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Abstract

Nonlinear optical microscopy techniques have emerged as a set of successful tools
within the biomedical research field. These techniques have been successfully used to
study autofluorescence signals in living tissues, structural protein arrays, and to reveal
the presence of lipid bodies inside the tissular volume. In the first section, the nonlin‐
ear contrast technique foundations is described, and also, a practical approach about
how to build and combine this setup on a single confocal system platform shall be
provided. In the next section, examples of the usefulness of these approaches to detect
early changes associated with the progression of different epithelial and connective
tissular diseases are presented.

Finally, in the last section, we attempt to review the present‐day most relevant analysis
methods used to improve the accuracy of multimodal nonlinear images in the detection
of epithelial cancer and the supporting stroma. These methods are presented as a set of
potential valuable diagnostic tools for early cancer detection and to differentiate clinical
subtypes of osteogenesis imperfecta disorders, being highly advantageous over present
classical clinical diagnostic procedures.

In this chapter, it is proposed that the combination of nonlinear optical microscopy and
informatics‐based image analysis approaches may represent a powerful tool to
investigate collagen organization in skin diseases and tumor cell morphology.

Keywords: nonlinear microscopy, second harmonic generation, third harmonic gener‐
ation, image analysis, early diagnosis
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1. Principles of nonlinear microscopy techniques

The notable advances in cell and molecular biology science have induced the need to imagine
cells in an intact‐live whole organism. Therefore, the need for real‐time observation of cell (and
their subcellular components) behavior in whole tissues has become crucial to understanding
cellular physiology. During the past decades, imaging techniques have been improved to
pursue this goal. One of these techniques is fluorescence imaging. The use of confocal micro‐
scopy allows the examination of subcellular material with three‐dimensional resolution but is
restricted by the effective imaging depth (usually less than 200 μm) and phototoxicity, which
is caused by using a short wavelength laser (principally continuous wave (CW) laser) [1].
Recent advances in nonlinear optical processes of multiphoton microscopy overcome single‐
photon linear microscopy technologies, such as confocal microscopy, by their capacity of
tissular penetration, clean images production, minimal invasiveness, and chemical selectivity
[2]. Therefore, multiphoton fluorescence (MPF) and nonlinear optical (NLO) microscopy in
recent year has become one of the key imaging modes and evolved as an alternative to
conventional single‐photon confocal microscopy. The best‐known nonlinear microscopy
techniques are two‐photon excited fluorescence (TPEF) microscopy, second harmonic gener‐
ation (SHG) and third harmonic generation (THG) microscopy, and coherent anti‐Stokes
Raman scattering (CARS) microscopy.

These nonlinear technologies provide several advantages, namely high depth penetration by
using a near infrared (pulsed) laser as excitation source, intrinsic tridimensional sectioning
and resolution, due to the spatial confinement of the signal to the laser focus, multiple
nonlinear processes, and the possibility to use numerous endogenous molecular markers and
low phototoxicity that allows the investigation of living processes, without significant
perturbation [3]. Together, these advantages allow analyzing the complex relations between
tissue and organ function and its structure in complex diseases [4].

To understand this new microscopy instruments, it is advisable to think in classical optical
tool. In conventional optical imaging, contrast mechanisms consist of interactions such as
absorption, reflection, scattering, and fluorescence, and the response recorded is linearly
dependent on the intensity of the incident light. Thereby, there is a linear relationship between
the strength of electric field of the light and the induced object polarization. At moderately low
incident intensity, the optical response can be approximated to the first‐order response as P =
χ(1) ⊗ E, where χ(1) is the linear susceptibility, P is the polarization of a material, and E is the
strength of an applied optical field. By contrast, nonlinear optical effects occur when a
biological tissue interacts with an intense laser beam exhibiting a nonlinear response to the
applied field strength. In this situation, the induced polarization vector P of the material subject
to the vectorial electric field E can be expressed as P = χ(1) ⊗ E + χ(2) ⊗ E ⊗ E + χ(3) ⊗ E ⊗ E ⊗ E
+…, where χ(i) is the i(th) order nonlinear susceptibility tensor and ⊗ represents a combined
tensor product and integral over frequencies [5]. The bulk nonlinear optical susceptibilities χ(2)

and χ(3) are obtained from the corresponding high‐order molecular nonlinear optical coeffi‐
cients (hyperpolarizability) β and γ by using a sum of the molecular coefficients over all
molecule sites. Typically, materials with conjugated π‐electron structures exhibit large optical

Microscopy and Analysis122



nonlinearities. The usual linear susceptibility χ(1) contributes to the single‐photon absorption
and reflection of the light in tissues. The χ(3) corresponds to third‐order processes such as two‐
photon absorption, THG, and CARS, while SHG results from χ(2) [6].

Another way is to think nonlinear optical processes in terms of particles called photons
discovered by Einstein, such as processes involving more than one photon. All these processes
have some characteristics in common. First, it only occurs if multiple photons coincide in time
and space or, in chemical terms, at high concentration of photons. The speed V of a chemical
reaction of n elements f + f + f + f +…→ fn depends on the concentration f elevated to the nth

degree, that is, V ∝ [f]n where [f] is the concentration of f. In optics, the concentration is
proportional to the laser beam intensity, I = power/area = (energy/time) / area. Thus, the
efficiency of a one‐ photon process is I, and for two‐photon would be I2, and generalizing for
n photons In. Therefore, it is not surprising that the first nonlinear optical empirical results
were materialized only after the advent of pulsed lasers. The NLO microscopes come with the
advent of Ti:Sa lasers which produce pulses typically in the range of 100 femtoseconds [fs =
10-15 sec], with an average power of 2 watts and repetition time of 12 nanoseconds [ns = 10-9

sec]. In this case, the peak power will be 240 kilowatts, although the pulse energy is just 24
nanoJoule. The pulsed laser, therefore, increased the peak power of 2 watts for a CW laser to
240 kilowatts, while keeping the same average power and low energy per pulse. In other
words, the very high potencies are obtained by decreasing the pulse duration instead of
increasing the pulse energy. Thus, nonlinear effects occur avoiding the potential sample
damage. The smaller the temporal pulse duration, greater the efficiency of nonlinear processes,
so femtosecond lasers are preferable to picosecond lasers.

The pulsed laser ensures the coincidence of photons in time, but not in the space. The concen‐
tration of photons but will be greater the smaller the area of the laser beam, i.e., is maximum
in the laser focus. The total generation of events caused by one photon processes is constant,
independent of the laser focusing position, because if the process is linear with I, the total
number of events is proportional to I multiplied by the area, i.e., N events ∝ (power/area) ×
area = power. As power is constant along the beam, the number of events does not depend on
the axial position [along the lens axis—defined as the z‐axis]. The processes with more than
one photon are proportional to In and therefore are inherently confocal. In this case, the amount
of events depends very strongly on the beam area, because now N events ∝ In × area =
(powern/arean-1). Two‐photon processes decay inversely with the area, whereas a three‐photon
does so with the square of the area. This means that events can occur only in the vicinity of the
lower area, i.e., the laser focus, that is, the light generated by the nonlinear optical process are
generated at the focus of the laser, which becomes intrinsically a confocal microscope. The
laser focus is on the operator microscope control and can be used for 3D image reconstruction.

One way to visualize the various nonlinear optical processes is by arrows with length pro‐
portional to the photon energy. Figure 1 schematically depicts a number of nonlinear optical
effects, produced for the specimen if the energy density at the focal spot of an objective lens is
sufficiently large and also are compared with lineal process produced for a CW laser. Principal
contrast mechanisms and characteristics of TPEF, SHG, THG, and CARS modalities are
described below.
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Figure 1. Energy diagrams of linear and nonlinear optical process. Solid lines represent electronic and vibrational
states of molecules, while dashed lines denote virtual states. The straight arrows are excitation beams, whereas wavy
arrows are the output signal beams. The black arrow represents relaxation in electronically excited states, and red
hourglass represents the excitation volume. ω1 and ω2 symbolize the two beams available in CARS microscope. ωp =
ω1 and ωs = ω2 in CARS. v = 0: vibrational ground state, v = 1: vibrational excited state, and Ω is a frequency of vibra‐
tional transition between v = 0 and v = 1. ω1 = pump beams and ω2 = Stokes beam from the laser sources. ω3 is a long
wavelength beam for THG obtainable on OPO systems for CARS microscope. Abbreviations: CW: continuous wave,
OPEF: one‐photon excited fluorescence, OPO: optical parametric oscillator.

TPEF microscopy is a third‐order nonlinear optical resonant process where two photons excite
an electron from the ground state. It is an inelastic process where photon energy is released at
the sample. Two‐photon absorption happens only when the energy of the incident photons
falls into the two‐photon excitation band which is specific for each fluorescent marker. The
two‐photon excitation band is not exactly half of the one photon excitation band because the
selection rules are different. The fact that TPE depends on the square of the incident light
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provides its confocal features, that is, a process happening only at a focal point volume.
Photobleaching is smaller in two‐photon excited fluorescence (TPEF) compared to single
photon excitation because the excited volume is smaller. Multicolor imaging is allowed to
excite different fluorophores simultaneously through different order processes with a single
wavelength, in which emissions are spectrally shifted by hundreds of nanometers and
uninterrupted for collection. Consequently, multiphoton microscopy is especially appropriate
for physiological and pathophysiological studies since it is able to excite endogenous auto‐
fluorescent components and thus to obtain specific signals such as nicotinamide adenine
dinucleotide (NADH) and flavin adenine dinucleotide (FAD) [6].

On the contrary, SHG and THG are coherent second/third‐order elastic nonlinear optical
processes, respectively. Because two/three photons generate another photon with two/three
times the energy of the incident photons, there is no energy released to the medium, meaning
out of focus cell photodamages are not expected from these processes. Both SHG/THG can be
segregated from fluorescence signals by the wavelength or even by time gating, because the
coherent processes are practically instantaneous. The fact that SHG signal is proportional to
I2, while THG signal is proportional to I3, where I, is the incident light intensity, provides
confocality for both techniques. For the same wavelength of the incident light, THG has better
optical sectioning resolution than SHG or TPEF but is also more sensitive to changes in the
intensity of the light in the focused spot, such as those caused by laser instability or by
scattering or defocusing the illumination [7]. The first images of high‐resolution SHG were
reported in 1998 by Sheppard’s group [8], and shortly afterward in 2001, Chu and co‐workers
showed a multimodal imaging study, including TPEF+SHG+THG [9]. Usually, the third‐order
nonlinear susceptibility (χ3), responsible for THG, is much smaller than the second‐order one
(χ2), responsible for SHG. In principle, this would mean that THG should be much harder to
observe. However, χ2, as well as any other even susceptibility coefficients, must be null in the
presence of inversion symmetry. Therefore, SHG shall be zero in the presence of centro‐
symmetric molecules, unless an external parameter, such as electric fields or interfaces, breaks
the symmetry.

By contrast, all materials have non‐zero third‐order susceptibility χ3. Moreover, χ3 can be
several orders of magnitude larger or smaller for different materials. However, THG is null in
a homogeneous material, no matter how high χ3 could be, because the Gouy‐phase shift of π
across the focus of a Gaussian excitation beam creates a destructive interference between
signals generated before and after the focus [10]. Nevertheless, for a nonhomogeneous focal
volume, a measurable amount of third harmonic is generated [11]. Since in biological samples,
heterogeneity is more common than homogeneity, THG provides an important tool for
bioimaging, with the warning that it tends to be brighter at the interface of large granules, lipid
droplets, or similar biostructures, compared to the internal signal [6]. SHG imaging modality
can probe molecular organization, molecular symmetry, orientation, molecular alignments,
and ultrastructure on the micro, as well as the nanoscale. Natural structures are mostly
unarranged (optically isotropic) and do not generate any SHG signal. Hardly, some few
biological assemblies are ordered and can produce harmonic signal. One of the best known
SHG structures in biology is collagen, the major protein of the extracellular matrix. Collagen
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fibrils often aggregate into larger, cable‐like bundles, several micrometers in diameter. This
regularly staggered packing order provides the needed structural conditions for efficient SHG
[12]. Other examples are acto‐myosin assemblies in muscle and microtubule structures in
living cells [13, 14]. Discontinuities in refraction index of the optical dispersion properties of
biological tissues are able to generate THG signals [15, 16]. The THG can be used to study
optical cell interfaces such as those at cell membranes or organelle surfaces. For example, the
surface of the erythrocyte can generate significant THG [17]. In contrast to the chemical
specificity that characterizes fluorescence images, harmonic generation (SHG and THG)
provides an imaging modality specific for structural configuration. In the study of cancer
tumors, our experience with both techniques is that SHG is an excellent tool to observe collagen
network of extracellular matrix, while THG allows to clearly display the nuclei, which are two
key parameters for pathologists [4, 18–20].

Characteristics TPEF SHG THG CARS

Application in
bioscience

1990 1986 1997 1982

Number of
photons

2 2 3 3

Susceptibility χ3 χ2 χ3 χ3

Advantages Deeper imaging with
less phototoxicity
Spatial localization
forfluorescence
excitation 

Coherent process,
symmetry selection
Probing well‐ordered
structures, functions of
membranes,
nonfluorescence tissues
No absorption of light 

Coherent process, no
symmetry requirement
No absorption of light
Imaging both in bulk
and at surfaces for
extended conjugation of
pi electrons 

Coherent process
Inherent vibrational
contrast for the
cellular species,
requires no
endogenous or
exogenous
fluorophores
Vibrational and
chemical
sensitivities 

Contrast
mechanics

Electronics levels of
the molecules 

Nonlinear properties of
the medium

Nonlinear properties of
the medium

Vibrational levels of
the molecules

Information Autofluorescence of
some biological
substances (NADH,
FAD, etc.)

Noncentrosymmetric
molecules with spatial
organization (collagen,
elastin, etc.)

Interfaces, optical
inhomogeneities, (cell
edges,
lipids, membranes)

Chemical
information (lipids,
DNA, proteins)

Table 1. Characteristics of nonlinear optical microscopy.

In addition to harmonic generation microscopy, CARS microscopy is another 3D high‐
resolution imaging approach that circumvents exogenous probes. CARS is a four‐wave mixing
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process in which a pump beam at frequency wp, a Stokes beam at frequency ws, and a probe
beam at frequency w’p are interacted with a sample to result in an anti‐Stokes signal at was =
2wp - ws. In nearly all experiments, the pump and the probe beams are derived from the
resonant oscillation when the beat frequency (wp - ws) matches the frequency of a particular
Raman active molecular vibration mode. Furthermore, due to its coherent nature, CARS signal
production only occurs when the field‐sample interaction length is less than the coherence
length. The generated CARS signal is proportional to (χ(3))2 I2

p Is, having a quadratic depend‐
ence on the pump field intensity and a linear dependence on the Stokes field intensity. These
properties provide it a 3D‐sectioning capability [6]. First CARS microscopy setup was descri‐
bed at the nineties [21] and has now matured into a powerful method for biological imaging.
CARS microscopy is more informative than SHG and THG microscopy since it contains rich
spectroscopic information about specific molecular species.

To summarize the first section, a description of the physical properties, characteristics, and
principal contrast mechanisms of each nonlinear optical imaging method described are
summarized in Table 1.

2. Nonlinear optical technique implementation

Today, there are multiples ways to assemble a nonlinear microscopy platform. The engineering
challenge is to integrate the different modalities on a single platform. In response to this
challenge, manufacturers have designed microscopes with multiple input and output ports
and increased infinity space for the introduction of customized optics. Coming up next, some
laser sources, detectors, and confocal body microscopies routinely used in this technology are
enumerated, and a setup configuration by our group is described in some detail.

As was described in the introductory section, for high harmonic generation and multiphoton
fluorescence microscopies, short femtoseconds pulses of high peak power are required. While
ultrashort few cycle pulses are spectrally very broad, they allow for simultaneous excitation
of different chromospheres with spectrally separated absorption bands. Available lasers that
conjugate these features are the titanium:sapphire (Ti:Sa) (wavelength range 700–980 nm, pulse
width 100 fs, and 76–100 MHz repetition rate), the Cr:forsterite laser (wavelength range 1230–
1270 nm, pulse width 65 fs, and 76–120 MHz repetition rate), the Nd:glass laser (wavelength
range 1053–1064 nm, pulse width 150 fs, and 70–150 MHz repetition rate), and the femtosecond
ytterbium laser (wavelength range 1030 nm, pulse width 200 fs, and 50 MHz repetition rate).

The SHG wavelength excited by a Ti:Sa femtosecond laser operating at 940 nm will be in the
blue at 470 nm, and the TPEF will be in the region above 470 nm. While that THG signal
generated by a 940 nm principal beam, will be in the UV region at 330 nm. As a result, the THG
signal will suffer from the high UV absorption of the principal biological specimens making
signal detection difficult. In contrast, using the Cr:forsterite laser operating in the range of 1230
nm allows SHG (615 nm), THG (410 nm), and TPEF (>615 nm), all to fall within the visible
spectrum. Additionally, the lowest light attenuation in biological material is generally found
in the 1000–1300 nm. In recent years other ultrafast laser systems appeared, such as InSight
TM DeepSee TM (wavelength range 680–1300 nm, pulse width <120 fs, and repetition rate 80
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MHz), which also can be an excellent light source for multi‐modality microscopy. Moving the
excitation wavelength to 1200 nm, not only the visible but also the NIR spectrum is open for
signal recording.

Nonlinear microscopes share many common features with confocal laser scanning micro‐
scopes. In fact, many research groups have implemented multimodal nonlinear platform by
coupling source lasers described previously into a confocal scanning microscope. Practically,
many scan head models of different manufactures have been used with this proposal, such as
Olympus FV300 [22], Olympus FV1000 [23], Zeiss LSM Meta 510 [24], Zeiss LSM 710 [25],
Nikon C1 [26], Leica TCS‐SP5 [27], and Zeiss LSM 780 [28]. In general, the generated nonlinear
signals can be collected with the same microscope objective, separated by a dichroic mirror,
which is expressly selected for the given fundamental and fluorescence or harmonic emission
wavelengths and focused with a lens through the filter onto detector. If Ti:Sa laser is used, the
wavelengths fall within the sensitivity range of high quantum efficiency (QE) silicon‐based
detectors and photomultiplier tube (PMT) photocathodes that are the currently used detectors.
If the source laser used are Nd:glass or Cr:forsterite, special NIR detectors (i.e., indium gallium
arsenide (InGaAs) photodiode) are needed. For more data about the optical characteristics of
the different detectors, readers can find excellent information in [7].

In our setup (Figure 2), we used an inverted Zeiss Axio Observer.Z1 and confocal LSM 780.
Briefly, this device is equipped with a UV‐lamp, for classical epi‐fluorescence operation mode;
five lines of CW laser, for confocal studies; and femtosecond (fs) and picosecond (ps) pulsed
laser, for nonlinear microscope modalities. The fs laser source is a tunable, Ti:sapphire laser
emitting around 690–1040 nm both for efficient TPEF and higher SHG/THG spatial resolution.
The picosecond (ps) source is obtained from a synchronously pumped optical parametric
oscillator (OPO) system to obtain THG signal in the visible range and high spectral resolution
CARS microscopy. The OPO can be easily and continuously tuned over a wide spectral range
from 690 to 990 nm for the signal and between 1150 and 2450 nm for the idler output. The fs
laser is combined with the scan head through an acousto‐optic modulator (AOM) and a
collimating telescope (T1) to regulate the beam diameter in the objective back‐aperture and
the focus position on the microscope focal point. The five wavelengths (signal and idler for
each OPO plus the fundamental 1064 nm) are controlled independently with dedicated
telescopes (T2, T3, T4, T5, and T6). Delay lines on the five beam paths ensure temporal overlap
between the beams. These beams necessary for CARS microscopy are temporally
synchronized, recombined (P), and sent onto the backward excitation port of the scan head.
The scan head of the LSM780 has a spectral gallium arsenide phosphide (GaAsP) detector with
32 in‐line elements and 2 adjacent PMTs. The motorized collimators, the scanners, and the
pinhole precisely positionable and the highly sensitive detectors are arranged to provide
optimum specimen illumination and efficient collection of the emitted light. The Raman line
width is comparable to the spectral width of a picosecond pulse, so that the excitation energy
is fully used to take full advantage of the vibrational resonant CARS signal. Working with 1∼3
ps spectral pulse widths is possible to obtain the optimal signal‐to‐background ratio for typical
Raman band [29]. A pulse width of a few picoseconds provides a good compromise between
the spectral resolution and the peak power and improves the signal‐to‐background ratio. The
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OPO light source for CARS that we used has already been reported to perform time resolved
CARS [30] to improve the sensitivity or to cover the full vibrational Raman spectrum. In our
setup, the frequency doubled Nd:YVO generates 8 W of green light (532 nm) and pumps two
OPOs with 4 W each. Although the full system can provide up to five wavelengths
simultaneously (signal and idler for each OPO plus the fundamental 1064 nm), we normally
use three colors. The two signals coming from each OPO are recombined with the fundamental
1064 nm beam from the Nd:YVO oscillator. The power, polarization state, and divergence of
each beam are controlled independently with dedicated polarization optics and telescopes.
Delay lines on two of the beam paths (signal and 1064 nm) assure temporal overlap between
the three beams. The backward detection is achieved with internal GaAsP detector of scan
head. A set of dedicated filters is placed before the detectors to select the relevant spectral
domains.

The generated signals can be collected with the same microscope objective (reflected or epi‐
detected), splitted by dichroic mirrors, which were specifically chosen for the given funda‐

Figure 2. Schematic setup of a multimodal NLO microscope using a femtosecond laser source (Mai‐Tai) and picosec‐
onds (OPOs system) pulsed laser. Lasers are coupled to a commercial confocal system platform (inverted Zeiss Axio
Observer.Z1 and confocal LSM 780). Principal optics elements are shown with blue letterings (telescope, delay lines,
and recombination) and detectors with red letterings. Solid and dashed lines represent excitation and emission paths,
respectively. AOM, acousto‐optic modulator; T, telescope lens; P, recombine; NDD T, nondescanned detector (trans‐
mitted way); NDD R, nondescanned detector (reflective way); PMT, photomultiplier tube.
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mental and fluorescence or harmonic emission wavelengths and focused onto specific
detectors. Interference or band pass filters are used in front of the detector for filtering scattered
fundamental light and spurious signals outside the desired bandwidth. For epidetection, the
system has two internal PMT plus GaAsP avalanche photodiodes inside the scan head (PMT
1‐2, Figure 2). Also, three non‐descanned detectors (NDDs) are available for epi‐detection of
nonlinear signals (NDD R1/R2/R3). It is also possible to detect the signals in the forward
direction. Either one detector with appropriate filters or several detectors recording different
signals separated by dichroic mirrors can be used. The system shown here has three NDD
detectors (NDD T1/T2/T3). T3 detector was placed right after the sample, holding it as close
to the sample as possible. With this system, many configurations can be used and different,
linear, and/or nonlinear signals can be simultaneously detected. For example, we can observe
CARS signal with internal GaAsP detector of scan head, forward THG, SHG and TPEF with
NDD T1/T2/T3, and reflected SHG and TPEF with NDD R1/R2.

3. Biomedical applications

Over the past years, life science interdisciplinary research has routinely used nonlinear
microscopy techniques. The combination of SHG, THG, and CARS is used in the production
of chemical maps of complex tissues. NLO techniques allow inspecting the assembly of single
cells, tissues, and organs as well as monitoring structural and chemical changes related to
diverse diseases. Here a few examples of the use of our setup in two applications are shown,
epithelial cancer detection and diagnosis of osteogenesis imperfecta.

3.1. Cancer detection

Cancer is still a threat to human life [31]. Modern clinically used imaging methods for cancer
diagnosis comprise x‐ray, CT, MRI, and OCT [32, 33]. The facilities of these technologies are
restricted by either low spatial resolution or a lack of chemical specificity, making it difficult
to identify the edges of the tumor. Today, new image‐based instruments are necessary as
diagnostic tool to evaluate structural features with subcellular resolution that are closely linked
with tumor malignancy. The combination of different image approaches described in this
chapter may represent a powerful combination of tools to study both malignant cells and
stromal environment. One of the main examples of such an objective is the collagen organi‐
zation changes analysis, the remodeling matrix and alterations in epithelial/stromal interface.
Highly valuable, structural information revealed by each nonlinear contrast approach can be
isolated and analyzed separately, while their superposition allows a better comparison and
understanding of the spatial tissue organization. Thus, TPEF and THG can be used to image
a variety of well‐documented morphologic and architectural alterations, moreover, combined
TPEF‐SHG can be applied to analyze alterations in epithelial cells and the supporting stroma,
and CARS microscopy can be used to understand lipid and proteins composition in tumor
tissues.
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Figure 3A exemplifies this combination, where NLO techniques were applied to differentiate
between normal and malignant (fibroadenoma and invasive lobular carcinoma (ILC)) human
breast tissue. The characteristic microscopic appearance of each type of tissue and relationship
between cells and stromal compartment can be identified in the SHG/THG combination. The
differential orientation and distribution of collagen fibers can be clearly identified in stromal
region with SHG image. Figure 3B shows a comparative analysis of CARS images of breast
tissue. Adipose and fibrous structures of normal tissue possess strong CARS signals. Fibroa‐
denoma exhibits the compressed duct with linear branching pattern, whereas ILC presents
single or rows of cells invading into the stroma. Based on examples such as this and our
previous work [19], we have established that it is possible to have both qualitative parameters
of differences between each kind of breast tumor and to demonstrate the advantage of the
integration of as many NLO approaches as possible to analyze breast cancer.

Figure 3. Multimodal NLO approach applied to human breast tumor. (A) Representative H&E‐stained and SHG, and
SHG+THG cross‐sectional images of breast tissues diagnosed as normal (first row), fibroadenoma (second row), and
invasive lobular carcinoma (third row). Scale bar = 20 μm. (B) Representative CARS cross‐sectional images of breast
tissues. Scale bar = 20 μm. D, duct; Ep, epithelium; St, stroma; Fibroad, fibroadenoma; Lob. Carc., lobular carcinoma;
I.Lob.Carc, invasive lobular carcinoma. Figure 3A from Adur et al., [19].

Human ovarian tumors are shown in Figure 4. TPEF signal (green) represents stromal
connective tissues. The SHG signal (red) shows collagen fibers, while THG (cyan) enhances
the nuclei. The information revealed by each mode can be directly compared, providing a
better understanding of the tissue. For example, SHG/THG‐merged signals can be used to
distinguish the epithelial/stromal interface. It is worth mentioning that these differences and
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contrasts could be automatically and digitally done for quantification (see next section). These
data confirm the fact that normal ovaries are more organized tissues than the adenocarcinoma
samples. Finally, using THG signal, it was possible to evaluate the differences in the surface
epithelium of each tumor type. In normal ovary, cells were arranged in one cell layer. Serous
adenoma samples display elevated ciliated and non‐ciliated cuboidal epithelial cells with
lengthened nuclei, also in one regularly single cell layer. Besides, the serous borderline tumor
and serous adenocarcinoma samples are absolutely different from the previous ones, showing
epithelial surface with cells of altered sizes lying in multiple layers, including cellular atypia
and proliferation. Mucinous tumor samples are similar to borderline/adenocarcinoma, with
different size cells forming up multiple layers, but having rich cytoplasmic mucin and basal
nuclei.

Figure 5 summarizes the combined uses of these techniques in the analysis of human colon
cancer. NLO images clearly demonstrate the circular arrangement pattern of control colonic
crypts registered from crypt‐cross sections, characterized by epithelial columnar cells and
interspersed goblet cells. TPEF (green) revealed the typical foveolar pattern of colon mucosa
glands, displaying crypts with rounded luminal openings. SHG (red) specifically traces the
collagen scaffold within lamina propria. The evaluation of colonic tissue by SHG microscopies

Figure 4. Multimodal NLO approach applied to human ovarian tumor. Representative merges of TPEF (green) and
SHG (red) cross‐sectional images of ovarian tumor tissues diagnosed as serous‐type tumor and mucinous‐type tumor;
and representative merges of SHG (red) and THG (cyan) cross‐sectional images. All scale bar = 20 μm. Ep, epithelium;
St, stroma; n, nucleus; c, collagen; Ade, adenoma; Bord, borderline; Adenocar, adenocarcinoma. Reproduced figures
from Adur et al. [34] (open access).
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rapidly and clearly allows differentiating between adenocarcinoma and normal tissue states.
Whereas individual crypts were easily identified with TPEF, the interspersed connective tissue
was detected via SHG of collagen (Figure 5A). As was previously stated, in tumoral tissues,
SHG images highlight changes in the surrounding fibrous stroma. Another key aspect of NLO
techniques in relation to the classical H&E ones is that they have high potential to produce 3D
reconstructions and stereological studies. Figure 5B shows three‐dimensional representations
that allow the visualization of indistinguishable features in classical two‐dimensional proce‐
dures. Using 3D SHG representation, it was possible to detect the tilt and invasiveness of
collagen fibers of adenocarcinomas compared to normal colon. Those features are not easily
visible in standard two‐dimensional H&E‐stained sections. In others works, NLO microscopy
approaches, especially when combined, can reveal information not distinguishable in H&E
stained sections. Different changes in collagen fibers are parameters that can be consistently
quantified, which allows to predict an enormous clinical potential in colon cancer. These results
show important changes of collagen fiber morphology, alignment, and density in colon tumor
tissue, suggesting that collagen fiber inclination angles are a key factor in tumor progression.
In agreement with these results, previous reports on human colon and other tissues suggest
that the epithelial cells preferentially invade tissues where the collagen fibers became perpen‐
dicularly aligned, instead of arbitrarily organized ones [35, 36].

3.2. Osteogenesis imperfecta

Osteogenesis imperfecta (OI) is a heterogeneous disorder of connective tissues (see Table 2 for
types of OI) with an incidence of 1/15000 [38, 39] and disease severity spanning from subclinical

Figure 5. Multimodal NLO approach applied to human colon tumor. (A) Representative TPEF+SHG and SHG cross‐
sectional images of normal and tumor colon tissues. Scale bars = 20 μm. (B) Maximum projection of 60 images separat‐
ed 0.5 μm each of normal and adenorcarcinomas colonic tissues. Epithelial‐stromal interface is indicated (white
outline). Scale bars = 50 μm. L, luminal crypt orifice; Adenocar, adenocarcinoma. Reproduced figures from Adur et al.
[37] (open access).
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osteoporosis to intrauterine lethality. Dominant mutation in collagen type I is the most
common cause (>90%). Type I collagen is the most abundant extracellular matrix (ECM) protein
in humans and the major structural protein in many organs, for example in skin. It is a
heterotrimer consisting of two α1‐chains and one α2‐chain, encoded by COL1A1 and COL1A2,
respectively. Mutations in the genes encoding type I procollagen produce a range of disorders,
which include autosomal dominant (AD) OI. Currently, more than 1000 heterozygous
COL1A1/2 mutations have been identified (https://oi.gene.le.ac.uk) [40, 41]. Mutation type and
position influence the phenotype and as such genotype‐phenotype relations exist to some
extent. Mainly, two types of mutations in collagen I cause classical dominant OI: quantitative
and qualitative collagen defects. These collagen I mutations are reflected in some way on fibril
collagen assembly that can be finally observed in an organ, such as the skin. For example, in
patients suffering from OI, skin collagen fibers could be smaller and more randomly packed.
These disorders in collagen fibrils could be quantified using SHG microscopy.

Type
Characteristic

I II III IV V VI

Severity Mild Perinatal lethal Severe Moderate Moderate Moderate

Congenital fractures NO YES Usually Rarely NO NO

Bone deformity Rarely Very severe Severe Mildly moderate Moderate Moderate

Stature Normal Severely short Very short Variable short Variable Mildly short

Hearing loss 60% of cases NA Common 42% of cases NO NO

Respiratory complications NO YES YES NO NO NO

NA: not available

Table 2. Clinical characteristics of osteogenesis imperfecta.

Figure 6 depicts representative images acquired using previous setup, displaying represen‐
tative TPEF (green) and SHG (red) images. TPEF signals are generated fundamentally by the
eosin fluorescence and, in every case, this signal was used to detect just the skin epithelium
(dashed white line). The non‐contamination confirmation of the SHG signal was established
by the wavelength range, half of the excitation, of the signal, by using the avalanche photodi‐
odes (APD) array of the LSM‐780 Zeiss scan head CCD. Besides the difference found in the
collagen extent, a visual examination of the SHG images of Figure 6 reveals that the normal
skin has thinner collagen fibers that weave in all directions round the hair follicles. The skin
from OI patients exhibits changes in collagen fiber thickness when compared to the normal
skin. Skin images from the more severe forms of OI result in thicker, broken, and wavy collagen
fibers that are firmly packed following the same direction. Moreover, using fresh skin, one can
identify a marked reduction in the density of the collagen fibers network in the 3D illustration
of SHG images from severe OI patient's samples (Figure 6B and 6C), when compared with 3D
SHG images from normal skin fresh biopsies (Figure 6A). These skin images are just a basic
representative example about how the SHG tool can be used for optical evaluation of OI.

Microscopy and Analysis134



However, to offer a more accurate diagnostic method, it is necessary to develop reliable
quantitative tools that allow discriminating between different OI types. The following section
aims to demonstrate that the texture analysis (one of the analyses method presented below),
which is the first step to provide SHG image quantitation tool, providing important informa‐
tion about collagen fiber organization.

4. Analysis methods used as diagnostic tools

As was previously mentioned, different processing methods can be used to obtain the
relationship between signals of epithelial cells and the collagen matrix obtained with NLO
microscopy techniques [4, 42]. Some of the methods that are currently used and others
potentially implementable with free software, such as ImageJ (NIH, Bethesda, Maryland,
USA), are described below.

Figure 6. Representative cross‐sectional images for TPEF (green) and SHG (red) analyses of normal (A), OI type IV (B),
and OI type III (C) skin human tissues. Epidermis/dermis interface is signposted by white outline. Insets highlight vis‐
ual differences of fiber collagen. Ep, epidermis; D, dermis; and representative 3D maximum projection (40 images at
intervals of 1 μm) of SHG images from fresh skin biopsies. Scale bars = 20 μm. Reproduced figures with permission
from Journal of Biomedical Optics, 2012 [19].
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4.1. Ratio between collagen and elastic tissue (SAAID)

The second harmonic to autofluorescence aging index of dermis (SAAID) value is a measure
of the ratio between collagen and elastic fiber network [4, 43]. As the stroma is composed
primarily of collagen and elastic fibers allows the use of nonlinear optical signals to discrimi‐
nate between altered connective tissue regions near tumor area [44–46]. Specifically, collagen
fibers are strong second harmonic signal generators, whereas elastic fibers are only autofluor‐
escent emitters. This parameter can be applied when TPEF and SHG microscopy are simulta‐
neously used [47, 48]. The SAAID index is defined as SAAID = (ISGH - ITPEF)/(ISHG + ITPEF), where
I equals the intensity of each signal, SHG/TPEF are above preselected threshold intensities [43].
For example, to obtain this index, we have used the collagen‐elastic tissue ratio map in the
whole image of ovarian tissue (Figure 7A, B). The whole stroma region was selected as one
ROI for each image. It has been demonstrated that collagen content was increased within the
tumor stroma. The quantification of these observations is showed by the SAAID bar graph
(Figure 7C). The corresponding SAAID of adenocarcinoma type exhibits statistically signifi‐
cant (p<0.05, t‐test) higher values (-0.38 ± 0.03) compared to normal stroma (-0.63 ± 0.06) due
to the high SHG (collagen) signal and low TPEF signal in this region. To demonstrate the utility
of this index, it was applied to images of ovarian cancer showed in Figure 4 and represented
by bar graph in the Figure 7D. The corresponding SAAID of both adenocarcinoma types
presented statistically significant (p<0.05, t‐test) higher values compared to normal stroma due
to both the high SHG (collagen) and low TPEF signals in this region [34].

4.2. Tumor‐associated collagen signatures (TACS)

This parameter is frequently used to determine the collagen fiber orientation at the tumor
stroma boundary [4]. At present, there are three well‐characterized TACS. They are reprodu‐
cible during defined stages of tumor progression: TACS‐1 (presence of dense collagen localized
around small tumors during early disease), TACS‐2 (collagen fibers arranged parallel to the
tumor boundary—around 0°), and TACS‐3 (collagen fibers disposed perpendicularly to the
tumor boundary—around 90°, when the disease becomes invasive) [49]. The collagen‐fiber
angle calculation (relative to the tumor boundary) is required to know the epithelial zone
having abnormal appearance. After this manual selection, fiber angle could be measured using
the angle tool option from ImageJ toolbar. This tool measures the angle demarcated by three
points. The first is an arbitrary point‐guide along the fibril; the second one is the fibril extreme,
closer to edge of the tumor; and the third one is any point that connects to the first draws with
a path parallel to the epithelium [20]. Using this parameter, for example, to analyze collagen
transformation in ovarian cancer, the fiber angle relative to the epithelium has been quantified.
SHG images have been used along with collagen orientation, instead of the SHG signal
(Figure 7E, F). The TACS‐2, straightened (taut) collagen fibers, stretched around the epithelium
(Figure 7E), and TACS‐3, identifying radially aligned collagen fibers, that may provide the
scaffolding of local invasion (Figure 7F), has been found. In normal ovary tissue, collagen fibers
were mainly distributed around 0° (see white arrows). Approximately 75% of these fibers are
parallel to the epithelium (angle ≤ 20°). In contrast, serous adenocarcinoma exhibits incipient
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regions of local invasion (TACS‐3) with a set of realigned fibers, most of which are disposed
around 90° (see white arrows) with respect to epithelium (Figure 7G) [4, 20].

Figure 7. Depicting several applications of different methods to analyze NLO signals. The panel shows representative
TPEF (green) and SHG (red) images of (A, E, H, L) normal and (B, F, I, M) cancer ovary. From the TPEF+SHG combina‐
tion (first column), it is possible to calculate (C) the SAAID ratio. From the SGH image (remaining columns) and using
regions near the epithelial/stromal interface (yellow line), it is possible to calculate: (G) TACS (measuring the collagen
fiber angle relative to the epithelium); (J) FFT transforms (and fit to ellipse to estimate the anisotropy); and (N) GLCM
(correlation value). (D) Bar graphs represent SAAID index quantitative analysis of ovarian tissues. Asterisks indicate a
significant increase as compared to the nontumor tissues (p<0.05, t‐test). (K) Bar graphs represent anisotropy (aspect
ratio) quantitative analysis of ovarian tissues. Comparisons with normal tissues are indicated with +. +,* indicates a
statistically significant (p<0.05) difference and ++, ** indicates a statistically very significant (p<0.01) difference follow‐
ing ANOVA. Ep, epithelium; St, stroma; white arrows, collagen fibers; white squares, regions of interest (ROI). Repro‐
duced figures from Adur et al. [4] (open access).

4.3. Fast Fourier transform (FFT) analysis

The FFT has proven to be a good method to assign the degree of image organization [42, 50].
Thereby, the FFT of a set of aligned fibers will have higher values along the orthogonal path
to the direction track of the fibers, and its intensity plot seems to have an ellipsoidal shape. If
the fibers are perfectly aligned, the ellipse will collapse into a line. For randomly oriented fibers,
the intensity plot of the corresponding FFT image looks like a circle. Therefore, the anisotropy
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of the image can be calculated by performing an elliptic fit on the thresholded FFT images, and
then calculating the ratio between its short and long axes, i.e., its aspect ratio (AR) [51]. One
sample will be more anisotropic as the AR goes to zero, whereas it will be more isotropic when
the AR is closer to one.

To perform anisotropy calculations, squared ROI in the SHG images are usually selected, with
the only requirement that they must be placed upon the collagen network around the epithe‐
lium, since this is the region responsible for the stroma invasion. The square ROI is required
by the FFT procedure of ImageJ, based on an implementation of the 2D Fast Hartley Transform
[52]. The FFT can be carried out with the homonymous command of the ImageJ menu [4]. The
anisotropy on the ovary SHG image of stromal region has been estimated using this method‐
ology (Figure 7H, I). Three ROIs of 150×150 pixels side squared have been used to ensure that
the collagen network in the vicinity of the epithelium is registered. Figure 7J shows the AR
value averaged on all the examined samples. In serous‐type tumors, it was found that the AR
index turned out to be significantly increased (p<0.05, t‐test) from normal (0.62 ± 0.04) to
adenocarcinoma samples (0.78 ± 0.03).

Using this method, serous and mucinous ovarian cancer samples were analyzed (Figure 4). In
serous‐type tumors, AR increased progressively and significantly (p<0.05, ANOVA) from
normal to adenocarcinoma, and in mucinous‐type tumors (by contrast), AR showed statisti‐
cally very significant differences only for adenocarcinomas (p<0.01, ANOVA) (Figure 7K).
These results confirm the fact that normal ovaries are more organized tissues as compared to
adenocarcinoma. By using this tool, it was possible to discriminate between serous adenoma
from mucinous adenoma and serous borderline from mucinous borderline subtypes [48].
Unlike ovarian serous tumors, which are relatively homogeneous in their cellular composition
and differentiation degree, mucinous tumors are frequently heterogeneous, with mixtures of
benign, borderline, and malignant elements often found within the same neoplasm. The
heterogeneity in these mucinous tumors suggests that malignant transformation is sequential
and slow, progressing from cystoadenoma to borderline tumor and, finally, to invasive
carcinoma [46]. This slow behavior is probably reflected in a more organized stroma [53].

4.4. Gray level co‐occurrence matrix (GLCM) analysis

The GLCM analysis method allows the classification of different tissues based on the evalua‐
tion of geometrical collagen arrangement [4, 42]. It provides information on the spatial
relationships between pixel brightness values in a given image. The GLCM is constructed by
counting the number of occurrences of a gray level adjacent to another gray level, at a specified
pixel distance “d” and dividing each counting by the total counting number to obtain a
probability. The result is a matrix with rows and columns representing gray levels and
elements containing the probability Pd[i,j] of the gray‐level co‐occurrence between pixels. The
matrix is usually averaged in opposite and different orientations (0–180°, 45–225°, 90–270°,
and 135–315°) unless one‐dimensional feature dominates overall possible ones, in which case,
the 0–180 average is sufficient. A detailed explanation on how this matrix is created from the
original image can be found in [54].
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The GLCM analysis can be carried out by different methods; they are commonly classified as
contrast methods, orderliness methods, and statistical methods. Contrast methods can be used
in order to give quantitative information on the intensity fluctuations in the image [4, 34, 42].
Among the contrast methods, homogeneity is the weighted sum of the GLCM pixel values.
The weights are values nonlinearly decreasing according to the distance from the GLCM
matrix diagonal increases. The homogeneity parameter gives information about the similitude
of two neighboring pixel values, against all the other pair of pixels of the image. Orderliness
methods are particularly suitable to images with fibrous structures, such as SHG images of
collagen. This approach can be used in order to give a quantitative measurement on the mutual
orientation of collagen fiber bundles. The energy parameter, for example, is the root‐squared
sum of the GLCM pixel values. Considering that it gives higher weight to the hot spots of the
GLCM matrix, that parameter can be considered as a measure of the sample orderliness.
Statistical methods are based on the statistical analysis of pixel value dependence and can be
used for determining repetition of a certain pattern within a tissular image. Among them, the
correlation method probably represents the most powerful approach to be applied to SHG
images of collagen. Mathematically the parameters are defined in Table 3.

Parameters Interpretation Mathematical expression

Correlation  Linear dependency of gray levels on those of neighboring pixels − ∑
i, j=0

N −1
Pi , j

(i − μ)( j − μ)
σ 2

Contrast  Representation of pixels entirely similar to their neighbor ∑
i, j=0

N −1
(i − j)2Pi , j

Energy  Degree of image’s texture directions according to the perception of human
eyes

Σi , j=0
N −1Pi , j

2

Homogeneity Measure of the amount of local uniformity present in the image
∑

i, j=0

N −1 Pi , j
2

1 + (i − j)2

Table 3. GLCM parameters and its mathematical expressions.

The texture analyses can be performed with Image‐J GLCM Texture plugin, which was
described by Walker and collaborators [55]. Also other parameters such Contrast, Entropy,
Inertia, and Variance could be estimated from the GLCM approach [42]. Here a characteriza‐
tion of tissues by estimating the typical dimensions in which collagen maintains its organiza‐
tion is showed. For example, the correlation of the image itself with a pixel separation
translated from 1 to 12 or 18 pixels (Figure 7L–N) was used. The feature was averaged at angles
θ = 0, 90, 180, and 270 degrees to take into account the fact that these images do not have a
specific spatial orientation. The distance where correlation falls to 1/2 expressed in microns
was measured [4]. To perform the calculations, three ROIs (100×100 pixel side squared) in the
SHG images near the epithelium were selected. Correlation and entropy were measured using
GLCM‐Texture plugin from ImageJ, which was previously described by Walker and collabo‐
rators [55]. Figure 7N shows that the correlation of normal fibrils fall off sharply with distance,
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indicating distinct, linear fibrils, whereas correlation for the fibrils in adenocarcinomas
remained elevated for larger distances, implying less‐defined fibrillar structure. Consistent
with qualitative appearances, the correlation was found to remain higher in malignant tissues
with the Corr50, the pixel distance where the correlation dropped below 50% of the initial
value, significantly greater in adenocarcinomas (3.4 pixels) compared with normal ovarian (1.7
pixels) (Figure 7N; p<0.05, t‐test). In the same ROI, the entropy values were 6.26 ± 0.31 and 7.40
± 0.58 from normal and adenocarcinoma, respectively. This means that normal tissues exhibit
a lesser complexity or higher organization than malignant ones [34].

Following the impact of GLCM analysis, the method in the evaluation of patients with OI is
showed. Skin samples from healthy and from patients with OI were obtained from the
Laboratory of Pediatric Endocrinology, Campinas, SP, Brazil. Biopsies were analyzed and
classified as normal (4 cases) or OI (5 cases). OI patients were classified according to clinical
observations in mild OI (Type I—1 case), moderately affected and severe OI (Type III or Type
IV—4 cases). Normal samples were obtained from eyelid plastic surgery discarded tissue, and
patient biopsies were obtained from growing skin. Fresh skin samples in Phosphate Buffer
Solution (PBS) were analyzed by 3D SHG representations within 6 hours of the excision. From
the mounted SHG pictures, images located in the dermis were taken. Nonsymmetric GLCMs
were computed using 256 gray levels. Because collagen fiber orientation changed from sample
to sample, four orientations average were used. This scoring method was competent to
satisfactorily discriminate the different OI patients according to their clinical severity [56].
Using fresh biopsies, one could detect a marked density decrease of the collagen fibers network
in the 3D representations of SHG images from severe OI patient's samples (Figure 8B (Type
III) and Figure 8C (Type IV)), when compared with the 3D representation of SHG images taken
from normal skin fresh biopsies (Figure 8A). Furthermore, energy value of GLCM texture
analysis could not only discriminate type I and type III OI samples from normal skin
(Figure 8D), but it could also differentiate (with statistical significance) between patients with
varying degrees of OI, including Type IV OI (Figure 8E). It is well known that dermis collagen
fibers have diameter ranges around 0.5 to 3 μm. Therefore, it is expected that GLCM analysis
would show a repeating structure with distances of about 1.5–8 pixels corresponding to the
0.5–3 μm range. Considering that OI patients exhibit thicker fibers than normal skin samples,
GLCM correlation signals could be to drop on a longer scale. The values of decay length are
obtained by fitting the correlation data with a double exponential decay function. The decay
length values using the Corr50 (the pixel distance where the correlation dropped below 50%
of the initial value) obtained are between 1.3 and 2.5 μm (3.8–7 pixels), confirming that patient
D had thicker collagen fiber ≈ 2.5 μm (7 pixels). Using this pixel distance as comparison, the
energy parameter shows values of 0.15 ± 0.02 (normal), 0.13 ± 0.04 (Patient (Pat.) A), 0.20 ± 0.03
(Pat. B), 0.24 ± 0.04 (Pat. C), 0.29 ± 0.03 (Pat. D), and 0.33 ± 0.04 (Pat. E), with significant
differences (p<0.05) when normal skin was compared with OI patient’s (B, C, D, and E) skin.
This means that this texture parameter clearly allows the identification of each patient pattern.
Interestingly, by using this method, it was possible to discriminate one case of type IV patient,
exhibiting a more severe phenotype (Patient D) than the others. SHG images of these patient
skins display a more compacted collagen pattern (thicker collagen fiber), intermediate between
type III, and the two remaining type IV patients. The preliminary results allow auguring that
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these nonlinear microscopy techniques in association with specific scoring method (energy‐
GLCM) will be an excellent diagnostic tool to clinically distinguish different types of OI in
human skin [56].

Figure 8. Representative 3D maximum projection (40 images at 1μm interval) of SHG images from fresh skin biopsies,
(A) normal skin, (B) OI type III (Patient E), and (C) OI type IV (Patient D). Texture analysis (D, E) using GLCM. Energy
values were calculated in dermis tissues versus distance pixels; ranging from 1 to 50 pixels (0.35 μm–17.30 μm) in 0, 45,
90, and 135° directions of image (d): n = 12 normal, n = 3 mild OI, and n = 12 severe OI; and (e) n = 12 normal, n = 3 OI
type I, n = 9 OI type IV, n = 3 OI type III). Pat: patients. Reproduced figures from Adur et al. [56] (open access).

5. Conclusions

This chapter summarizes several nonlinear microscopy techniques that can be combined and
the images acquired analyzed by a set of quantitative tools. This may allow the implementation
of new diagnostic procedures for early detection of various diseases. The integration of a set
of microscopy techniques is one of the evolving areas in bioimaging that promises to have a
strong impact on the understanding and early detection of diverse pathologies. As has been
described and exemplified in the sections of this chapter, the advantages of the techniques are
numerous, namely high depth penetration (due to Near Infrared (NIR) laser), intrinsic 3D
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sectioning and 3D resolution (due to the spatial confinement of the signal to the laser focus),
multiple nonlinear processes summed to the possibility to detect several endogenous molec‐
ular markers, and low phototoxicity. Additionally, these techniques allow the investigation of
living processes in the native environment without major perturbations. All these advantages
allow us to postulate that in the near future the NLO techniques together with nonlinear signal
processing methods can be very useful in the field of medical diagnosis. In combination with
sophisticated animal models and computer‐assisted data analysis, NLO microscopy techni‐
ques and image processing methods are opening new doors to the study of tumor biology,
facilitating the development of new strategies for early tumor diagnosis and other diseases.

As is shown in this chapter, by integrating the strengths of each NLO imaging modality,
different structures, and their interactions in a complex biological system can be simultane‐
ously visualized. Additionally, the possibility of obtaining images at high speed and with
chemical specificity makes NLO microscopy a powerful tool to evaluate the dynamic behavior
of in vivo disease progression [57]. CARS microscopy should allow longitudinal studies of lipid
metabolism in the same living model organisms over time. Other auspicious application is the
label‐free imaging of organogenesis and drug delivery. Also, CARS can provide structural
information and it has been useful in analyzing molecular orientations in myelin [58], single
lipid bilayer [59], cellulose fiber [60], and crystal of clean fourth‐order symmetry [61].

In translational research, NLO microscopy has demonstrated the ability of diagnosing diseases
of live organisms [62]. Recently, it has been found that changes occurring in collagen deposit
and arrangement, in early tumor development and during their progression, can be used as
predictable tools of the disease status. The ovary examples in this work demonstrate that AR
and correlation analysis have the ability to predict the disease degree in human patients.
Therefore, if more experiments are successful, SHG may eventually provide a more rapid, real‐
time substitute for traditional histopathological processing and analyses. For this disease,
mortality rates are elevated because an efficient screening test does not exist presently.
Approximately, 15% of ovarian cancers are found before metastasis has occurred. If ovarian
cancer is found and treated before this process is triggered, the 5‐year survival rate will be
around 94%. Thus, an early diagnostic test to detect premalignant changes would save many
lives. In this sense, the unique attributes of NLO microscopy described here render these
methods as a promising imaging modality for disease diagnostics in the clinic. Also, the
medical utility of these optical methods could be improved by the continuous development
and refinement of methods to obtain objective, quantitative information. These will be in the
form of analysis algorithms such as Helmholtz analysis, wavelet analysis, and with numerical
parameters relating to image frequency content and second‐order gray‐level statistics. Further,
a classification scheme could be developed by using a support vector machine.

The effort to develop new diagnosing methods that could better identify early lesions and
consequently lead to an early diagnosis is a challenge and a stimulus for research in this area.
The outcomes of different works indicate that the combination of diverse image analysis
approaches summarized here represent a combination of powerful tools to investigate
epithelial cells transformation, collagen organization, and extracellular matrix remodeling in
epithelial tumors and osteogenesis imperfecta in skin. About OI, it was demonstrated in this
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chapter that nonlinear microscopy techniques, in combination with image analysis ap‐
proaches, represent a powerful tool to investigate the collagen organization in skin dermis in
patients with OI and having the potentiality to distinguish the different types of OI. The
procedure used here requires a skin biopsy, which is almost painless as compared to the bone
biopsy commonly used in conventional methods. The data presented here are complementary
of existing clinical diagnostic approaches and can be used as a procedure to confirm the disease
and evaluate its severity and treatment efficacy.

In cancer diagnosis, there is a growing need for the development of a multimodal imaging‐
based diagnostic tool to objectively evaluate morphological features with subcellular resolu‐
tion and molecular compositions that are closely associated with tumor malignancy. With this
perspective, NLO microscopy has proven to be useful in cancer research. These techniques
have recently emerged as a valuable tool for high‐resolution, nondestructive, chronic imaging
of living tumors. Moreover, multimodal microscopy can provide a powerful tool for investi‐
gating the dynamics of structure‐function relationships both at the subcellular and molecular
levels.

Today, the application of multimodal nonlinear imaging is recognized in basic research in the
biological and biomedical sciences; however, regular applications in clinics are still rare,
mainly because of their high cost. Multimodal platforms are still complex and require speci‐
alized personnel for its operation. So, mainly technological progresses are required for
miniaturization, enhancement of the ease of control, automated data processing, and extraction
of significant information. To achieve this goal, the modification of typical clinical endoscopes
for in vivo multimodal nonlinear imaging is necessary. The development of nonlinear optical
endoscopy, which allows imaging under conditions in which a conventional nonlinear optical
microscope cannot be used, will be the primary goal to extend applications of nonlinear optical
microscopy toward clinical ones. There are several key challenges involved in the pursuit of
in vivo nonlinear optical endoscopy. A few of them are the necessity of obtaining efficient
ultrashort pulse laser liberations into a remote place, the need to enhance scan rates for
monitoring biological processes, and the miniaturization of the laser‐scanning mechanisms to
the millimeter scale. Finally, the design of a nonlinear optical endoscope based on micro‐optics
with great flexibility, and compact enough to be incorporated into endoscopes, will become
an evolution of these microscopy platforms. With the continuous advancement in this
endoscopic techniques and new laser sources, we have reason to believe that these particularly
promising techniques in conjunction with efficient image analysis algorithm will open up
many new possibilities for the diagnosis and treatment of different diseases in the near future.
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