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Abstract

Second-harmonic generation (SHG) micros-

copy provides a high-resolution label-free

approach for noninvasively detecting colla-

gen organization and its pathological

alterations. Up to date, several imaging

analysis algorithms for extracting col-

lagen morphological features from

SHG images—such as fiber size and

length, order and anisotropy—have been

developed. However, the dependence of

extracted features on experimental setting represents a significant obstacle for

translating the methodology in the clinical practice. We tackled this problem by

acquiring SHG images of the same kind of collagenous sample in various

laboratories using different experimental setups and imaging conditions. The

acquired images were analyzed by commonly used algorithms, such as

gray-level co-occurrence matrix or curvelet transform; the extracted morpho-

logical features were compared, finding that they strongly depend on some

experimental parameters, whereas they are almost independent from others.

We conclude with useful suggestions for comparing results obtained in

different labs using different experimental setups and conditions.
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1 | INTRODUCTION

The physiology and functionality of biological tissues are
significantly conditioned by their microenvironment, which
is in turn dependent on its components. In particular, the

Abbreviations: CT, curvelet transform; ECM, extracellular matrix; EP,
equine pericardium; FOV, field of view; GLCM, gray-level co-occurrence
matrix; SHG, second-harmonic generation.
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extracellular matrix (ECM) is the major microenvironmental
component and it plays a pivotal role in every physiological
tissue function, including cellular motility [1], wound
healing [2], tissue morphogenesis and perfusion [3],
cancer proliferation and metastasis [4, 5], and aging [6].
The most abundant protein in the mammalian ECM is
type I collagen, a molecule with a fibrillar hierarchical
structure that strengthens and supports the structural
units of biological tissues. The morphological organiza-
tion of collagen type I within tissues significantly affects
the architectural and biomechanical features of tissues,
which are in turn connected to tissue physiology and
functionality. Hence, the assessment of collagen organi-
zation is crucial for providing an exhaustive characteriza-
tion of a biological tissue and for predicting its
development. The submolecular arrangement of collagen,
based on the hierarchical assembly of triple alpha-helix
in a fibrillar structure, gives to the molecule a strong
second-order nonlinear optical response [7], making it an
ideal target for nonlinear imaging. Being a coherent tech-
nique, second-harmonic generation (SHG) microscopy is
the ideal nonlinear optical modality for imaging collagen
and for assessing its organization at multiple scales, from
the molecular size to the supramolecular architectural level.

In the last years, SHG microscopy has been demon-
strated extremely powerful to image collagen rich tis-
sues [8], such as cornea [9, 10], tendon [11, 12], arteries
[13, 14], human dermis [15–18], and animal scaffolds
[19, 20]. SHG microscopy is able to highlight morpho-
logic changes in collagen structure, which indicate partic-
ular diseases, such as keloid [21–23] and fibrosis [24–26],
or altered physiologic conditions of various kinds of tis-
sues, including muscle [27, 28], bones [29, 30], cartilages
[31, 32], and thermally-treated samples [33–37]. In addi-
tion, SHG microscopy can probe collagen remodeling, a
dynamic process that rearranges ECM in response to
external stimuli and that is playing a key-role in the
tumor development, since it significantly contributes to
the formation and reshaping of tumor microenviron-
ment. Several recent studies used collagen remodeling as
a biomarker for breast [38–41], gastric [42], ovarian [43],
colorectal [44], skin [45], and pancreatic cancer [46]. Col-
lagen remodeling is a very important tissue biomarker, as
it can be used as both diagnostic and prognostic indica-
tor, so that it may help not only the pathologist to make a
more accurate diagnosis but also the clinician to select
the most appropriate therapeutic approach.

Up to date, several imaging analysis algorithms for
extracting collagen morphological features from SHG
images have been developed, mainly based on polariza-
tion scanning [47], intensity variations [48], Fourier
transform [49], and filtering [50]. Recently, algorithms
aimed at automatically measuring collagen fiber length

and size, such as CurveAlign [51] or CT-FIRE [52], have
emerged and became popular. Despite from these
advancements, the dependence of the extracted morpho-
logical features to the experimental conditions and setup
used represent a significant obstacle to the widespread of
the methodology within the clinical diagnostics field. In
fact, most of the SHG microscopy setups are custom-
made or adapted from commercial instrument, making
difficult the comparison of data obtained in different labs,
as the experimental conditions are far from being repro-
ducible. In this scenario, standardizing the processes of
both image acquisition and analysis would be highly suit-
able in order to obtain the same morphological parame-
ters when a sample is imaged in different labs and SHG
images analyzed using the same algorithm.

In this study, we imaged samples of equine pericar-
dium (EP), a standardized collagen scaffold used in tis-
sue engineering applications [53], in three different labs
with three different SHG microscopy setups. Acquired
data are stored in an image database, hosted by the
International Laser Centre (Bratislava, Slovakia).
Acquired data were analyzed using gray-level co-
occurrence matrix (GLCM) and CT-FIRE algorithms in
order to derive information about correlation length and
fiber size. The results were then compared highlighting
the experimental parameters that mainly affect the
values of derived parameters and suggesting preproces-
sing methods useful for standardizing SHG image analy-
sis and compare data obtained in different labs with
different experimental conditions.

2 | MATERIALS AND METHODS

2.1 | Sample preparation

Decellularized EP tissues in antibiotic solution (Matrix
Patch™, Auto Tissue Berlin GmbH, Berlin, Germany)
were placed between microscope slide and coverslip and
imaged through SHG microscopy (Figure 1).

2.2 | Experimental apparatuses

The experiment was reproduced in three laboratories,
each one with a different microscope from the others:
LAB-1 at the National Institute of Optics, National
Research Council, Italy; LAB-2 at the Institute of
Electronic Structure and Laser, Foundation for Research
and Technology-Hellas Greece; LAB-3 at Department
of Biophotonics, International Laser Centre of SCSTI,
Slovakia. Table 1 summarizes the most important
parameters of these experimental setups.
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2.2.1 | LAB-1 microscope

This custom-made microscope has been described in
greater detail in a previous publication [55]. It consists
of four major parts: excitation source (Chameleon Dis-
covery, Coherent, Santa Clara, CA, USA); laser power
regulation and beam sizing; laser-scanning through
galvanometric mirrors (Cambridge Technology, Bed-
ford, MA, USA); backward and forward detection
through two photomultiplier tubes (PMTs; H7422-40,
Hamamatsu, Hamamatsu City, Japan). In particular, the
excitation source is an Yb-based pulsed laser at 80 MHz
rate with two synchronous outputs: the principal is tun-
able from 680 to 1300 nm with pulses of about 100 fs,
while the auxiliary has a fixed wavelength at 1040 nm
pulses of about 140 fs. Two quarter-wave plates (λ/4)—
one for each beam—are used to achieve linear or circu-
lar polarization, and then both beams are superimposed
on the same optical path. A removable, motorized half-
wave plate (λ/2) can be used for rotating laser polariza-
tion on the sample plane. After passing through the
scanning system, the laser beam is focused onto the
sample by a Plan-Apochromat 20� dry objective lens
(NA = 0.75, WD = 1 mm; Nikon, Nikon Minato, Tokyo,
Japan); the same objective collects backward-emitted
SHG signal, which is reflected by a longpass dichroic

beamsplitter (FF665-Di02-25x36, Semrock Inc., New
York, NY, USA) toward the first PMT. A 40� water-
immersion objective (NA = 0.80, WD = 2 mm; Nikon,
Nikon Minato, Tokyo, Japan) collects forward-emitted
SHG signal, which is reflected by another longpass
dichroic beamsplitter (FF665-Di02-25x36, Semrock Inc.,
New York, NY, USA) toward the second PMT. A narrow
bandpass filter around the SHG wavelength (i.e., half of
the excitation wavelength) is placed in front of each
detector.

The experiment consisted in imaging 16 adjacent field
of views (FOVs) of EP tissue—with each FOV being
256 μm � 256 μm in size and having 1024 pxl � 1024 pxl
resolution—and was repeated for five excitation wave-
lengths on different tissue areas: 740, 800, 840, 900, and
1040 nm. Linear polarization was achieved for 800 and
840 nm and quasi-circular polarization for 740, 900,
and 1040 nm. For linearly polarized light, a 180� polariza-
tion scan was performed with 18 steps (1 step every 10�),
resulting in 18 SHG acquired images per FOV. For quasi-
circularly polarized light, two mutually orthogonal
polarizations were used. Finally, all images acquired on
the same FOV were averaged together. For 800 nm exci-
tation, only backward detection was performed; for all
other wavelengths, both backward and forward signals
were recorded.

FIGURE 1 Examples of backward

(BW)- (A–C) and forward (FW)-

scattered (D–F) second-harmonic

generation (SHG) images of equine

pericardium samples, acquired in the

three laboratories involved in this study

using different experimental setups and

settings, as detailed at the bottom of

each image.
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2.2.2 | LAB-2 microscope

The second experimental setup is similar to the one
described in previous studies [28, 41]. Briefly, an
Yb-based femtosecond laser oscillator, emitting at a cen-
tral wavelength of 1028 nm (Amplitude systems, 200 fs,
50 MHz) is employed as excitation source. The laser
beam is guided to a modified upright microscope
(Nikon). A set of galvanometric mirrors (Cambridge
Technology) is utilized for the XY raster scanning of the
sample. A zero-order half-wave retardation plate
(WPH05ME; Thorlabs) is used in order to rotate the
polarization of the incident beam. The focal plane is
adjusted by using a motorized XYZ translation stage
(Standa Ltd.). A moderate numerical aperture objective
lens (Carl Zeiss, C-Achroplan 32�, NA = 0.8, water
immersion) is used to tightly focus the beam onto the
sample. The employed set up allows the simultaneous
detection of nonlinear signals in forward and backward
directions. The same objective used for the collection of
backward-emitted SHG signals while a second objective
lens (Carl Zeiss, PlanNeofluar, 40�, NA = 0.8, dry) is
employed for the transmitted signals. Photomultiplier
tubes (PMT Hamamatsu H9305-04) used for the record-
ing of the signals. Proper bandpass interference filters
(Semrock 514) are placed in front of the PMTs slots to
solely detect the SHG signals arising from the EP
samples.

The FOV of the system is 126 μm � 126 μm in size
with 1000 pxl � 1000 pxl resolution. This defines a pixel
size of 126 nm/pxl. To improve the signal to noise ratio
(SNR), 10 scans were averaged for each final image.
Images were recorded simultaneously both in reflection
and in transmission modes. Two linear polarizations of
the incident beam (mutually orthogonal) at the sample

plane were employed. Various specimen regions were
irradiated. 2D and 3D measurements were performed.
For the 3D measurements, a series of 2D optical sections
were obtained and projected (maximum intensity projec-
tion) onto a single plane.

2.2.3 | LAB-3 microscope

The third microscopy workstation was based on
inverted microscope Axiovert 200M with confocal laser
scanning head LSM 510 Meta NLO and motorized XY
table (Carl Zeiss, Germany). For this study, the micro-
scope was equipped with Zeiss C-Apochromat
40x/1.2 W Corr. objective with water immersion
(NA = 1.2). SHG was induced by either Yb-based femto-
second oscillator with 1040 nm wavelength, 50 MHz
repetition rate and 170 fs pulse duration (t-pulse
20, Amplitude Systemes, France) or femtosecond fiber
laser with 780 nm wavelength, 80 MHz repetition rate
and 90 fs pulse duration (Toptica FemtoFiber Smart
780, TOPTICA Photonics, Germany). The λ/4 waveplate
was used to achieve circular polarization for both laser
beams.

Spatial distribution of SHG signal from 1040 nm laser
was detected in forward direction by transmission photo-
diode with short-pass NIR blocking filter (Thorlabs
FESH750) and Zeiss interference wide-band filter
green filter after collection by high-resolving condensor
(NA = 1.4) used without immersion oil. For SHG
detected in backward direction, we used internal confo-
cal PMT detector using HFT KP 650 main beamsplitter
and KP 685 short-pass emission filter for 1040 nm exci-
tation wavelength. During the experiment, we averaged
16 adjacent scans of EP tissue with FOV being

TABLE 1 Imaging parameters of the three microscopes: laser wavelength, repetition rate and pulse duration, numerical aperture of the

backward/forward objective, and corresponding theoretical resolution on the XY focal plane.

Setup
Excitation
wavelength (nm)

Repetition
rate (MHz)

Pulse
duration (fs)

Numerical
aperture BW/FW

Lateral resolutiona

BW/FW (nm)

LAB-1 740 80 100 0.75/0.80 442/417

LAB-1 800 80 100 0.75/0.80 478/N.A.

LAB-1 840 80 100 0.75/0.80 502/473

LAB-1 900 80 100 0.75/0.80 538/507

LAB-1 1040 80 100 0.75/0.80 621/586

LAB-2 1028 50 200 0.80/0.80 579/579

LAB-3 780 80 90 N.A./0.95 N.A./376

LAB-3 1040 50 170 1.2/0.95 405/501

Abbreviations: BW, backward; FW, forward.
aDerived from equations presented in Figure 4C in Reference [54].
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127.1 μm � 127.1 μm (1040 nm excitation) or 130.3 μm �
130.3 μm (780 nm excitation) with 1024 pxl � 1024 pxl
resolution and 12-bit depth, resulting in a pixel size of
124 and 127 nm/pxl in XY dimensions, respectively. For
3D measurements, we gathered series of planar optical
sections within defined Z focus range of typically
24–36 μm with a 3–4 μm pitch.

2.3 | Image analysis

All SHG images recorded from EP were converted into .
bmp files and analyzed through two different and well-
known methods for studying tissue morphology: one
based on GLCM and the other on curvelet transform (CT).

2.3.1 | GLCM features

GLCM is a method for examining the distribution of
co-occurring, grayscale pixel values at a given offset [56],
which is typically set to 1 (adjacent pixels). Functions
based on GLCM are widely used for texture analysis [57]
and, in particular, for extracting features such as Con-
trast, Correlation, Energy, and Homogeneity within an
image. Contrast measures the local variations in the
GLCM; Correlation measures the joint probability occur-
rence of the specified pixel pairs; Energy calculates the
sum of squared elements in the GLCM; and Homogene-
ity measures the closeness of the distribution of elements
in the GLCM to its diagonal. Another feature can be
obtained from the Correlation Function of an image,
that is, by calculating GLCM Correlation at different
offsets [58]. The half-decay length of such function is
known as the Correlation Length and can be used for
evaluating the typical size of structures within the image.

Two custom-made Matlab (Mathworks, Natick, Mas-
sachusetts) routines were used to analyze SHG images
and extract, respectively, the GLCM features (Contrast,
Correlation, Energy, and Homogeneity) and the GLCM
Correlation function. Finally, a custom-made program
for LabVIEW (National Instruments, Austin, Texas) was
used to extract the Correlation Length from the Correla-
tion Function.

GLCM analysis was performed twice on all images.
First, SHG images were analyzed with their original reso-
lution: 250 nm/pxl (LAB-1), 126 nm/pxl (LAB-2),
124 and 127 nm/pxl (LAB-3). Then, all images were pre-
processed in order to have approximately equal size and
resolution, that is �125 μm � 125 μm and � 250 nm/pxl,
respectively: LAB-1 images were divided in 4; LAB-2 and
LAB-3 images were rescaled in order to have half of the
original number of pixels.

2.3.2 | CT-FIRE

CT-FIRE [59] is a freely available software developed by
the Laboratory for Optical and Computational Instru-
mentation of the University of Wisconsin-Madison for
automatically extracting fiber information from SHG
images of collagen. In particular, we used CT-FIRE for
evaluating the average width of all collagen fibers imaged
by the three laboratories. Width values extracted by the
software were converted from pxl to μm and averaged
together for each excitation wavelength and microscope.

CT-FIRE analysis was also performed twice on all
images: once with their original resolution, and then
after being rescaled (as mentioned above).

3 | RESULTS AND DISCUSSION

3.1 | CT-FIRE algorithm

Among the recently developed image analysis algorithms
useful for application to SHG images of collagen, CT-
FIRE became increasingly popular during the last years.
In order to better understand how the experimental con-
ditions affect the morphological parameters of collagen
fibers derived by CT-FIRE, we analyzed images of the
same type of sample (EP), acquired in different labs using
different excitation wavelengths, as well as different spa-
tial features for scanning. Being a nonlinear scattering
process, SHG should depend from excitation wavelength
only in terms of intensity, as the SHG cross-section might
vary with wavelength, while the morphological features
of collagen—fiber thickness, length, straightness, and
angular distribution—should be almost independent
from the excitation wavelength used.

In this study, we focused our attention on fiber width
estimation. When varying the scanning resolution,
intended as the size of an individual pixel of the image,
this extracted morphological parameter can vary dramati-
cally, as shown in Figure 2A for forward-scattered and
Figure 2C for backward-scattered SHG, where the values
of “fiber width” extracted from images acquired in differ-
ent labs using different scanning resolutions and excita-
tion wavelengths are compared. Interestingly, these
differences disappear when properly rescaling images in
order to lead them back all to the same scanning resolu-
tion. In fact, Figure 2B,D shows the behaviors of the
parameter “fiber width,” extracted from CT-FIRE routine
from the same image set as in Figure 2A,C, respectively,
with the only difference that images have been rescaled
in order to have the same scanning resolution in every
image, as a function of the excitation wavelength. The
“fiber width” resulted almost independent from the
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excitation wavelength, demonstrating that this experi-
mental condition does not influence the extracted mor-
phological parameter, although the spatial resolution
might vary proportionally. In summary, once the images
are rescaled, we did not observe significant differences
for the parameter “fiber width” when comparing images
acquired in different labs, independently from the collec-
tion geometry used for detecting the SHG signal. This
result demonstrates that particular attention has to be
devoted to the scanning resolution when comparing SHG
images of collagenous samples acquired using different
experimental conditions and analyzed using the CT-FIRE
routine.

3.2 | GLCM algorithm

The same set of images analyzed using CT-FIRE routine
have been analyzed also with another popular image
analysis method for SHG images based on GLCM. In fact,
among the statistical parameters that can be extracted
from GLCM analysis, Correlation is playing an important
role, since it can provide information about periodical
structures in the image, as well as sudden change or reg-
ularity of a fibrillar structure. For these reasons, GLCM
Correlation has been used frequently for analyzing SHG

images of fibrillar collagen. Despite the popularity of
GLCM Correlation analysis, how the experimental condi-
tions and imaging parameters affect the extracted values
has not been explored so far.

As a first test, we compared GLCM features extracted
from image acquired in two different labs when using the
same excitation wavelength and detection geometry but
different scanning resolution. As for CT-FIRE analysis
shown in Figure 2, we demonstrated that the GLCM
features, that have significantly different values when
comparing data obtained from different labs without
any correction, become comparable when data are
rescaled in order to obtain the same scanning resolu-
tion. Figure 3 highlights this result by showing the
values of GLCM features calculated form images before
(Figure 3A) and after the correction (Figure 3B) for
scanning resolution.

Then, forward-scattered (F-SHG) and backward-
scattered SHG (B-SHG) images of the same specimen
were compared. In particular, we calculated GLCM Cor-
relation for both F-SHG and B-SHG images, finding sig-
nificantly different results despite the images were
coregistered. By looking at the two SHG images of the
same FOV, F-SHG seems associated to higher contrast as
compared with the corresponding B-SHG images
(Figures 1 and 4). This is something that can be expected,

FIGURE 2 Left column:

collagen fiber width ± standard

deviation (SD) calculated using

CT-FIRE routine from forward

(FW)-scattered second-harmonic

generation (SHG) images

(A) and from backward (BW)-

scattered SHG images (C),

acquired using different

excitation wavelengths in

different labs with different

experimental conditions. Right

column: collagen fiber width

± SD calculated after image

rescaling for correcting scanning

resolution of FW-scattered

(B) and BW-scattered SHG

images (D).
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since the forward-scattered SHG component is always
more intense with respect to the backward-scattered
component, while both images have zero-background,
as this is a peculiar feature of SHG. When measuring
image contrast through GLCM analysis, we found that a
low GLCM Contrast value is associated to a high value
of GLCM Correlation and vice versa, high GLCM con-
trast values correspond to low values of GLCM
Correlation.

The dependence of these two parameters becomes
more evident when examining results obtained from
SHG images acquired in different labs using different
excitation wavelengths and experimental parameters.
More in detail, Figure 5 shows a graph where the values
of GLCM Correlation length are plotted versus GLCM
Contrast for a large dataset of SHG images of the same
specimen acquired in different conditions. When imaging
collagen fibers, the latter parameter may be used as an

FIGURE 4 Backward

(BW)- (A) and forward (FW)-

(B) scattered second-harmonic

generation (SHG) images

acquired from the same field of

view of a sample of equine

pericardium using 1040 nm as

excitation wavelength. Gray-

level co-occurrence matrix

(GLCM) features Contrast

(CON) and Correlation (COR)

± SDs, calculated from BW-

scattered SHG images (C) and

from FW-scattered SHG images

(D), acquired in LAB-1 (black

squares) and LAB-3 (blue

squares) using 1040 nm

excitation.

FIGURE 3 (A) Gray-level co-occurrence matrix (GLCM) features Contrast (CON), Correlation (COR), Homogeneity (HOM), and

Energy (ENE) ± SDs, calculated from second-harmonic generation images acquired in two different laboratories using the same excitation

wavelength (1040 nm) and detection geometry (backward) but different scanning resolution. (B) GLCM features ± SDs, calculated after

having rescaled the images and corrected for scanning resolution for comparison.
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indicator for the SNR, while the former can be related to
the average fiber width [21]. For small values of GLCM
Contrast, we found that the Correlation length is
inversely proportional to it, as already evidenced in the
previous analysis on F-SHG and B-SHG images.
The decrease of GLCM Correlation length with increas-
ing GLCM Contrast continues up to a certain value of
GLCM Contrast before reaching a saturation around
�1.6 μm. Once this value is reached, for higher values of
GLCM Contrast, the two parameters appear independent,
so that GLCM Correlation length is maintained on a con-
stant value independently from the increase of GLCM
Contrast. A possible interpretation is that image noise
beyond a certain level may cause an artefactual increase
in Correlation length, leading to an overestimation of
average fiber size; on the contrary, once the SNR is suffi-
ciently high, GLCM Correlation stabilizes around the
value corresponding to fiber width.

This result demonstrates that the GLCM Correlation
parameter, very often taken as feature parameter in the
analysis of SHG images, has to be always considered in tan-
dem with GLCM Contrast and, possibly, the analysis has to
be limited to images exhibiting a GLCM Contrast beyond a
specific value in order to extract GLCM Correlation param-
eters that are significant descriptors of the analyzed image.

3.3 | Discussion

Based on recent developments, the possibility to use SHG
microscopy as a complementary microscopic tool within

the histopathological lab is becoming more and more
concrete. In fact, several studies have demonstrated the
diagnostic performances of SHG microscopy on various
type of tumors, which are indirectly diagnosed and char-
acterized on the basis of the morphological response of
collagen to the presence of malignancy, rather than
analyzing malignant cells. Such approach offers a signifi-
cant advantage over standard histopathological techniques,
as it can be implemented without any tissue staining, and
potentially without any tissue processing. Despite the
promising performances, it is quite difficult to wide-
spread SHG technology within a clinical scenario for
multiple reasons. As first, histopathologists are trained
on H&E images, whereas they are not use to the images
acquired using SHG as contrast mechanism, making the
interpretation and classification of images more difficult.
This problem could be partially solved by means of solu-
tions based on artificial intelligence, aimed at transfer-
ring the diagnostic performances achievable using SHG
images to the H&E world, thanks to double-acquisition
training and algorithms based on convolutional neural
networks in order to realize a so-called “virtual staining”
of the specimens [60]. Despite these advancements, other
technical and economic limitations are preventing the
adoption of SHG microscopy as a standard for tissue diag-
nostics at the histopathological level. In fact, SHG micro-
scopes are in general completely custom instruments or
custom implementations around commercial multipho-
ton fluorescence microscopes. In any case, commercial
standardized solutions for SHG microscopy are currently
not available on the market and custom solutions have a
high cost with respect to traditional optical microscopy
scheme. This prevents the widespread of the technology
among histopathological labs, since a specialized skilled
technician is required for developing, maintaining and
using the microscope, and the cost of an instrument for
SHG microscopy is not negligible.

The lack of a standard commercial instrument makes
difficult comparing data obtained in different labs, as the
experimental conditions are far from being reproducible.
Although SHG should not depend heavily on the instru-
mentation performances, important experimental settings
such as laser peak power or polarization state might sig-
nificantly affect the detected signal and consequently the
value of the extracted parameter. Anyway, the detected
SHG signal should depend on the peak power only in
terms of signal intensity. Furthermore, the potential
effects resulting from the adoption of different polariza-
tion states can be mitigated by reproducing circularly
polarized excitation via polarization scanning or an
average of mutually orthogonal states. It would be diffi-
cult to standardize the polarization of different setups
beyond this level, however, due to the custom

FIGURE 5 Gray-level co-occurrence matrix (GLCM)

Correlation length plotted versus GLCM Contrast for forward-

acquired second-harmonic generation images recorded in different

laboratories, rescaled for correcting scanning resolution, and

analyzed using GLCM-based analysis.
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implementation of a typical SHG microscope: even
when adopting identical optical elements, microscope
internal arrangements—which in most cases are not dis-
closed by the manufacturer—could also affect the polar-
ization state. Nonetheless, using imperfect polarization
states (e.g., an elliptical polarization in place of a circu-
lar one) may slightly decrease SHG intensity along one
axis of the image, without significantly affecting the
extraction of collagen morphological features.

For these reasons, after standardizing the polarization
state of the excitation in the three labs involved in this
study, we employed analytical methods that are almost
independent on the detected intensity to allow compari-
son of images acquired with different setups. Further, we
standardized the size of the FOV and, in some cases, the
number of acquired pixels per image. Nevertheless,
the results obtained in different labs were different,
unless the images were opportunely preprocessed, dem-
onstrating that the obtained results strongly depend on a
parameter that is apparently irrelevant to the employed
analyses, the pixel size. Additionally, the dependence of
the GLCM Correlation Length upon the parameter
GLCM Contrast demonstrates that the signal to noise
ratio is crucial for an efficient and precise extraction of
morphological parameters from SHG images. Consider-
ing that the SNR depends not only by the laser peak
power but also by the different collection efficiency of the
experimental setups, which are in turn dependent on
the objective lens used, on the detector sensitivity, on the
detection optical scheme and geometry, those parameters
are difficult to be standardized among different setups
and they have to be carefully considered when comparing
data acquired from different labs. These considerations
are not limited to SHG but are valid in general, indepen-
dently from the contrast mechanism used. In summary,
this manuscript represents an initial attempt of tackling
this problem by highlighting few limitations of com-
monly used image analysis algorithms for SHG images of
collagen and providing some useful suggestions for both
data acquisitions and comparison among different labs
and instruments.

4 | CONCLUSION

In conclusion, this study highlighted the fact that mor-
phological parameters extracted by the CT-FIRE routine
are affected by the scanning resolution used, so that a
particular attention has to be devoted to this acquisition
parameter when CT-FIRE analysis of the acquired
images is planned. In addition, by examining image ana-
lyzed using GLCM approach, we found that the GLCM
Correlation parameter is strongly dependent on the

GLCM Contrast of the examined image, so that the two
parameters have to be evaluated in tandem when this
kind of analysis is implemented. In this scenario, our
experiment demonstrates that a lot of work has still to be
done in order to standardize the processes of both image
acquisition and analysis in SHG microscopy and to pave
the way for wide spreading the technology in a clinical
scenario. Nonetheless, SHG microscopy represents a
powerful diagnostic tool assisting the pathologist and it
could soon find a stable place in a clinical setting.
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