
HAL Id: hal-03263991
https://hal.science/hal-03263991

Submitted on 17 Jun 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Quantitative structural imaging of keratoconic corneas
using polarization-resolved SHG microscopy

Clothilde Raoux, Margaux Schmeltz, Marion Bied, Maged Alnawaiseh, Uwe
Hansen, Gaël Latour, Marie-Claire Schanne-Klein

To cite this version:
Clothilde Raoux, Margaux Schmeltz, Marion Bied, Maged Alnawaiseh, Uwe Hansen, et al.. Quantita-
tive structural imaging of keratoconic corneas using polarization-resolved SHG microscopy. Biomedical
optics express, 2021, 12, �10.1364/boe.426145�. �hal-03263991�

https://hal.science/hal-03263991
https://hal.archives-ouvertes.fr


Research Article Vol. 12, No. 7 / 1 July 2021 / Biomedical Optics Express 4163

Quantitative structural imaging of keratoconic
corneas using polarization-resolved SHG
microscopy
CLOTHILDE RAOUX,1,5 MARGAUX SCHMELTZ,1,5 MARION BIED,1

MAGED ALNAWAISEH,2 UWE HANSEN,3 GAËL LATOUR,1,4 AND
MARIE-CLAIRE SCHANNE-KLEIN1,*

1Laboratory for Optics and Biosciences, Ecole polytechnique, CNRS, INSERM, Institut Polytechnique de
Paris, 91128 Palaiseau, France
2Department of Ophthalmology, Hospital Fulda, University of Marburg, Campus Fulda, 36043 Fulda,
Germany
3Institute for Musculoskeletal Medicine, University Hospital Münster, 48149 Münster, Germany
4Université Paris-Saclay, 91190 Saint-Aubin, France
5These authors contributed equally
*marie-claire.schanne-klein@polytechnique.edu

Abstract: The human cornea is mainly composed of collagen fibrils aligned together within
stacked lamellae. This lamellar structure can be affected in pathologies such as keratoconus,
which is characterized by progressive corneal thinning and local steepening. In this study, we
use polarization-resolved second harmonic generation (P-SHG) microscopy to characterize 8
control and 6 keratoconic human corneas. Automated processing of P-SHG images of transverse
sections provides the collagen orientation in every pixel with sub-micrometer resolution. Series
of P-SHG images recorded in the most anterior region of the stroma evidence sutural lamellae
inclined at 22° ± 5° to the corneal surface, but show no significant difference between control
and keratoconic corneas. In contrast, series of P-SHG images acquired along the full thickness of
the stroma show a loss of order in the lamellar structure of keratoconic corneas, in agreement
with their defective mechanical properties. This structural difference is analyzed quantitatively
by computing the entropy and the orientation index of the collagen orientation distribution and
significant differences are obtained along the full thickness of the stroma. This study shows that
P-SHG is an effective tool for automatic quantitative analysis of structural defects of human
corneas and should be applied to other collagen-rich tissues.

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

1. Introduction

The human cornea exhibits a highly organized structure that is crucial to ensure its main
physiological functions, namely maintenance of ocular integrity, transparency and refraction.
The corneal stroma, which represents 90% of the cornea thickness, is composed of 1–3 µm thick
stacked lamellae that run roughly parallel to the cornea surface and are mainly oriented along
two perpendicular directions in the center of the cornea [1]. These lamellae are constituted of
well-aligned thin collagen fibrils (30 nm diameter) within a non fibrillar matrix composed of
proteoglycans, glycosaminoglycans and other biopolymers. The precise distribution and shape of
these lamellae along the depth and the radial extent of the cornea as well as the distribution and
number of Vogt striae, which correspond to local undulations of these lamellae, are a matter of
many investigations [2–7]. Nonetheless, it is well established that the cornea lamellar structure is
a key factor in the mechanical properties of the cornea [8–10]. It enables the cornea to maintain
its physiological curvature and thus its refractive power despite daily variations in the intraocular
pressure and applications of external forces, such as eye rubbing or physical shocks [1,10].
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Keratoconus is a corneal pathology, which affects approximately 15/10000 persons [11]. It is
characterized by progressive corneal thinning, local steepening and formation of a cone. Vision
is thus strongly impaired and in the most advanced cases of keratoconus, a corneal graft is needed.
Keratoconic corneas also exhibit a defective mechanical behavior, as measured routinely by
clinical devices such as the Reichert Ocular Response Analyzer [12]. Accordingly, many studies
have characterized the ultrastructure and the structure of keratoconic corneas and evidenced a
distortion of the stroma lamellar organization [13–21].

Notably, Second Harmonic Generation (SHG) microscopy has proven to be an effective method
to compare the structure of healthy and keratoconic human corneas. Indeed, this technique
reveals specifically unstained collagen fibrils with an excellent contrast. As a multiphoton mode
of contrast, it also provides three-dimensional capability and enables micrometer-scale imaging
of the full depth of intact corneas [22,23]. Accordingly, SHG microscopy has been used to assess
the collagen lamellae organization of keratoconic corneas both in transverse sections and in intact
corneas using en-face imaging [16–20]. However, as a complex coherent nonlinear signal, SHG
is highly sensitive to the collagen distribution within the focal volume [24–27], which hinders the
quantitative analysis of SHG images in dense collagen-rich tissues. Moreover, the determination
of the collagen orientation directly by image processing of the SHG data degrades the resolution
because several neighboring pixels need to be considered to assess the orientation in every pixel.
Accordingly, a refinement of the SHG technique is needed to provide a reliable quantitative
assessment of the lamellar orientation distribution in the full stroma.

This study aims at quantifying the distribution of lamellae orientations along the full thickness
of control and keratoconic corneas in an automatic unbiased way. We use polarization-resolved
SHG (P-SHG) microscopy that advantageously combines the specificity of SHG imaging for
collagen fibrils with the sensitivity of polarimetric techniques to submicrometer-scale anisotropy
[24,25,28,29]. It consists in recording a series of SHG images using various orientations of a
linearly-polarized excitation beam. Appropriate data processing based on a tensorial analysis
of the collagen SHG signal then provides the orientation of the collagen fibrils in every pixel.
While P-SHG microscopy has already been performed in corneas [9,30,31], this technique has
never been used to quantify lamellae disorganization in keratoconic corneas.

In this paper, we use transmission electron microscopy (TEM) and P-SHG to characterize
transverse sections of control and keratoconic corneas. We implement an automated analysis of
the orientation distributions obtained from P-SHG images to quantify the orientation disorder of
the stromal lamellae. Our results show a structural difference between control and keratoconic
corneas and confirm a loss of order in the lamellar structure of keratoconic corneas.

2. Materials and methods

2.1. Human cornea samples

The study was carried out according to the tenets of the Declaration of Helsinki and followed
ethical requirements for human tissues. 8 control and 6 keratoconic human corneas were obtained
from the Department of Ophthalmology of the University Hospital of Münster Medical Center,
with permission by the ethics committee Münster (2017-106-f-S). Authorization to handle
human corneas at LOB was obtained from the French administration (CODECOH agreement
DC-2018-3300). The control corneas were collected post-mortem with the limbus and the sclera.
The keratoconic corneas were corneal buttons without limbus obtained as surgical excisions from
patients with stage 3 keratoconus, showing significant corneal scarring and reduced visual acuity.

The corneas were fixed in 2% (v/v) formaldehyde and 2.5% (v/v) glutaraldehyde in 100 mM
cacodylate buffer, pH=7.4, at 4°C overnight. After washing in PBS, corneas were cut in small
pieces and post-fixed in 0.5% (v/v) osmiumtetroxide and 1% (w/v) potassium hexacyanoferrate
(III) in 0.1 M cacodylate buffer for 2 h at 4°C, followed by washing with distilled water. After
dehydration in an ascending ethanol series from 30 to 100% ethanol, specimens were two times
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incubated in propylenoxide each for 15 min and embedded in Epon. 70 nm- and 2 µm-thick
transverse sections were cut with an ultramicrotome through or very close to the apex and
orientated with respect to the epithelium. The 70 nm-thick sections were collected on copper
grids and negatively stained with 2% uranyl acetate for 15 min for TEM imaging. The 2
µm-thick sections were collected on coverslips and dried at 37°C on a heating plate, and remained
unstained for SHG imaging. This method advantageously provides ultrathin and thin transverse
sections from the same region of the cornea, which enables reliable comparison of the electron
micrographs and the SHG images. Moreover, thanks to the Epon embedding that keeps the cornea
hard and prevents any tissue distortion during cutting, the stromal structure is well-preserved in
the thin sections [32].

2.2. Transmission electron microscopy

Transmission electron micrographs were taken at 60 kV with a Philips EM-410 electron
microscope using imaging plates (Ditabis, Pforzheim, Germany). Electron micrographs were
taken from different positions on the ultrathin sections. The epithelium and/or endothelium were
used for determination of the location of every electron micrographs.

2.3. Polarization-resolved SHG microscopy

SHG images were recorded by use of a custom-built upright laser scanning multiphoton
microscope as previously described [33]. Excitation was provided by a femtosecond Titanium-
Sapphire laser (Mai-Tai, Spectra-Physics) tuned at 860 nm and scanned in the XY directions using
galvanometric mirrors. A high numerical aperture (NA) objective lens with water immersion
(25x, NA 1.05, Plan-Apochromat, Olympus) was used to achieve resolutions of approximately
0.4 µm (lateral) x 1.2 µm (axial) and a field of view of 540× 540 µm2. Power at the sample was 5
to 12 mW with 10 µs pixel dwell time. SHG signals were detected in the trans-direction through
a condenser (effective NA≈1.4) by means of a photon-counting photomultiplier tube (P25PC,
Electron tubes) and suitable spectral filters to reject the excitation beam and select the second
harmonic signal at 430 nm (FF01-680SP, FF01-720SP, FF01-427/10 Semrock).

Polarization-resolved SHG images (P-SHG) were obtained by recording series of SHG images
excited by linearly polarized incident electric fields with different orientations. The orientation of
the incident field polarization was controlled by two waveplates inserted at the back aperture of
the objective. The ellipticity, defined as the ratio of the minimal to maximal electric fields, was
smaller than 4% for every polarization. Series of 18 images were acquired every 10° between 0°
and 170° (alternatively 24 images every 15° between 0° and 345°).

2 sets of P-SHG data were acquired on all human cornea transverse sections (Fig. 1(a)). The
first dataset focused on the most anterior region of the stroma, close to the epithelium. It was
composed of series of P-SHG images with 210 nm pixel size spanning the full width of the
cornea section (Fig. 1(b)). 2 to 12 P-SHG images (tiles) of 150× 80 µm2 size were recorded,
depending on the size of every transverse section. These tiles were then stitched together to get a
wide high-resolution P-SHG image of the most anterior region of the stroma. The second dataset
focused on the full thickness of the stroma. It was composed of series of P-SHG images with 420
nm pixel size spanning the full thickness of the cornea from the epithelium to the endothelium.
These tiles were then stitched together to get a P-SHG image showing the anterior, middle and
posterior regions of the stroma (Fig. 1(c)).

2.4. Theoretical analysis and numerical processing of P-SHG data

The SHG signal of a collagen fibril must be described in the theoretical framework of tensorial
nonlinear optics [34]. It depends on 3 types of parameters:
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Fig. 1. Location of P-SHG images. (a) Scheme of cornea transverse section. (b) First set
of P-SHG images spanning the most anterior region of the stroma. (c) Second set of P-SHG
images on the full thickness of the stroma. Each rectangle in (b) and (c) corresponds to a
P-SHG tile.

1. the polarization and the intensity Iexc of the laser excitation at frequency ω (Fig. 2(a)). In
this study, we consider linear polarizations that are parametrized by their angle θ to the
laboratory X axis.

2. the orientation of the collagen fibril in the laboratory frame (Fig. 2(b)): the angle φ in the
imaging plane XY and the angle ψ out of the imaging plane. Since the collagen lamellae
in the corneal stroma are composed of well-aligned fibrils, we consider here that all the
collagen fibrils within the focal volume have the same orientation, in contrast to more
complex approaches that introduce sub-micrometer orientation disorder. Note that P-SHG
is not sensitive to the polarity of collagen fibrils, like usual linear polarimetry, so that the φ
and ψ angles are defined in smaller ranges than Euler angles: φ,ψ ∈]−90◦,+90◦].

3. the second harmonic response of the collagen fibrils that is described by a susceptibility
tensor χ(2). We assume as in previous reports that this tensor exhibits a cylindrical
symmetry in the fibril frame (xyz), with x the fibril direction, and that the Kleinman
symmetry applies [28,35]. While more complex tensors may be used, these assumptions
have been shown to well reproduce experimental P-SHG data and to limit the number of
independent tensor components to only 2: χ

(2)
xxx and χ

(2)
xyy = χ

(2)
xzz = χ

(2)
yxy = χ

(2)
zxz . We set

ρfib =
χ
(2)
xxx

χ
(2)
xzz

, called the fibril anisotropy parameter, which has been shown to provide the

orientation δ of the peptide bonds to the triple helical axis: ρfib =
2

tan2δ
[25,29,36–38].

The SHG signal then depends on 4 independent parameters: the incident polarization angle θ,
the fibril orientation angles φ and ψ and the fibril anisotropy parameter ρfib, besides Iexc, χ(2)xxx and
geometrical parameters (excitation and detection numerical apertures, etc. . . ) that determine the
overall intensity. It is written in the plane wave approximation, without any polarimetric analysis
of the SHG signal:

ISHG ∝ ⎛⎜⎝
|︁|︁|︁|︁|︁∑︂
J,K

χ
(2)
XJK EJ

ωEK
ω

|︁|︁|︁|︁|︁2 +
|︁|︁|︁|︁|︁∑︂
J,K

χ
(2)
YJK EJ

ωEK
ω

|︁|︁|︁|︁|︁2⎞⎟⎠ . (1)

Here J and K stand for X,Y or Z, (XYZ) is the laboratory frame with Z along the microscope
optical axis, EJ

ω is the incident electric field along J, depending on the polarization angle θ and
χ
(3)
IJK is the collagen susceptibility tensor in the laboratory frame, which depends on φ, ψ and ρfib.
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Fig. 2. Principle of P-SHG image acquisition and analysis. (a) Scheme of the P-SHG
setup showing the orientation θ of the incident linear polarization and the in-plane orientation
φ of the collagen fibril in the laboratory frame (XYZ). (b) Fibril frame (xyz) and orientation
of the collagen fibril in the laboratory frame. (c) Experimental (full squares) and theoretical
(black line) P-SHG signal as a function of the incident polarization angle θ for a fibril with
in-plane orientation φ. The theoretical signal is calculated by inserting the FFT parameters
α0, α2 and α4 in Eq. (2). The experimental data have been averaged over several pixels and
are therefore in excellent agreement with the theory (R2 = 0.99). The anisotropy parameter
corresponds to the square root of the ratio of the SHG signal at φ (red dot) to the one at
φ + π/2 (green dot).

One gets [24,28,29,33,39,40]:

ISHG(θ) = C I2
exccos2(ψ)[a0(ψ) + a2(ψ)cos(2(θ − φ)) + a4(ψ)cos(4(θ − φ))]

or
ISHG(θ) = C I2

exccos2(ψ)[α0(ψ) + α2(ψ)e2iθ + α4(ψ)e4iθ + c.c.] (2)

where C is a parameter merging geometrical and other parameters. Equation (2) provides 3
parameters of interest (Fig. 2(c)):

• The mean intensity Iav obtained by averaging ISHG(θ) over all angles θ, which is proportional
to cos2(ψ) and thus maximal for in-plane fibrils:

Iav = C I2
exccos2(ψ)a0(ψ). (3)

• The in-plane angle φ of the collagen fibrils. It is determined as the weighted average of the
angles φ2 = − arg(α2)

2 and φ4 = − arg(α4)±π
4 [41,42]. It corresponds to the first minimum of

the polarimetric diagram ISHG(θ) (Fig. 2(c)).

• The contrast of the polarimetric diagram ISHG(θ), defined as the square root of the ratio
of the 2 minima: ρ =

√︂
ISHG(ϕ)

ISHG(ϕ+π/2) (Fig. 2c). It is called the anisotropy parameter in the

laboratory frame and obtained as: ρ =
√︂

a0+a2+a4
a0−a2+a4

, assuming that a2 ≥ 0 and a4 ≤ 0,
as verified for collagen. This parameter varies with ρfib and the out-of-plane angle ψ:
ρ = ρfib(cos2ψ + 3sin2ψ)[33,39]. It also varies with the orientation dispersion of the fibrils
when they are not aligned together within the focal volume [24,25,40,43].

The most relevant parameter in this study is the in-plane angle φ that provides a pixel-wise
measure of the orientation of the collagen lamellae with respect to the corneal surface. The
distribution of the out-of-plane angle ψ may be deduced from the mean intensity Iav and the



Research Article Vol. 12, No. 7 / 1 July 2021 / Biomedical Optics Express 4168

anisotropy parameter in the laboratory frame ρ, as previously reported, but this is beyond the
scope of this study.

Processing of P-SHG images based on Eq. (2) is performed automatically using custom-written
Matlab codes applicable to Z-stacks of P-SHG images. First, a median filter of 2-pixel size is
applied to all images in order to increase the signal to noise ratio. Then the parameters α0, α2 and
α4 are computed pixel-wise using a Fast Fourier Transform (FFT) of ISHG(θ). Finally, 2D maps
of the mean intensity Iav, the in-plane angle φ and the anisotropy parameter ρ are calculated using
the method explained above. Thanks to FFT, this method is fast, but it provides a result even if
the experimental variation of ISHG(θ) does not comply with the theoretical model of Eq. (2), for
instance at the interface between 2 lamellae where there are fibrils with 2 different orientations
within the focal volume. Therefore, in order to verify whether φ and ρ are determined in a reliable
way, we compute in every pixel a coefficient of determination R2 that compares the experimental
data Iexp

SHG(θ) to the data IFFT
SHG(θ) obtained by inserting the parameters α0, α2 and α4 in Eq. (2)

(Fig. 2(c)). The in-plane angle φ maps are then displayed using an HSV look-up table: the hue
(H) codes the orientation, the saturation (S) codes the R2 and the value (or brightness) codes the
mean intensity Iav.

2.5. Automatic quantitative processing of lamellae inclination in the anterior stroma

The first set of P-SHG images is processed to obtain the mean lamellae inclination with respect
to the cornea surface in the most anterior region of the stroma, which is defined here as within
30 µm from the Bowman’s membrane (Fig. 1(b)). Accordingly, the P-SHG tiles are cropped to
keep only a 30-µm thick region of the stroma below the Bowman’s membrane, which is filtered
out. An average of the angle φ is first calculated in every cropped tile along the epithelium and
corrected by the orientation of the Bowman’s membrane in this tile. Then the mean angles φ are
averaged again in all the images acquired along the epithelium and the tiles are stitched together
to get a wider field of view. Note that the keratoconic cornea K4 is discarded from this analysis
because its surface is too wavy to serve as a reference orientation.

Noteworthy, the P-SHG images are processed pixel-by-pixel without any segmentation of the
lamellae. The average is calculated either over all pixels with R2≥0.4 or after the application of a
threshold based on the moments of the intensity distribution [44]. The latter method selects the
pixels with the highest SHG signal, which corresponds to fibrils with small out-of-plane angles
ψ as shown by Eq. (3).

2.6. Automatic quantitation of disorder parameters of the collagen orientation distribu-
tion in the anterior, middle, posterior and full stroma

The second set of P-SHG images is used to assess the parallel organization of collagen lamellae
within the stroma. The orientation angles φ that are obtained with R2<0.4 are filtered out and
histograms of the remaining angles are computed in the full stroma and in the anterior, middle
and posterior stroma. The lamellae distributions are then quantified by calculating the normalized
entropy S of these angular distributions p(φ) [45,46]. S is defined as the usual statistical entropy,
using angular bins of 10°, and is normalized to be independent of the number of bins nb(φ).

S =
−1

ln[nb(φ)]
90◦∑︂

ϕ=−90◦
p(φ)ln[p(φ)]. (4)

Thus, S = 1 represents an isotropic distribution, while S decreases for a more ordered
distribution, where the fibrils are aligned along one or several main orientations. Alternatively, as
the angle distribution shows a maximum (see below, Fig. 6), which indicates a main orientation
at an angle φmain, we can calculate the orientation index OI [45,46], which is defined as the
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percentage of fibrils that are aligned along this main orientation φmain:

OI =

[︄
2

(︄
∫90◦
−90◦ p(φ)cos2(φ − φmain)dφ

∫90◦
−90◦ p(φ)dφ

)︄
− 1

]︄
× 100. (5)

This OI vanishes for an isotropic distribution and is equal to 100% when all the lamellae
exhibit the same orientation. Noteworthy, here again, the entropy and the OI are calculated for the
pixel-by-pixel distribution of orientation angles in the imaging plane, without any segmentation
of the lamellae.

2.7. Statistical analysis

The 8 control corneas and the 6 keratoconic corneas are compared by a two-tailed Student test
with Welch’s approximation. A p-value less than 0.05 is considered as significant. * means
p<0.05, ** means p<0.01, NS means “non-significant”. Box plots show the quartiles (box) and
the median (horizontal line).

3. Results

3.1. Ultrastructural imaging of lamellae using TEM

Ultrastructural imaging of control corneas by TEM shows well-aligned collagen fibrils at a
fixed distance from each other within regularly stacked lamellae as expected from the literature
(Fig. 3(a)). In contrast, in keratoconic corneas, alterations in the stromal architecture are clearly
visible by breaks within the lamellae, less collagen fibrils as well as changes in the distances and
orientations of the collagen fibrils within the lamellae (Fig. 3(b)). The electron micrographs with
the most severe disruptions of the lamellar organization were taken close to the cone associated
with the pathology. However, changes in the lamellar organization were also clearly observed
outside of the cone.

Fig. 3. Typical TEM images of transverse sections of (a) control (C1) and (b) keratoconic
(K1) human corneas, in the middle stroma. The sections are orientated with the epithelium
side at the top. Scale bars: 1 µm.

3.2. Structural imaging of lamellae distribution using P-SHG

P-SHG microscopy was used to visualize the lamellae disorganization of keratoconic corneas
over a larger field of view than in TEM. First, we acquired large P-SHG images of the most
anterior region of the stroma by stitching several tiles recorded sequentially along the entire
epithelium of the cornea section. Depending on the size of every cornea section, we obtained
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images covering 0.4 to 1.9 mm along the cornea width. Figure 4 shows single-tile images of
the same control and keratoconic corneas as in Fig. 3. The stitched images of the very anterior
side of the 8 control and 6 keratoconic corneas are displayed in Fig. 5. Second, we acquired
large P-SHG images of the full stroma thickness by stitching several tiles recorded sequentially
all along the stroma. Depending on the size of every stroma, we obtained images showing the
stroma over a thickness of 0.68 to 1.11 mm. This thickness variability may be attributed to the
combined effects of the intrinsic thickness variability among corneas from different patients, a
slightly oblique cutting instead of perfect transverse cutting of the sections, and the onset of
slight edema during corneal handling before fixation. Figure 6 shows the P-SHG images acquired
in the same control and keratoconic corneas as in Figs. 3 and 4, and Fig. 7 shows the P-SHG
images of all the control and keratoconic corneas.

As a polarimetric technique, P-SHG microscopy provides in every pixel the average direction
of the collagen fibrils within the imaging plane. P-SHG images display this orientation as a
color according to the color wheel displayed in the insets. As expected, the lamellae are mostly
oriented parallel to the cornea surface, which corresponds to green- and blueish colors because
the corneal epithelium is always oriented along the X axis (φ=0°) for SHG imaging [1]. However,
some lamellae are inclined with respect to the cornea surface (red- and yellowish colors). These
so-called sutural or transverse lamellae are mainly found in the anterior stroma in agreement

358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408

Research Article Vol. 12, No. 6 / 1 June 2021 / Biomedical Optics Express 8

epithelium of the cornea section. Depending on the size of every cornea section, we obtained
images covering 0.4 to 1.9 mm along the cornea width. Figure 4 shows single-tile images of
the same control and keratoconic corneas as in Fig. 3. The stitched images of the very anterior
side of the 8 control and 6 keratoconic corneas are displayed in Fig. 5. Second, we acquired
large P-SHG images of the full stroma thickness by stitching several tiles recorded sequentially
all along the stroma. Depending on the size of every stroma, we obtained images showing the
stroma over a thickness of 0.68 to 1.11 mm. This thickness variability may be attributed to the
combined effects of the intrinsic thickness variability among corneas from different patients, a
slightly oblique cutting instead of perfect transverse cutting of the sections, and the onset of
slight edema during corneal handling before fixation. Figure 6 shows the P-SHG images acquired
in the same control and keratoconic corneas as in Figs. 3 and 4, and Fig. 7 shows the P-SHG
images of all the control and keratoconic corneas.

Fig. 4. Anterior lamellae inclination to the corneal surface in control and keratoconic
corneas. (a-d) Typical orientation maps obtained from P-SHG imaging in control (a, c) and
keratoconic (b, d) corneas, without (a, b) and with (c, d) moment thresholding. The control
(C1) and keratoconic (K1) corneas are the same as in Fig. 3. The color wheel of the HSV
look-up-table is indicated in the inset. Scale bars: 100 µm. (e, f) Mean lamellae inclination
with respect to the corneal surface of control versus keratoconic corneas (e) without any
thresholding and (f) with moment thresholding. The mean lamellae inclination of every
cornea is obtained as the pixel-wise average of the angles determined in ≈ 6 orientation maps
of the anterior stroma (within 30 µm from the Bowman’s membrane) recorded along the
corneal epithelium and tiled together. Both methods (without or with moment thresholding)
show no statistical difference between control and keratoconic corneas.

As a polarimetric technique, P-SHG microscopy provides in every pixel the average direction
of the collagen fibrils within the imaging plane. P-SHG images display this orientation as a
color according to the color wheel displayed in the insets. As expected, the lamellae are mostly
oriented parallel to the cornea surface, which corresponds to green- and blueish colors because
the corneal epithelium is always oriented along the X axis (φ=0°) for SHG imaging [1]. However,
some lamellae are inclined with respect to the cornea surface (red- and yellowish colors). These
so-called sutural or transverse lamellae are mainly found in the anterior stroma in agreement

Fig. 4. Anterior lamellae inclination to the corneal surface in control and keratoconic
corneas. (a-d) Typical orientation maps obtained from P-SHG imaging in control (a, c) and
keratoconic (b, d) corneas, without (a, b) and with (c, d) moment thresholding. The control
(C1) and keratoconic (K1) corneas are the same as in Fig. 3. The color wheel of the HSV
look-up-table is indicated in the inset. Scale bars: 100 µm. (e, f) Mean lamellae inclination
with respect to the corneal surface of control versus keratoconic corneas (e) without any
thresholding and (f) with moment thresholding. The mean lamellae inclination of every
cornea is obtained as the pixel-wise average of the angles determined in ≈ 6 orientation maps
of the anterior stroma (within 30 µm from the Bowman’s membrane) recorded along the
corneal epithelium and tiled together. Both methods (without or with moment thresholding)
show no statistical difference between control and keratoconic corneas.
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Fig. 5. Orientation maps obtained from P-SHG imaging of the most anterior part of the
stroma of (a) control and (b) keratoconic corneas. The color wheel of the HSV look-up-table
is indicated in the inset.
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with previous reports [3,4,7]. They are found both in the control and in the keratoconic corneas
(Figs. 4(a)-(b) and 5). Regarding the organization of the whole stroma, the lamellae of the
keratoconic corneas appear somewhat disorganized compared to the ones of the control corneas
(Figs. 6(a)-(b) and 7), as visualized by the wider range of colors. To confirm these qualitative
observations, we have implemented quantitative processing of P-SHG images to measure the
average lamellae inclination in the anterior stroma and order parameters in the full stroma.

3.3. Lamellae inclination in the anterior stroma

Figures 4(e) and 4(f) display the mean lamellae inclination to the cornea surface in the most
anterior stroma of every cornea. All data are listed in Supplement 1 (Table S1). In Fig. 4(e), the
average is calculated over all pixels where the orientation is determined in a reliable way (R2≥0.4,
Figs. 4(a)-(b)). However, the inclination may be over-estimated in lamellae that are oriented out of
the imaging plane because the φ angle is a projection of the inclination on the imaging-plane. To

Fig. 6. Orientation distribution of collagen lamellae in control and keratoconic
corneas. (a, b) Typical orientation maps obtained from P-SHG images of transverse
sections of the same control (a, C1) and keratoconic (b, K1) human corneas as in Figs. 3
and 4, using HSV look-up table. H (hue): collagen orientation according to the color wheel
displayed as inset, S (saturation): coefficient of determination R2 of P-SHG image processing
and V (value or brightness): SHG signal. Scale bars: 100 µm. (c, d) Histograms of the
collagen orientation in the middle stroma of the (c) control and (d) keratoconic corneas
displayed in (a, b). The orientations are computed pixel-wise in the ROIs outlined in yellow.
The entropy (resp. the orientation index) of the distributions are indicated in the graphs and
show a higher (resp. smaller) value for the keratoconic cornea in agreement with the more
diverse colors observed in the orientation map.

https://doi.org/10.6084/m9.figshare.14647017
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Fig. 7. Orientation maps obtained from P-SHG imaging of the full thickness of the stroma
of (a) control and (b) keratoconic corneas. The color wheel of the HSV look-up-table is
indicated in the inset.
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address this issue, a moment threshold is used to select only the pixels with the highest SHG signal,
which correspond to in-plane lamellae as shown by Eq. (3) (Figs. 4(c)-(d)). Accordingly, the
resulting mean inclination angle is slightly smaller than without moment thresholding (Fig. 4(f)
and Table S1); it is 22° ± 5° for all control and keratoconic corneas. Nevertheless, whatever the
calculation method, the lamellae inclination shows no statistical difference between control and
keratoconic corneas, despite the large areas probed with small pixel size along the corneas.

3.4. Order parameters of the lamellae transverse orientation along the stroma

The degree of order of the lamellae orientation distribution along the stroma is assessed from
orientation histograms computed from the P-SHG data (Figs. 6(c) and 6(d)). As expected, these
histograms peak close to 0°, which corresponds to the direction parallel to the cornea surface.
However, the peaks obtained in the keratoconic corneas are wider than the ones in control corneas,
which reflects a larger orientation disorder. It is assessed quantitatively by computing the entropy
S and the orientation index OI of these orientation histograms: the entropy increases and the
orientation index decreases when the disorder increases. All data are listed in Supplement 1
(Table S1). Figure 8(a) shows that the entropy of the keratoconic corneas is significantly larger
than the one of the control corneas in all regions (anterior, middle, posterior) of the stroma and in
the full stroma. Similarly, Fig. 8(b) shows that the orientation index of the keratoconic corneas is
significantly smaller than the one of the control corneas in all regions (anterior, middle, posterior)
of the stroma and in the full stroma. Both quantitative parameters thus consistently demonstrate
that keratoconic corneas exhibit a more disordered distribution of collagen lamellae than control
corneas all along the stroma.

4. Discussion

The increasing incidence of keratoconus has prompted many studies aiming at characterizing
the modifications of the corneal structure and ultrastructure related to this pathology. Our TEM
images show that the fibril alignment within lamellae and the lamellae organization are disrupted
in keratoconic corneas, in agreement with previous reports [13,14]. However, the field of view of
TEM imaging is quite small (≤ 10× 10 µm2), which impedes any extensive characterization of
all regions of the corneal stroma. Further studies are needed to provide a quantitative assessment
of the stromal disorder in keratoconus over the full depth of the stroma instead of qualitative
observations in small regions of interest. In this respect, SHG microscopy, as an optical imaging
technique, provides a larger field of view (> 500× 500 µm2). While TEM remains the only
technique providing ultrastructural imaging of the fibril organization within the lamellae, the
sub-micrometer resolution (≈ 0.4 µm) of SHG microscopy is sufficient to characterize the stromal
lamellar organization. However, usual SHG imaging poorly discriminates neighboring lamellae
that exhibit similar SHG signal in transverse corneal sections. Likewise, the limited axial
resolution (1 to 2 µm) compromises the detection of the thinnest lamellae (≤ 1 µm) by en face
imaging of intact corneas.

In this study, we use P-SHG microscopy to overcome these limitations thanks to the high
sensitivity of polarimetric measurements to the fibril anisotropy. The main advantage of this
technique is to provide a direct and accurate measure of the collagen orientation in the imaging
plane in every pixel of the image, without any image processing that degrades the resolution
nor any segmentation step that may introduce bias. Consequently P-SHG provides robust data
averaged over a large number of pixels. Then, our implementation of an automatic data processing
to obtain unbiased quantitative parameters of interest provides an efficient method to assess the
stromal structural modifications in keratoconus.

We first focus on the anterior stroma and use a small pixel size to accurately measure the
inclination angle of sutural lamellae. We observe no significant difference between control
and keratoconic corneas, which disagrees with previous studies that have reported a smaller

https://doi.org/10.6084/m9.figshare.14647017
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Fig. 8. Quantitative assessment of collagen orientation distribution in control versus
keratoconic human corneas. (a) Entropy and (b) orientation index of the orientation
distribution in the anterior stroma, middle stroma, posterior stroma and full stroma (from
left to right).

inclination in keratoconic corneas [17,18,20]. It may be attributed to the difference in the methods
used to calculate the mean inclination angle that rely, in all previous studies, on image processing
rather than on P-SHG. Moreover, most previous reports perform a manual segmentation of
individual lamellae and average the inclination angles over these segmented lamellae [17,20]. In
contrast, our method is a fully automated method based on a pixel-by-pixel calculation followed
by an average over these pixels to avoid the segmentation of the lamellae, which may be biased.
In addition, because of this average at pixel scale, our method provides the mean inclination of
the lamellae weighted by the surface of every lamella in the field of view, which may be different
from the unweighted average.

We next examine the degree of disorder of stromal lamellae in keratoconus. Our method
combining P-SHG and automatic quantitative analysis provides a rigorous demonstration of
increased lamellar disorder in all regions of keratoconic corneas (Fig. 8). This result is in
good agreement with the TEM observations at a smaller scale, which show a disruption of the
well-ordered distribution of the collagen fibrils within every lamella, with changes in the distance
and relative orientation of the fibrils and even breaks of lamellae (Fig. 3(b)). It shows that the
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disruption of the collagen organization in keratoconic corneas is a multi-scale process that affects
both the alignment of fibrils within the lamellae and the inter-lamellae alignment along the full
stroma. This agrees with previous reports that also evidenced a disorganization of the stroma of
keratoconic corneas [15,19,47]. However, these previous reports performed “en-face” imaging
by use of X-rays or SHG microscopy and thus probed the orientation distribution in a plane
parallel to the cornea surface. In this study, P-SHG and TEM images are recorded on transverse
sections, so that they probe the orientation distribution in a transverse plane with respect to the
cornea surface, in a complementary way to the previous reports. Moreover, our study provides
quantitative measurements in all the regions of the stroma, which is challenging to achieve with
other techniques. It shows that P-SHG microscopy provides an enhanced sensitivity to the stromal
lamellar organization compared to other imaging techniques.

The disorder exhibited by the keratoconic corneas is consistent with the deteriorated mechanical
behavior observed by clinicians. Numerical models of the cornea mechanical response have
indeed shown that the well-ordered lamellae structure is crucial to provide cornea with enough
rigidity to compensate for intraocular pressure and external shocks [48,49]. An interesting
perspective of this study would be to supply these numerical models with the disorder parameters
measured in keratoconic corneas. It would enable the construction of advanced numerical models
that fully take into account the cornea lamellar structure and a better prediction of the mechanical
consequences of any structural disorder. In this respect, the unique capability of our method to
provide quantitative data in different regions of the cornea is critical.

P-SHG microscopy coupled to automatic data processing could also be used to study preliminary
stages of keratoconus or other structural disorders that may be characterized by heterogeneous
structural modifications of the stroma. Another interesting perspective would be to study corneal
healing after refractive surgery or any injury. We indeed expect that the cornea does not
perfectly recover and keeps a distorted structure for a long time, which should be quantitatively
characterized to assess the efficiency of various treatments. It is worth noting that all these
studies would require a large number of corneal samples, which may be a limitation regarding
human samples and may require to use animal models. Nevertheless, the fully automation of
our image processing method, with no manual adjustment of parameters, enables to increase the
number of samples by merging data from several clinical centers, which is a unique advantage
for little number of samples.

5. Conclusion

This study shows that P-SHG microscopy enables a quantitative analysis of the lamellar structure
of healthy and keratoconic corneas. Our data on transverse sections demonstrate unambiguously
that the lamellae orientation distribution is wider in keratoconic corneas than in control ones,
corresponding to a loss of order in the lamellar structure. Most importantly, this method requires
no segmentation of the lamellae and provides the collagen orientation in every pixel in a fully
automated way, without the need to adjust any parameter. This makes P-SHG microscopy a very
sensitive and reliable method to analyze the orientation disorder in keratoconic corneas. This
method could be judiciously implemented in further studies to analyze other corneal structural
pathologies, as well as other collagen-rich organs that exhibit a highly organized structure at the
micrometer scale, such as bones, cartilages or tendons.
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