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Head and neck squamous cell carcinomas (HNSCC) are a heterogenous group

of tumors with a poor prognosis and treatments impairing the patients’ quality of

life. We assessed post-surgical human head and neck squamous cell carcinomas

(HNSCC) and healthy tissue (n = 10 each) via HHG (higher harmonic generation)

imaging to di�erentiate healthy from tumor tissue. Qualitative imaging analysis

compared collagen fibrils detected via immunohistology and SHG (second

harmonic generation). Quantitative analysis measured the forward to backward

intensity ratio (fSHG/bSHG) of SHG images. Assessments of the tissue samples

demonstrated a structural di�erence of collagen matrix organization from healthy

tomalignant tissue. Healthy tissue was characterized by a high f/b ratio, describing

highly organized tissue, whereas a low f/b ratio was observed in malignant

tissue, indicative of reduced organization. Properly distinguishing tumor from

healthy tissue is crucial to a successful treatment and best possible outcome for

the individual patient. SHG provides broad possibilities to analyze extracellular

changes in diseased tissue, such as solid tumors and to distinguish tumor from

healthy tissue.

KEYWORDS

non-linear optics, multiphoton microscopy, second harmonic generation imaging, head

and neck squamous cell carcinoma, extracellular matrix

1 Introduction

Head and neck squamous cell carcinomas (HNSCC) are a heterogenous group of tumors

of the lips, mouth, salivary glands, inner nose, pharynx and larynx (Sung et al., 2021).

Approximately 700,000 people worldwide are diagnosed with HNSCC each year, making

it the sixth most common cancer worldwide (Ferlay et al., 2015). The 5-year-survival rate

is 51% (men) and 61% (women), the 10-year-survival rate drops to 39% in men and 50% in

women. Tobacco use of any kind and alcohol consumption are considered to be themain risk

factors for the development of HNSCC and especially cancer of the mouth, hypopharynx,

and larynx (Blot et al., 1988; Winn et al., 2015). Another more recently defined risk factor

is a chronic infection with human papillomavirus (HPV) strains, especially type 16 of the

high risk group (Argiris et al., 2008; Marur et al., 2010). A central aspect of HNSCC that

impacts most strongly on prognosis is the frequent formation of nodal metastases and a

strong tendency of these tumors to recur during cancer progression (vanHouten et al., 2004).

Tumor cell dissemination and metastases formation is supported by a transcriptional re-

programming known as partial epithelial-to-mesenchymal transition (p-EMT) (van Houten

et al., 2004), the detachment of single or fewmalignant cells from tumor areas resulting in so-

called tumor budding, and a high degree of therapy resistance of disseminated cells (Leemans

et al., 2018; Pierik et al., 2021). Hence, specific and sensitive detection of minimal residual

disease (MRD) in the process of HNSCC diagnosis may improve the patients’ outcome.
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Furthermore, patients frequently suffer from therapeutical

consequences that have a relevant impact on the quality of life.

Since these tumors occur in a region that is highly functional,

surgical as well as irradiation-based therapies are often associated

with a substantial functional impairment. The loss of physiological

phonation in laryngectomies, loss of sense of smell and taste,

dysphagia, dysphonia, xerostomia due to surgical interventions and

radiation therapy, as well as cosmetic impairments are relevant

consequences patients are confronted with (Nelke et al., 2014).

Hence, properly distinguishing tumor and normal tissue is of

crucial clinical importance as it may minimize the risk of residual

tumor tissue in surgical resection on the one hand and, on the

other hand, may avoid removing an unnecessarily large amount of

healthy tissue surrounding the tumor that creates further functional

impairments. The purpose of the present work was to use laser

scanning Second Harmonic Generation (SHG) imaging to examine

tissue samples from HNSCC and corresponding healthy tissue of

patients to investigate whether SHG can help differentiate healthy

tissue of the head and neck region from HNSCC.

SHG is a nonlinear optic phenomenon: two photons (in

practice with a wavelength of typically ≥ 800 nm) are coherently

scattered at the extracellular collagen matrix of the tissue to

generate a higher harmonic photon with half of the wavelength

(Provenzano et al., 2006; Burke et al., 2013). Thus, a multiplication

of the frequency occurs, the formation of so-called harmonics.

The term higher harmonic generation (HHG) summarizes these

nonlinear optic effects, including SHG and also third harmonic

generation (THG), that emerges from three photons generating a

single photon with a third of the original wavelength (Helmchen

and Denk, 2005). In contrast to linear optics, the wavelength of

the emitted light changes. A change of the wavelength due to

nonlinearity enables a representation of certain structures in the

range of visible wavelengths (Aptel et al., 2010). The prerequisite

for non-linear optics is a high light intensity generated by a pulsed

laser (Dela Cruz et al., 2010). The coherence of the incoming

with the outgoing light distinguishes SHG from fluorescence.

In fluorescence, molecules of the irradiated matter are excited

unlike in SHG imaging. The energy that reaches the tissue is

essentially not absorbed by it and thus no energy exchange

occurs. Phototoxicity as well as bleaching effects of the tissue

can be significantly lower than, for example, with fluorescence

microscopy (Campagnola and Loew, 2003; Zipfel et al., 2003;

Green et al., 2017). In addition, due to the laser wavelength in

the near infrared range, a penetration depth of several hundred

micrometers is achievable (Campagnola et al., 2002; Campagnola

and Loew, 2003). SHG is a second-order nonlinear optical process

that has symmetry constraints confining signal to regions lacking a

center of symmetry (Campagnola et al., 2002; Helmchen and Denk,

2005). It can image variations in the extracellular matrix (ECM)

as it emerges from non-centrosymmetric structures such as several

collagen types (Campagnola et al., 2002; Tilbury and Campagnola,

Abbreviations: ECM, extracellular matrix; HHG, higher harmonic generation;

HNSCC, head and neck squamous cell carcinoma; MT-MMP, membrane

type matrix metalloproteinase; OCT, optimal cutting temperature; OPO,

optic parametric oscillator; SHG, second harmonic generation; THG, third

harmonic generation; TPEF, two-photon excited fluorescence microscopy.

2015). The sub-resolution fibrillar assembly is revealed through

emission directionality. This information is inherent to the tissue’s

symmetrical properties due to the coherence and phase-matching

process of SHG. Measurements of SHG emission directionality,

i.e. forward to backward propagating SHG signal (f/b ratio), can

give information on structural changes in tissue and enable a

differentiation between healthy and tumor tissue (Nadiarnykh et al.,

2010). The f/b ratio depends on fibril diameter and packing density,

i.e. order and disorder in fibril packing as well as the amount

of collagen in the respective tissue (LaComb et al., 2008; Burke

et al., 2013). THG provides information on cell-cell as well as cell-

collagen matrix integrity and visualizes cells as well as membrane

borders (Adur et al., 2011).

The tumor microenvironment contains all cellular and non-

cellular structures surrounding the tumor, including immune cells,

fibroblasts, blood and lymph vessels, and also the ECM (Venning

et al., 2015). Alteration of the microenvironment can lead to

facilitation of tumor progression and metastasis, including an

altered and dynamic composition of the ECM and collagen that

can be seen in malignant tumors (Zhu et al., 1995; Kauppila

et al., 1998). Components of the ECM such as collagen not only

have support and stability functions but are also involved in

signaling pathways, cell migration, and other processes (Rozario

and DeSimone, 2010; Walker et al., 2018). Alteration of ECM

and more specifically collagen type I has been found to influence

cell invasion in malignant tumors (Sapudom et al., 2015; Chen

et al., 2019). Hence, a closer look at these structures provides

deepened insights regarding carcinogenesis, growth, andmetastasis

(Cox and Erler, 2011). It is reasonable to state that tumor invasion

and metastasis are facilitated by altered ECM (Venning et al.,

2015). ECM is therefore of great diagnostic interest with respect

to malignant diseases and broadens the view of the dynamics and

scope of changes in malignant growth.

2 Materials and methods

2.1 Tissue samples and preparation

Tissue samples from ten patients with HNSCC [oropharyngeal

(n = 2) and hypopharyngeal (n = 8) cancer] were examined.

Regions with tumor-growth as well as healthy tissue were

analyzed. Post-surgical tissue samples were snap-frozen, embedded

in O.C.T compound (optimal cutting temperature, TissueTek
R©

O.C.T compound, Sakura Finetek, USA) and cut with a cryotome

into four µm thick samples. The samples were prepared for

immunohistological staining and Elastica van Gieson staining. The

antibody used for immunohistology was specific for collagen-

I-type (Abcam, ab21286, concentration: 100 µl at 1.71 mg/ml,

1:100) and was combined with a biotinylated anti-mouse-antibody

as secondary antibody (Abcam, ab64255, concentration: 100 µl

at 7µg/ml, 1:100). Light microscopy was utilized for analysis

[Leica DMi8 microscope, Leica, Wetzlar, Germany, Contrasting

methods: (transmitted light base) TL BF, TL PH, TL POL,

IL FLUO; objectives: 5x: N PLAN 5x/0.12 PH0, 10x: HC

PI. FLUOTAR 10x/0.32 PH1, 20x: HC PI. FI. I. 20x/0.40

CORR PH1, 40x: HC PI. FLUOTAR I. 40x/0.60 CORR PH2;

condenser: Turret: BF, PH1, PH0 (no polarizer), IL-Turret (Filter

Frontiers in Imaging 02 frontiersin.org

https://doi.org/10.3389/fimag.2023.1133311
https://www.frontiersin.org/journals/imaging
https://www.frontiersin.org


Stocker et al. 10.3389/fimag.2023.1133311

cube): DAPI, FITC, TXR, EMP_BF; software: LAS X Premium

with 1TB SSD RAID, camera: Leica DFC3000 g, light source:

CoolLED pE300 lite]. Consecutive slides of the samples were

stained only with hemalum and analyzed via SHG imaging.

Qualitative imaging analysis compared collagen matrices detected

via immunohistology and SHG. Quantitative imaging analysis

measured forward to backward intensity ratio (fSHG/bSHG)

of SHG images. The setting of the project is described in

Figure 1.

The project was in accordance with the ethical standards of

the Institutional Ethics Committee (project 140-13) and with the

1964 Helsinki declaration and its later amendments or comparable

ethical standards.

2.2 Multiphoton microscopy

A TriM Scope, a multiphoton microscopy platform (La

Vision Biotec, Bielefeld, Germany), combined with an Olympus

BX51 microscope (Olympus, Hamburg, Germany), and a pulsed

femtosecond Titanium/Sapphire laser (Coherent, Dieburg,

Germany) was used. The laser generates wavelengths between

500 nm and 900 nm. Additionally, an OPO (optic parametric

oscillator, typical pulse width 200 fs, repetition rate 80 MHz,

pumped by the Ti:Sa-Laser) (APE, Berlin, Germany) was used

to generate wavelengths up to 1,300 nm to create THG of cells

and cell borders. The laser beams were focused onto the sample

with an Olympus 20x/0.95W objective, which offers a working

distance of two millimeters. The following detection channels were

used: backward (epi) detection (417–477 nm), forward detection

(417–477 nm). 700 nm short pass filters blocked out excitation

light. Light collection in forward direction was performed by an

Olympus WI-UCD condenser, NA 0.8. Photomultiplier tubes

(PMTs) were Hamamatsu H6780-01. The setup of detectors as well

as intensity and wavelengths of the laser were kept constant during

all experiments to assure comparable results in each tissue sample.

2.3 Data acquisition

Data was analyzed with the software FIJI (“FIJI Is Just Image

J”). FIJI is a freely accessible software for data analysis (Schindelin

et al., 2012). F/b ratios of all tissue samples were generated with

FIJI. Two different regions were chosen in every tissue sample.

Furthermore, within these regions, two regions of interest (ROI)

from each tissue sample were chosen, based on the highest pixel

intensity i.e., the highest amount of collagen. Pixel intensity in the

ROI and each of the two regions of the respective tissue samples

was measured. Threshold application and further image analysis

was performed as follows: as a first step, a minimal threshold

intensity signal in the background of each sample (500 µm2)

was manually selected and substracted from the sample (Aaron

and Chew, 2021). Then, the ROI was chosen (200–300 µm2).

Images were then converted into 32-bit. Forward directed images

were then divided by the backward directed images. The values

were then logarithmized. To avoid that dominant F values are

weighted more compared to large B values, log (F/B) values have

been computed.

3 Results

3.1 Collagen fibrils in conventional
immunohistology vs. SHG

Coll-I immunohistological staining were compared with SHG

to evaluate a specific visualization of collagen fibrils. The goal was

to verify the SHG signal as a specific method to visualize non-

centrosymmetric collagen fibrils, mainly collagen type 1. This has

already been shown in different experiments by various research

groups in other tumor entities (Williams et al., 2005; Rivard et al.,

2014; Tilbury and Campagnola, 2015). An established method for

the histological interpretation of collagenous tissue was used as

a baseline for the visualization of collagen in the tissue samples.

The different samples were each stained in immunohistology

with coll-1-specific antibodies for light microscopical analysis.

Consecutive sections were stained with Elastica van Gieson

staining for further light microscopical analysis of collagen and

furthermore with hemalum for multiphoton microscopy. Even

though histological staining is no prerequisite for image analysis

via SHG, the tissue was stained for better orientation and

subsequent identification of the areas of interest. Identical areas that

appeared collagen-rich in immunohistology were visualized on the

multiphotonmicroscope. Thus, a direct comparison was conducted

in consecutive tissue slides.

It was found that collagen type 1 stained by immunohistology

was also visible as SHG signal within the corresponding tissue area.

SHG signals in Figure 2 do not originally appear as a

magenta-colored signal but are colored subsequently with the

software FIJI to enable an easier visual interpretation of the

signal. Cells were visualized via THG, which was used in this

project to create a holistic image of the tissue samples and

are colored in green in the right panel of Figure 2. SHG

and THG signals were created separately from each other

since different wavelengths were used for those different signals

(SHG ≥ 800 nm, THG ≥ 1,200 nm, wavelength elongation

for THG with an OPO). The separate images were merged

and colored via FIJI subsequently, creating a comparable

microscopical image to allow to judge the congruence to

the immunohistological image. It is important to note that

THG was not further included in the experiments. THG was

incorporated to serve as a visual, to create a holistic view

of the tissue and to facilitate comparison of the different

imaging techniques.

3.2 Forward to backward intensity ratio

Two separate images were taken of each of the areas analyzed

with the multiphoton microscope: one reflecting the forward

propagated and one representing the backward propagated signal.

Figure 3 shows fSHG and bSHG in healthy tissue and HNSCC. The

f/b ratio depends on fibril diameter and packing density, i.e. order

and disorder in fibril packing as well as the amount of collagen in

the respective tissue (Burke et al., 2013).

Two separate regions of interest (ROI) of 500 x 500µm in

each tissue sample were examined. In each original image, the

section with the most intense SHG signal with maximum amount
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FIGURE 1

Setting of the project. Cryoconserved samples (4µm consecutive sections) of matched pairs (tumor and healthy mucosa) of 10 tumor samples from

HNSCC (hypopharynx n = 8, oropharynx n = 2) were stained with immunohistochemistry anti-col 1, Elastica van Gieson staining and hemalum.

Samples 1 and 2 (immunohistochemistry and Elastica van Gieson) were analyzed with a light microscope, sample 3 (hemalum) with a multiphoton

microscope. Image analysis consisted of two parts: (1) Qualitative comparison of collagen-rich regions (HNSCC and mucosa) in consecutive sections

and (2) Quantitative measurement of collagen in mucosa and HNSCC. The second part of image analysis was performed on each two independent

regions (500 µm2). A ROI with the maximum SHG intensity of 200–300 µm2 was chosen for analysis via f/b-ratio after threshold application and

logarithmization of the values.

of collagen of optimized organization was consistently selected as

the region of interest to achieve the greatest possible comparability.

This section was between 200 x 200 and 300 x 300µm large.

It was composed of numerous pixel values that are individually

scanned by the lasers of the multiphoton microscope. The pixel

values are to be regarded as independent individual values, with

the information of several thousand pixels being contained in one

ROI, providing detailed image information. All these steps were

performed for all healthy mucosal samples as well as for tumor

samples. Thus, 40 different f/b ratios were calculated, two from

each tissue sample. Those two results from each tissue sample were

totaled. The tissue samples were directly compared as matched

pairs, meaning every healthy tissue sample was compared with

HNSCC from the same patient. Finally, after averaging, 20 f/b

ratios were compared in two data sets as boxplots for healthy

tissue and HNSCC (Figure 4). Differences of the f/b-ratio between

healthy mucosa and tumor areas were analyzed for statistical

significance with a two-sample t-test assuming different variances.

With a p-value of 0.04610027, the differences between the f/b-

ratio in tumor tissue vs. healthy tissue were significant. The

assessment of the tissue samples demonstrated a structural change

of collagen matrix organization from healthy to malignant tissue.

Eight out of ten matched pairs showed a higher f/b ratio in healthy

tissue than in the corresponding HNSCC. Only two out of ten

samples showed a higher f/b ratio in HNSCC. These two samples

(4 and 5) showed no differences from the other samples with

respect to the localization of the tumor. They were, respectively,

oropharyngeal and hypopharyngeal carcinomas. Samples 1, 2 and

5 were hypopharyngeal tumor samples, samples 3 and 6–10 were

oropharyngeal tumor samples.

Hence, the presented method, namely measurement of f/b ratio

in SHG images of healthy tissue and HNSCC can outline significant

differences between those types of tissue in terms of changes in

collagen fibrils. The information obtained can be used to broaden

the diagnostic as well as therapeutic possibilities for HNSCC.

4 Discussion

SHG allows detailed imaging of non-centrosymmetric

structures such as fibrillar collagen, myosin and microtubules

(Tilbury and Campagnola, 2015). It is a tissue-sparing technique

with a low risk of phototoxicity or bleaching of the tissue, as

occurs with other techniques such as two-photon excitation

microscopy (TPEF) (Campagnola and Loew, 2003; James and

Campagnola, 2021). The foundation of signal collection is the

symmetry property of the structures of interest; thus, no staining

Frontiers in Imaging 04 frontiersin.org

https://doi.org/10.3389/fimag.2023.1133311
https://www.frontiersin.org/journals/imaging
https://www.frontiersin.org


Stocker et al. 10.3389/fimag.2023.1133311

FIGURE 2

Comparison of collagen fibrils in coll-1 immunohistology (upper left) and van Gieson (lower left) with SHG+THG (right) of consecutive slides of

tumor tissue showing the size bar (50µm and 25µm). On the upper left i.e., the immunohistological slide, collagen is shown in brown, nuclei and

cytoplasm in blue. On the lower left i.e., the van Gieson slide, collagen is shown in magenta, nuclei in black, cytoplasm in light brown. On the right,

collagen is shown as SHG signal in magenta, cell nuclei and cytoplasm as THG signal in green. Arrows in black and white mark similar structures in

the images.

of the tissue is required (Campagnola et al., 2002; Campbell and

Campagnola, 2017).

The tissue images obtained by the multiphoton microscope

represent forward propagated and backward propagated signals.

These are the result of two detectors that receive different

information: the forward signal fSHG contains the photons that

have passed through the tissue and reached the detector behind the

tissue. The backward signal bSHG is a result of quasi-phasematching

of the SHG process (LaComb et al., 2008). Most tissues have a

certain degree of irregularity of collagen fibers, packing density

and fibril diameter that might even increase in diseased states and

thus have an impact on phase matching processes and therefore

the generated backward signal bSHG (LaComb et al., 2008). The

randomness in biological tissue has an impact on the different SHG

signals (LaComb et al., 2008). Both signals, fSHG and bSHG provide

important information about the arrangement and quantity of

collagen fibrils in the tissue.

In this study, all analyzed tumor samples were p16 negative

epithelial tumors. Oropharyngeal and hypopharyngeal squamous

cell carcinoma have a similar histopathological and molecular

structure, if p16 negative, as is in this study. For HPV-negative

SCC, the two most frequent genomic alterations are p53 (83%) and

CDKN2A (57%) according to The Cancer Genome Atlas (TCGA)

data (Cancer Genome Atlas Network, 2015; Leemans et al., 2018).

That is for oropharyngeal and hypopharyngeal cancer.

P16 positive HNSCC have a relevant difference in molecular

pathological structure (Leemans et al., 2018). None of the tumor

samples in this study had an association with HPV. Since all

patients in this study were smokers, an association with nicotine

consumption and tumor initiation is debatable. Tobacco use of any

kind and alcohol consumption are considered to be the main risk

factors for the development of HNSCC and especially cancer of the

mouth, hypopharynx, and larynx (Helmchen and Denk, 2005; Han

and Brown, 2010; Green et al., 2017).

All patients had a pathological T2 or T3 staging, thus

a comparable tumor size and, overall, the patient collective

was homogenous, despite the origin of cancer varying from

hypopharynx to oropharynx. That supports the theory of the

two tumor samples with a different f/b-ratio being possible

statistical outliers. Though it needs to be discussed, whether the

chosen method of selecting ROIs might have an influence on

the measured f/b-ratio. ROIs were selected based on identifying

collagen-rich areas in the immunohistological slides that had a

certain recognition value, like an easily identifiable arrangement of

collagen strands in the tissue. But the amount of collagen in tumor

might vary due to remodeling processes in the tissue. However,

the chosen measurement protocol more likely mimics the clinical

routine and was thus chosen herein.

Changes in the ECM are highly relevant regarding the

development and progression of malignant neoplasms (Brown

et al., 2003; Nadiarnykh et al., 2010; Cox and Erler, 2011; Burke

et al., 2013). ECM as a part of the tumor microenvironment

plays a vital role in the initiation and progression of malignant

cells in tissue (Venning et al., 2015). An altered composition

of the ECM in general and specifically collagen is observed

in malignant tumors (Zhu et al., 1995; Kauppila et al., 1998;

Ramaswamy et al., 2003; Lu et al., 2012). However, these changes

are diverse: desmoplasia i.e., an increase in the amount of collagen
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FIGURE 3

Forward to backward intensity ratios of SHG signals in healthy [left, (a, c, e)] and tumor [right, (b, d, f)] tissue from the head and neck region. Shown

are representative examples including size bars (50µm). The color scaled pixel intensity is indicated in each representative image. The ratio from

forward to backward propagated signals is higher in healthy tissue compared to tumor tissue. This is indicated by the maximum pixel intensity

amounts of the respective tissue samples in healthy tissue and tumor.

(Pupa et al., 2002; Tilbury et al., 2014) but also a decreased amount

of collagen compared to healthy tissue (Curino et al., 2005; Wolf

et al., 2007) and also an increased cross-linking of fibrils (Levental

et al., 2009) have been reported. These changes can be summarized

under the term remodeling (Adur et al., 2014). Remodeling in

malignant degenerated tissue serves to facilitate tumor progression

and invasion. Numerous structures are involved in this process,

including enzymes such as metalloproteinases, which are capable

of degrading highly stable type 1 collagen as well as other collagens

(Hotary et al., 2000; Friedl and Gilmour, 2009). It is suggested
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FIGURE 4

Boxplots comparing f/b ratios of all tumor samples (left) and healthy samples (right). Mean values of the respective f/b ratios of all tissue samples in

healthy and tumor tissue were taken into consideration. Values are logarithmized, a value of −1 means a value lower by one power of ten, and a

value of 1 means a value higher by one power of ten.

that membrane-type matrix metalloproteinases (MT-MMPs) can

mediate proteolytic processes within the ECM to disrupt collagen

I rich membrane barriers and thus facilitate tumor invasion (Adur

et al., 2014).

Due to the great heterogeneity of solid tumors, it is conceivable

that collagen fibrils do not behave in the same way in every tumor.

They may serve as an invasion path for tumor cell dissemination in

some tumors due to high linearity of the fibers (Friedl and Wolf,

2008). Fibers arranged in a linear and sometimes radial fashion

around the solid tumor have been found in certain tumor entities,

particularly breast carcinomas (Provenzano et al., 2006; Conklin

et al., 2011). Collagen fibers arranged radially around tumor cells

have also been described as a risk factor for invasiveness in head

and neck tumors as demonstrated by Conklin et al. demonstrated

using HNSCC cell lines with high invasiveness (OECM-1 and

SAS). Spheroids of these cell lines were embedded and cultured

in 3D collagen type I matrices containing fluorescent particles.

Fluorescence microscopy over time revealed a radial arrangement

of collagen fibrils around the tumor cell spheroids (Conklin et al.,

2011).

Increased amounts of collagen fibrils in tumor tissue have also

been observed and described as a factor for tumor invasiveness

(Provenzano et al., 2008). Provenzano et al. demonstrated a

significantly higher risk of developing breast carcinomas as

well as pulmonary metastases in Col1a1tmJae-mutated mouse

models. These mice carry a mutation in the region of a matrix

metalloproteinase for collagen type I and are thus resistant to

enzymatic degradation of collagen type I. Col1a1tmJae-mutated

mice thus developed excessive collagen production. These mouse

models showed a 2.5-fold increase in stromal collagen compared

with wild-type models (Provenzano et al., 2008). Mouse models

with this mutation showed not only higher rates of invasive tumors,

but also higher rates of pulmonary metastases (Provenzano et al.,

2008).

However, degradation of fibers to facilitate invasion by

epithelial tumors has also been observed. Curino et al.

demonstrated this using uPARAP/Endo180, a member of the

macrophage mannose receptor family of endocytic transmembrane

glycoproteins. Here, higher expression of uPARAP/Endo180

by mesenchymal cells was described in regions of active tissue

transformation such as tumor tissue. Thus, the surrounding stroma

of tumor tissue increases the expression of uPARAP/Endo180,

and increased expression of uPARAP/Endo180 promotes

lysosomal degradation of collagen. This was demonstrated in a

comparative mouse model using mammary carcinoma-developing,

uPARAP/Endo180-deficient, and wild-type mice. In tumors of the

uPARAP/Endo180-deficient mouse models, collagen continued to

be detectable extracellularly over the course of several hours. In

the non-deficient model, collagen was detectable in intracellular

vesicles (Curino et al., 2005). Lysosomal degradation of collagen is

considered here to be an important aspect of collagen reduction in

tumor tissue for further tumor progression. With the knowledge

that components of the ECM such as collagens not only have

support and stability functions, but are involved in signaling

pathways, cell migration, and other processes (Rozario and

DeSimone, 2010; Walker et al., 2018), they are also coming to the

forefront with respect to understanding malignant events.

A comprehensive understanding of all aspects involved in

tumor progression is necessary to make diagnosis and therapy of

malignancies as successful as possible. HHG imaging and with it

SHG is a promising and useful tool for imaging and interpreting

altered ECM in human tissue. Several research groups have already

shown that reliable conclusions can bemade to distinguish between

several solid tumor entities and healthy tissue. Examinations of

Frontiers in Imaging 07 frontiersin.org

https://doi.org/10.3389/fimag.2023.1133311
https://www.frontiersin.org/journals/imaging
https://www.frontiersin.org


Stocker et al. 10.3389/fimag.2023.1133311

human ovarial tissue ex vivo presented a higher f/b ratio of SHG-

signals in healthy tissue compared to ovarian cancer (Nadiarnykh

et al., 2010), which is in line with the findings presented here.

Changes of F/b-ratios of SHG-signals dependent on the grading of

different ovarian tumors (from benign, to low-grade invasive and

high-grade invasive) (Campbell and Campagnola, 2017) or type of

ovarian tissue (normal ovarian tissue, benign tumors, low and high

grade serous ovarian cancer, low grade endometrioid cancer) were

detectable (Tilbury et al., 2017). Furthermore, a study comparing

human breast cancer tissue with carcinomata in situ and healthy

mammarian tissue ex vivo described a significantly higher f/b ratio

in healthy compared to breast cancer tissue (Burke et al., 2013).

The decreased f/b ratio of SHG signals from HNSCC samples

in this project and other human tissue samples in the referred

publications suggests that collagen fibrils in malignant tissue are

more disordered in their structure, decreased in their amount, or

both. A high f/b ratio indicates a strong forward signal resulting

from a high order of fibrils and/or abundant collagen in the tissue,

a low f/b ratio, respectively, the opposite (Han and Brown, 2010;

Chen et al., 2012; Tilbury and Campagnola, 2015). The rationale

is that the more ordered and linear collagen fibrils occur in tissue,

the greater the fSHG/bSHG is due to less scattering of photons (Ajeti

et al., 2011). This means that only a small fraction of the emitted

photons is scattered and reflected by collagen fibrils. With the

assumption that tumor tissue is not subject to controlled growth,

a low f/b ratio can be expected here consequently.

The possibility to differentiate between healthy tissue and

malignant tumor via HHG broadens the diagnostical options as

presented here in HNSCC. Functional preservation is directly

associated with quality of life after surgical resection of head

and neck tumors. Through detailed and reliable assessment of

tumor resectionmargins, therapy can be performedwithmaximum

sparing of healthy tissue and potentially increased detected of

MRD. This makes it easier to achieve functional preservation

without increasing the risk of residual tumor cells in situ.

Intravital imaging techniques such as HHG enable a compatibility

of oncologic safety and functional preservation by specifically

differentiating between healthy and malignant tissue. They allow

the analysis of not only cellular but also extracellular changes in

diseased tissue.

Regarding HNSCC, in vivo interpretation of tumor margins is

relevant considering the possibility of residual tumormasses in situ.

Long-term exposition of tissue with alcohol and cigarette smoke is

a risk factor for field cancerization, an appearance of precancerous

lesions in the vicinity of the primary tumor first described

by Slaughter et al. (1953). These lesions are often clinically

indistinguishable from healthy tissue unless they present with

overt dysplasia. Leukoplakia, mucosal atrophies, or even completely

unremarkable clinical findings adjacent to the tumor may be

seen, which however harbor molecular changes associated with

a pre-malignant state (Pierik et al., 2021). Failure to resect these

premalignant lesions leads to a high recurrence rate of the tumor

and thus a poor prognosis (Poh et al., 2006; Ryser et al., 2016).

The tissue-protecting properties of HHG allow in vivo applications

(James and Campagnola, 2021). Tissue samples do not need to

be stained and can be analyzed microscopically directly after

resection. Microscopy in the sense of frozen section diagnostics

would be conceivable, which could make valid statements about

a resection in sano or a possibly necessary more radical resection

directly in the intraoperative setting. Research groups have already

examined resection margins of colon carcinomas in this way and

were able to detect significant differences between tumor-free

and tumor-involved resection margins (Yan et al., 2014). Equally

conceivable would be an application complementary to frozen

section diagnostics to allow direct intraoperative in vivo detection

of the required extent of tissue resection using HHG microscopy.

This would require a compact microscope suitable for an operating

room and a standardized analysis capability of the respective tumor

to make valid statements (Meyer et al., 2013).

Another promising development concerning in vivo

diagnostics via HHG is endoscopic microscopy (Ducourthial

et al., 2015; Williams and Campagnola, 2015; Zhang et al., 2019).

Coupled to existing fiber optic imaging devices or as a completely

independent multiphoton micro-endoscope, these tools could

enhance pathology analysis of multiple diseases including HNSCC

and allow real-time surgical determination of tumor margins

intraoperatively (Wu et al., 2009; Zhang et al., 2012).

Changes of the ECM as detected via f/b ratio might even

present as a diagnostic marker for HNSCC. To establish a reliable

diagnostical tool, higher patient numbers have yet to be evaluated

with this method in retrospective and prospective cohorts with

clinical follow-up.

5 Summary and conclusion

Our results support the theory of highly disordered collagen

in malignant tumors—here in particular HNSCC—compared to

healthy tissue. These structural changes were made visible by SHG.

Multiphoton microscopy, and with it SHG, are promising tools

for the diagnosis of malignant diseases. Tumor diagnostics and

therapy could be performed in a more targeted and tissue-sparing

manner. This part of non-linear optics is a dynamic field of research

with highly interesting findings in recent years. It can provide

information on different tissue structures on its own and create

a holistic, detailed image of the respective tissue when combined

with other imaging techniques. The move toward tissue-sparing,

minimally invasive types of microscopy opens a broad field in the

diagnosis of a wide variety of diseases with potential implications in

therapeutic choices. The potential of non-linear optics in medicine

has already been demonstrated in recent years and will be further

exploited with future development of clinical application areas.
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