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Abstract

Background: The distinction between tumor and healthy tissues is complicated in the areas
previously subjected to radiation therapy (RT). This is related to the fact that tissues can
undergo delayed and irreversible deterioration such as inflammation, vascular alteration
and fibrosis. The trials related to the fluorescence —guided surgery (FSG) in Head and
Neck Squamous Cell Carcinoma (HNSCC) patients, previously subjected to RT, have not
yet been reported. The present study addresses for the first time the possibilities of tumor
near-infrared (NIR) imaging using Indocynaine Green (ICG) in irradiated areas.

Methods: Four patients with histologically confirmed HNSCC were included in this study.
All included patients were previously treated with RT with at least 50 Gy. RT-radiation
fields from original treatment fully encompassed the second tumor or recurrence. ICG was
injected via cephalic vein 45 min before the images were captured using a NIR camera
system Artemis. The images were also captured before ICG injection serving as
background signal. The fluorescence intensity measurements were carried out using
specially designed software.

Results: ICG fluorescence clearly demonstrated a significant difference in fluorescence
intensity between healthy and tumor tissues in 2 of 4 patients. Histology post-resection
analysis confirmed a complete tumor resection with safe surgical margins. No difference
between tumor and surrounding healthy tissue was detected in patients with an epidermoid
carcinoma developed from sclerohypertrophic lichen.

Conclusions: In our pilot study, we clearly established the feasibility of using NIR FGS
with ICG to delineate tumor and healthy tissues in irradiated areas in infiltrating lichen-
free tumors.

1 Institut de Cancérologie de Lorraine ICL, 6 avenue de Bourgogne, 54519 Vandoeuvre-lés-Nancy, France
2 Inria, Université de Lorraine, Loria, UMR7503, Vandceuvre-lés-Nancy, France

3 CRAN, CNRS, UMR 7039, Université de Lorraine, Vandceuvre-lés-Nancy, France



1. Introduction

Head and neck squamous cell carcinoma (HNSCC) is the sixth most common
malignant tumor in the world. The management of these cancers requires multidisciplinary
treatments, including surgery, radiotherapy, chemotherapy, or targeted molecular therapy.
Nevertheless, the prognostic remains poor, with more than 300,000 deaths each year.
Surgical resection remains the primary treatment for HNSCCs. Margin status is considered
as a major prognostic factor for overall survival [1]. Unfortunately, nowadays, there is a
lack of adequate and reliable intraoperative tools to discriminate in a real-time tumor and
normal healthy tissue. Frozen section evaluation during operation is routinely used to
determine surgical margins. However, this procedure is time and cost consuming and can

be inaccurate.

Regarding these expectations, NIR fluorescence imaging with indocyanine green
(ICG) got increasing attention and was already applied to improve surgical resection in
some clinical cases [2—4]. ICG is a small molecule that has been clinically approved by the
United States Food and Drug Administration (USFDA). After intravenous injection, ICG
binds to serum proteins and behaves as a nanoparticle, rending possible its enrichment in
tumor via the enhanced permeability and retention (EPR) effect [5]. The first application of
ICG for fluorescence-guided surgery (FGS) for head and neck cancers was reported in
2012 in preclinical models [6]. Later on, ICG-FGS clinical trials were realized in 6 patients
with parapharyngeal space tumors and appeared to be effective for the detection and
resection of the parapharyngeal space tumors with preserving functions [4]. It worth noting
that other imaging techniques such as Lugol chromoendoscopy, confocal endoscopy,
autofluorescence imaging, or narrow-band imaging are mainly used to guide biopsies and
to detect suspicious precancerous lesions. Whereas exogenous near-infrared induced

fluorescence approach is much preferable in tumor resection and metastasis detection [7].

Compared with initial surgery, the distinction between tumor and healthy tissues is
even more complicated in patients with previous radiotherapy (RT). Frequently from the
clinical and radiobiological point of view, radionecrosis is hardly distinguishable from
progressive relapse. This is related to the fact that tissues can undergo delayed and
irreversible deteriorations such as inflammation, fibrosis, vascular alterations, and cellular
depletion [8-11].

Until now, the trials related to FGS in head and neck (H&N) cancer patients

previously subjected to RT have not been reported. The present study addresses for the



first time the feasibility of ICG-mediated FGS to delineate H&N tumors in the areas
previously subjected to ionizing radiation, so-called irradiation territory. In a small sample
of previously irradiated HNSCC patients, we demonstrated the possibility to visualize the
tumor and discriminate it from normal tissue in the irradiated territory with ICG-based

fluorescence. We also discuss the possible reasons of failure observed in some patients.

2. Materials and Methods

2.1. Patients

All patients were recruited between December 2017 and August 2018. Patients had
biopsy-proven squamous cell carcinoma with an antecedent of HNSCC tumors treated by
surgery with healthy margins followed by radiotherapy. All patients received RT dose of
66Gy at the tumor site and 50Gy on the area of lymph nodes (Table 1). RT-radiation
areas fully encompass the second tumor or recurrence. For Patient 1 the secondary
tumor was located in the lymph node irradiation area. Dosimetry analysis in resection
areas demonstrated that applied RT doses were 50Gy (patient 1), 60Gy/63Gy
(patients 2 and 3), and 47Gy (patient 4). Only two patients had an indication for
chemotherapy, however, it was contraindicated due to the cardiovascular comorbidities.
Intensity-Modulated Radiation Therapy (IMRT) was realized in 3 cases. One of them
(patient 4) presented severe acute mucositis toxicity (grade 3) and late toxicity with
dysphagia xerostomia (grade 3) along with neck fibrosis (grade 3). For patients 2 & 3,
acute and late toxicity with moderate xerostomia and neck fibrosis (grade 2) were
registered. Patient 1 received conventional radiotherapy. No significant treatment-related

side-effects were noted for this patient.

Patients with metastatic disease, severe hepatic, and renal dysfunction were excluded
from this study. The clinical trial was sponsored by the “Institut de Cancérologie de
Lorraine” (Lorraine Cancer Center): clinicaltrials.gov identifier: NCT02920216, European
Clinical Trials Database ID-RCB: 2016-A00014-47. It was approved by the French
National Drug Agency (ANSM) and by the ethical committee (CPP Est III).

Characteristics of both previous and actual tumors, along with applied treatment
modalities, are summarized in Table 1. The patients were classified by pathological
stage (pTNM) according to the 8" edition of the Union for International Cancer
Control (UICC) classification [12]. All patients were originally treated with curative
intention. For each patient, the therapeutic decision was validated in the interdisciplinary

tumor board (ITB). All subjects gave their consent before being included in this study.



2.2. ICG administration

ICG (25 mg/vial; Indocyanine Green; Serb, Paris, France) was resuspended in 10 mL
of the solvent provided by the manufacturer for the final concentration 2.5 mg/mL. The
prepared ICG solution was administered at a dose 0.25mg/kg via the cephalic vein. The
first fluorescence measurement was performed before ICG injection, right after clearing
the tumor area in order to obtain a neutral background. The second fluorescence
measurement was taken in the interval 30-45 min after ICG injection, before tumor
excision. Compared to usual surgery, ICG-based procedure adds 20-30 min, mostly due to

camera adjustment.

2.3. Imaging system

Fluorescent intraoperative imaging was performed using a near-infrared (NIR)
camera system (Artemis, Quest Medical Imaging BV, The Netherlands). The Artemis is a
high-definition, dual-band (white-light and NIR) camera system capable of concurrent NIR
emission and detection while generating real-time video (Figure 1). For the surgical
procedure, we used an excitation laser with peak intensity at 793 nm, and NIR signal was
selected with a long-pass filter at 805 nm. The camera is supplied with the “Quest
Spectrum Viewer” software (Quest Medical Imaging BV, The Netherlands), which allows

viewing of recorded videos during and away from operations.

2.4. Software

The video sequences follow the QIFS proprietary Quest Imaging File System format,
which encodes 3 images for each frame: one in the visible spectrum and two others in the
near-infrared, one of which captures the ICG-induced fluorescence with peak emission at
805 nm. This latter image was used in our study to compute the statistics on the fluorescent
signal in the regions of interest (ROI). The ROIs were delineated in the color image in the
visible spectrum. The supplied software does not allow a simple longitudinal analysis of
the data. As a consequence, we developed custom software consisting of two parts. First,
each image sequence is stabilized using a non-rigid registration algorithm [13] in order to
compensate for small motions induced by the manual holding of the retractors. Secondly, a
Graphical User Interface, called “QIFSViewer” was developed, based on the open-source
cross-platform PoLL AR library [14]. Besides image sequence visualization functionalities
(interactive image browsing, zooming, panning, and window/level adjustment), the
software enables a switch between color and fluorescence images, manual delineation of
ROIs with any desired shape and computation of statistical analysis on each ROI. Due to

prior image stabilization, ROIs only have to be delineated on one image and remain



consistent for the whole sequence. The statistics are provided for each ROI and each image
as the mean, median, standard deviation and area, and saved under the Comma-Separated

Values (CSV, Excel compliant) format.

2.5. Histopathology

Tumor and extemporaneous frozen section biopsies were further analyzed by the
histopathology department. Based on hematoxylin-eosin (H&E) staining, the frozen
section biopsies were classified as positive (+) or negative (-). In the case of a positive

result, a margin-widening operation was planned.

2.6. Statistics
The mean fluorescence intensity of ROI was calculated subsequently for each frame,
averaged in time at least 150 frames, and presented as mean + standard deviation (SD) for

each image sequence.

3. Results
3.1. Clinical study

Four patients were included in this study. Patients and tumor characteristics are
detailed in Table 1. The average patients’ age was 71 years old (56-84). All primary
tumors (Panel A, Figs. 2-5) were treated with surgery and adjuvant RT. Dosimetry treating
fields in sagittal (left or right), axial (down), and coronal (front) views are presented in
Panel B of Figures 2-5. The delay between primary and secondary tumors varied between
3 and 9 years. Two of four patients developed secondary SCC tumors at the site different
from initial ones (patients 1 and 2). The third patient had a recurrence. Patient 4 presented
a second tumor developed near the previous surgically treated site but after a five years
delay, making the hypothesis of a local recurrence unlikely. All secondary tumors were
completely surgically excised with safe margins. The final histopathological assessment
demonstrated invasive SCC in 3 patients (Cases 1, 2, and 4), while the patient 3 had a

tumor in situ.

3.2. Fluorescence Imaging Analysis

All patients we imaged intraoperatively using ARTEMIS camera. To quantify the
fluorescence intensities in ROIs, we developed custom software. First of all, the software
enables the stabilization of the video sequences using a non-rigid registration algorithm in
order to compensate for small motions induced by the manual holding of the retractors.

Secondly, the software performs statistical analysis on each ROI, which could be manually



delineated in both brightfield and fluorescence image sequences making possible the

quantitative analysis of the video.

For patients 1 and 2, the tumor displayed bright fluorescence emission that clearly
contrasted with surrounding normal tissue (Fig. 2, C-H; Fig. 3, C-H). Based on these
images, the histograms were plotted displaying the fluorescent intensity of the tumor and
surrounding healthy tissue before and after ICG injections (Figs. 2&3, I). The
tumor/surrounding normal tissue ratios varied from 1.5 (Case 1) to 2 (Case 2), thus clearly

indicating ICG selectivity for tumor tissue.

The tumor characteristics for the last two patients (Cases 3&4) were complicated by
the presence of lichen (Figs. 4&5). In these patients, already the primary SCC tumors were
developed on the bed of lichen. Lichen is acknowledged as chronic inflammatory mucosae,

which in some cases can be transformed into malignant tumor [15].

For patient 3, visual intraoperative observations evidenced some contrast between
tumor and surrounding normal tissue (Fig. 4, C-H). However, the quantitative fluorescence
imaging analysis demonstrated a similar signal in three examined areas: normal, tumor,
and lichen (Fig. 4, I). Thus, no selectivity was detectable between cancerous lesions and

normal tissue.

As for the fourth patient, we did not observe any difference between tumor and other

tissues, neither visually nor by fluorescence analysis (Fig. 5, C-I).

3.3. Anatomopathologic diagnosis

Anatomopathologic diagnosis of the tumors is presented in Table 2. Histologically
tumors of the first two patients (Patients 1&2) were infiltrating squamous cell carcinomas
with approximately 20 mm in diameter. Tumors in two other patients were different from
previous ones. In Patient 3 histological analysis demonstrated large central ulceration with
squamous cell carcinoma in situ associated with extensive sclero-hypertrophic lichen.
The last patient (Patient 4) had infiltrating differentiated squamous cell carcinoma with a

lichen lesion. The tumor size in these patients was 15-17 mm.

4. Discussion

Treatment with concomitant chemoradiotherapy has emerged as a gold standard in
the majority of advanced squamous cell carcinoma of the head and neck. Nevertheless, the
prognosis of these cancers remains poor, with a high rate of recurrences [16]. Salvage
surgery thus becomes the only therapeutic alternative for the patient with recurrent
HNSCC offering better tumor control and survival [17]. Still, surgery for patients with

recurrent HNSCC is challenging and remains associated with high morbidity and poor



oncological outcomes. Also, not all patients are suitable candidates for salvage surgery,

and an accurate selection of these patients is a major issue.

It should be noted that positive margins after salvage surgery are of the order 18-22%
[18], and several studies have demonstrated the negative impact of positive margins after
salvage surgery on survival [19-23]. The detection of resection margins is mainly based on
visualization, palpation, and surgeon's experience. Several groups started investigating
intraoperative NIR imaging with ICG to distinguish between normal and malignant tissue
tumors in head and neck cancer and demonstrated a good imaging contrast [4,24,25]. There
is always concern that previous radical irradiation would damage the capillary and
microvasculature network, provoking necrosis at the tumor site, tissue remodeling, and as
such changes in optical tissue properties, hindering access of molecules to the tumor and
making difficult clinical perception of tumor limits [26]. In patients with recurrent
nasopharyngeal carcinoma after previous radiotherapy ICG-based fluorescence mapping of
sentinel lymph nodes was already reported [27] and demonstrated an accurate nodal
staging. The trials addressing ICG-mediated mapping in H&N cancer patients after
irradiation have not been performed. The purpose of the current study was to inspect the
feasibility of using ICG intraoperative fluorescence imaging to differentiate tumors from
normal tissues in patients with recurrent head and neck tumors after radical radiotherapy.
In fact, salvage surgeries in H&N cancer patients are challenging procedures, with
associated morbidity, considerably reduced functional integrity, and poor prognosis. There
are several criteria for Patients’ stratification for salvage surgery suitability [28]. However,
for most patients, salvage surgery is contraindicated, and the only limited number of H&N
cancer patients could be offered salvage surgery after radical RT. Thus, only four HNSCC

patients could be selected for our study.

Previous irradiations commonly provoke an increased rate of wound healing
complications in salvage surgery [29,30]. Several predisposition risk factors have been
reported for poor wound healing, such as glucose level, smoking, nutrition, and alcohol
abuse [31]. Therefore, the selection of patients and preoperative planning is recommended
to optimize outcomes and avoid complications. A rigorous surgical technique, the use of a
pedicled or free flap, post-operative local wound care, and peri-opérative antibiotics allows
to reduce post-operative complications. In our case, 2 patients were ancient smokers and
alcohol dependant (patients 1&2), while two others had no risk factors. In all four patients,

we did not notice major wound healing issues.

In patient 3 we could detect visually ICG-induced fluorescence at the tumor site,

however fluorescence image analysis did not show any contrast with surrounding healthy



tissue or lichen mass. It is recognized that open-field optical imaging varies in function of
different external conditions (camera position, over-head or ceiling lamps...) and,
therefore, a pertinent rigorous analysis that would consider all variables is hardly possible.
As was accurately proposed by Keulen and co-workers [24], a “surgical view” rather than
true quantitative analysis should be considered. From this point of view, a “surgical view”
in patient 3 met our expectations related to tumor delineation. Visually the contrast in this
patient was less pronounced compared with that in Patients 1&2. One of the hypotheses
could be that a weak fluorescence is related to extensive sclerohypertrophic lichen, thus
rending difficult ICG diffusion across the tumor. The same holds for patient 4, where the
fluorescence signal was undetectable in a “surgical view” and this lack of contrast was
further confirmed by fluorescence analysis. It worth noting that Patients 1 and 4 had a
lower irradiation dose in the resection areas compared with two other patients.
However, the contrast of ICG staining was largely in favor of Patient 1. Therefore, it
seems difficult to establish the impact of RT dose in the resection area on the contrast

of ICG staining.

5. Conclusion

Our pilot study on ICG—induced NIR fluorescence mapping in HNSCC patients
previously subjected to radical radiotherapy clearly established the feasibility of using this
technique to delimitate free of lichen tumors. To support the “surgical view” with the
quantitative statistical analysis, the custom software was developed. According to the data
obtained, the presence of thick necrotic area or old lichen lesions seems to be a major
limitation for efficient NIR mapping. The final confirmation warrants investigation in a
bigger patient sample. Difficulties in including patients after radical radiotherapy are

related to the fact that only limited numbers of patients are eligible for salvage surgery.

Overall, NIR fluorescence-guided surgery represents an invaluable tool for tumor
detection and resection because of the real-time feedback and the contrast that it offers.
Our ongoing study addresses optimal conditions (ICG concentration, the time interval
between ICG injection, and fluorescence measurements) for ICG-FGS in previously
irradiated tumor areas.

Funding: This research was funded by the Institut de Cancérologie de Lorraine.
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Table 1. Patients and tumor characteristics

Case 1 2 3 4
Previous Oral cavity Larynx Oral cavity Oral cavity
tumor site Left (Epiglottis) (Cheek (Right

tongue/Floor of mucosae). maxillary

mouth tuberosity)
Treatment of  Surgery/ Surgery/ Surgery/ Surgery/
previous radiotherapy radiotherapy radiotherapy radiotherapy
tumor Conventional IMRT IMRT IMRT

(T:66 Gy/N:50Gy)  (T:66 Gy/N:66Gy)  (T:66 Gy/N:66Gy) (T:

66 Gy/N:50Gy)
Classification pT2N1MO0 pT2N2bMO pT4N1MO pT4NOMO
Secondary Left threefold Right posterior Recurrence Right oral
tumor site region pharyngeal wall mucosae hard
palate-

Delay 9 4 3 5
preceding
secondary
tumor (years)
Type of Partial pharyngo- Posterior Mucosal Mucosal
tumor laryngectomy pharyngectomy resection resection
resection
Classification pT2 pT2 pTis pT1
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Table 2. Anatomopathologic analysis of the second tumors

Case  Anatomopathologic analysis of the tumor

1 Squamous cell carcinoma moderately differentiated, poorly mature,
infiltrating. Tumor size: 20 mm.

Intraepithelial neoplasia lesions on the periphery of the tumor at a distance
from resection margins.

2 Inflitrating well-differentiated squamous cell carcinoma. Tumor size was
25 mm and 6 mm thickness.

Central tumor ulcerated on the surface. Inflammatory stroma. Tumor was
distant from resection margins.

3 Squamous cell carcinoma in situ around the ulceration, associated with more
extensive of sclero- hypertrophic lichen. Tumor size: 10 x 15 mm. Presence
of large ulceration. No invasive carcinomatous structure.

4 Hard palate: fragment of 4.5 x 4 x 0.5 cm. Poorly defined and altered tumor

area about 1.5cm in diameter. Infiltrating differentiated squamous cell

carcinoma associated with lichen lesion.
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Figures.
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Fig. 1. Workflow for in situ fluorescence imaging. (A) Artemis NIR fluorescence imaging platform. (B&C)

Examples of surgical operation using intraoperative fluorescence imaging for visualization of tumor margins

using ICG.
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Fig. 2. Case 1. Patient with left threefold region tumor. (A) Schema representing the location and extension
of the first tumor and (B) RT dosimetry. Intraoperative imaging: (C, F) white light images; (D, G) in situ NIR
fluorescence images and (E, H) merged images. Tumor area is highlighted in red. The reference (normal
tissue) is represented by a green contour. Scale bar 2 cm. (I) Schema representing the location and
extension of the second tumor (red contour). (J) The histogram of the mean fluorescence intensity in the
areas corresponding to the normal tissue and tumor before and after ICG injection. The data are presented as

mean + SD.
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Fig. 3. Case 2. Patient with right posterior pharyngeal wall tumor. (A) Schema representing the location and
extension of the first tumor and (B) RT dosimetry. Intraoperative imaging: (C, F) white light images; (D, G)
in situ NIR fluorescence images and (E, H) merged images. Tumor area is highlighted in red. The reference
(normal tissue) is represented by a green contour. Scale bar 2 cm. (I) Schema representing the location and
extension of the second tumor (red contour) compared to the first one (blue contour). (J) The histogram
of the mean fluorescence intensity in the areas corresponding to normal tissue and tumor before and after

ICG injection. The data are presented as mean + SD.
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Fig. 4. Case 3. Patient with left mucosae cheek tumor. (A) Schema representing the location and extension of
the first tumor and (B) RT dosimetry. Intraoperative imaging: (C, F) white light images; (D, G) in situ NIR
fluorescence images and (E, H) merged images. Tumor and lichen areas are highlighted in red and cyan,
respectively. The reference (normal tissue) is represented by a green contour. Scale bar — 2 cm. (I) Schema
representing the location and extension of the second tumor (red contour) compared to the first one
(blue contour). (J) The histogram of mean fluorescence intensity in the areas corresponding to the normal

tissue, lichen, and tumor before and after ICG injection. The data are presented as mean + SD.
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Fig. 5. Case 4. Patient with right mucesae hard palate tumor. (A) Schema representing the location and
extension of the first tumor and (B) RT dosimetry. Intraoperative imaging: (C, F) white light images; (D, G)
in situ NIR fluorescence images and (E, H) merged images. Tumor and lichen areas are highlighted in red
and cyan, respectively. The reference (normal tissue) is represented by a green contour. Scale bar 2 cm. (I)
Schema representing the location and extension of the second tumor (red contour) compared to the
first one (blue contour). (J) The histogram of mean fluorescence intensity in the areas corresponding to the

normal tissue, lichen, and tumor before and after ICG injection. The data are presented as mean + SD.
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