accomplish this, a
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systematic review of the literature was designed and exe-

cuted to summarize the most current recommendations,

applications, and innovations for ICG fluorescence imaging

in the context of cancer care. The economics of ICG

imaging, as well as future directions and technologies, are

discussed in this update.

METHODS

A literature search was performed in June 2015 using

the MEDLINE, EMBASE, and PubMed databases. The

Pubmed search was performed using Medical Subject

Headings (MeSH) and keywords, while the EMBASE and

Medline searches were performed using MeSH terms and

free terms. Search queries and results are summarized in

Table 1. Terms were chosen to capture every potentially

relevant article that might resemble or relate to the use of

ICG fluorescence imaging in the diagnosis and treatment of

cancer, from nanoparticles to free flaps. The search was

restricted to post-millennial studies (1 January 2000–2 June

2015) to limit articles to relevant technologies and meth-

ods. Articles not available in English were excluded.

Articles without abstracts, case reports, and non-human

studies were excluded. Articles that contained redundant

data from previously reported series were excluded if the

conclusions did not change. PRISMA (Preferred Reporting

Items for Systematic Reviews and Meta-Analyses) guide-

lines were respected in the execution and delivery of this

update and review.16

Inclusion Criteria

For each search result, the title, abstract, and authorship

panel were screened for potential relevance using the fol-

lowing inclusion criteria: the article reported on novel or

established applications of ICG imaging in the diagnosis

and surgical treatment of cancer. Additional topics of

interest were anatomical imaging methods, economics of

ICG imaging, clinical outcomes, and comparisons with

currently accepted methods. Because this review was

intended to provide an update, not a reiteration, of previous

work, series of ten or more patients where ICG was used

for SLN mapping were included if they were not already

discussed in the reviews by Xiong et al.15 and Polom

et al.14,17,18 To ensure all relevant articles were included a

second ‘pass’ was performed by scanning reference lists of

the included articles.

Figure 2 illustrates the selection process for articles

included in this review. Potentially relevant articles were

identified from a pool of 1626 results on the basis of title

and abstract. The quality of the articles were assessed

qualitatively and on the basis of the number of patients

studied, follow-up time, study purpose and design, identi-

fiable biases, command of the English language, and

thoroughness. In several instances, the objectives and topic

of papers were unclear. For these articles, and those that

passed the first screening, full-text versions were obtained.

A total of 1524 articles were screened out for failure to

meet the inclusion criteria. The second pass added three

articles with content that was relevant to this update.19–21

Data Interpretation

Articles were broadly categorized as diagnostic/thera-

peutic (breast, hepatobiliary, skin, enteric, genitourinary,

lung, other), economic, reconstructive, and technologic.

FIG. 1 The number of PubMed-listed publications (‘HITS’) for the

term ‘indocyanine green’ approximates the curve: HITS = 2 9

10-61e0.0726[YEAR] (R2 = 0.83). ICG was a diagnostic dye (blue

arrow), then a fluorophore (red arrow). At the turn of the millennium,

ICG was rediscovered for perfusion assessment (green arrow), and

modern research is investigating its role in cancer imaging and

treatment (‘the fourth paradigm’, black arrow). ICG indocyanine

green (Color figure online)
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Breast cancer was further categorized as SLN, lym-

phedema, and margin control. Enteric cancer-related

articles were further categorized as extirpative and recon-

structive. The major focus or message of the studies was

described and a summary statement was synthesized for

each topic. No meta-analysis was attempted given the

significant heterogeneity of studies, organ systems, and

outcomes measures.

RESULTS

Since 2000, a total of 99 papers, including 89 study

reports and 10 review articles, were published that met the

criteria for this review. Although inclusion criteria and

methodology for the review were not stated, only two

articles of potential relevance were identified but were not

included in the exhaustive 2011 review by Polom et al.22,23

A total of 26 series relevant to SLN mapping were iden-

tified that were not included in prior reviews and meta-

analyses by Polom et al. and Xiong et al. (Table 2).14,15,24

Broadly, the geographic focus of studies seems to have

shifted westward, with a waning role in gastrointestinal

staging and an expanding role in minimally invasive sur-

gery, urology, and gynecology. A synthesis of each topic

was agreed upon by the authors and is listed in Table 3.

BREAST CANCER

Sentinel Lymph Node Mapping

ICG is used in SLN mapping in the same manner as

radioisotope (RI) and dye; it is instilled subdermally and

drainage patterns are tracked. Ahmed et al. reviewed 15

articles comparing NIR fluorescence imaging with con-

ventional methods of SLN mapping in breast cancer.25

Acknowledging heterogeneity in study design and short

follow-up, the authors reported that ICG was better than

blue dye for SLN identification, ICG and RI were compa-

rable for node identification, and further study comparing

ICG with the conventional dual RI-dye method was war-

ranted. In 2014, Inoue et al. reported a 99.6 % SLN

detection rate and a 0.4 % false-negative rate with ICG and

blue dye in a well-designed study of 714 patients.26 The

authors felt ICG dye could replace RI dye, and ICG has

been endorsed in other studies.27–32 Most recently, Samor-

ani and co-workers presented a series of 301 women in

whom ICG methods were compared with RI. Of the 589

nodes removed in that series, 99 % were identified with

ICG, while 77 % were identified with RI. There was a 99 %

concordance between RI and ICG. Seventy metastatic

nodes were biopsy-proven: 21 % of nodes were fluorescent

TABLE 1 Literature search

Search type Query or terms used Hitsa

PubMed

Hitsb

EMBASE

MeSH

terms

(((((indocyanine green) OR ICG) OR fluorescent dyes) OR dyes)) AND (((((((((((((((((((laparoscopy)

OR laparoscopic) OR laparoscopic surgery) OR robotic) OR robot-assisted) OR robotic surgery) OR robot-

assisted surgery) OR minimally invasive) OR endoscop*) OR endoscopic surgery) OR minimally invasive

surgery) OR cancer surgery) OR surgical oncology) OR extirpation) OR excision)

OR resection) OR *ectomy) OR robot-assisted surgery)) AND ((((((((breast cancer) OR skin cancer)

OR cancer) OR tumor) OR neoplas*) OR metasta*) OR recurrence)) AND ((((near-infrared) OR NIR) OR

near-infrared fluorescence imaging) OR fluorescence imaging)) AND (((Fluorescent Dyes [MeSH Terms])

OR indocyanine green [MeSH Terms]))

398c –

Keyword

terms

’surgery’/exp OR ‘cancer surgery’/exp OR ‘sentinel lymph node biopsy’/exp AND ‘neoplasm’/exp

AND (‘indocyanine green’/exp OR ‘icg’/de) AND ([article]/lim OR [review]/lim)

AND [humans]/lim AND [english]/lim AND [abstracts]/lim AND [2000-2015]/py

– 593

Free terms Near-infrared AND oncology 109 81

Near-infrared AND lymph node AND mapping 58 53

Near-infrared AND sentinel lymph node 86 130

Indocyanine green AND oncology 113 88

Indocyanine green AND lymph node AND mapping 76 70

Indocyanine green AND sentinel lymph node 172 219

Fluorescence AND lymph node AND mapping 124 60

Fluorescence AND sentinel lymph node 190 129

Total (without duplicates) n = 749 n = 877

MeSH Medical Subject Heading
a Last search conducted on 2 June 2015
b Last search conducted on 2 June 2015
c Filtered (date: 2000–; language: English; contains abstract; species: humans)
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but cold (thus, ICG benefited six patients). None were hot,

and were not fluorescent (0 % ICG false-negatives).33

Lymphedema

Axillary reverse mapping (ARM) is accomplished by

subdermal instillation of dye in the breast and ipsilateral

arm, and comparison of drainage patterns. ARM can pre-

vent lymphedema after lymph node dissection (LND) when

separate arm and breast drainage patterns exist.34,35 Guided

by NIR fluorescence imaging, Sakurai et al.36 followed

women whose arm lymphatics were both spared and not

spared. The majority (76.8 %) of 321 women had separate

drainage patterns. Arm lymphatics were not spared in 76

women with overlapping drainage, and five developed

lymphedema. In the remaining 245 women, none devel-

oped lymphedema (p\ 0.0001). ICG increased the

sensitivity of ARM compared with dye alone, and the time

and ICG cost was minimal. Ikeda et al. evaluated the sig-

nificance of positive ARM nodes in axillary LND. In a

series of 101 patients, ARM nodes were identified in 76

patients. Metastatic ARM nodes were confirmed in 42 and

FIG. 2 Systematic literature search and inclusion methodology. MeSH Medical Subject Heading, ICG indocyanine green, SLN sentinel lymph

node
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13 % of patients who developed lymphedema and those

who did not, respectively. The odds ratio was 3.61, but

those who developed lymphedema were treated more fre-

quently with postoperative radiation.37 After endorsing the

feasibility of ARM,38,39 Noguchi et al. reviewed the liter-

ature and spoke on the oncologic safety of ARM when the

SLN is not clinically positive and the upper extremity and

breast drainage pathways are isolated.40

Should lymphedema develop, treatment strategies include

lymphatic bypass procedures and microsurgical transfer of

vascularized lymph node basins that reduce limb circumfer-

ence and improve quality of life.41–46 An emerging

controversy is donor site morbidity and, more specifically,

iatrogenic lymphedema.47,48 Dayan and colleagues use tech-

netium and ICG to reduce the incidence of iatrogenic

lymphedema caused by transferring functionally predominant

lymph nodes in vascularized lymph node transfer. With his

method, a donor groin lymph node flap is identified by ICG

fluorescence, and abandoned if it contains a gamma-positive

SLN, or ‘hot spot’ from the ipsilateral lower extremity.49

TABLE 2 Relevant series (2000–2015) not included in previous reviews with[10 patients using ICG for SLN mapping

Author Objective N ICG dose/conc SLN detection,

patients (%)

False-negatives

(%)

Remarks

Cloyd et al.66 Melanoma 52 2 ml 0.25 % ICG 46/52 (88.5) 2/11 (18.2) ICG increases sensitivity

Inoue et al.26 Breast 714 1 ml 0.5 % ICG 711/714 (99.6) – ICG ? BD[ ICG ? RI

Tong et al.29 Breast 96 2 ml 0.5 % ICG 93/96 (96.9) 1/29 (3.4) ICG ? BD[ ICG

Schaafsma et al.82 Bladder 12 2 ml ICG:HSA 11/12 (92) 0 ICG:HSA proof of concept

Manny et al.83 Prostate 50 0.8 ml 2.5 % ICG 38/50 (76) 0 ICG is highly sensitive, nonspecific

Korn et al.59 Melanoma 50 0.5–1.5 ml 0.25 %

ICG

49/50 (96) 0 Higher sens/spec than other methods

Jewell et al.77 Uterine 227 4 ml 0.125 % ICG 216/227 (95) – ICG[BD

Verbeek et al.30 Breast 95 1.6 ml 0.5 % ICG 94/95 (99) 0 ICG or RI: gold standard?

Guo et al.27 Breast 36 1 ml 0.5 % ICG 35/36 (97.2) 1/19 (5.3) ICG[BD

Miyashiro et al.69 T1 gastric 440 4–5 ml 0.5 % ICG 304/311 (97.7) 13/28 (46) Unacceptable FNs (suspended trial)

Sugie et al.31 Breast 99 0.5–1 ml 0.25 % ICG 98/99 (99.6) 0 ICG[BD

Ballardini et al.32 Breast 134 1 ml 0.5 % ICG 245/246 nodes (99.6) – ICG validated against RI

Gilmore et al.88 NSCLC 37 3.8–2500 lg ICG 15/37 overall (40) 8/9

if[1 g ICG (89)

0 ICG dose[ 1000 lg recommended

van der Pas et al.68 Colon 14 1 ml ICG:HSA 14/14 (100) 4/14 (28.6) ICG is safe ? feasible

Gilmoreet al.58 Melanoma 25 1 ml 0.1–0.5 %

ICG:HSA

24/25 (96) – ICG:HSA feasible and accurate

Schaafsma et al.81 Vulvar 24 1.6 ml ICG or

ICG:HSA

35/35 nodes (100) – ICG:HSA = ICG

van der Vorst et al.60 Melanoma 15 1.5 ml ICG varied

dose

14/15 (93) – 600 lM = best ICG dose

Hirano et al.28 Breast 501 2.5 ml 0.2 % ICG 501/501 (100) 0 ICG is useful when RI is not available

Jain et al.61 Melanoma 15 1–2 ml 0.25 % ICG 13/15 (87) 0 ICG is a reasonable alternative to RI

Miyashiro et al.69 T1/T2

gastric

241 4–5 ml 0.5 % ICG 240/241 (99.6) 3/29 (10.3) ICG a good adjunct in T1/T2 cancer

Fujisawa et al.65 Skin

cancer

34 0.4–0.8 ml 0.5 %

ICG

33/34 (97) 0 ICG reduces false-negatives

Stoffels et al.63 Skin

cancer

22 1 ml 0.2 % ICG 22/22 (100) 0 ICG reduces false-negatives

Namikawa and

Yamazaki 64
Melanoma 49 1 ml 0.5 % ICG 49/49 (100) 0 ICG reduces false-negatives

Yamashita et al.84 NSCLC 61 2 ml 0.5 % ICG 49/61 (80.3) 1/49 (2.1) RT-PCR may enhance diagnosis

Crane et al.78 Vulvar 10 1 ml 0.5 % ICG 10/10 (100) 0 % ICG[BD

Samorani et al.33 Breast 301 0.3–1.4 ml 0.5 %

ICG

583/589 nodes (99) 0 % ICG could be validated as an

alternative to RI

NSCLC non-small cell lung cancer, ICG indocyanine green, HSA albumin, BD blue dye, RI radioisotope, FNs false-negatives, sens/spec sensitivity and

specificity, RT-PCR real-time polymerase chain reaction, SLN sentinel lymph node, conc concentration, – indicates not measured
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Margin Control

Tummers et al. used NIR fluorescence imaging with

methylene blue (MB) for lumpectomy to identify wound

margins after intravenous instillation of dye. They described

a case where neither specimen nor wound bed fluoresced;

the specimen was divided and its fluorescent core suggested

clear margins. In another case, patchy specimen and wound

bed fluorescence suggested inadequate resection.50 Like

ICG, MB fluoresces in the NIR range. Its tumor-seeking

mechanism is unclear but, like 99mTc-MIBI,20 MB is lipo-

philic and passively enters apoptotic and proliferating cells

with large negative membrane potentials.51 In an animal

model, Madajewski et al. used ICG fluorescence to image

wound beds after tumor resection, and identified residual

tumor not otherwise visible to the naked eye52; a phase I/II

clinical trial for patients undergoing breast and lung cancer

resection is ongoing.

LIVER CANCER

ICG is hepatically cleared and masses influence biliary

flow; flow distortions after intravenous dye administration

may guide hepatic resection.53 In 2009, Ishizawa et al.

identified 8 of 63 hepatocellular carcinomas (HCCs) with

NIR fluorescence imaging that were otherwise impercep-

tible; few false-positives were identified (8 %).22 By 2014,

the series grew to 170 subjects and 276 HCCs. NIR fluo-

rescence identified 273 of 276 lesions (99 %), including 21

grossly unidentifiable lesions. Three false-negatives (1 %)

were identifed.54 van der Vorst et al. identified lesions in 5

of 40 patients with NIR imaging that were missed by

intraoperative ultrasound, palpation, inspection, and pre-

operative computed tomography (CT).55

Kawaguchi et al. described identifiable fluorescence

patterns that resulted from differentiation-dependent hep-

atocyte dysfunction.21 Well-differentiated tumors were

capable of absorbing ICG but multidrug resistance-asso-

ciated protein 2 (MRP2) transporter dysfunction prohibited

excretion, resulting in homogenous fluorescence.19 Poorly

differentiated and metastatic tumors did not absorb (faulty

OATP/NTCP channel) or excrete dye, generating a ‘halo

sign’ of rim fluorescence.55 Lim et al. used NIR fluores-

cence to distinguish benign and malignant lesions and

identify small superficial lesions.56 Tummers et al. used

laparoscopic NIR technology to image hepatic uveal mel-

anoma metastases; two of three lesions were not visualized

on preoperative imaging.57

SKIN CANCER

NIR fluorescence-guided LND is possible in the vast

majority of skin cancer patients, and false-negatives

approached nil. Since 2011, at least seven series of NIR

fluorescence imaging of skin cancer have emerged.58–65

However, no conclusive or long-term evidence that NIR

fluorescence imaging is superior to current techniques

exists. Because NIR fluorescence imaging is highly sensi-

tive it may be superior for detecting small nodes

overlooked by RI and dye.63,64,66 Additionally, NIR fluo-

rescence imaging tracks lymphatic flow in real-time and

may reduce false-negatives in conjunction with current

methods. NIR fluorescence fails when lymphatics cannot

be visualized.67

TABLE 3 Summary of studies referenced

Topic Summary

Breast cancer ICG imaging has a role in breast cancer identification, sentinel lymph node biopsy with low false-negative rate, margin

control, reconstruction, lymphedema prophylaxis and treatment

Liver cancer ICG is a good adjunct to standard diagnostics for liver cancer treatment, is best for small, superficial, and metastatic lesions,

has the potential to aid the pathologist, and may suggest the degree of tumor differentiation

Skin cancers NIR fluorescence-guided LND is possible in the vast majority of skin cancer patients, and false-negatives approach nil

Enteric cancers ICG fluorescence imaging can aid SLN detection, high false-negatives should be anticipated, and NIR fluorescence is more

reliable in low-stage gastric, colorectal, and anal cancer. Following extirpation and mapping, the same technology is a

useful perfusion assessment aid, but the influence of the technology on outcomes has yet to be determined

Genitourinary

cancers

Clinical studies are promising but inconclusive in prostate cancer, NIR fluorescence imaging enhances sensitivity in SLN

mapping, NIR fluorescence imaging may be superior to blue dye in cervical and uterine SLN mapping, NIR fluorescence

imaging is compatible with robotic surgery and current technologies support its use

Lung cancer NIR fluorescence imaging is safe and effective for NSCLC staging but further study is warranted to identify a meaningful

role. There may be a role for fluorescence imaging as an adjunct to visual inspection and palpation in the surgical

management of pulmonary nodules and metastatic lung cancer

Cancer

reconstruction

There is a role for NIR fluorescence imaging in cancer reconstruction with the potential to reduce costs, improve outcomes,

and eliminate unnecessary surgery

Future directions ICG-loaded nanoparticles are exciting potential ‘theranostic’ agents, and are currently in preclinical trials

ICG indocyanine green, NIR near-infrared, LND lymph node dissection, SLN sentinel lymph node, NSCLC non-small cell lung cancer
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ESOPHAGEAL, GASTRIC, COLORECTAL,

AND ANAL CANCER

Extirpation

According to Xiong and colleagues,15 sensitivity and SLN

detection with NIR fluorescence imaging was comparable

with RI dye for gastric cancer. Low sensitivity and high false-

negatives with both were attributed to the complex architec-

ture of gastric lymphatics and the skip metastasis

phenomenon. Three studies detailing NIR fluorescence

imaging for treatment of gastric cancer have since been pub-

lished.24,68,69 Miyashiro et al. presented 241 patients with T1

and T2 gastric cancer69 and detected SLNs in 99.7 % of

patients, with a 10.3 % false-negative rate. A subsequent

clinical trial in patients with T1 cancer was set at 1550 patients

across multiple centers in Japan to validate NIR fluorescence

imaging against histological data; however, accrual was sus-

pended early because of an unacceptably high false-negative

rate (46 %), which the authors attributed to an inadequate

learning period and poor frozen section analysis. They sup-

ported NIR fluorescence-based SLN mapping but contended

that better methods of frozen specimen analysis were needed

to prove it. Noura et al. detected a 92 % rate of SLNs in anal

cancer irrespective of tumor stage,70 with no false-negatives;

NIR fluorescence imaging was better than RI and dye.71

Kusano reported a 67 % false-negative rate with NIR fluo-

rescence-based SLN mapping in T2 colon cancer. van der Pas

et al. used NIR fluorescence imaging to identify SLNs in 14 of

14 patients with colon cancer; however, there were four false-

negatives (29 %).68 Despite this false-negative rate, the

authors supported laparoscopic SLN mapping in colon cancer

and attributed false-negatives to the learning curve and pro-

cedural difficulties.

Reconstruction ICG fluorescence imaging can be used for

perfusion assessment in esophageal and gastrointestinal

reconstruction.72–74 Shimada et al. assessed perfusion of

reconstructed organs with the technology, and determined

whether vascular supercharging was needed.75 The

technology was feasible in every case but the anastomotic

leak rate was not significantly improved with implementation.

Ultimately, perfusion assessment was accomplished but the

clinical relevance of perfusion (the adequacy of that perfusion

to predict tissue viability) was not determined.

GENITOURINARY CANCERS

Xiong et al. summarized four well-designed series that

investigated NIR fluorescence imaging for the treatment of

genitourinary cancers15; the authors were underwhelmed

by the low sensitivity of NIR fluorescence imaging in that

context. Over one dozen series on NIR fluorescence-based

SLN mapping of prostate, bladder, vulvar, uterine, and

cervical cancers have since been published.

In 2014, Handgraaf et al.76 reviewed five vulvar cancer

series (n = 70 patients) and seven endometrial cancer series

(n = 121 patients). NIR fluorescence imaging enhanced

sensitivity in vulvar cancer SLN detection but radiotracers

were indispensable for localization. NIR fluorescence

imaging was feasible in endometrial cancer treatment and

could replace blue dye. Jewell et al. corroborated these data

in a study of 227 women with uterine and cervical cancer;

SLNs were detected in 95 % of patients and blue dye was

unnecessary when ICG was used.77 Crane et al. favored ICG

over dye in a study of ten lean women with vulvar cancer,78

while Sinno et al. advocated NIR fluorescence-based SLN

detection over dye in women with endometrial cancer and

increased BMI.79 Schaafsma et al. compared ICG conju-

gated with albumin (ICG:HSA) with ICG in 24 vulvar

cancer patients; HSA was expected to enhance detection

because of increased lymphatic uptake.80–82 All 35 nodes

were identified in both groups and ICG:HSA did not appear

to confer an advantage over ICG alone.

Manny et al. detected SLNs in 38 of 50 men (76 %) with

prostate cancer using robot-integrated NIR fluorescence

imaging83; SLN detection was nonspecific (75 %) but

sensitive (100 %) for nodal metastasis. The authors did not

consider NIR fluorescence imaging superior to current

methods, and were enthusiastic about time and cost savings

when ICG was used as an intraoperative tumor marker

compared with ultrasound and cystoscopy.

LUNG

Yamashita et al. used thoracoscopic NIR fluorescence

imaging for non-small cell lung cancer (NSCLC) and

detected 80.6 % of SLNs, with no false-negatives,84 com-

pared with 50 and 64 % SLN detection for RI and blue dye,

respectively.85 NIR fluorescence imaging was faster, less

expensive, and had a reduced tendency to miss regional

metastasis than CT or positron emission tomography

(PET).86 Yamashita et al. enhanced their protocol with

intraoperative real-time polymerase chain reaction for CK-

19 expression,87 but SLN detection and false-negative rates

were comparable with previous data. In a phase I ICG

dose-escalation trial for open and thoracoscopic NIR flu-

orescence-based SLN mapping of NSCLC, Gilmore et al.

detected 90 % of SLNs when 1000 lg ICG or greater was

given, and no false-negatives were observed.88 Okusanya

identified pulmonary nodules intraoperatively using ICG

fluorescence imaging in a series of 18 patients. Overall, 16

of 18 nodules identified by visual inspection and manual

palpation were detected with fluorescence imaging, but
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fluorescence imaging also identified five subcentimeter

nodules and five metastases that were not found by

inspection and palpation.89

OTHER APPLICATIONS

Yokoyama et al. explored the feasibility of NIR fluores-

cence-guided head and neck cancer surgery.90 The authors

demonstrated tumor fluorescence lasting 6 h, and suggested

lesion-specific uptake was a result of peritumoral vascular

hyperpermeability. Overall, 30–60 min were required to

appreciate a contrast between normal and diseased tissue after

ICG injection, and visualization was best from 60 to 120 min.

Ohba et al. used NIR fluorescence imaging to administer

superselective intra-arterial chemotherapy. Compared with

CT, NIR fluorescence imaging provided clearer, more precise

images without dental metal-related scatter. A feeding vessel

was identified in 100 % of 25 cases versus 56 % with CT.91 In

a similar study, Yokohama et al. visualized a feeding vessel in

47 % of 36 cases of paranasal sinus cancer with CT versus

100 % with NIR fluorescence imaging.92

Watanabe et al. recommended ICG for preoperative

colonic tattooing. It was cleaner than blue dye, had fewer

side effects and histologic artifact, lasted up to 14 days,

and was detected in 100 % of cases.23 Hao et al. used

microscope-integrated NIR technology to facilitate resec-

tion of a dorsal spinal hemangioma,93 while Holt et al.

observed distinct fluorescence patterns in healthy and dis-

eased tissue in lung cancer, sarcoma, carcinoid, and

thymoma. These observations were duplicated in an animal

study but the authors warned inflammation and tumor flu-

orescence might be indistinguishable.94

ADDITIONAL BENEFITS

Furukawa used NIR-guided imaging to assess skin

perfusion in 17 patients undergoing inguinal LND and

excised skin that did not fluoresce.95 More than 1 cm

wound dehiscence persisted for 3 weeks in seven of nine

patients who did not receive ICG-guided intervention. In

contrast, one of eight patients with ICG-guided skin trim-

ming dehisced (p\ 0.003). Other examples of NIR-guided

reconstruction are described for breast and esophageal

cancer.72–75

ECONOMIC CONSIDERATIONS

NIR guidance has the potential of reducing healthcare

expenditure if improved outcomes warrant replacement of

current technologies at a reduced unit cost. Lymphoscintig-

raphy is the standard for detecting nodal metastasis, but it is

invasive, false-negatives exceed 5 %, radiation is detected,

and it is costly and time consuming.96 Many commercially

available charge-coupled device (CCD) cameras exist, with

different pricing structures. The price of the Photodynamic

Eye device (PDE; Hamamatsu Photonics Co., Hamamatsu

City, Japan) has been cited elsewhere.97,98 Alternatively, the

Spy Elite system (Novadaq Technologies, Mississauga, ON,

CAN) is reported per use; depending on the financial

arrangement, supply kits—not the unit itself—generate

cost.99–101 ICG is inexpensive, therefore marginal cost can be

quite low.97,102 Because wide variations exist in pricing and

cost structure (Table 4), cost-utility analyses may be unreli-

able. In relevant studies, it was difficult to understand how cost

was defined.103–110 Additional considerations include medi-

colegal ramifications, depreciation, and the monetary value of

time spent scheduling, staffing, and in the operating room.

Duggal et al. demonstrated that indiscriminate use of

NIR-guided imaging in breast reconstruction saved patients

US$610 by decreasing the rate and extent of skin flap

necrosis and reducing unplanned hospitalizations.100 Kanuri

et al. recognized potential cost savings when ICG was

reserved for high-risk patients (smokers, obese subjects, and

large-breasted subjects) and not used indiscriminately.101

Yeoh et al. predicted additional economic benefits with

widespread use, citing reduced technology costs and fewer

complications.111

RECONSTRUCTION

Data support NIR-guided breast reconstruction. In the

series by Komorowska-Timek and Gurtner, NIR fluores-

cence imaging reduced the flap necrosis rate from 15.4 to

4 % when used during all stages of breast reconstruc-

tion.112 Newman and co-workers demonstrated a 95 %

correlation between intraoperative imaging and outcome

after 20 mastectomies.113 Moyer and Losken used analytic

software (Spy-Q; Novadaq Technologies) to quantify flap

fluorescence relative to surrounding tissue; tissue with

C45 % relative fluorescence had a higher chance of sur-

viving.114 Other authors have used 30 % as a cutoff.115

Holm et al. used NIR-guided imaging to examine

microvascular anastomoses in a series of patients taken

back to the operating room for concern regarding flap

failure. Anastomoses were revised regardless of ICG

results, and imaging data was validated against intraoper-

ative findings. NIR imaging was 100 % sensitive and 86 %

specific for microvascular thrombosis.116 Khansa et al.

incorporated NIR fluorescence imaging into their failing

free-flap algorithm.117 When there was venous congestion

but NIR imaging revealed a patent venous anastomosis,

thrombolysis was administered. With arterial compromise,

ICG was used to identify the obstruction to inflow.
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THE FOURTH PARADIGM

The future is bright for molecular NIR fluorescence-

guided cancer diagnosis and therapy. Nanoparticles con-

taining NIR-fluorescent dyes were developed that include

bioactive ligands which target tumor-specific peptides,

track response to chemotherapy, and deliver therapy

(Fig. 3). Sevick-Muraca118 summarized the state of the art

and future directions of nanoparticles, offering examples of

tumor-specific detection in head and neck,13 breast,119 and

prostate cancer.120 Kolitz-Domb et al. used an ICG-loaded

nanoparticle conjugated with anti-carcinoembryonic

TABLE 4 Economics of indocyanine green

Author Year Indication Nation Cited cost Currency year Corrected to 2014 US$a Pricing

Nuclear imaging

McMasters et al.107 2000 Breast cancer USA US$706 2000 943.56 Per case

Jakovljevic et al.104 2013 Cancer Serbia €940 2013 1145.51 Per case

Govers et al.103 2013 Oral cancer Netherlands €210 2011 315.28 Per case

Martinez-Menchon et al.105 2014 Melanoma Spain €200.38 2014 244.19 Per case

Meads et al.108 2013 Vulvar cancer UK �645b 2010 1071.83 Per case

O’Connor et al.109 2013 Oral cancer UK €378 2013 521.69 Per case

Thompson et al.110 2008 Breast cancer USA US$1434 2008 1547.42 Per case

McCann et al.106 2014 Vulvar cancer USA US$408.96c 2013 408.96 Per case

NIR fluorescence

SPY (Novadaq)

Duggal et al.100 2014 Breast reconstruction USA US$795 2014 795 Per case

Kanuri et al.101 2014 Breast reconstruction USA US$650 2011 693.14 Per case

Chatterjee et al.99 2011 Breast reconstruction USA US$1195 2011 1274.31 Per case

PDE (Hamamatsu)

Tagaya et al.97 2010 Breast cancer Japan US$46,000 2010 49,052.93 Cost of device

Unno et al.98 2008 Vascular bypass Japan €25,000 2008 39,406.12 Cost of device

Other

Hardesty et al.102 2014 Neurosurgery USA Cost of dye 2014 Minimal Per case

a Estimated using time-specific currency converter (www.oanda.com) and the Statistical Abstracts of the US (www.census.gov)
b Calculated by subtracting the cost of (blue dye ? surgery) from (blue dye ? nuclear imaging ? surgery)
c Based on Medicare Physician Fee Schedule

FIG. 3 (Left) Schematic of a

theranostic nanoparticle.

Tumor-specific antibodies are

conjugated to ICG-loaded shell

containing therapeutic agent.

(right) Agent accumulates at

tumor providing local therapy

and visualization. ICG

indocyanine green, CCD

charge-coupled device
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antibodies in animal models to accurately detect colon

cancers.6,121 Bahmani et al. studied an ICG-loaded

nanoparticle conjugated with anti-HER2 antibodies in a

breast cancer model9; the molecular construct was more

effective at targeting HER2-positive cells than ICG alone

or a non-bioactive construct.

Lozano et al. designed a liposomal molecule that encap-

sulated ICG dye and doxorubicin which accumulated within

antibody-specific targets in mice,7 using multispectral

optoacoustic tomography (MSOT) imaging. MSOT interprets

sound waves generated by short high-energy bursts of light to

generate reliable three-dimensional images.12 The study

illustrated the concept of targeted drug delivery and a method

to monitor and track ICG in deep tissue planes. Wang and

colleagues used photoacoustic imaging for breast cancer in

mice using lipid-encapsulated ICG-loaded nanoparticles with

folic acid receptor-targeting ligands, and reported superior

tumor-specific imaging compared with unconjugated

nanoparticles.2 Tsujimoto et al. used ICG-loaded tumor-tar-

geted lactosomes to reduce tumor burden in a nude mouse

gastric cancer model with photodynamic therapy (PDT).3 In

PDT, an ICG-derived photosensitizer reacts with oxygen and

causes target-specific oxidative injury and cell death.122

CONCLUSIONS

The scope of NIR fluorescence-based SLN mapping

has since expanded from the breast, skin, lung, stomach,

and lower digestive tract to the head and neck, aerodi-

gestive tract, and genitourinary system. The geographic

focus of studies has shifted westward from Japan and the

Far East, with an expanding role in urology and gyne-

cology. NIR fluorescence imaging plays an important

role in SLN mapping, tumor identification, lymphedema

diagnosis and management, and reconstructive surgery.

There is potential for every stage in surgical oncology.

The role of ICG as a diagnostic and therapeutic anti-

cancer agent is in preclinical phases and should enhance

modern cancer care.
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