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ABSTRACT

Objectives: The aim of surgery for head and neck squamous cell carcinoma (HNSCC) is to achieve clear resection margins,
whilst preserving function and cosmesis. Fluorescent markers have demonstrated potential in the intraoperative visualisation
and delineation of tumours, such as glioma, with consequent improvements in resection. The purpose of this scoping review was
to identify and compare the fluorescent markers that have been used to detect and delineate HNSCC to date.

Methods: A literature search was performed using the Ovid MEDLINE, Ovid Embase, Cochrane CENTRAL, ClinicalTrials.gov
and ICTRP databases. Primary human studies published through September 2023 demonstrating the use of fluorescent markers
to visualise HNSCC were selected and reviewed independently by two authors.

Results: The search strategy identified 5776 records. Two hundred and forty-four full texts were reviewed, and sixty-five eli-
gible reports were included. The most used fluorescent markers in the included studies were indocyanine green (ICG) (n=14),
toluidine blue (n=11), antibodies labelled with IRDye800CW (n=10) and 5-aminolevulinic acid (5-ALA) (n=8). Toluidine blue
and ICG both have limited specificity, although novel targeted options derived from ICG may be more effective. 5-ALA has been
demonstrated as a topical marker and, recently, via enteral administration but it is associated with photosensitivity reactions.
The fluorescently labelled antibodies cetuximab-IRDye800CW and panitumumab-IRDye800CW are promising options being
investigated by ongoing trials.

Conclusion: Multiple safe fluorescent markers have emerged which may aid the surgical resection of HNSCC. Further research

in larger cohorts is required to identify which marker should be considered gold standard.

1 | Background

Head and neck squamous cell carcinoma (HNSCC) is the sixth
most prevalent form of cancer in the world, with a range of severe
sequelae including dysphagia, airway obstruction and metastasis
[1]. Early-stage disease can be treated curatively with surgery or
radiotherapy [2], whilst advanced disease may require surgery
with or without (chemo)radiotherapy [3] and immunotherapy
[4, 5]. The oncological and functional outcomes of HNSCC have

gradually improved in recent years with more focused treatment
of early-stage disease [6] and a greater emphasis on achieving
complete tumour resection with clear margins [7, 8]. However,
the surrounding anatomy means that resecting tumours with ade-
quate surgical margins can cause major functional complications,
including speech [9] and swallow [10, 11] impairment. Therefore,
there is a need for precise intraoperative delineation of tumours to
minimise the burden of adjuvant treatment and the risk of recur-
rence after surgery, whilst preserving quality of life and cosmesis.
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Summary

« Fluorescent markers have been utilised in surgical
oncology to aid intraoperative visualisation of tumour
margins.

» This scoping review identified several fluorescent
markers that have been used to detect and delineate
head and neck squamous cell carcinoma (HNSCC) to
date.

« The most used markers in the included studies were
indocyanine green (ICG), toluidine blue, antibodies
labelled with IRDye800CW and 5-aminolevulinic
acid (5-ALA).

Promising markers that have been researched re-
cently or remain the subject of ongoing trials include
5-ALA, cetuximab-IRDye800CW, panitumumab-
IRDye800CW and ONM-100.

« Further research is required to confirm and com-
pare the safety and efficacy of these markers in larger
cohorts.

Head and neck surgeons primarily rely on palpation, visual
assessment and intraoperative frozen section analysis to iden-
tify tumour boundaries [12]. However, this approach has lim-
ited efficiency and precision, and it may be insufficient for
challenging cases such as recurrent tumours [13] and ‘cancers
of unknown primary’, in which one or more cancerous lymph
nodes are found without a primary mucosal tumour despite
extensive investigation [14]. Recently, there has been interest
surrounding the use of fluorescent markers to detect and de-
lineate cancer during surgery. The purpose of these markers
is to visibly distinguish tumour from healthy tissue to ensure
accurate excision margins, thereby reducing the need for adju-
vant (chemo)radiotherapy whilst avoiding the functional com-
promise that a wide resection may cause. A notable example is
the use of 5-aminolevulinic acid (5-ALA) in neurosurgery to
aid the resection of malignant gliomas and improve the rates
of overall and progression-free survival [15, 16]. Fluorescent
markers have also demonstrated the potential to identify
breast [17], prostate [18] and renal [19] cancer. This has raised
questions as to whether fluorescent markers could have a sim-
ilar role in the visualisation of HNSCC.

There are several settings where fluorescent markers may have
utility: during screening to assess the need for biopsies and
further investigations, during work-up to determine the resect-
ability of the tumour, during surgery to delineate tumours and
evaluate the excision margins, and during follow-up to assess
for recurrence. The purpose of this review was specifically to
identify which fluorescent markers have been clinically evalu-
ated for the intraoperative detection and delineation of HNSCC
and summarise the existing evidence regarding their safety and
efficacy.

2 | Methods

A scoping review was performed in accordance with guidance
from the Joanna Briggs Institute [20] and reported in line with

the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses Extension for Scoping Reviews (PRISMA-ScR) state-
ment [21]. As this is an emerging topic with a diverse body of
literature, a scoping review was considered the most appropriate
way to synthesise and summarise the available evidence. Ethical
approval was not required. The protocol was registered with the
Open Science Framework (https://doi.org/10.17605/OSF.10/
QGVB?7).

2.1 | Search Strategy and Study Selection

Five electronic databases were searched from inception to
September 2023: Ovid MEDLINE, Ovid Embase, Cochrane
CENTRAL, ClinicalTrials.gov and ICTRP. The search terms are
available in Appendix A. Duplicate studies were removed, before
two reviewers independently screened the search results using
Covidence (Veritas Health Innovation, Melbourne, Australia).
Following title and abstract screening, conflicts were resolved
by discussion, and this was repeated after full-text screening.

Table 1 outlines the eligibility criteria for study selection:

2.2 | Data Extraction

Data were independently extracted from each study by two
reviewers using a data extraction template. The extracted in-
formation included tumour location, the fluorescent marker
administered, the route, dose and timing of fluorescent marker
administration, the cameras/imaging devices used and the
main findings. The in vivo efficacy of the fluorescent markers in
detecting HNSCC and the safety data were the primary findings
of interest.

2.3 | Synthesis

As the studies demonstrated significant heterogeneity in terms
of methodologies and outcome measures, quantitative analysis
was not considered feasible. Consequently, the studies were syn-
thesised qualitatively.

3 | Results

Sixty-five eligible reports were identified during the study se-
lection process, which is summarised by the PRISMA flow di-
agram (Figure 1) [22].

The most frequently investigated fluorescent markers in the
included publications were indocyanine green (ICG) (n=14)
[23-36], toluidine blue (n =11) [37-47] and 5-ALA (n=8) [48-55].
Recent literature has also studied the use of IRDye800CW
[56-65], by conjugating it with anti-epidermal growth factor re-
ceptor (EGFR) monoclonal antibodies such as cetuximab (n=5)
[57-61] and panitumumab (n =5) [62-65]. The remaining publi-
cations studied Lugol's iodine [66-69], PARPi-FL [70], photofrin
solution [71, 72], Rose Bengal [73], chlorin E6 [74] and hypericin
solution [75]. Trial registrations and protocols involving indocy-
anine green [76-78], 5-ALA [79], Lugol's iodine [80], photofrin
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TABLE1 | Inclusion and exclusion criteria.

Inclusion Exclusion

Studies demonstrating the use of fluorescent markers to visualise head Studies solely demonstrating the use of

and neck squamous cell carcinomas. fluorescent markers to visualise lymph nodes.

Primary research. Studies which do not report the
administration of a fluorescent marker.

Human in vivo studies. Studies not available in English.

Trial registrations, protocols, or interim data for ongoing or In vitro, ex vivo or non-human studies.

unpublished clinical trials.

Conference papers. Conference abstracts that were later
published as full studies.

Earlier versions of included studies.

Studies that were withdrawn or terminated.

[ Identification of studies via databases and registers J
)
Records identified from:
c Databases (n = 6710):
& Embase (n = 4927)
E Medline (n = 1711) | Records removed before screening:
£ CENTRAL (n=72) id Duplicate records removed (n = 1100)
S Registers (n = 166):
= ClinicalTrials.gov (n = 135)
ICTRP (n =31)
-—
)
Records screened Records excluded during title and abstract screening
e
(n=5776) (n=5528)
RefOrlS Sought for retrieval Repons not retrieved
(n=248) (n=4)

Screening

A4

Reports assessed for eligibility 3| Reports excluded during full text screening (n = 179):
(n=244) Conference abstract that was later published as a
full study (n = 14)

Study not available in English (n = 10)

Ex-vivo study (n = 9)

Study not investigating HNSCC (n = 67)

— Earlier version of an included study (n = 2)
\ Fluorescent marker not administered (n = 47)
4
) Non-human study (n = 1)
Studies included in review (n = Not primary research (n = 1)
65): Study not using fluorescence to visualise tumours
ki Published studies or (n=24)
S conference abstracts Wrong patient population (n = 1)
E (n=54) Wrong study design (n = 1)
Trial registrations or protocols Study was withdrawn or terminated (n = 2)
(n=11)

FIGURE1 | PRISMA flow diagram illustrating the study selection process.
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solution [81], cetuximab-IRDye800CW [82], panitumumab-
IRDye800CW [83, 84] and cRGD-ZW800-1 [85, 86] were also
included in this review.

3.1 | Toluidine Blue

Toluidine blue is a metachromatic and acidophilic dye, which
preferentially stains tissues containing more nucleic acids and
wider intracellular canals, such as tumours [87]. Oral rinses
containing toluidine blue have been used to aid the detection
of oral cavity lesions for decades with minimal adverse effects,
as shown by the earliest studies in this review [37, 44, 46].
However, this topical route of administration has generally lim-
ited the marker to identifying oral cavity tumours, despite a re-
cent study demonstrating its potential role in detecting glottic
cancer [40]. Studies have also highlighted that toluidine blue
has a low sensitivity for premalignant disease and submucosal
tumour extensions [37, 45, 47], whilst its specificity is limited by
a tendency to stain mucin, food particles and purulent exudate
[44]. Table 2 summarises the literature evaluating toluidine blue
as a diagnostic adjunct for HNSCC.

3.2 | Indocyanine Green

ICG is a cyanine fluorophore that demonstrates near-infrared
fluorescence [88]. The marker can be safely administered intra-
venously, with doses ranging up to 5mg/kg, and it can be visual-
ised using various near-infrared imaging devices. Alongside its
applications in angiography and lymphography, ICG is theorised
to accumulate in tumour tissue due to the disrupted vascular en-
dothelium and poorly developed lymphatics in these areas, in a
phenomenon known as ‘enhanced permeability and retention’
(EPR) [26, 89]. Overall, there is evidence that the marker does
accumulate in tumours of the oral cavity, larynx and pharynx
[28, 30, 31, 34], including recurrent tumours [29, 33], but it lacks
specificity. To address this limitation, ICG has been conjugated
with targeted agents to develop novel markers: ICG-labelled c-
MET-binding peptide targets tumours via c-MET binding [23],
whilst ONM-100/pegsitacianine is activated by the acidic extra-
cellular environment associated with solid tumours [35, 36, 78].
Table 3 summarises the research surrounding the use of ICG to
visualise HNSCC.

3.3 | 5-Aminolevulinic Acid

5-ALA is an amino acid that is intracellularly metabolised via
the haem-synthesis pathway to form protoporphyrin IX, a by-
product that exhibits violet-red fluorescence after excitation
with blue light [88]. The relatively high metabolism of tumour
cells means that they produce and accumulate larger quanti-
ties of this fluorophore after 5-ALA administration compared
with normal tissue [15]. The use of 5-ALA to detect HNSCC
has been demonstrated for over two decades, with the earliest
formulations ranging from topical gels [49] to nebulised solu-
tions [54, 55]. More recently, enteral 5-ALA was shown to in-
duce strong intraoperative fluorescence of HNSCC and reveal
positive margins and perineural invasion [53]. However, the

photosensitising action of 5-ALA can cause adverse reactions,
such as the erythematous and desquamating rashes reported
following enteral administration [53]. Table 4 summarises the
studies investigating whether 5-ALA can aid the visualisation
of HNSCC.

3.4 | Fluorescent Antibodies

IRDye800CW is another cyanine fluorophore displaying near-
infrared fluorescence, but it has a higher solubility and flu-
orescence intensity than ICG [88]. Moreover, IRDye800CW
can be conjugated with monoclonal antibodies to target
molecules that are highly expressed by HNSCC cells, such
as EGFR [90]. The most notable examples of fluorescently
labelled anti-EGFR antibodies are cetuximab-IRDye800CW
and panitumumab-IRDye800CW. These markers are intra-
venous formulations and a variety of doses have been tested
in dose-escalation trials [57, 59, 60, 65], although lower doses
are sufficient when the fluorescence imaging system is cor-
rectly optimised for IRDye800CW detection. Both markers
are capable of inducing HNSCC fluorescence and differen-
tiating tumour tissue from normal tissue, with reported ex-
amples of panitumumab-IRDye800CW improving surgical
decision-making and enabling the resection of unanticipated
tumour tissue [64]. It has been suggested that panitumumab-
IRDye800CW is safer than cetuximab-IRDye800CW [65], but
both markers remain under investigation by ongoing trials
[82-84]. Table 5 summarises the studies assessing the use of
these markers to detect HNSCC.

3.5 | Other Fluorescent Markers

A novel marker that is generating interest is cRGD-ZW800-1.
ZW3800-1 itself is a zwitterionic fluorophore that demonstrates
near-infrared fluorescence, whilst cRGD is a cyclic pentapep-
tide which binds to specific tumour cell integrins and tumour-
associated vascular endothelium [91]. A 2020 study combined
ZW800-1 with cRGD to form cRGD-ZW800-1 and successfully
demonstrated its ability to intraoperatively visualise colon can-
cer. There are two ongoing phase II clinical trials studying the
use of cRGD-ZW800-1 to guide surgery for oral cancer [85], as
well as laryngeal and hypopharyngeal cancer [86].

Lugol's iodine reacts with cytoplasmic glycogen to produce
a colour change in normal tissue, but the increased keratini-
sation and reduced glycogen content of cancer cells prevents
staining [92]. This marker can aid the detection of malignant
oral tumours [66, 67] and reduce the likelihood of unsatisfac-
tory surgical margins [68, 69], but the effect on recurrence and
survival rates is unclear [66, 67]. Moreover, iodine has irritant
effects and a case of marked oropharyngeal ulceration has been
reported [68]. An alternative topical marker is PARPi-FL, which
highlights the overexpression of poly-ADP ribose polymerase 1
(PARP1) in tumours [70]. This fluorophore appears to be well
tolerated, and it is the subject of an ongoing phase II trial [70].
The remaining markers identified by this review are not cur-
rently being investigated in trials and appear unlikely to be fa-
voured options in the future.
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(Continued)

TABLE 3

Timing of
intervention

Site of
tumours

Safety data

Notable findings

Imaging system

Fluorescent marker

Paper

N/A

N/A

Imaging to be
performed real-time

Near-infrared imaging

Indocyanine green

Oral cavity,

Roussy et al.

[77]

25mg/10mL

oropharynx

to assess for residual
disease after resection.

Prospective

non-

randomised
bicentric
study

Trial

registration,
unknown
status

4 | Discussion

The head and neck cancer surgeon must skilfully balance the
removal of all cancerous tissue with clear resection margins
alongside the need to preserve form and function [7, 8]. A dis-
tance of greater than 5mm between the invasive carcinoma and
the surgical margins on histology is defined as clear by the Royal
College of Pathologists, whereas 1-5mm is a close margin and
less than 1mm is an involved margin [93]. Involved and close
margins have significant prognostic implications, including a
higher risk of locoregional recurrence and reduced overall sur-
vival [94]. The management is also impacted, as re-resection
and/or adjuvant (chemo)radiotherapy is typically required
which carries a further risk of functional complications [94].
Although surgeons have managed to achieve a degree of suc-
cess through palpation and visual assessment alone, involved
resection margins remain a frequent occurrence with reported
rates as high as 23% [93, 95], and the oropharynx, hypopharynx
and larynx are particularly high-risk locations [95]. A potential
solution is the use of fluorescent markers to visualise cancer tis-
sue and provide valuable intraoperative guidance. Viable mark-
ers should selectively target the cancer, accumulate sufficiently
within the tissue to generate fluorescence, and distinguish it
from normal tissue. The findings of this scoping review reveal
several fluorescent markers that display these properties in the
detection of HNSCC.

The most studied fluorescent markers to date are toluidine blue,
ICG, 5-ALA and IRDye800CW conjugated with anti-EGFR an-
tibodies. Toluidine blue was highlighted by the earliest papers in
this review, whereas it has only been studied once in the last five
years [40] and there are limitations regarding its specificity and
its ability to detect premalignant disease. ICG is a safe, FDA-
and EMA-approved marker with several clinical applications
[96], but its use to detect HNSCC has generated mixed results
and there are concerns over its specificity [27, 30, 32]. However,
novel targeted markers derived from ICG including ONM-100
and cMBP-ICG may be more effective for specific tumour vi-
sualisation. 5-ALA is another safe marker which is licensed
by the FDA and EMA for glioma surgery [97], and the recent
experiences of Filip et al. [53] suggest that it may have a role
in HNSCC surgery too. Finally, the emergence of fluorescently
labelled cetuximab and panitumumab has generated recent ex-
citement, with multiple ongoing clinical trials [82-84]. There re-
mains a lack of research directly comparing these fluorescently
labelled antibodies, although panitumumab-IRDye800CW may
be safer [65] and notably demonstrated the ability to improve
surgical decision-making [64]. This has led Thomas et al. [83]
to describe panitumumab-IRDye800CW as the ‘frontrunner in
optical imaging’.

The markers described in this review are administered in differ-
ent ways, which create various benefits and challenges. Topical
toluidine blue has minimal associated adverse effects, yet this
route of administration limits its ability to identify tumours out-
side the oral cavity and extensions of tumours beneath the surface
[44]. 5-ALA was initially administered as a topical or nebulised
solution, but the enteral route recently showed promise despite
the more significant adverse reactions [53]. Meanwhile, ICG,
cetuximab-IRDye800CW and panitumumab-IRDye800CW
are delivered intravenously and this can occasionally result in
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significant systemic reactions [58]. Nevertheless, the systemic
route may be necessary to aid the assessment of deep margins
[31, 35, 64] and for identifying cancers of unknown primary
[32, 78].

Alongside the fluorescent marker, a compatible imaging system
is often required to visualise the tumour. Several near-infrared
imaging systems have been exhibited in the studies assessing
ICG and the fluorescently labelled antibodies, whereas 5-ALA
fluorescence is typically visualised using blue light imaging.
The choice of imaging system also depends on tumour location
[57] and whether in vivo or ex vivo imaging is being performed
[35]. Developing new imaging systems is a challenge which lim-
its the speed at which new markers can be trialled and approved.
To overcome this, there are examples where existing systems
designed for ICG were repurposed for IRDye800CW imaging
[59, 60]. However, the findings of Voskuil et al. [57] highlight
the importance of compatible imaging devices to allow for lower
doses of the marker and achieve better outcomes.

This scoping review has limitations. Firstly, the manual nature
of the systematic search and screening process may have resulted
in mistakenly excluded studies. Secondly, the statuses of the in-
cluded ongoing clinical trials may have changed or updated since
the point when data extraction was performed. Finally, this re-
view used broad inclusion criteria to capture a range of informa-
tion, but the heterogeneous nature of the included studies did not
allow for quantitative analysis. This provides a future opportu-
nity for focused systematic reviews on this topic.

5 | Conclusion

Numerous fluorescent markers have emerged which may aid
the detection and delineation of HNSCC and facilitate im-
provements in surgical resection. Presently, the most prom-
ising options include 5-ALA, cetuximab-IRDye800CW,
panitumumab-IRDye800CW and targeted ICG derivatives
such as ONM-100. Randomised controlled trials in larger
cohorts are required to determine whether these markers
improve outcomes compared to standard of care and iden-
tify which marker should be the gold standard for visualis-
ing HNSCC.
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