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Abstract Confocal laser endomicroscopy (CLE) is an
imaging technique that uses miniaturized fiberoptic probes
to allow real-time histological imaging of human tissue. An
application of CLE in otorhinolaryngology has hardly been
investigated so far. In our study, we analyzed the appli-
cability of CLE to visualize cancerous and healthy tissue of
the head and neck region. Formalin-fixed tissue specimens
from 135 head and neck squamous cell carcinoma
(HNSCC) patients and 50 healthy controls were investi-
gated using CLE with and without topical application of
acriflavine. Four head and neck surgeons, four pathologists,
and four laymen evaluated the CLE images of the HNSCC
cases regarding the tumor localization and its border to
healthy tissue. The tumor localization and the tumor border
were correctly identified in 97 % by the pathologists, 85 %
by the head and neck surgeons, and 70 % by the laymen.
The main difference in evaluation results was seen in the
correct identification of the tumor site (p < 0.05), while
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there was no significant difference in the identification of
the tumor border. CLE is a valuable tool for real-time
histological imaging of HNSCCs. It can help to visualize
the tumor border and, thereby, facilitate a more precise
tumor surgery.
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Introduction

Head and neck squamous cell carcinomas (HNSCCs)
belong to the six most common cancers worldwide and
account for approximately 5 % of all human malignancies
[1]. In the majority of cases, the patients are treated with a
surgical tumor resection. Depending on the stage of disease
and the general condition of the patient, surgical treatment
is followed by radiation, chemoradiation or radiotherapy
combined with the anti-EGFR antibody cetuximab [2].
Thereby, a complete resection of the tumor is essential for
the patients’ prognosis [3] and is usually controlled intra-
operatively by rapid section histology. However, this
technique implies a delay of the surgical procedure and
necessitates an additional resection of tissue to achieve a
histological verification of tumor-free resection margins.
Confocal laser endomicroscopy (CLE) is an imaging
technique that can provide so-called “optical biopsies”, i.e.,
microscopic information of tissue in real-time with a reso-
lution down to 1 pm and a 1000-fold magnification. CLE
uses a combination of confocal microscopy technique and
the detection of tissue fluorescence using a laser excitation
source [4]. In surgery as well as endoscopic examinations,
the microscope can thus be brought into the patient using a
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rigid or flexible laser light probe instead of bringing the
patients tissue to the microscope. First studies highlighted
the potential benefit of CLE for noninvasive real-time his-
tological imaging in gastroenterology [5—11], gynecology
[12, 13], urology [14, 15], pneumology [16-18], and neu-
rosurgery [19, 20]. However, there are only a few studies
comprising small numbers of patients in the field of head and
neck surgery [21, 22]. White et al. first described in 1999 the
application of CLE in the head and neck region of 6 healthy
controls and described its morphological correlations with
corresponding H&E stained tissue sections [23]. This first
description of CLE imaging of the head and neck region was
followed by several in vitro [24-28] and in vivo studies
[29—40] focusing on the noninvasive detection of HNSCCs
using CLE [40]. While, in some of these studies, the tissue
autofluorescence seemed to be sufficient to provide valuable
CLE images [23-25, 27, 29, 33, 35, 37, 38], an improvement
of tissue contrast was reported in other studies using topically
or systemically applied fluorescent dyes as acriflavine, flu-
orescein, 5-aminolaevulinic acid, proflavine or hypericin
[26, 28, 30-32, 34, 36, 38, 40]. However, all of these studies
mainly addressed the applicability of CLE for the real-time
imaging of the tumor’s histoarchitecture in comparison with
healthy tissue of the head and neck region. No study has
investigated so far if CLE can also be used to visualize the
border between cancerous and adjacent healthy tissue, which
would be highly beneficial in head and neck cancer surgery.
Also, all mentioned studies are limited to a comparably small
number of patients with a patient number of less than 50.
In this study, we investigated on 185 tissue samples
from 135 HNSCC patients and 56 healthy controls (1) if
CLE can be used to visualize the histological structures of
healthy and cancerous tissue of the head and neck region,
(2) if the topical application of acriflavine can improve the
tissue contrast, and (3) if CLE can be applied to visualize
the tumor margins of HNSCCs to adjacent healthy tissue.

Materials and methods
Tissue samples and study design

Formalin-fixed tissue samples from 135 HNSCC patients
and 50 healthy control patients were investigated in this
study. The clinical diagnoses in the HNSCC group were
laryngeal cancer (n = 26), tonsil cancer (n = 26), tongue
base cancer (n = 24), hypopharyngeal cancer (n = 15),
tongue cancer (n = 10), cancer of the soft palate (n = 8),
cancer of the pharyngeal wall (n = 7), cancer of the floor of
the mouth (n = 6), cancer of the buccal mucosa (n = 3), and
nasopharyngeal cancer (n = 1). The samples from the
healthy control group comprised tissue of the nasal respira-
tory mucosa (n = 12), tonsil (n = 8), thyroid gland (n = 7),
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parotid gland (n = 6), lymph nodes (n = 3), skeletal muscle
of the soft palate (n = 3), mucosa of the lip (n = 2), buccal
mucosa (n = 2), parathyroid gland (n = 1), and elastic
cartilage from the ear (n = 1). The local Medical Associa-
tion ethics review committee approved the scientific use of
the patients’ tissue and clinical data (index number 207/10).
The study has been performed in compliance with the Hel-
sinki Declaration and its later amendments. Written
informed consent was obtained from all patients.

Confocal laser endomicroscopy

All 185 FFPE tissue samples were investigated with con-
focal laser endomicroscopy using the Cellvizio® system
(Mauna Kea Technologies, Paris, France; cost: 140,000 €
for the analysis system). All investigated tissue samples
were already taken before during surgical procedures.
Thereby, an ultrahigh-definition probe (Cellvizio® Gastro
Flex; Mauna Kea Technologies, Paris, France; tip diameter
2.7 mm, length 3 m, resolution 3.5 pm, field of view of
600 pm, depth 100 um; 5000 € per probe) was gently
moved over the tissue surface of the ex vivo samples with
slight pressure providing short movies with a temporal
resolution of 12 frames per second. To analyze a potential
improvement of tissue contrast using fluorescent dyes, all
185 tissue specimens were investigated with CLE with and
without topical application of acriflavine hydrochloride
0.05 % (Sigma Aldrich, Melbourne, Australia). Acriflavine
was dropped on the tissue surface following a rinse with
lactated Ringer‘s solution after an incubation time of 10 s
and an immediate investigation with CLE. For 20 selected
cases (15 HNSCC cases and 5 control cases), fresh-frozen
specimens were investigated with CLE as well and com-
pared with the CLE images from the corresponding FFPE
samples to evaluate the effect of formalin fixation on CLE
imaging quality. In this study, microprobes were not used
to identify tumor margins in vivo.

As every microprobe can be used 20 times, the cost per
patient/tissue sample CLE analysis is about 250 € (apart
from the acquisition cost).

Evaluation of CLE images

Following CLE imaging, representative images from the
movies of the 135 HNSCC cases were chosen that illustrate
the tumor tissue and its border to adjacent healthy struc-
tures. These images were evaluated by four head and neck
cancer surgeons with only marginal experience in histo-
morphology, four pathologists with large experience in
histomorphology and four laymen without any experience
in histomorphology. The laymen group consisted of four
university graduates without any medical education. Before
starting the evaluation, all examiners were introduced into
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the morphological characteristics of CLE imaging using a
uniform series of CLE images and the corresponding H&E
stained tissue sections from 12 keratinizing and 12
nonkeratinizing HNSCC cases as well as 12 healthy control
cases. The evaluation itself then consisted in marking the
tumor site with a star and drawing a line at the supposed
border between cancerous and healthy tissue (see Fig. 6).
The evaluation of the 135 HNSCC cases was performed
immediately after the training procedure. As gold standard
for defining the tumor margin in the investigated tissue
samples, H&E stained sections of the respective FFPE
tissue were made, and the tumor border and the tumor
localization were marked by a pathologist who was not
involved in the evaluation of the CLE images.

Histological analysis

For morphological control, the tissue samples were paraf-
fin-embedded, cut into 5 pm sections and H&E stained
using a standard protocol. For taking photographs, the
Nikon Eclipse TE2000-S inverted microscope, the Nikon
Digital Sight DS-5Mc camera, and the NIS-Elements AR
software version 3.0 (Nikon; Tokyo, Japan) were used.

H&E

collagen fibres adipose tissue skeletal muscle

lymphatic tissue

Statistical analysis

For statistical analysis, a Kruskal-Wallis test was used
applying the commercially available software Statistical
Package for the Social Sciences v. 17.0 (IBM, Chicago, IL,
USA), XLStat Pro (Addinsoft, New York, NY, USA) and
GraphPad Prism (GraphPad Software Inc., La Jolla, CA,
USA). p values < 0.05 were considered statistically sig-
nificant (o« = 0.05). In the figures, statistically significant
results are marked with *(p < 0.05), **(p < 0.01) or
*#%(p < 0.001). Statistically nonsignificant results are
marked with “ns”.

Results

Visualization of healthy tissue of the head and neck
region

First, we investigated formalin-fixed tissue specimens of
the head and neck region taken from 50 patients without a
head and neck tumor. Thereby, even detailed histolomor-
phological structures as skeletal muscle fibers, adipose

vessel peripheral nerve

mucous glands

squamous epithelium

Fig. 1 CLE images (left column) without topical application of acriflavine and corresponding H&E stained slides from FFPE tissue samples
(right column) are shown for healthy tissue of the head and neck region. CLE and H&E images are shown in x40 magnification
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tissue, collagen fibers, and lymphoid tissue could be visu-
alized down to the cellular level (see Fig. 1). Collagen
fibers, the elastic internal membrane of vessels and lym-
phocytes showed the highest intensity of autofluorescence,
whereas for nonkeratinizing squamous epithelium, gland
tissue, and peripheral nerves, a much weaker fluorescence
signal was detected.

Fig. 2 Confocal laser
endomicroscopy (CLE) images
(left column) and H&E stained
slides from the same FFPE
tissue samples are shown for
two keratinizing (a, b) and two
nonkeratinizing (¢, d) HNSCCs.
CLE and H&E images are
shown in x40 magnification

@ Springer

Visualization of head and neck squamous cell
carcinomas

Also, formalin-fixed tissue samples from 135 HNSCC
patients were investigated with CLE seeking to visualize
the tumor morphology as well as the border between the
tumor and adjacent healthy tissue (see Fig. 2). With CLE,
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# Cellvizio' # Cellvizio'

# Cellvizio' # Cellvizio'

# Cellvizio' # Cellvizio'

Fig. 3 CLE images are shown for native (fresh frozen, left column),
formalin-fixed (middle column), and formalin-fixed paraffin embed-
ded tissue (right column) from skeletal muscle of the soft palate (a), a

we could reliably differentiate keratinizing from nonkera-
tinizing tumors, as keratinizing tumors showed not only a
higher intensity of autofluorescence but also, in most cases,
the characteristic formation of keratin pearls. However, we
found that a keratinizing surface of the tumor interfered
with imaging quality in some cases of extensively kera-
tinizing growth pattern with a keratin surface thicker than
50 um leading to a slightly reduced resolution of CLE
images taken from deeper structures. However, the quality
of the images was still high enough to allow the identifi-
cation of cellular structures and to differentiate tumor tis-
sue from adjacent healthy tissue.

To exclude that the process of formaldehyde fixation
substantially altered the autofluorescence of the tissue
detected with CLE, we compared the CLE images of fresh-
frozen tissue, formalin-fixed tissue, and formalin-fixed,
paraffin-embedded tissue from the same patient for 15
representative HNSCC cases and five healthy control cases.
Thereby, only marginal differences were seen when

# Cellvizio'

# Cellvizio'

keratinizing (b), and a nonkeratinizing squamous cell carcinoma (c).
CLE images are shown in x40 magnification

comparing the CLE images with a minimally weaker tissue
contrast in native tissue due to a slightly decreased range of
brightness as compared with FFPE tissue (see Fig. 3),
though histomorphological structures could as easily been
differentiated in the CLE images of native tissue as in the
CLE images of FFPE tissue.

Identification of tumor localization and tumor
margins

In the next step, the CLE images from all 135 HNSCC
cases were evaluated by four head and neck surgeons with
only marginal experience in histomorphology, four
pathologists with wide experience in histomorphology, and
four laymen without any experience in histomorphology. In
detail, the examiners had to manually draw a line in the
CLE images where they would suppose the border between
the tumor and adjacent healthy tissue and to mark the
tumor site with a star (see Fig. 4). Before starting the
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Fig. 4 Evaluation results of CLE images are shown for head and
neck surgeons (left column), pathologists (middle column), and
laymen (right column) regarding a correct localization of the tumor
and its margins (a), a wrong localization of the tumor (b), a wrong

evaluation, all examiners were introduced into the mor-
phological characteristics of CLE imaging using a uniform
series of CLE images and images from corresponding H&E
stained tissue sections for 12 keratinizing and 12 nonker-
atinizing HNSCC cases as well as 12 healthy control cases.

After this initial training in CLE morphology, a correct
marking of the tumor border and the tumor localization was
achievedin 97 % of cases by the pathologists, in 85 % of cases
by the head and neck surgeons and in 70 % of cases by the
laymen (see Fig. 5). While there was no significant difference
between the three groups regarding the correct identification
of the tumor border, we found highly significant differences in
the right localization of the tumor site with the best result for
the pathologists, followed by the head and neck surgeons and
the laymen. Thereby, a correct marking of the tumor border as
well as the tumor localization was achieved in 97 % of cases
by the pathologists, in 85 % by the head and neck surgeons,
and in 70 % by the laymen (see Fig. 5).
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Comparison of autofluorescence and acriflavine
staining

As in many studies, a topical application of acriflavine
was recommended to achieve an improvement of tissue
contrast, and we repeated the CLE analysis for all 185
formalin-fixed tissue samples with an additional topical
application of acriflavine before starting the measure-
ment with the CLE probe. Herein, the topical applica-
tion of acriflavine did not substantially improve the
visualization of histomorphological structures of heal-
thy or cancerous tissue. As acriflavine predominately
stains the nuclei of the cells, we found a suppression of
the autofluorescence of collagen fibers (see Fig. 6a, d)
and the elastic internal membrane of vessels (see
Fig. 6b). In contrast, the nuclei of fibrocytes and tumor
cells showed a much stronger fluorescent signal (see
Fig. 6b, d).
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Fig. 5 CLE images are shown
for interstitial connective tissue
with collagen fibers (a), a small
vessel (b), skeletal muscle of
the soft palate (¢) and a
nonkeratinizing HNSCC

(d) with (right column) and
without topical application of
acriflavine (left column). All
images were taken from FFPE
tissue samples and are shown
in x40 magnification
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Fig. 6 Two representative CLE
images from one keratinizing
(a) and one nonkeratinizing
HNSCC (b) are shown. The
tumor site is marked by a black
star (*) and the tumor border to
adjacent healthy tissue is
marked by a black line. CLE
images are shown in x40
magnification

# Cellvizio'

Discussion

Head and neck squamous cell carcinomas represent 5 % of
all human cancers worldwide with an incidence of 350,000
new cases each year [1, 41-43]. For the majority of
patients, surgery is the treatment of choice and followed by
an adjuvant treatment including radiation,
radiochemotherapy or radioimmunotherapy where neces-
sary. Thereby, a complete resection of the tumor (RO) is
essential for therapeutic success and crucially influences
the patients’ prognosis [3]. As rapid section histology
engages some time until the result is available and neces-
sitates an additional resection of tissue, CLE is a promising
technique to overcome these challenges and allow an
intraoperative noninvasive real-time histological imaging
[21, 22]. In our study, we investigated the applicability of
CLE for the imaging of healthy and cancerous tissue of the
head and neck region with an emphasis on the visualization
of the tumor margins.

First, we investigated healthy and cancerous tissue of
the head and neck region and compared the quality of CLE
images with corresponding H&E stained tissue slides.
Thereby, we could show that CLE can visualize histo-
morphological characteristics of head and neck tissue with
a high quality and a resolution down to the cellular level
without any need for a topical pretreatment of the tissue
with fluorophores. In contrast to these findings, many other
studies recommended the use of topically or systemically
applied fluorescent dyes to improve tissue contrast
[26, 28, 30-32, 34, 36, 38, 40]. Thereby, most authors
prefer a topical application of acriflavine or a topical or
systemic application of fluorescein. However, one has to
consider that systemically or topically applied fluorescein
is neither approved by the Food and Drug Administration
(FDA) nor the European Medicines Agency (EMA) for a
use apart from diagnostic angiography and angioscopy of
the retina and iris vasculature [6], though the risks seem to
be low [6, 44]. For acriflavine, mutagenic effects have been
reported [45]. Because of the lacking admission by the
approval agencies, the potential risks for the patients’
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health, and the only marginal improvement of tissue con-
trast, we do not advise to use any fluorescent dyes for CLE
imaging of the head and neck region in vivo.

Following the analysis of all 185 FFPE tissue samples
with CLE, representative images from the recorded CLE
files were selected and evaluated by four head and neck
surgeons, four pathologists, and four laymen regarding the
tumor localization and the tumor margins. Thereby, the
pathologists reached the highest rate of correct classifica-
tion, followed by the head and neck surgeons and the
laymen. Certainly, these evaluation results cannot be gen-
eralized due to the limited number of examiners and the
different experience in histomorphology between and
inside the groups of evaluators, though it is obvious that
pathologists also generally show the widest experience in
evaluating histological images, and thus should have the
highest chance for a correct interpretation of CLE videos or
images. As, in our study, the relatively small number of 36
CLE images that was used for the initial training in CLE
morphology was sufficient even for the laymen to reach a
rate of correct classification in 70 %, it seems to be realistic
that additional training could shorten the gap between head
and neck surgeons and pathologists.

One limitation of this study is that we had to restrict our
examinations to formalin-fixed tissue samples due to the
missing applicability of fresh-frozen tissue for all included
patients. This limits the transferability of our results to the
intraoperative situation due to the different constitution and
molecular tissue structure caused by formaldehyde-induced
protein and DNA crosslinking and the resulting change of
tissue autofluorescence. However, we have shown that
there are only marginal differences in CLE morphology
mainly regarding the range of brightness when comparing
fresh-frozen and formalin-fixed tissue from the same
patients (see Fig. 3) without any difference in the resolu-
tion of the CLE images. Accordingly, we assume that our
results on ex vivo specimens are largely transferable to an
in vivo situation.

Beneath, as the images for the evaluation were taken
from recorded video frames, there is a potential selection
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bias. Thus, it cannot be excluded that the evaluation results
based on the selected images differ from an evaluation of
the whole frames as they would be used in the operating
room. To show that also in an in vivo situation, the probe
can not only image the tumor border at different portions of
the tumor but also feasibly follow along the surface of
tissue to define a surgical margin, we added an exemplary
video showing this tracking of the tumor border along the
tissue surface with CLE as supplementary material (Video
S1).

When considering a transfer of CLE imaging to the
operating room as a tool to visualize tumor tissue and its
margins, one has to consider that the correct interpretation
of CLE images needs some experience in histomorphology.
As shown in our study, head and neck surgeons themselves
will probably not be able to identify the tumor site and its
margins with a sufficient reliability to guarantee tumor-free
resection borders. Consequently, the knowledge of a
pathologist would be needed for the correct interpretation
of CLE images. One possibility to overcome this challenge
could be a direct transfer of the intraoperatively gained
CLE data using a wireless network to the pathologist who
can than advise the surgeon how to proceed. Thus, head
and neck surgeon and pathologist could discuss CLE
images during the operation to spare time and functionally
important tissue. Another potential application of CLE in
the future could be to analyze the expression of molecular
biomarkers by the tumor cells in real time as first studies
have shown that antibody-linked fluorophores can specifi-
cally be detected with CLE in vivo [9, 10].

However, one has to consider the technical limitations
when applying CLE for the intraoperative identification of
tumor margins. Due to the limited depth of view of
approximately 60 pm, tumors that show a predominately
submucosal growth pattern could be missed. Furthermore,
the presence of mucus, bleedings or coagulated areas could
impair CLE imaging in an intraoperative situation [35].
Beneath that, one has to consider that so far there exists no
CLE microprobe specifically designed for an intraoperative
use in the head and neck region with tumors often located
at awkward areas, e.g., the tongue base. However, the
Cellvizio® GastroFlex™ microprobe that was used in our
study is very flexible with a small diameter of only 2.7 mm
and should, therefore, maneuverable enough to get to any
localization of the upper aerodigestive tract. Furthermore,
there are nine further kinds of CLE microprobes available
with a variable tip diameter, length, resolution, field of
view, and depth (Table S1), so that depending on the
anatomical localization and the diagnostic requirements,
the technical specifications can be adapted, though an
in vivo study will be needed to investigate if CLE is an
appropriate technique to visualize the localization and
margins of HNSCCs in the intraoperative situation.

Conclusion

Taken together, our study has shown that CLE constitutes
an easily applicable technique for noninvasive real-time
histological imaging of healthy and cancerous tissue of the
head and neck region at a cellular level and that the border
between the tumor and healthy tissue as well as the
localization of the tumor can reliably be identified by
physicians with increasing success depending on their
experience in histomorphology. Hence, CLE imaging is a
promising tool for head and neck cancer surgery obtaining
real-time optical biopsies and has the potential to improve
the quality of surgical treatment.
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