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Abstract: In this paper, a Second-Harmonic-Generation (SHG) microscope was used to study the
relationship between collagen structural arrangement, image quality and polarization sensitivity in
human corneas with different organizations. The degree of order (or alternatively, the Structural
Dispersion, SD) was quantified using the structure tensor method. SHG image quality was evalu-
ated with different objective metrics. Dependence with polarization was quantified by means of a
parameter defined as polarimetric modulation, which employs polarimetric SHG images acquired
with four independent polarization states. There is a significant exponential relationship between the
quality of the SHG images and the SD of the samples. Moreover, polarization sensitivity strongly
depends on collagen arrangement. For quasi- or partially organized specimens, there is a polarization
state that noticeably improves the image quality, providing additional information often not seen
in other SHG images. This does not occur in non-organized samples. This fact is closely related to
polarimetric modulation, which linearly decreases with the SD. Understanding in more detail the
relationships that take place between collagen distribution, image quality and polarization sensitivity
brings the potential to enable the development of optimized SHG image acquisition protocols and
novel objective strategies for the analysis and detection of pathologies related to corneal collagen
disorders, as well as surgery follow-ups.

Keywords: second harmonic generation; cornea imaging; polarization sensitivity

1. Introduction

The cornea is the outer transparent structure of the eye responsible for two-thirds of
its focusing power. About 90% of the whole corneal thickness corresponds to the stroma,
which is mainly composed of type I collagen fibers [1]. Since 2002, Second-Harmonic-
Generation (SHG) microscopy has been widely used for label-free non-invasive imaging of
the corneal stroma [2].

Although stromal fibers present different spatial distributions depending on the
species, healthy corneas usually present quasi- or partially organized patterns [3–5]. It is
believed that the transparency of the cornea relies on the special spatial distribution of
the collagen within the stroma [6,7]; however, different arrangements have shown similar
transparency [5].

SHG imaging of the cornea has attracted increasing attention from the biophotonics
community, not only for the exploration of healthy samples but also for the analysis of
changes associated with different pathologies [8]. The effects of surgical procedures and
external damages have also been studied [9–11].

Despite a number of animal models (birds, rabbits, rats, bovines, etc.) being used, the
extrapolation of results to human corneal tissues is not always straightforward since the
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natural collagen distributions are not the same. Corneas from human donors are more
difficult to obtain than those from animal models. Nevertheless, different authors have
analyzed human corneal pathologies through SHG microscopy, including keratoconus, ker-
atitis and bullous keratopathy, among others [12–14]. Other experiments were focused on
the evaluation of corneas before transplantation [15,16] or after collagen cross-linking [17].
Changes suffered by human corneas under different experimental conditions were not
always measured quantitatively. However, during recent years, different algorithms have
been reported [8,15,17,18].

In addition, the visualization of the corneal stroma is challenging in clinical environ-
ments. To date, SHG microscopy is the only technique able to provide images of collagen
fibers at micrometric resolution, even in living human eyes [19]. Objective assessments
of corneal abnormalities are directly related to the presence of certain pathologies [18],
even before the patient is aware of them. Alterations in the corneal organization might
seriously compromise functional and optical functions, but they are not always readily
visible. However, accurate medical diagnoses based on observations require images of
enough quality and visible features to differentiate pathological stages. To the best of our
knowledge, an analysis of the image quality from early to late human corneal pathological
stages is lacking in the literature.

Moreover, SHG signals are sensitive to the polarization configuration as earlier re-
ported by Roth and Freund in 1979 [20]. This property extends the potential of SHG
imaging and can be used to extract information related to the collagen structure [21,22].
The relationship between SHG emissions and the alignment between collagen fibers has
been reported in different collagen-based tissues, but experiments involving ocular tis-
sues (the cornea in particular) are scarce [10,23–25]. Since SHG images acquired under
different incident polarization states exhibit distinct characteristics in terms of content and
appearance [26], the visualization of special details might be optimized and highlighted
using certain polarization states, which might be of special importance in diseased corneas.
The authors have not found previous studies reporting how polarization sensitivity and
collagen spatial distribution are related to each other in human corneas.

In this study, we investigated the relationship between collagen arrangement, image
quality and polarization sensitivity in human corneas with different degrees of organization,
as measured with the structure tensor method [27].

2. Materials and Methods
2.1. Experimental Setup

Measurements were performed using a custom SHG microscope (Figure 1). This
setup consists of an 800 nm femtosecond laser (Mira900; Coherent, Santa Clara, CA), an
inverted microscope (Nikon TE2000-U; Nikon Corporation, Tokyo, Japan), a galvanometric
scanner (XY unit) and a long-working-distance 40× NA 0.5 non-immersion objective (OBJ,
Nikon ELWD Series; Nikon Corporation, Tokyo, Japan). A telescopic system (not shown)
conjugates the XY unit and the entrance pupil of the OBJ.

A polarization state generator (PSG) was placed in the illumination pathway. This
PSG, composed of a fixed horizontal linear polarizer and a set of λ/2 + λ/4 waveplates,
was used to produce four independent polarization states named as PS1, PS2, PS3 and PS4.
Differences in power at the sample’s plane for each PS polarization were <2%. A neutral
density filter (NDF) was used to control the laser power reaching the cornea. Further details
on how these PSs were produced, and extra technical details about the instrument can be
found in [28].

SHG signals from the samples were detected in a backward direction, using a photo-
multiplier tube (PMT, R7205-01; Hamamatsu, Shizouka, Japan). A narrow band spectral
filter (400 ± 10 nm) placed in front of the PMT was used to isolate the SHG signal. SHG
images were acquired at 1 Hz, and they had a size of 180 × 180 µm2 (250 × 250 pixels).
The system was fully controlled through home-made LabVIEWTM software (LabVIEW
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2009; National Instruments, Austin, TX, USA). Image processing was performed using
MatLabTM (MatLab 2017a; MathWorks Inc, Natick, MA, USA).
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Figure 1. Sketch of the SHG microscope used for imaging human corneas. NDF, neutral density filter;
PSG, polarization state generator; DIC, dichroic mirror; OBJ, objective; PMT, photo-multiplier tube.
The inset corresponds to a specimen ready to be imaged.

2.2. Imaging Procedure and Analysis

The experiment was divided into two parts. For the first part, the PSG was set to
produce circular polarized light (PS1). The total intensity of each acquired SHG image
was computed, as well as different image quality parameters, such as acutance and en-
tropy [29,30]. When required, intensity profiles were also calculated to compare local
sharpness and features within the images.

In addition, the information on the collagen arrangement of the corneal stroma was
objectively computed through the structure tensor procedure. A detailed description of
this mathematical tool can be found in [27]. This algorithm provides different quantitative
parameters related to the degree of organization of a spatially resolved structure. An
illustrative example is depicted in Figure 2. In particular, the histogram of preferential
orientations (POs) and the Structural Dispersion (SD) were used in this work. In general
terms, a high (low) SD is associated with low (high) organization of the collagen-based
sample. More specifically, if SD ≤ 20◦, the SHG images present fibers mostly aligned along
a certain PO (i.e., the PO histogram shows a well-defined peak), and the sample presents a
quasi-aligned distribution. When 20◦ < SD < 40◦, the distribution is considered as partially
organized (i.e., the histogram broadens). For SD values higher than 40◦, a non-organized
structure is present, and a PO does not appear in the PO histogram.
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Figure 2. A schematic diagram that shows the use of the structure tensor. SHG images to be processed
(left panel); spatially resolved map of POs (central panel); PO histogram showing the frequency of
appearance of a certain orientation of the fibers within the SHG image (right panel). The value of SD
is also presented for clarity (this is defined as the standard deviation of the PO histogram).
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For the second part of the experiment, four SHG images corresponding to the pre-
defined PSs (PS1–PS4) were recorded for each sample involved in the study. For each set of
four images, the map of polarimetric modulation was computed (pixel-by-pixel) using the
following equation:

Modulation(x, y) =
Imax
[PS1−PS4](x, y)− Imin

[PS1−PS4](x, y)

Imax
[PS1−PS4](x, y) + Imin

[PS1−PS4](x, y)
, (1)

where, for each pixel (x, y), Imax
[PS1−PS4] (Imin

[PS1−PS4]) is the maximum (minimum) intensity
of the set of the four SHG images [PS1, PS2, PS3, PS4]. The relationship between this
polarimetric modulation and the SD was analyzed.

These maps provide information on the spatially resolved polarization sensitivity of
the samples. Then, local information can be obtained and particular features highlighted.
Since this parameter ranges between 0 and 1, the closer to 0 (1), the lower (higher) the
polarization dependence. That is, if the modulation is close to zero, there is hardly any
dependence between the SHG intensity and the incoming polarization state.

2.3. Samples

Human corneas (N = 13) were provided by the eye bank of the Hospital Universitario
Virgen de la Arrixaca, Murcia, Spain. Healthy specimens used in this study were not
suitable for transplantation due to a variety of reasons (N = 8). Pathological samples were
obtained from patients suffering from different pathologies, such as keratoconus, leucoma,
pellucid marginal degeneration and corneal ulcers. The entire study was approved by the
Ethical Review Board of both the Universidad de Murcia and the Hospital. All samples
were treated following the tenets of the Declaration of Helsinki.

Since these pathologies were already at an advanced stage (patients underwent differ-
ent types of keratoplasty), a model of pathology progression was planned to analyze the
evolution of the structure-related parameters studied here. This was based on a temporal
edema generated by overhydration [31]. A (healthy) cornea was immersed in a PBS solution
for 24 h to induce edema. SHG images were acquired at five different time points (0–4).
The edematous cornea imaged at time points 1, 2, 3 and 4 is treated as different samples
(this means that the total number of individual samples in the following plot is 17). All
SHG images used here corresponded to the anterior corneal stroma.

3. Results
3.1. Structural Dispersion and Image Quality

Shown in Figure 3 (upper panels) is a representative example of three SHG images of
the human stroma corresponding to the different sets of collagen organization described
above (see SD values in the insets as a reference). Figure 3a,b correspond to two healthy
corneas (apex and peripheral area, respectively), and Figure 3c corresponds to a pathologi-
cal one (keratoconus). Qualitative differences among the images can be easily observed.
The morphological alterations present in the sample of Figure 3c are a result of the patho-
logical process.

For all samples involved in this study, the SD was computed through the structure
tensor protocol as indicated in the Materials and Methods. This analysis was used to
quantitatively assess alterations in the organization of collagen fibers. Figure 3d–f depict
the histograms of the POs for the SHG images presented in the upper row of Figure 3.
As expected, the collagen distribution of the healthy specimens (organized and partially
aligned arrangement, SD < 40◦) presents POs associated with the peak of the histograms.
Contrastingly, the keratoconus cornea exhibits a non-organized structure (i.e., SD > 40◦)
and an absence of PO.

The SD values were computed for all samples involved in the experiment. The
minimum and maximum values were 17◦ and 52◦, respectively, for the set of human
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corneal tissues used. According to these results, the samples were distributed as follows:
N = 3 (quasi-organized), N = 9 (partially organized) and N = 5 (non-organized).
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Figure 3. SHG images of non-pathological human corneas (a,b) and a cornea affected by keratoconus
(c). Scale bar = 50 µm. (d–f) Histograms of PO distribution for the SHG images of the upper row.
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The SHG images corresponding to the samples used as a temporal model for edema
are shown in Figure 4. Changes in collagen organization are readily visible when comparing
images from left to right. Progressive collagen denaturation takes place as the amount of
edema increases, which is associated with an increase in SD (Figure 5a). In addition, the
loss of fiber delineation produced by the presence of the edema can be quantified via the
intensity profiles along the black dotted line depicted in Figure 4a. The effect is shown in
Figure 5b.
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Figure 5. (a) Human edema temporal progression in terms of SD. (b) Intensity profiles for SHG
images in Figure 4, along the indicated dotted line. Black line: control (Figure 4a); green and red lines:
two different temporal stages (Figure 4c,e, respectively).
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As seen above, the increase in SD within the corneal stroma is closely related to the
presence of certain pathologies. In clinical environments, the visualization and analysis
of these changes in the collagen arrangement are of relevant importance. Consequently,
it is interesting to determine whether the quality of these images is associated with the
collagen organization. In relation to this, Figure 6 shows the values of acutance of each
SHG image as a function of SD. A significant exponential decay was found for this image
quality parameter (R = 0.96, p < 0.0001).
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Figure 6. Acutance vs. SD values for all SHG images involved in the present experiment.

For the sense of completeness, Figure 7 presents the values of entropy also as a function
of the SD of each samples. Similar to what occurs with acutance, the entropy was also
strongly correlated with SD. This image quality metric also follows an exponential decrease
(R = 0.91, p < 0.0001). However, the decay is not as abrupt as that found for acutance.
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3.2. Structural Dispersion and Polarimetric Modulation

For every sample used in this study, four polarimetric SHG images were acquired,
each corresponding to an independent PS produced by the PSG (see Methods). Figure 8
presents examples of these SHG images for two samples with different SD values.

In order to examine the differences among images within a set, the total SHG inten-
sity was computed. For these two particular cases, the results are given in Figure 9. For
images in the upper panel, the difference between the maximum and minimum inten-
sity was 77% (blue symbols), whereas for the images in the lower panel, this was 31%
(green symbols).
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bottom panels).

For a better analysis of these differences, Figure 10 shows the maps resulting from com-
puting the pixel-by-pixel polarimetric modulation (see Equation (1) in Section 2.2) across
the entire images. As expected, Figure 9 shows the modulation for the sample with a lower
SD, which presents a color hotter than that corresponding to the specimen with a higher
SD. Notably, the SD provides a global assessment of the collagen distribution, whereas the
maps of modulation add extra information on local variations of this arrangement across
the SHG image.
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Figure 10. Spatially resolved maps of polarimetric modulation computed from the SHG images in
Figure 8. The values in the insets are the averaged values across each map, with the corresponding
standard deviation.

In order to gain more insight into this effect, Figure 11 depicts the values of polarimetric
modulation of the SHG images (averages across the entire maps) as a function of SD. A
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decreasing linear significant correlation is present (R = 0.84, p < 0.0001; best linear fit:
Mod = −0.009·SD + 0.52). This means that the higher the collagen organization, the higher
the modulation (or alternatively, the sensitivity to polarization).
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Figure 11. Polarimetric modulation vs. SD for all images involved in the present experiment. Each
symbol is the average values across the entire map. Bars represent the standard deviation.

4. Discussion

For almost two decades, SHG microscopy has emerged as a powerful imaging tool to
discriminate pathological tissues from healthy tissues. Its applications range from cancer
diagnosis [32,33] to corneal tissue analysis [8,18], where an early and accurate diagnosis
is critical.

Since corneal pathologies often modify the stromal collagen arrangement [8,12–14,18],
any technique capable of detecting structural modifications prior to cornea deformation
and/or opacification will be of special interest. The purpose of this study was to establish
objective metrics based on SHG imaging to analyze collagen distribution, image quality
and polarization sensitivity in human corneas. Both control and diseased corneas were
characterized without using external labels. This allows for an optimized imaging protocol
to be established for the analysis of tissues affected by collagen disorders.

The results reported in this study show that the collagen patterns visualized through
SHG microscopy can be objectively classified by computing the SD parameter (Figure 3).
In this sense, pathological tissues are related to higher SD values (i.e., collagen disorganiza-
tion), which is in accordance with the previous literature [8,18].

In addition, our study also includes a quantitative analysis of the changes induced by
temporal human edema progression (Figures 4 and 5). The corneal edematous process led
to a loss of visibility of the collagen fibers (i.e., a noticeable decrease in fiber delineation),
together with a progressive increase in SD values. This structural alteration is consistent
with that reported by Hsueh et al. [31], although they did not present an analysis of the
edema temporal evolution.

Studies on collagen changes as a function of time are of great interest to explore the
temporal response of the tissue to pathologies, surgical procedures and external dam-
ages [9–11]. Quantitative assessment of temporal corneal recovery during natural healing
is also useful to understand corneal recovery and collagen rearrangement [34].

In contrast, an exponential correlation between SD and objective SHG image quality
metrics was also found (Figures 6 and 7). In particular, acutance and entropy behave
similarly. This behavior indicates a rapid deterioration of the image resolution and the
visualization of biological features as collagen alignment is modified. The usefulness
of these metrics to explore and improve ocular imaging has been demonstrated in the
past [29,35,36]. From a clinical point of view, the exponential dependence reported here is
critical, as certain pathological stages might present high/medium SD values with hardly
visible collagen structures (i.e., low image quality), which might lead to a non-accurate
diagnosis. The choice of appropriate metrics might optimize and speed up the outputs of
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deep-learning methods aimed at human cornea classification in terms of differentiating
healthy and diseased samples.

Although SHG signal polarization sensitivity was discovered early on [19], polari-
metric SHG imaging of human corneas is scarce, and only linear polarization has been
employed [23,37,38]. These linear states were mainly used to better visualize collagen fibers
and compute their orientation. However, to the best of our knowledge, studies on human
cornea polarization sensitivity and the relationship with collagen distributions have not
been reported previously.

Polarimetric SHG microscopy has gained popularity due to its potential to discriminate
normal collagen tissues from pathological ones in skin dermis and lung tissues [39,40]. Its
use with human corneas represents a step forward toward the characterization of different
diseases with promising applications in clinical environments.

In the present experiment, for each human cornea involved, polarimetric SHG images
corresponding to four independent states were acquired. This set of four images was
used to compute the spatial resolved map of modulation. This parameter allowed a
better understanding of the differences in SHG intensity as a function of the polarization
state of the excitation light. The results show a statistically significant linear correlation
between the SHG modulation map and SD (Figure 11). This behavior indicates that the
less organized the human cornea is (i.e., more pathological), the lower the response to the
incident polarization state. Consequently, SHG images of non-organized corneas present
not only a low image quality (Figures 6 and 7) but also reduced polarization sensitivity.

In addition, when modulation is high (see, for instance, Figure 9), one of the four
polarimetric SHG images might be chosen as the optimum one, which is associated with
both an improved optical quality and a better visualization of morphological features.
This fairly agrees with previous publications reporting a biological structural link between
the orientation of collagen fibers and the maximum SHG intensity [28], which might also
provide a methodology to select an optimal incident polarization to better characterize
tissues [22]. As expected, this fact only occurs with organized and partially organized
corneas, since non-organized corneas hardly reveal differences in SHG intensity among the
four polarimetric images.

These results indicate that polarimetric SHG imaging used in this study presents a
double experimental function: (1) it can be used as an alternative tool to obtain information
on collagen structural distribution (which might avoid the use of the structure tensor or
equivalent algorithms [8,15,17,18] as Figure 11 demonstrates), and (2) it allows one to
acquire (when possible) an improved SHG image that provides a better visualization of
biological features within the image (which might not appear when using other polarization
states [26].

5. Conclusions

Polarimetric SHG microscopy was employed to obtain images from human corneas
(healthy and pathological) presenting different collagen spatial arrangements. Collagen
organization was quantified using the structure tensor method and, in particular, through
the SD parameter.

Image quality was found to have an exponential dependence with the external corneal
organization. This showed a rapid decrease in the accurate visualization of the stromal
collagen fibers, which was associated with the morphological changes produced by certain
pathological procedures.

The sensitivity to polarization of the SHG images was explored through so-called
polarimetric modulation, defined as the contrast between the maximum and minimum SHG
intensities for four independent polarization states. This modulation was linearly correlated
to the SD values of the corneas, which indicates that corneal polarization sensitivity is
strongly linked to the organization of stromal collagen fibers. The visualization of special
details might be optimized and highlighted using certain polarization states, which might
be of special importance in diseased corneas.



Photonics 2022, 9, 672 10 of 12

Lower modulation values are associated with a loss of organization within the spatial
arrangement of collagen. This fact might be used to detect changes originating at the initial
stages of the pathological processes, which could be useful for early detection.

The effects of some corneal diseases are not readily visible, and the patients are only
aware of them at a later stage, when their visual function is significantly reduced. In that
sense, quantitative assessments to distinguish between healthy and pathological corneas
(at different stages) are highly recommended.

We have demonstrated the use of polarimetric SHG microscopy and image quality
metrics to provide valuable descriptors of the human corneal structure. This opens a
new door to the characterization of temporal evolution of human corneal disease. The
usefulness of these approaches might have clinical applications given their potential for
enabling fast and accurate objective procedures. This information can be used for corneal
collagen characterization, early diagnosis or tracking of pathologies, as well as for a better
understanding of their mechanisms of action. Future clinical applications for living human
eyes [19] can reduce the subjective and time-consuming diagnosis process and can be used
for automated screening.
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