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Abstract: Second harmonic generation (SHG) microscopy has emerged over the past two
decades as a powerful tool for tissue characterization and diagnostics. Its main applications in
medicine are related to mapping the collagen architecture of in-vivo, ex-vivo and fixed tissues
based on endogenous contrast. In this work we present how H&E staining of excised and fixed
tissues influences the extraction and use of image parameters specific to polarization-resolved
SHG (PSHG) microscopy, which are known to provide quantitative information on the collagen
structure and organization. We employ a theoretical collagen model for fitting the experimental
PSHG datasets to obtain the second order susceptibility tensor elements ratios and the fitting
efficiency. Furthermore, the second harmonic intensity acquired under circular polarization is
investigated. The evolution of these parameters in both forward- and backward-collected SHG
are computed for both H&E-stained and unstained tissue sections. Consistent modifications
are observed between the two cases in terms of the fitting efficiency and the second harmonic
intensity. This suggests that similar quantitative analysis workflows applied to PSHG images
collected on stained and unstained tissues could yield different results, and hence affect the
diagnostic accuracy.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Bright-field microscopy (BM) of hematoxylin and eosin (H&E) stained tissue sections represents
at the time being the gold standard of traditional histopathology workflows aimed at tissue
characterization and diagnostics. The popularity of H&E staining derives from the simplicity of
the tissue preparation protocol and this stain’s ability to highlight relevant pathological features in
thin tissue sections. The first step in preparing tissues for such histopathology sessions involves
the deparaffinization and rehydration of tissue sections obtained from paraffin embedded tissue
blocks with a microtome. This step is followed by the actual staining process [1], which first
involves dipping the tissue section in hematoxylin which stains nucleic acids in a blue-purple color.
The tissue is then counterstained with eosin which marks proteins nonspecifically within the
cytoplasm, borders of the cell membrane, red blood cells and extracellular structures (including
collagen) in varying degrees of pink. Bright-field microscopy of the so prepared samples allows
a trained pathologist to identify meaningful pathological features for placing a diagnostic.
Although BM of stained tissue sections represent the gold standard for tissue characterization,
other imaging techniques have gained massive momentum over the past years, having huge
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potential to overcome some of the most prominent limitations of traditional histopathology
workflows. Multiphoton microscopy (MPM) [2] has emerged as a powerful method for the
label-free characterization of the morphology and composition of in-vivo [3,4], ex-vivo [5-7]
and fixed tissues [8]. Among the available MPM techniques, two-photon excitation fluorescence
(TPEF) microscopy and second harmonic generation (SHG) microscopy have demonstrated
their usefulness in probing tissue properties with important roles for establishing the tissue
state and, finally, a diagnostic. TPEF involves the simultaneous absorption of two photons with
combined energy sufficient to induce an electronic transition to an excited state [9]. Tissue
imaging with TPEF is usually performed based on endogenous contrast, exploiting the emission
of various fluorescent molecules natively present in mammalian tissues such as melanin [10],
reduced nicotinamide adenine dinucleotide (NADH) and flavin adenine dinucleotide (FAD) [11].
Second harmonic generation is a coherent second order nonlinear effect in which two photons
interact simultaneously with a non-centrosymmetric molecule and produce a new photon with
exactly twice the energy of the interacting photons. Upon excitation with an intense short laser
pulse, three types of biomolecules are known to generate second harmonic (SH) signals: tubulin
[12], myosin [13] and collagen [14]. Polarization-resolved SHG (PSHG), an extension of SHG
microscopy, exploits the coherent nature of the SH signals, whose intensity depends on the
input laser beam polarization and on the structure and organization of the non-centrosymmetric
molecules in the focal volume [15]. PSHG augments thus SHG microscopy by using theoretical
models for collagen (e.g., the single-axis molecule model [16], the generic model [17]) and fitting
algorithms resulting in a pixel-level quantitative analysis [18]. Ratios of the elements of the
second order nonlinear susceptibility tensor (%*)) for collagen [18,19], the fitting efficiency [20]
and SHG pixel intensities [21] are just a few image quantitative parameters used to characterize
collagen in PSHG datasets.

Numerous results obtained throughout the past two decades have shown that SHG microscopy
provides an extended insight into the collagen distribution in the extracellular matrix of different
organs, which can enhance the results obtained by using traditional H&E staining. This technique
is thus regarded as a powerful diagnostic tool with potential for enabling a wide variety of
medical applications that can benefit from probing the collagen architecture in tissue with high
precision. For different pathologies of the skin [22], breast [23,24] ovaries [24,25], thyroid [21,26],
pancreas [27,28], the gastrointestinal tract [29,30], or various oral tissues [31], SHG imaging
was successfully used to perform both subjective, and more importantly, quantitative analyses
over the collagen distribution with massive implications for in-vivo and ex-vivo diagnostics of
unstained tissues.

Many of the SHG imaging experiments performed to date have been implemented on freshly
excised tissue samples [29] which is of great interest to clinical applications since it enables tissue
evaluation under conditions close to the physiological ones, avoiding time-consuming preparation
methods. SHG microscopy was also performed on cryosections [32], but the limiting factor is
the formation of ice crystals which enables morphological distortions within the tissue. Tissue
sections preparation via fixation, paraffin embedding, and microtome slicing maintains the overall
tissue morphology with the advantage of prolonged storage of the tissue. Following the entire
histological protocol, the tissue sections are stained with H&E. Many SHG imaging experiments
were performed on both stained [33-35] and unstained [36-38] fixed tissue sections. Usually,
SHG images are first recorded on the unstained section which is then stained with H&E for
standard histological examination with a bright-field microscope. In such workflows, care needs
to be taken for avoiding thermal modification of the tissue under intense laser pulses required by
SHG imaging. It was also shown that SHG imaging can be performed on H&E de-stained tissue
sections [39]. The advantage of imaging tissue sections resides in the fact that SHG microscopy
can provide additional diagnostic cues to the standard histology protocol and can be applied on
the same sections to complement BM observations. Furthermore, the availability of a traditional
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H&E image next to a SHG image, consistently facilitates the interpretation of the latter by a
trained expert.

Digital pathology has largely evolved over the past years, and in connected endeavors the
development of different quantitative analysis algorithms aimed at feature segmentation and
identification, or classification of different tissue pathologies has gained important interest. Many
such methods have also been reported to date in connection with SHG, quantitative SHG analysis
being regarded as an important additional source of information to the qualitative morphological
analyses carried out on intensity based SHG or BM images. However, to the best of our knowledge,
past quantitative analyses of SHG datasets have not considered if the fixed tissues targeted by the
experiment were stained or not, as it is largely acknowledged that H&E staining does not interfere
with the observation of morphological features in SHG images based on endogenous contrast.

In this work we explore whether H&E staining influences the outputs of typical quantitative
analyses of PSHG imaging. We focus on the problem of extracting specific image parameters
from PSHG image stacks, in the intention to observe if the same image analysis workflow can be
applied to both stained and unstained tissues to result in the same output. Our results show that
addressing stained and unstained tissues with identical PSHG image analysis workflows yield
different results in some scenarios, which to the best of our knowledge has not been reported
to date. We consider this finding to be important as improper use of image analysis methods
can affect the diagnostic accuracy, with implications for the adopted therapies and survival
rates. Furthermore, our results suggest the need for novel PSHG image analysis methods and
workflows that are specifically dedicated to stained or unstained tissues, and of PSHG image
analysis methods that are capable to generalize better than current ones.

2. Materials and methods

2.1.  The nonlinear optical microscope

Imaging of histological sections was performed with a three-channel Leica TCS SP (Leica
Microsystems, Wetzlar, Germany) laser scanning confocal microscope adapted for nonlinear
imaging. SHG and TPEF were measured simultaneously: SHG was collected in both forward and
backward directions, while epidetection was used for TPEF. A Ti:Sapphire laser (Chameleon Ultra
II, Coherent, Santa Clara, California, US) was used for nonlinear excitation. The laser provided
~140 fs pulses emitting at 870 nm with a pulse repetition rate of 80 MHz. A 40X 0.75 numerical
aperture (NA) objective was used for excitation. A shortpass filter (FFO1-750/SP-25, Semrock,
Rochester, New York) combined with a bandpass filter (FB430-10, Thorlabs, Newton, New Jersey,
United States) were used in the forward detection direction for filtering the forward-generated
SHG (FSHQG) collected by using a 0.9 NA condenser lens. The spectrally resolved setup inherent
to the confocal microscope was used for collecting the backward-generated SHG (BSHG) signals
(435 to 440 nm) and the TPEF (450 to 700 nm). The images involved in this study were collected
by averaging 3 frames of 512 x 512 pixels acquired at 200 lines/s. Laser beam powers lower than
15 mW, measured in the objective focus, were used during scanning.

The input excitation laser beam was linearly polarized by a combination between an achromatic
quarter-wave plate (AQWP05M-980, Thorlabs) and an achromatic half-wave plate (AHWPO5M-
980, Thorlabs) mounted in motorized rotation stages (PRM1/MZ8, Thorlabs) and placed in the
laser beam path before the microscope. The input laser polarization control followed a procedure
similar to [40], resulting in values less than 0.12 for the ellipticity of the linear polarization states.
PSHG image stacks were acquired by rotating the linear laser beam polarization by increments of
20° from 0° to 180°. The same quarter-wave plate and half-wave plate combination was used to
create a circular polarized laser beam which was used for the SHG intensity estimation.
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2.2. Sample preparation

To test the influence of the H&E staining on the SHG emission and PSHG parameter extraction
we used skin and breast tissues samples obtained from the Department of Pathology, Bucharest
Emergency University Hospital, according to all institutional protocols. All samples were
deidentified prior to imaging. The tissue samples were processed according to standard histology
procedures, being fixed in formalin (10%), dehydrated through alcohol and xylene passages,
and embedded in a block of paraffin wax for slicing by a microtome. Even though a procedure
which implies first imaging the unstained section by SHG microscopy, then staining the section
and re-imaging the same area might be more straightforward, its implementation raises some
practical problems. For example, in our case we have observed that for some tissue areas (e.g.,
in the case of skin tissue the dermo-epidermal junction and in the case of breast tissue sample
areas containing lipids) laser induced damage arises which affects the initial morphology of the
samples. Hence, four thin serial sections (2 um) were cut from the same paraffin-embedded
tissue block, mounted on glass slides and de-paraffinized by using alcohol and xylene passages.
Two slides were stained with H&E dyes using the standard procedure and covered with coverslips.
Two additional control samples were left unstained. One of the H&E-stained tissue section was
imaged using a bright-field microscope (Leica DM3000 LED) for reference. Trained pathologists
identified according to criteria specific to each tissue type different regions of interest (ROIs)
which were further imaged by SHG microscopy on all four tissue slides resulting in four PSHG
image stacks per selected ROI. A total of 118 ROIs for skin tissues samples and 98 ROIs for
breast tissue samples were imaged and analyzed. Each scanned area size is determined based on
previous results [20]. Both the optimal pixel size computed according to the Nyquist criterion
and the need to accommodate a larger sample area were considered. According to these criteria,
we included in our study ROIs of 125 x 125 um?.

2.3. Image analysis

A custom Matlab code [19] based on the Fourier analysis of the PSHG datasets [16] was used for
fitting the PSHG image stacks in a pixel-by-pixel procedure with a theoretical collagen model.
The collagen SHG intensity dependence with the input polarization angle can be written as:

2
Ispg =1y - [sinZZ (p—a)+ (ﬁ -sin® (¢ — @) + LEE cos® (¢ — a)) l (1)
X15 X15

where I is a multiplication factor, a is the incident laser beam polarization angle, while ¢ is the
in-plane collagen fiber orientation angle, and Y5, %31, %33 are the only nonzero elements of the
second order susceptibility tensor x®) under the assumption of cylindrical symmetry of collagen.

From the PSHG stacks, each consisting in 10 images, pixel sets with at least seven nonzero
values were provided as input to the fitting algorithm. Using this fitting procedure we have
computed in a pixel-by-pixel manner two %? elements ratios (xERs), namely ¥31/x15 and %33/%15
resulting in the ¥ER images. The quality of the fitting procedure was quantified by the coefficient
of determination R? (0 < R? < 1), a value closer to unity indicating a better fitting. The coefficient
of determination was computed considering that the data are the 10 values for each pixel
depending on the input laser polarization (0° to 180° in steps of 20°), while the fitted (predicted)
values are those computed with Eq. (1), where y%31/%15, X33/%15 and ¢ are those obtained from
the fitting algorithm (Fig. 1(d)). To evaluate the fitting efficiency [20], we computed the ratio
between the number of pixels with R? > 0.8 and the total number of pixels which entered the
fitting algorithm. To estimate the SHG intensity we used a circular polarized laser beam and
computed the average pixel intensity in the acquired images. SHG images were first thresholded
by applying an auto threshold procedure in Imagel [41], resulting in a collagen mask. The
thresholding method was MinError which was chosen after the analysis of the results obtained
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with all the available auto thresholding methods in ImageJ. The average pixel intensity was
computed for the pixels within the mask.

Fig. 1. Schematic representation of the imaging and quantification protocol: (a) images of
two histology slides containing serial tissue sections, two stained with H&E (upper slide),
and two unstained (lower slide, with the arrows indicating the position of the tissue sections);
(b) large image depicting one H&E-stained tissue section; (c) image sets acquired on slides
containing breast tissue; (d) polarization angle vs. SHG intensity (color-coded, with frames
from O to 10 corresponding to polarization angles from 0° to 180° in steps of 20°) and images
obtained from the FSHG image set and corresponding histograms; (e) image sets acquired
on slides containing epithelial tissue. For (c) and (e) the MPM images are pseudo-colored:
blue-color for FSHG, green-color for BSHG and red-color for autofluorescent tissue regions
(probed by TPEF).

2.4. Statistical analysis

Statistical analysis was performed with Prism 8.4 (GraphPad Software, USA). The D’ Agostino &
Pearson test was performed to check for normality and depending on the result, either the unpaired
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two-tailed t-test or the Mann-Whitney non-parametric test was used, with p values less than 0.05
being considered statistically significant. The one sample t-test or its non-parametric alternative
one-sample Wilcoxon signed rank test was used to determine whether the mean/median of the
sample is equal to a fixed value.

3. Results

3.1.  Nonlinear optical imaging

Four serial tissue sections (Fig. 1(a)) were prepared from the same tissue block with two being
H&E stained and two left unstained to investigate the influence of H&E staining on PSHG
imaging. Simultaneous images of the sections were collected using BSHG/FSHG and TPEF
contrast mechanisms with the nonlinear optical microscope (Fig. 1(c) and (e)).

In Fig. 1 we present a set of MPM images (overlaid TPEF and BSHG/FSHG) of the two
tissue types of interest, demonstrating the utility of MPM imaging of both skin and breast
tissue in helping the pathologist to assess the tissues state. The MPM images were collected
on both H&E-stained and unstained tissue sections, accompanied by bright-field microscopy
images collected on the corresponding regions of the H&E-stained tissue section at different
magnifications. As expected, the autofluorescence of the unstained samples was weaker than the
TPEF intensity of the H&E-stained tissue sections, with the TPEF signal originating in the latter
case from the eosin stain highlighting predominantly the connective tissue. The autofluorescence
probed by TPEF on unstained tissues showed fibrillar structures as well as some cellular structures,
such as cell borders. For observing these details considerable higher excitation powers were used
compared to the case of TPEF imaging of H&E-stained tissues. SHG was generated in both
forward and backward directions predominantly from collagen. The forward and backward SHG
signals provide different, but complementary information about the imaged tissue structure. It is
known that observable BSHG signals are comprised of both backscattered FSHG signals and
SHG photons directly resulted in the backward direction [42]. In the case of thin tissue slices the
effect of backscattering of the forward-generated SHG should be negligible, hence the BSHG
in our case entirely consists of backward-generated SHG. While in FSHG images continuous
fibrillar collagen structures can be observed, these features are absent in BSHG images where
heterogeneous features predominate.

Regarding the breast tissue sample, the wavy appearance of normal collagen fibers in the
vicinity of terminal ductal-lobular units (TDLUs) can be seen in Fig. 1(c). A densification of the
collagen fibers of the capillary walls can be observed. Fibroblasts can be noticed indirectly; they
have nuclei with weak TPEF signals that cause the image of the collagen network to be focally
interrupted. The MPM images acquired on the unstained samples denote a similar appearance.

In Fig. 1(e) one can observe a collagen architecture specific to a healthy papillary dermis.
The complex network of collagen fibers at this level is intact and has TPEF signals of similar
intensity. TPEF signals also indirectly outline the nuclear contour of fibroblasts present in the
collagen network and of few keratinocytes of the basal epidermal layer in the lower left and upper
right corners of the image. These cells exhibit dim, homogeneous TPEF signals determined by
cytokeratins inside the keratinocytes. The main difference between H&E-stained and unstained
samples is the higher intensity of TPEF originating from eosin-stained tissue structures (e.g.,
collagen), which in many cases obstructs the imaging of other tissue structures. The unstained
samples offer more details regarding the structure and orientation of the collagen fibers and the
adjacent histological elements.
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3.2. Parameters analysis

For each imaged ROI we first compute the YER images resulting in the complete image set which
is comprised of the PSHG image stack (10 images), the 31/y1s and 33/y15s images (Fig. 1(d)).
Representative image sets are provided for the skin tissue (Fig. 2) and the breast tissue (Fig. 3).

0
”

bright-field

SHG intensity

2 3 5 0 1 2 3 4 50 3

0 1 2 3 4 50 2 3 1 2 3 4
unstained H&E stained

2 3 I 2 3 4
unstained H&E stained
Fig. 2. Complete image set obtained in the case of a skin tissue ROI. The square ROI in
the BM image indicates the scanned area of 125 x 125 um?. BSHG and FSHG images are
acquired on both unstained and H&E-stained tissue sections. The SHG intensity image is
the average of the 10 image PSHG set. xER images ()(31/%15 and %33/%15) are computed for
each case.

To evaluate the influence of H&E staining on the PSHG imaging and quantitative analysis
we compared the values of the following parameters: ¥ERs, the fitting efficiency and the SHG
intensity on tissue sections prepared as per standard histology procedure (H&E-stained) and
tissue sections following the same procedure but excluding the H&E staining step. The H&E
staining influence on the aforementioned parameters was examined on skin and breast tissue
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Fig. 3. Complete image set obtained in the case of a breast tissue ROL. The BM images are
obtained on one of the H&E-stained tissue sections. BSHG and FSHG images are acquired
on both unstained and H&E-stained tissue sections. xER images are computed for each case.
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sections with different ROIs selected for imaging on each tissue type. Given the diversity of
ROIs, different parameter values were expected, hence when determining the influence of the
H&E staining, we compared not the actual parameter values but its relative change from the
unstained tissue section to the H&E-stained tissue section.

For each parameter we computed the relative inherent variability which is due to the sample
preparation, the imaging setup, and the fitting procedure. For this we compared the relative change
of the parameters of interest between serial tissue sections either H&E-stained or unstained. We
assumed that small changes between serial sections in terms of tissue architecture translate in
small variations in parameter values between sections. In such cases either the Mann-Whitney test
or the t test did not reveal any statistically significant differences between slides. This situation
was considered as a class of ROIs for which the relative change of a parameter is only due to
inherent system limitations. On the other hand, for several serial sections tissue architecture
artefacts were visible on the prepared slides possibly due to mishandling the tissue section. These
artefacts translated into a significant variation in parameters between slides. This was considered
as the class of ROIs for which a real relative change between serial sections was obtained. For
each individual parameter we performed a receiver operating characteristic (ROC) analysis and
determined the optimal cutoff value between the two classes based on the Youden index. When
comparing H&E-stained with unstained tissue sections, a constant parameter (variations only to
inherent imaging and fitting limitations) was inferred when a relative parameter change below
the threshold was obtained. Meaningful variations either positive or negative, were considered in
situations when the absolute relative change was above the computed threshold value.

3.2.1. Second order susceptibility tensor elements ratios

For the case of FSHG images the ROC analysis returned a value of the inherent inter-section
variability of 3.9% (y31/%15) and 2.7% (33/y15) for skin tissue samples and of 5.1% (y31/%15)
and 3.4% (y33/y15) for the breast tissue samples, respectively. By using these threshold values
the xERs behavior with H&E staining is summarized in Table 1.

Table 1. Percent of ROIs with their relative change for yERs from the unstained to H&E-stained
tissue sections for FSHG datasets.

. Skin tissue sections Breast tissue sections
Relative change
x31/%15 %33/%15 x31/%15 %33/%15
Increase 69% 61% 4% 8%
Decrease 11% 17% 67% 57%
Constant 20% 22% 29% 35%

By applying a Wilcoxon one sample test on the skin tissue dataset, median increases of 8.5%
for x31/%15 (p < 0.0001) and of 3.8% for x33/%15 (p =0.0001) were obtained. Both these values
are above the threshold values for intrinsic variability. On the other hand, the same statistical test
applied on the breast tissue datasets revealed median decreases after H&E staining of 8.3% for
x31/%15 (p < 0.0001) and of 3.9% for y33/%15 (p < 0.0001). Both these values are again above the
threshold values for intrinsic variability obtained for the breast tissue images.

For the case of BSHG images the ROC analysis returned a value of the inherent inter-section
variability of 4.6% (x31/y%15) and 3.4% (y33/y15) for skin tissue samples and of 9.2% (y31/%15)
and 5.1% (y33/y15) for the breast tissue samples, respectively. By using these threshold values
the xERs behavior with H&E staining is summarized in Table 2.

By applying a Wilcoxon one sample test on the skin tissue dataset, median increases of 3.5%
for y31/%15 (p < 0.0001) and of 0.02% for 33/%15 (p =0.69) were obtained. Both these values are
under the threshold values for intrinsic variability. The same statistical test applied on the breast
tissue datasets revealed median decreases after H&E staining with 8.1% for y31/%15 (p < 0.0001)
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Table 2. Percent of ROIs with their relative change for yERs from the unstained to H&E-stained
tissue sections for BSHG datasets

. Skin tissue sections Breast tissue sections
Relative change
x31/%15 x33/%15 x31/%15 %33/%15
Increase 45% 32% 3% 0%
Decrease 5% 26% 46% 31%
Constant 50% 42% 51% 69%

and of 2.2% for y33/%15 (p <0.0001). Both these values are again under the threshold values
for intrinsic variability obtained for the breast tissue images. The results obtained for the YERs
variation in BSHG imaging are thus inconclusive.

3.2.2. Fitting efficiency

For the case of FSHG images the ROC analysis returned a value of the inherent inter-section
variability for the fitting efficiency of 6% for skin tissue samples and of 8.1% for the breast tissue
samples, respectively. By using these threshold values the fitting efficiency behavior with H&E
staining is summarized in Table 3.

Table 3. Percent of ROIs with their relative change of the
fitting efficiency from the unstained to H&E-stained tissue
sections for FSHG datasets.

Relative change Skin tissue sections Breast tissue sections
Increase 18% 6%
Decrease 57% 29%
Constant 25% 65%

By applying a Wilcoxon one sample test on the skin tissue datasets a median decrease with
H&E staining of 15.4% (p < 0.0001) was obtained in the case of the fitting efficiency. The value
is greater than the intrinsic variability threshold. On the other hand, the same statistical test
applied on the breast tissue datasets revealed a median decrease after H&E staining of only 4.9%
(p=0.0004), a value which is under the threshold.

For the case of BSHG images the ROC analysis returned a value of the inherent inter-section
variability for the fitting efficiency of 23.7% for skin tissue samples and of 22% for the breast
tissue samples, respectively. By using these threshold values the fitting efficiency behavior with
H&E staining is summarized in Table 4.

Table 4. Percent of ROIs with their relative change of the
fitting efficiency from the unstained to H&E-stained tissue
sections for BSHG datasets.

Relative change Skin tissue sections Breast tissue sections
Increase 0% 0%
Decrease 87% 85%
Constant 13% 15%

By applying a Wilcoxon one sample test on the skin tissue datasets a median decrease with
H&E staining of 38% (p < 0.0001) was obtained in the case of the fitting efficiency. The value is
greater than the intrinsic variability threshold. On the other hand, the same statistical test applied
on the breast tissue datasets revealed a median decrease after H&E staining of 43% (p < 0.0001),
a value which is again greater than the threshold.
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3.2.3. Average pixel intensity

For the case of FSHG images the ROC analysis returned an inherent inter-section variability
for the average pixel intensity of 23.4% and 13.1% for skin tissue and breast tissue samples,
respectively. Using these threshold values the average pixel intensity behavior with H&E staining
for circular polarization is summarized in Table 5.

Table 5. Percent of ROIs with their relative change of the
average pixel intensity in FSHG images from unstained to
H&E-stained tissue sections.

Relative change Skin tissue sections Breast tissue sections
Increase 7% 4%
Decrease 59% 25%
Constant 34% 71%

By applying a Wilcoxon one sample test on the skin tissue datasets, a median decrease of 26%
(p=0.0001) was obtained, which is above the inter-section variability threshold. On the other
hand, the same statistical test applied on the breast tissue datasets revealed a median decrease after
H&E staining of 5.9% (p < 0.0001). Even though the average pixel intensity has a statistically
significant decrease, the value is below the threshold.

For the case of BSHG images the ROC analysis returned a value of the inherent inter-section
variability of 31.8% for skin tissue samples and of 17.2% for the breast tissue samples, respectively.
These threshold values were used to assess the average pixel intensity behavior with H&E staining.
The results are summarized in Table 6.

Table 6. Percent of ROIs with their relative change of the
average pixel intensity in BSHG images from the unstained to
H&E-stained tissue sections.

Relative change Skin tissue sections Breast tissue sections
Increase 0% 3%
Decrease 53% 85%
Constant 48% 12%

By applying a Wilcoxon one sample test on the skin tissue datasets, a median decrease of
41% (p=0.0001) was obtained. The value is above the inter-section variability threshold. On
the other hand, the same statistical test applied on the breast tissue datasets revealed a median
decrease after H&E staining of 38% (p < 0.0001) a value which is again above the threshold for
intrinsic variability.

4. Discussions

Nonlinear optical imaging techniques are becoming established as very powerful tissue character-
ization tools whose demonstrated roles in complementing traditional histopathology protocols is
very important to consider in the quest for faster and better diagnostics. Their intrinsic contrast
mechanisms that allow label-free probing of tissue samples to result in images that recapitulate
the most important morphological features that expert pathologists look for to assess the tissue
state are available for in vivo, ex vivo and fixed tissues. In our study, we focus on SHG imaging
of fixed tissue sections both unstained and H&E-stained, following the classical histological
protocol. The aim was to assess the influence of H&E staining on the extraction of quantitative
image parameters specific to PSHG tissue imaging. Our results indicate a modification of
less than 10% for the xERs after H&E staining for both skin and breast tissue samples. It is
noteworthy to mention that if in the case of skin tissue samples, the yER values increased after
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H&E staining, for breast tissues, the results indicate a decrease of both computed xERs. Although
the results were statistically relevant, we would like to point out that the statistical tests in the
case of YERs were conducted on pixel sets extracted from the ¥ER images containing 10000
pixels with R? > 0.8. Performing statistical analysis on such extended datasets might eventually
provide statistical relevant differences. In these cases, depending on pathology or the tissue under
investigation small differences in xERs might be or not relevant for the actual experiment. On
the other hand, the collagen networks in skin and breast tissues have different architectures, as
previously demonstrated. Normal breast tissue has a wavy collagen pattern, which transforms
into linear strands of collagen parallel to the breast tumor in case of malignancy [43]. In the
case of skin tissue, collagen has a higher orientation index indicating parallel fibers close to the
epidermis, with the index decreasing for collagen bundles in deeper skin layers [44]. Hence
different collagen architectures yield different behavior when the tissue is H&E-stained compared
to the fixed, unstained tissue. Further investigation might be necessary on different tissue types
and/or pathologies to draw a conclusion.

The fitting efficiency dropped as much as ~43% for BSHG images and to a lower degree (<
15%) for FSHG images. Fitting efficiency accounts for a change in the collagen fibril structure but
also on changes in the collection pathway, which in this case is influenced by the H&E staining.
While the former can be probed by looking at the yERs results, for the latter information may
be found in the SHG intensity behavior with the H&E staining which we have estimated by
calculating the average pixel intensity. Because for yERs only small variations were obtained, we
estimate that the change in fitting efficiency can be explained by the SHG intensity modification
which is discussed in the following.

In the SHG images acquires under circular polarization, the average pixel intensity has dropped
~40% after H&E staining in BSHG images acquired on both tissue types. For FSHG images
the results indicate a decrease of ~25% for skin tissue, while in the case of the breast tissue
samples there was no statistically relevant change in the FSHG intensity. Because the results in
the case of FSHG images differ between skin and breast tissue samples we also computed the
forward-to-backward SHG (F/B) ratio change after H&E staining and obtained a decrease of
15% and 27% in the case of skin and breast tissue samples, respectively. It has been previously
reported that the F/B ratio might be indicative for the axial size of the scatterer within the focal
volume [14] (e.g., collagen fibrils of different age have different thicknesses and thus translate in
a local change of the F/B ratio). Moreover, Williams et. al. [14] report a decrease of the F/B ratio
in the case of paraformaldehyde-fixed collagenous samples under saline solution treatment which
can be estimated to ~20%. A similar explanation for the F/B decrease can be considered in the
case of H&E staining, that is a change in the collagen fibril shell from where the SH is generated.

A decrease in SHG intensity does not have an impact on the quantitative analysis of PSHG
datasets and eventually can be compensated by an increase of laser power or pixel dwell time,
if necessary, for a subjective analysis of the SHG images. On the other hand, the decrease in
efficiency especially on the BSHG channel might have an impact on the number of relevant pixels
(e.g., with R? > 0.8) which might be used for the statistical analysis of the PSHG datasets. If
both BSHG and FSHG channels are acquired, this loss in intensity can be compensated by the
possibility of computing the F/B ratio to provide additional information. Another advantage
of using H&E-stained tissue sections especially in microscopy setups ready to acquire third
harmonic generation images, which can be straightforward to accomplish in a MPM setup with
SHG/TPEF capabilities is the enhancement of nuclear structures in THG imaging under H&E
staining [34]. On the other hand, a drawback of using H&E-stained tissue section is the hindering
of the autofluorescence probed by TPEF which in some experiments can be used to complement
the analysis of PSHG datasets [8].

We evaluated the influence of the hematoxylin and eosin staining on the extraction of quantitative
image parameters that describe the collagen structure, specific to image datasets obtained by
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polarization-resolved SHG microscopy. Thin serial tissue sections prepared as per standard
histology protocol and stained with hematoxylin and eosin as well as their unstained pairs
from skin and breast tissue samples were imaged. A fitting algorithm which provides ratios of
the second order susceptibility tensor elements, fitting efficiency and average pixel intensities
were assessed. While in the case of the susceptibility tensor elements ratios the change was
inconclusive for the two tissue types which were under study, both the fitting efficiency and
the average pixel intensity had a significant decrease for H&E-stained tissues, especially on the
backward SHG pathway. By computing the forward-to-backward SHG ratio the influence of H&E
staining on the collagen was connected to a possible modification in the SH-generating collagen
shell. Our results show thus that similar quantitative analysis workflows applied to PSHG images
collected on stained and unstained tissues yield different results, which can hinder the diagnostic
accuracy if applied in an unsupervised manner. These findings suggest the need for novel PSHG
image analysis methods and workflows that are specifically dedicate to stained or unstained tissue,
and of methods that are capable to generalize better than current ones. Although our current
results provide interesting findings on the influence of the H&E staining on the extraction of
quantitative image parameters that describe the collagen structure, future experiments might shed
more light on aspects which were currently inconclusive. Such future experiments might consider
different collagen models (e.g., the generic model), different tissue types, or even different laser
wavelengths.
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